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 Abstract: Ammonia is commonly synthesized through the Haber-Bosch process, which 
produces large amounts of CO2 emissions as it is carried out at extreme temperatures and 
pressures. An alternative technology is needed to synthesize ammonia which consumes 
less energy and is environmentally friendly. In this research, a Dye-Sensitized Solar Cell 
Photoelectrochemical tandem system (DSSC-PEC) was developed for the nitrogen 
reduction reaction (NRR) into ammonia. PEC cells utilized BiVO4/TiO2 Nanotube 
(BiVO4/TiO2NT) as a photoanode for water oxidation. BiVO4/TiO2NT was synthesized 
by the successive ionic layer adsorption and reaction (SILAR) with the cycles variation of 
10, 15, and 20 cycles. The optimization method for 20 cycles (20s) gave the highest 
photocurrent of 0.352 mA/cm2. As a cathode where the nitrogen reduction reaction to 
ammonia takes place, Ti3+/TiO2NT was used. DSSC based on TiO2NT/N719 with an 
efficiency of 1.13% was used as an energy booster in the reaction. Using this system with 
an electrodes area of 3 cm2, under visible light irradiation on photoanode and DSSC while 
dark at the cathode, the rate of ammonia production, analyzed using the phenate method, 
was 0.022 μmol.h−1.cm−2 with solar to chemical conversion (SCC) efficiency of 0.003%. 
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■ INTRODUCTION 

Ammonia (NH3) is an important chemical and is 
widely used in various chemical industrial applications and 
processes, especially in making fertilizers as a nutrient for 
plants [1]. Ammonia is produced through the Haber-Bosch 
process using H2 and N2 at high pressure (> 200 bar) and 
high temperature (> 673 K) [2]. However, the use of natural 
gas as a source of H2 obtained by steam reforming of 
hydrocarbon sources consumes about 1–2% of the world's 
energy annually by releasing hundreds of millions of tons 
of CO2 annually [3]. To minimize the negative 
environmental impact, it is necessary to find alternative 
technologies for making ammonia with low energy 
requirements, abundant raw materials, and not producing 
CO2 gas. One way that has attracted the attention of many 
parties is to carry out nitrogen reduction reactions (NRR) 
through photoelectrochemistry [4]. 

Photoelectrochemistry (PEC) is a combination of 
photochemical and electrochemical processes. In the 
PEC setting, NRR occurs at the cathode site using a 
catalyst having an active site capable of activating the 
stable triple bond of N2, while at the anode, a catalyst that 
can oxidize water well under visible light exposure is 
desired. Several studies have been conducted using the 
PEC method, Liu et al. [5] used a photoelectrochemical 
method for the reduction of N2 to ammonia using black 
phosphorus-produced ammonia with a Faraday 
efficiency of 23.3%. Liu et al. [6] have developed a 
photocatalytic method using TiO2 nanoparticles with 
oxygen vacancy for nitrogen fixation with the highest 
ammonia generation rate of 116 μmol.g−1.h−1. 

TiO2 is one of the semiconductors that is widely 
used as a photoelectrode in PEC cells with various 
advantages such as high efficiency, low cost, physical and 
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chemical stability, wide availability, non-corrosive, and 
environmentally friendly [7]. TiO2 in the form of 1D 
nanostructures such as nanotubes (TiO2NT) exhibits a 
very large surface-to-volume ratio and significantly 
increased light absorption [8-9]. It is well known that the 
population of Ti3+ in TiO2 could serve as an active site to 
carry out the NRR reaction [2]. However, to be used as a 
photoanode, TiO2 is still lacking. As it has a band gap of 
about 3.2 eV, the absorption only occurs in the UV region; 
TiO2 is not an efficient photocatalyst under sunlight 
irradiation, which contains > 95% infrared and visible 
light while only ~5% UV light. Therefore, it is very 
important to develop photocatalysts that can be used in 
both UV light (290–400 nm) and visible light (400–
700 nm) to increase the efficiency of photocatalysis [10]. 

It is necessary to modify TiO2, one of which is the 
BiVO4/TiO2NT heterojunction, to increase light 
absorption in the visible light region. BiVO4 has a band 
gap of 2.4 eV. Zhu et al. [11] reported that the BiVO4/TiO2 
heterojunction has 1.4 times higher photocatalytic activity 
compared to pure BiVO4. The incorporation of TiO2 with 
another semiconductor not only affects the light 
absorption ability but can increase the specific surface 
area and pore diameter. 

The use of the Dye-Sensitized Solar Cell 
Photoelectrochemical (DSSC-PEC) tandem system can 
increase light absorption in the visible light region 
compared to without DSSC. Several studies have been 
conducted on DSSC-PEC tandem cells, among others; 
Surahman [12] conducted the development of PEC cells 
using CdS nanoparticle sensitized TiO2 nanotube arrays 
for hydrogen production with hydrogen gas formation 
rate of 13.44 L/min and energy efficiency cells through the 
process of breaking water by 4.78%. Samsudin et al. [13] 
developed a tandem DSSC-PEC system with thin films of 
BiVO4/TiO2NT for hydrogen production to produce 
692 mol of hydrogen in 120 min. 

Research developments related to the performance 
of Ti3+/TiO2NT for NRR applications, BiVO4/TiO2NT as 
a photoanode, and DSSC N719 have been widely 
reported. However, the combined system of PEC-based 
BiVO4/TiO2NT as photoanode, Ti3+/TiO2NT as cathode,  
 

and DSSC-based N719 as a whole tandem system to do 
NRR to ammonia, as far as the authors’ knowledge, has 
not been reported. In this study, an evaluation of the 
performance of the DSSC-PEC tandem system for the 
NRR to ammonia was carried out using Ti3+/TiO2NT as 
a cathode. As a photoanode, TiO2NT-modified BiVO4 
was used using the SILAR method. As for the DSSC 
zone, TiO2NT/N719 sandwich cells, I−/I3

−, and Pt/FTO 
electrolytes are used. This research is expected to 
contribute to the development of alternative methods 
for producing environmentally friendly ammonia with 
relatively low energy consumption. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were titanium 
plate (99.6% purity Baoji Jinsheng Metal Material Co. 
Ltd), acetone (C3H6O) (≥ 99.5% purity Sigma-Aldrich), 
bismuth nitrate pentahydrate (Bi(NO3)3.5H2O) (98% 
purity Sigma-Aldrich), ethanol (C2H5OH) (99.9% purity 
Sigma-Aldrich), ethylene glycol (C2H6O) (99.8% purity 
Sigma-Aldrich), ammonium vanadate (NH4VO3) 
(≥ 99.0% purity Sigma-Aldrich), FTO, sodium sulfate 
(Na2SO4) (≥ 99% purity Sigma-Aldrich), trisodium 
citrate (Na3C6H5O7) (≥ 98% purity Sigma-Aldrich), 
sodium hypochlorite (NaOCl) from Sigma-Aldrich, 
nitric acid (HNO3) (65% purity Sigma-Aldrich), sodium 
hydroxide (NaOH) (≥ 98% purity Sigma-Aldrich), 
ammonium chloride (NH4Cl) (≥ 99.5% purity Sigma-
Aldrich), sodium nitroprusside (SNP) from Sigma-
Aldrich, dye N719 (95% purity Sigma-Aldrich), Nafion 
membrane 117, and phenol (99% purity Sigma-Aldrich), 
and deionized water from OneMed. 

Instrumentation 

TiO2NT and BiVO4/TiO2NT were characterized 
using XRD (X'pert PRO merk PANalitycal MPD 
PAW3040/60), FTIR (Shimadzu IR Prestige 21), UV-Vis 
DRS (Shimadzu UV-2450), SEM-EDX (Quanta 650 of 
Thermo Scientific), and Potentiostat (PAR-VersaStat 
II). While Ti3+/TiO2NT was characterized using FTIR, 
UV Vis DRS, and Potentiostat. 
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Procedure 

Synthesis of TiO2 nanotubes (TiO2NT) and Ti3+/TiO2NT 
The titanium plate (0.3 mm thickness, 99.6%) was 

sanded with 1000 and 1500 cc abrasive paper, then 
sonicated in a solution of acetone, ethanol, and air 
deionized for 16 min, then dried in air. Anodization was 
conducted in an electrochemical cell consisting of two 
electrodes, a Ti plate (4 cm × 1.5 cm × 0.02 cm) as an 
anode, and stainless steel as a cathode. Ethylene glycol 
solution containing 0.3% NH4F and 2% H2O was used as 
an electrolyte. The distance between the two electrodes is 
set to about 1.5 cm. The anodizing potential was carried 
out at 40 V, and the anodization time of 45 min. After the 
anodization process, the samples were rinsed with 
deionized water and dried in the air, then calcined at a 
temperature of 450 °C for 2 h with a temperature rise rate 
of 10 °C/min−1 [12]. 

The synthesis of Ti3+/TiO2NT used an 
electrochemical reduction method with a three-electrode 
system with TiO2NT as the working electrode, Pt as the 
counter electrode, and Ag/AgCl as the reference 
electrode. Then put into 0.1 M Na2SO4 electrolyte solution 
and given a potential of -1.5 V for 20 min [14]. 

Synthesis of BiVO4/TiO2NT 
A solution of 50 mL Bi(NO3)3 0.02 M was prepared 

in beaker 1, and 50 mL NH4VO3 0.02 M was prepared in 
beaker 2. The solvent for NH4VO3 is deionized water, 

while the solvent for Bi(NO3)3 is a mixture of nitric acid 
and water (Vnitric acid:Vwater = 1:19). TiO2 nanotube plate 
substrate was immersed in beaker 1 for 30 s and then 
immersed in beaker 2 for 30 s. This process is defined as 
one cycle. The process was done for 10, 15, and 20 cycles 
in ultrasonication, denoted as 10 s, 15 s, and 20 s, 
respectively. Each immersion of the TiO2 nanotube plate 
was rinsed with deionized water and dried in the air after 
all cycles were completed. Then, the prepared samples 
were calcined at 500 °C for 2 h at a heating rate of 
10 °C.min−1 [15]. 

DSSC fabrication, TiO2NT/N719 
TiO2 nanotubes were immersed in a 300 μM N719 

color solution (ethanol solvent) for 24 h. After 24 h of 
immersion, TiO2NT/N719 was cleaned with ethanol and 
dried in the air [16]. TiO2NT/N719 as an anode, 
electrolyte I−/I3

−, and Pt/FTO as a cathode. The 
arrangement of the DSSC cells follows a sandwich cell 
configuration, electrolyte I−/I3

− is dripped on the surface 
of the anode (TiO2NT/N719), then parafilm as a 
separator between the anode and cathode to avoid short 
circuit current, and then closed with a cathode 
(Pt/FTO). 

DSSC-PEC preparation and performance evaluation 
PEC cells consist of BiVO4/TiO2NT as a 

photoanode and Ti3+/TiO2NT as a dark cathode. 
TiO2NT/N719 as an anode in the DSSC zone is connected  

 
Fig 1. Schematic of DSSC-PEC Tandem System for A and B conditions (A: dark cathode, B: full irradiation)
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to the PEC cathode (Ti3+/TiO2NT), while the PEC 
photoanode (BiVO4/TiO2NT) is connected to the DSSC 
cathode (Pt/FTO) with a copper wire. The evaluation of 
the system to produce NH3 was conducted with two 
irradiation conditions. The A condition (dark cathode) 
was when the DSSC and anode were illuminated while the 
cathode was dark. The condition when all the systems 
(DSSC and PEC) were illuminated is denoted with B 
condition (full irradiation). The efficiency of  ammonia 
conversion was calculated using the Solar to Chemical 
Conversion (SCC) equation as shown in Eq. (1) [2]: 

3 3

SCC Efficiency  (%)
G for NH  (J / mol) NH  formed (mol)

       100%
total input energy  (W) reaction time (s)
 

 
  (1) 

■ RESULTS AND DISCUSSION 

Characterization of Photoanode Materials 

Fig. 2(a) shows the FTIR spectra of the synthesized 
materials. The results of FTIR characterization on 
TiO2NT and BiVO4/TiO2NT contained OH groups 
stretching at wavenumbers 3400–3000 cm−1, OH bending 
at wavenumbers 1800–1400 cm−1, Ti-O-Ti at wavenumbers 
900–700 cm−1. The wide peak at a wave number of around 
400–700 cm−1 is the asymmetric stretching of the 
vanadate due to the BiVO4 monoclinic. 

Fig. 2(b) shows the results of the XRD 
characterization of TiO2NT and BiVO4/TiO2NT. In the 
TiO2NT diffraction pattern, diffraction peaks were 
observed at positions 2θ: 25.31°, 35.05° 38.26°, 40.11°, 
48.09°, 53.05°, 53.88°, 55.06°, 63.06°, 70.60°, 76.19°, and 
82.34°. Based on JCPDS data No. 00-02101272, the typical 
peaks of anatase crystals are at the 2θ positions: 25.281°, 
37.801°, 38.576°, 48.050°, 53.801°, 55.062°, 70.311°, 
75.032°, 76.020°, and 93.221°. Meanwhile, based on data 
from JCPDS No. 00-044-1294, the typical peaks of 
titanium metal are in the 2θ positions: 35.09°, 38.43°, 
40.17°, 53.01°, 62.94°, 70.66°, 76.23°, 77.38°, and 82.30°. 
Based on the JCPDS data, it is known that the crystalline 
phase formed in the synthesized TiO2NT is the anatase 
phase. In the BiVO4/TiO2NT diffraction pattern, 
additional diffraction peaks were observed, which were 
then compared with JCPDS data No. 14-0688 for the 
monoclinic scheelite phase BiVO4 [17]. It can be observed 

at 10 cycles of SILAR deposition, and there was 1 
additional peak at position 2θ 18.88° (110); at 15 cycles, 
there was 1 additional peak at position 2θ 28.91° (121), 
and at 20 cycles, there were 3 additional peaks at 
positions 2θ 18.88° (110), 28.91° (121), and 30.59° (040) 
indicating the presence of BiVO4. The intensity of the 
XRD peak should increase along with the increase of 
BiVO4 thickness. However, our work observed an 
anomaly of difference peak observed at 10 and 15 cycles. 
This phenomenon may be caused by several factors: 1) 
The amount of BiVO4 concentration on TiO2NT was too 
small and not well dispersed for 10 and 15 cycles; 2) 
Different properties on the TiO2NT substrate; 3) 
Physical damage of the sample, or; 4) The 
unstandardized SILAR deposition process, as the 
difference in each dipping time, pH solution, might lead 
to a different crystal growth orientation [18]. Of course, 
to prove these hypotheses, more elaborate work should 
be done. However, for this work, the samples were used 
as it is. Thus, based on the result of the three cycles, the 
best is SILAR with 20 cycles with 3 peaks of BiVO4; this 
is because more BiVO4 has been deposited on the 
TiO2NT surface so that the dominant BiVO4 facet is 
formed. 

Fig. 2(c) shows UV-DRS spectra to determine the 
band gap value of the synthesized materials. Bandgap 
values can be calculated using the Tauc plot of the 
Kubelka-Munk function: 

2F(R)h B(h Eg)     (2) 
The equation is a direct band gap. Based on this 

equation, the bandgap value of TiO2NT is 3.21 eV. Based 
on the literature, the band gap value of TiO2NT is 
3.20 eV [19]. This band gap value indicates that the 
synthesized TiO2NT was in the anatase phase. 
Furthermore, the synthesized TiO2NT was deposited with 
BiVO4 through the SILAR process with 3 cycle variations, 
namely 10, 15, and 20 cycles. The resulting band gap 
value decreases as the number of cycles increases, where 
the band gap value is 2.83 eV, 2.81 eV, and 2.79 eV, 
respectively. Based on the literature, the band gap value 
of BiVO4 is 2.4 eV [20], the bandgap value which is 
between the bandgap value of pure TiO2NT anatase 
(3.20 eV) and BiVO4 monoclinic  (2.40 eV) indicates the  
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Fig 2. (a) FTIR spectrum; (b) XRD spectra; and (c) the Tauc plot of the Kubelka-Munk function of TiO2NT and 
BiVO4/TiO2NT with SILAR cycle variations 
 
formation of a mixed phase of BiVO4/TiO2NT 
heterojunction. The decrease in band gap value indicates 
that BiVO4/TiO2NT synthesized by the SILAR method 
can be active against visible light [21]. 

The morphology of the synthesized TiO2NT was 
then characterized using SEM-EDX. Fig. 3(a) and 3(b) 
show the morphology of TiO2 at the surface and cross-
section. Based on this figure, it can be observed that TiO2 
formed has nanotube morphology with an average pore 
diameter of about 56.44 nm and a tube height of 3.11 μm. 
Several factors affect the morphology of nanotubes, such 
as the time and anodization potential, the distance 
between the electrodes, and the composition of the 
electrolyte [22]. 

Fig. 3(c) and 3(d) show the SEM results of 
BiVO4/TiO2NT 20 cycles (the 20s) surface and cross-
section. It can be seen that the yellow BiVO4 has stuck to 
the surface of the TiO2NT and does not close the pores so 

that it can increase the surface area. Fig. 4 shows the EDX 
spectra of TiO2NT and BiVO4/TiO2NT 20s synthesis 
results. Based on these results, it is known that the 
synthesized TiO2NT is composed of Ti and O elements 
with a ratio of 1:2 atom percentage to form TiO2. While 
for the sample BiVO4/TiO2NT 20s, the percentage atom 
of Bi:V:Ti:O is 2.1:2.2:26.6:69.1, which shows the 
amount mass of BiVO4 deposited with 20 cycles is 23.97%. 

Fig. 5(a) is the resulting curve for the 
photoelectrochemical activity of TiO2NT and 
BiVO4/TiO2NT using the Linear Sweep Voltammetry 
(LSV) method. The results obtained show a comparison 
of the current density response to the potential between 
TiO2NT and BiVO4/TiO2NT using visible light with a 
white LED lamp 13 W. The curve shows that 
BiVO4/TiO2NT has a higher current density than 
TiO2NT.  As the number of SILAR cycles increases, the 
current  density  response  also  increases.  This  indicates  
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Fig 3. SEM results of (a) TiO2NT surface 50,000×, (b) TiO2NT cross-section 10,000×, (c) BiVO4/TiO2NT surface 
25,000× and (d) BiVO4/TiO2NT cross-section 10,000× with 20 cycles SILAR 

 
Fig 4. EDX results of (a) TiO2NT and (b) BiVO4/TiO2NT with 20 cycles SILAR 
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Fig 5. Photocurrent activity results using a potentiostat with 13 W white LED irradiation. Curves of (a) LSV scan rate 
25 mV/s and (b) MPA at constant potential 0 V vs. Ag/AgCl 
 
that the addition of BiVO4 on the surface of TiO2NT can 
increase the photocatalytic activity of TiO2NT in the 
visible light region due to charge separation across the 
BiVO4/TiO2NT interface. Fig. 5(b) is a Multiple Pulse 
Amperometry (MPA) curves that show the current 
density response of TiO2NT and BiVO4/TiO2NT on 
irradiation using visible light. Based on the obtained 
curve, it shows that BiVO4/TiO2NT gives the highest 
current density response when exposed to visible light. 
The higher current density response was due to the 
distribution of BiVO4 formed on the TiO2NT surface. 

In this case, 20 cycles of SILAR showed a higher 
current density response than 10 and 15 cycles, so the 20 
cycles of BiVO4/TiO2NT synthesis would be used as a 
photoanode for the nitrogen reduction reaction to 
ammonia. 

Dark Cathode Characterization of Ti3+/TiO2NT 

In this system, Ti3+/TiO2NT functions as a dark 
cathode where the Nitrogen Reduction Reaction (NRR) 
occurs. The presence of Ti3+ species will be the active site 
as an electron donor for the reduction of nitrogen to 
ammonia, which causes an easy dissociation of N≡N 
bonds. With some transformation of surface Ti from Ti3+ 
to Ti4+, electrons will naturally be injected into N2 [23]. 

Fig. 6(a) shows the FTIR spectra of TiO2NT and 
Ti3+/TiO2NT at a wavenumber of 4000–400 cm−1. It can be 
seen that the Ti-O-Ti absorption peak of Ti3+/TiO2NT at 
a wave number of 900 cm−1 decreases compared to 

TiO2NT. This phenomenon is due to reduced Ti-O-Ti 
bonds at the surface due to the reduction process that 
can be associated with an increase in the Ti3+ population 
in TiO2NT. At wave numbers 1700–1400 cm−1, the OH 
bending functional group indicates that there are water 
molecules adsorbed on the Ti3+/TiO2NT surface [24]. 

Fig. 6(b) shows the UV-Vis spectrum of the 
Ti3+/TiO2NT DRS. The band gap value of Ti3+/TiO2NT 
can be determined by the Tauc plot of the Kubelka-
Munk function, which is 3.13 eV. The band gap value 
obtained after presenting Ti3+ in TiO2NT, there was a 
decrease in the band gap from 3.21 to 3.13 eV. The 
resulting band gap indicates that Ti3+/TiO2NT is active 
in UV light. 

Fig. 6(c) shows the results of LSV characterization 
on Ti3+/TiO2NT irradiated with UV light, visible light, 
and dark conditions. The LSV test was conducted in the 
potential range of −1 to 1 V. These results indicate that 
Ti3+/TiO2NT irradiated with UV lamps produces a 
higher current density than in visible light or dark 
conditions. This is directly proportional to the band gap 
value of Ti3+/TiO2NT, which is active against UV light. 
The high current density indicates that when 
Ti3+/TiO2NT is irradiated with a UV lamp, there will be 
an excitation of electrons from the valence band to the 
conduction band. 

Fig. 6(d) shows the results of the MPA 
characterization on Ti3+/TiO2NT within 100 s. The 
results of this characterization indicate that Ti3+/TiO2NT  
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Fig 6. (a) FTIR spectrum, (b) The band gap value using the Tauc plot of the Kubelka-Munk function, (c) Linear Sweep 
Voltammetry, and (d) Multi Pulse Amperometry of Ti3+/TiO2NT 
 
responds to UV light. When Ti3+/TiO2NT is given a UV 
lamp, there will be an increase in current density, and 
when the UV lamp is turned off, there will be a significant 
decrease in current density. This increase in current 
density indicates that there is an excitation of electrons. 
At the same time, the decrease in current density indicates 
that there is a recombination of electrons from the 
conduction band to the valence band. However, when 
exposed to visible light, the current density is lower than 
given UV light. This indicates that the synthesized 
Ti3+/TiO2NT has a strong response in the UV region [25]. 

DSSC Efficiency Characterization 

DSSC efficiency test is measured by plotting the 
current versus potential curve in the range of 0 to 1 Volt. 
Fig. 7 shows the curve of the change in DSSC current to 
the given potential when irradiated using visible light from 
a white LED lamp. From the curve obtained, it can be 

determined the value of Jsc, Voc, Pmax, Pin, fill factor, and 
efficiency of the DSSC according to the data listed in 
Table 1. By using a lamp power of 25.5 mW/cm2 for 
irradiation, the DSSC cell efficiency is obtained at 1.13%  
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Table 1. DSSC efficiency measurement data 
Jmax 

(mA/cm2) 
Vmax 

(V) 
Jsc 

(mA/cm2) 
Voc 

(V) 
Pmax 

(mW/cm2) 
Pin 

(mW/cm2) FF η 
(%) 

0.75941 0.378 0.94188 0.552 0.28706 25.5 0.55212 1.13 
 
with a fill factor value of 0.55212. This DSSC cell will then 
be used in a DSSC-PEC tandem cell for the reduction of 
nitrogen into ammonia to increase the electrons that enter 
the catalysis zone so that more ammonia will be produced. 

Tandem System for N2 Applications 

The reaction process for reducing nitrogen to 
ammonia occurs in the DSSC-PEC tandem system. The 
nitrogen reduction reaction occurs in the Ti3+/TiO2NT 
catalytic zone as the PEC cathode is connected to 
TiO2NT/N719 as the DSSC anode. PEC anode, namely 
BiVO4/TiO2NT oxidation reaction, occurs in water to 
produce electrons (e−) and protons (H+). Then H+ will 
flow from the anode to the PEC cathode through the 
Nafion membrane while the electrons (e−) flow to the 
Pt/FTO as the DSSC cathode through the external circuit 
(cable). These electrons are used to reduce I3

− to Iି ions in 
DSSC. At the PEC cathode, nitrogen is reduced to 
ammonia. 

At the PEC, dark cathode, there is a nitrogen 
reduction reaction to ammonia, and at the photoanode, 
there is an oxidation reaction of water into protons and 
oxygen according to the following equation: 

2 3N (g) 6H (aq) 6e 2NH (g)     (3) 

2 22H O(l) 4H (aq) O (g) 4e     (4) 
The resulting ammonia then flows into a reservoir 

containing a 0.01 M HCl solution to produce an 
ammonium chloride (NH4Cl) solution. 

3 4NH (g) HCl(aq) NH Cl(aq)   (5) 
Fig. 8 shows experimental data on the amount of 

ammonia produced at two irradiation conditions (A: dark 
cathode, B: full irradiation). From the Fig. 8, it can be seen 
that the ammonia produced increased with increasing 
reaction time. The amount of ammonia produced in the 
DSSC+photoanode (A) irradiation region for 2, 4, and 
6 h, respectively, was 0.180, 0.253, and 0.393 μmol. The 
amount of ammonia produced in the DSSC+PEC 
electrode (B) irradiation region for 2, 4, and 6 h, 

respectively, was 0.173, 0.240, and 0.320 μmol. These 
results indicate that the cell system is well-operating 
under visible light [21]. In addition, the results under full 
irradiation (Condition B) are lower than the dark 
cathode (Condition A). It might be caused by when the 
PEC cathode (Ti3+/TiO2NT) is irradiated, photon-
generated active electrons in its conduction band, and 
these electrons find antagonistic behavior with electrons 
from the DSSC part due to the potential bias resulting in 
the system as a whole [26]. 

The percentage of energy efficiency in ammonia 
can be calculated using the Solar to Chemical 
Conversion (SCC) Eq. (1) [2]. SCC is the ratio between 
the amount of ammonia produced and the total energy 
given at a certain time. The free energy for the formation 
of ammonia from nitrogen gas and water is 399 kJ/mol. 
Total energy input (Watt) is the amount of light given 
from the irradiation source to the active area of the 
DSSC. The light intensity in this study was 3050 lux, 
which is equivalent to 4,466 W/m2 with the irradiated 
DSSC area of 0.0003 m2, so the total input power 
generated was 0.00134 W. Based on the calculation results 
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results, the percentage of SCC for photoanode and dark 
cathode with a reaction time of 6 h is 0.003%. 

■ CONCLUSION 

In summary, the authors have successfully 
synthesized BiVO4/TiO2NT heterojunction, which is 
active in visible light by SILAR method with 3 cycles 
variations, namely 10, 15, and 20 cycles. Among the 
others, 20-cycle BiVO4/TiO2NT gave the best result as a 
photoanode, characterized by the smallest band gap 
energy and the highest photocurrent density for water 
oxidation (0.352 mA/cm2). In addition, for the NRR, the 
BiVO4/TiO2NT photoanode was used along with 
Ti3+/TiO2NT cathode in the PEC system coupled with a 
DSSC based on TiO2NT/N719 with an efficiency of 1.13% 
as an energy booster in the reaction. The DSSC-PEC 
tandem system under “A” condition (Dark cathode, 
irradiation on DSSC and photoanode) resulted in SCC 
efficiency of 0.003% and ammonia production of 
0.022 mol.h−1.cm−2. Although still lacking, the result 
shows that the tandem DSSC-PEC system was able to 
reduce nitrogen (N2) to ammonia (NH3) with only visible 
light irradiation. There are many aspects that can be 
optimized for future development. First, the activity of the 
photoanode site could be enhanced more by further 
optimizing the amount of BiVO4 deposited and directing 
the crystal growth on the active facets. Second, further 
optimization on DSSC efficiency and Ti3+ population as 
the active size at the cathode is predicted to be able to 
improve the performance of the whole system. Third, 
finding the best environment, such as electrolyte, 
temperature, also system design, especially at the cathode 
site, to enhance the selectivity of the system to NRR is still 
believed to be a major factor that should be addressed in 
future work. Thus, this work is expected to stimulate the 
development of the catalyst and system design for a better 
NRR visible active–photo(electro)catalytic system in the 
future. 
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 Abstract: Sansevieria trifasciata (mother-in-law's tongue), an ornamental plant widely 
found in Indonesia, can absorb electromagnetic radiation in various electronic devices. 
This study aims to find the best S. trifasciata extract as an electromagnetic and thermal 
radiation reducer emitted from a smartphone. S. trifasciata leaves were macerated using 
ethanol, acetone, and dichloromethane. The extract was mixed with PVA as a film and 
tested for electromagnetic radiation using a radiation measuring device type GM-3120. 
Thermal radiation was tested using a temperature sensor (PASCO CI-6505B) connected 
to a PASCO 550 Universal Interface. All smartphone protective films decreased radiation 
from the smartphone, and the acetone extract caused the most significant radiation 
decrease, with the best results at a concentration of 5%. An S. trifasciata extract contained 
alkaloids, saponins, steroids, phenolics, and tannins based on the phytochemical tests. 
Based on LC-MS data, the dominant compounds identified from the three extracts of S. 
trifasciata is a group of alkaloids, fatty acid, and steroid. The functional groups that are 
thought to play a role in reducing radiation are the C-O, C=O, and C-OH functional 
groups. A compound that is thought to contribute to the reduction in radiation is 
neuroscogenin, a steroid group. 

Keywords: electromagnetic; radiation; smartphone; S. trifasciata; thermal 

 
■ INTRODUCTION 

Sansevieria trifasciata, with the local name mother-
in-law's tongue or snake plant, is quite popular in 
Indonesia as an ornamental plant. The popularity of this 
plant has increased since NASA reported that this plant 
could absorb indoor pollutants such as formaldehyde, 
benzene, and trichloroethylene [1]. S. trifasciata shows 
potential for medicinal uses as an antioxidant [2], 
antibacterial [3], antidiabetic [4], hepatoprotective [5], 
antiallergic, anti-anaphylactic [6], cytotoxic [7], xanthine 
oxidase inhibitor [8], agents, as well as it has a therapeutic 
effect [9]. 

Besides that, S. trifasciata also shows activity as an 
absorber of pollutants and radiation, e.g., pollutant 
absorber [10], CO2 emission reduction [11], removal of 
fishy odor [12], and adsorber of heavy metals [13-15]. 
Several reports show that the genus Sansevieria can 
absorb electromagnetic radiation from various electronic 
devices. The leaves of S. trifasciata var. Laurentii were 
reported to reduce exposure to electromagnetic radiation 
from television for one hour [16]. Another study 
reported that the extract could reduce indoor 
electromagnetic radiation by up to 16% [17]. Likewise, 
an anti-radiation bio screen made of this species can 
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reduce radiation from laptops by 24.45% [18]. There are 
also reports of differences in computer radiation before 
and after contact with S. trifasciata Laurentii and Golden 
Hahnii, with the most considerable radiation reduction of 
53.86% [19]. 

Another device that has the potential to emit harmful 
radiation is the cell phone. Mobile phones have become a 
significant need in various circles of society, along with the 
development of models and features that are increasingly 
sophisticated so that they are dubbed smartphones. 
Without realizing it, its use poses dangers because of the 
radiation produced. Mobile phones' regular and long-term 
use can negatively impact biological systems, especially the 
brain. It also may cause neurodegenerative diseases [20]. 
The possible health hazard of cell phones can be classified 
into thermal and non-thermal effects. The thermal effect 
from the phone should not exceed the average body 
temperature, and if body core temperatures are > 40 °C, it 
can lead to thermal stroke, which can be fatal [21]. The 
non-thermal effect comes from the electromagnetic 
radiation generated. Electromagnetic radiation from the 
phone significantly correlates with increasing thyroid-
stimulating hormone [22] and can decrease sperm 
motility [23]. Therefore, a smartphone protector that 
could reduce smartphone radiation is needed. 

One way to protect a smartphone is to use a casing 
or screen protector. Currently, no casing or screen 
protector can reduce radiation generated by smartphones. 
Therefore, we need a smartphone protector that can 
reduce radiation on smartphones. In a previous study, we 
tested an extract of S. trifasciata as a reducer of thermal 
radiation on smartphones. The film from a combination 
of polyvinyl alcohol (PVA) and 0.02% dichloromethane 
(DCM) fraction succeeded in reducing thermal radiation 
by 4.4 °C in the first minute and was stable for up to 
20 min. This composite film was more effective than 
commercial casing used as controls [24]. That research 
only tested heat radiation on smartphones, even though 
electromagnetic radiation from smartphones is also 
dangerous. Therefore, this study tested the activity of 
reducing heat and electromagnetic radiation from the 
film. Besides that, the previous research only used one 
solvent for extraction. Unlike this study, the film was 

optimized using extracts from various solvents and 
found the best extract to be used as a casing or screen 
protector on a smartphone. It also analyses the 
components present in each extract to estimate which 
components play a role in reducing radiation. 

For the first time, the activity of reducing thermal 
and electromagnetic radiation has been reported from 
various extracts of S. trifasciata with the comparison of 
LC-MS analysis of its various extracts. 

■ EXPERIMENTAL SECTION 

Materials 

Samples of S. trifasciata were obtained from 
Tropical Biopharmaca Research Center (TropBRC), IPB 
University, Bogor, Indonesia. The plant is washed, dried, 
and mashed to 80 mesh. Ethanol 96%, acetone, and 
DCM were used as solvents for the isolation process and 
were obtained from Merck (Darmstadt, Germany). Film 
layers were formed from PVA with a molecular weight 
of 3,000 g/mol. 

Instrumentation 

LC-MS was utilized for structure analysis 
employing an LC system called Ultra Performance 
Liquid Chromatography (UPLC) and a mass 
spectrometer called the Vanquish Tandem Q  Exactive 
Plus Orbitrap HRMS ThermoScientific. The following 
conditions were used in the column: C18 (1.5 μm, 100 × 
2.1 mm), temperature: 30 °C (column), flow rate: 
0.2 mL/min running 25 min, injection volume: 5 μL 
with MS system of ES (electrospray ionization) in 
positive ion mode, the capillary temperature of 320 °C 
and detection at 50 eV, the solvent is methanol, and 
mobile phase: (a) H2O + 0.1% formic acid and (b) 
acetonitrile + 0.1% formic acid. Electromagnetic 
radiation using a radiation measuring device 
BENETECH type GM-3120. Thermal radiation was 
tested using a temperature sensor (PASCO CI-6505B) 
connected to a PASCO 550 Universal Interface. 

Procedure 

Extraction and fractionation 
Powdered S. trifasciata (750 g) leaves were divided 

and macerated with three solvents (ethanol 96%, 
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acetone, and DCM) for 3 × 24 h and were filtered. The 
filtrate was collected and concentrated with a rotary 
evaporator to obtain the blackish-brown concentrated 
extract. Then the extracts were prepared to be made into 
a film and tested for electromagnetic and thermal 
radiation on smartphones. The extract was tested for 
phytochemicals, including alkaloid, flavonoid, terpenoid, 
saponin, steroid, phenolic, and tannin compounds [25]. 

Preparation of blended film 
The blended film uses a ratio of extract/fraction: 

PVA of 1:1 with a final volume of solution is 100 mL. The 
concentration of PVA used was 5%, while the extracts used 
were 0.5%, respectively. PVA solution with a concentration 
of 5% was prepared by dissolving 15 g of PVA in 300 mL 
of distilled water at 90 °C and adding 0.6 mL of glycerol as 
a plasticizer. Extract with a concentration of 0.5% was 
prepared by dissolving 0.25 g of extract in 50 mL of each 
solvent. Furthermore, the two solutions were allowed to 
stand until they reached a temperature of ± 25 °C. After 
reaching a temperature, the two solutions were 
homogenized for 10 min [26] (with modification). After 
degassing the solution in a vacuum desiccator, the 
homogeneous solution was poured onto an aluminium 
pane (18 × 10 × 4 cm). The solution was dried in an oven 
at 60 °C for 15 h per day to remove the residual solvents, 
followed by a drying process at ± 25 °C for 24 h. Then the 
films were peeled from the pane and kept until use [27]. 

Testing electromagnetic and thermal radiation on 
smartphones 

The smartphone used in this test is the Vivo Y55 
brand, which has been used for one year. Smartphones are 
made to do the same activity, making a call. 
Electromagnetic radiation from the rear and front of the 
smartphone was measured using a GM-3120 radiation 
meter for 10 s without and with a film protector. The 
protector tested were PVA + extract and PVA film only. 
The commercial casing (soft case) was also used as a 
comparison. The data is obtained by measuring the 
radiation from the smartphone before being covered by a 
protector (A) and after being covered by a protector (B), 
then calculating the percentage change with Eq. (1). 

A B% reduction of E Field 100%
A


    (1) 

Thermal radiation was measured using a 
temperature sensor (PASCO CI-6505B) connected to 
the PASCO 550 Universal Interface. Each film formed is 
affixed to the smartphone's rear, making a video call, and 
placed in a closed box. Then, the temperature rise was 
recorded for 20 min by the sensor. The radiation was 
measured from a smartphone without a protector, with 
a commercial casing, a smartphone with PVA film, and 
a smartphone with film PVA + extract. All measurements 
were carried out 3 times, and the average value was taken. 

■ RESULTS AND DISCUSSION 

Radiation Absorption Activity 

There are 2 types of electromagnetic radiation being 
measured, namely E-field and H-Field. The experimental 
results found that the E-field radiation gave a higher 
value (87–230 V/m) than the H-field radiation value (0–
0.25 μT). According to the International Commission 
on Non-Ionizing Radiation Protection (ICNIRP), the 
radiation limit level allowed for the unit of magnetic flux 
density is 0.3–0.4 T [28], along with the safety limit of 
the electric field is 90 and 127.27 V/m at 900 and 
1800 MHz, respectively [29]. Corresponding on those 
data, we could notice that smartphone’s magnetic field 
has the potential to cause danger. 

Preliminary testing on the smartphone's rear 
shows a radiation range of 8.9 to 59 V/m, while the front 
of the smartphone shows a radiation range of 185 to 
737 V/m. The front of the smartphone emits more 
radiation than the rear, so further testing focuses on the 
front. The measurement is carried out for 10 s to get the 
average value of the radiation because the radiation 
value is prone to change. The measurement results of 
electromagnetic and thermal radiation are presented in 
Fig. 1. 

All treatments decreased the radiation compared to 
the initial conditions from the measurement results, and 
the percentage reduction of electromagnetic radiation 
on the front of the smartphone is presented in Fig. 1(a). 
It can be seen that the treatment that gave the most 
significant reduction in electromagnetic radiation was a 
film from a mixture of PVA + acetone extract, with a 
radiation reduction value of 47%, followed by a mixture 
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of PVA + DCM extract of 32%. The ethanol extract did 
not have a significant effect, as shown by the reduction in 
radiation was not too significant (11%). The decrease in 
radiation by the mixed PVA + acetone extract gave more 
excellent value than the commercial case used as a control 
and also more remarkable than the PVA film alone. It can 
be assumed that the effect of the decrease in electromagnetic 
radiation came from the acetone extract, not from PVA. 

The measurement of thermal radiation was carried 
out for 30 min with 1200 data (1 data per second). 
However, the data used in the image represents the 
smartphone's temperature every 5 min (Fig. 1(b)). 
Smartphones without a protector (the films or casing) 
give higher thermal radiation than smartphones with a  
 

protector. The results show that film from PVA + 
acetone extract and ethanol extract gave the best results 
(overlapping blue lines), followed by DCM extract. S. 
trifasciata plants have a significant effect in absorbing 
thermal radiation on smartphones compared to 
commercial casings; also, this effect comes not from 
PVA, which is used as a film mixture. As the 
measurement of electromagnetic radiation, the extract 
that gave the most extensive absorption in thermal 
radiation was acetone extract. It was seen that the film 
PVA + acetone extract was able to maintain the 
smartphone's temperature at around 32–33 °C. In 
contrast, the smartphone without the film had a 
temperature that increased to 37 °C. 

 
Fig 1. Percentage reduction of (a) E-field and (b) thermal radiation from the smartphone with various treatment 
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The radiation test was continued by varying the 
concentration ratio of the extract to PVA to ensure that 
the radiation reduction was due to the extract (not PVA). 
The results are presented in Fig. 2. 

Based on the electromagnetic radiation test data in 
Fig. 2(a), it was seen that the film PVA + acetone extract 
gave the best results compared to other films, the same as 
before. However, the variation in the PVA:extract ratio 
did not seem to have any effect. Percentage reduction in 
radiation was not significantly different between the ratio 
of PVA:extract 1:2 and 2:1, as well as for other extracts. 
This means that the amount of extract to the amount of 
PVA does not affect the activity of the film, but it is clear 
that the mixture of PVA film with extract gives better 
results than PVA without extract. PVA has dielectric 
properties and thermal conductivity [30], so it can be used  
 

as a base material to reduce electromagnetic radiation 
and accelerate heat transfer. However, the dielectric 
properties and thermal conductivity of PVA are still low, 
and the combination with the compounds present in S. 
trifasciata can improve the physical and mechanical 
properties of PVA. The number of compound 
components present in the extract or PVA did not affect 
the results, indicating that the compounds that play a 
role in S. trifasciata have the same active site as an 
absorber of electromagnetic radiation, which is thought 
to be a polar group. 

The measurement results of thermal radiation (Fig. 
2(b)) showed slightly different results with 
electromagnetic radiation. Overall the film derived from 
PVA:extract = 1:2 provides a better thermal radiation 
absorption effect than PVA:extract 2:1, even PVA:acetone 

 
Fig 2. Percentage reduction of (a) E-field and (b) thermal radiation smartphone with films PVA:extract at various 
ratios 
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extract 1:2 (purple line) can reduce heat radiation to 
below the initial measurement temperature (32 °C). 
However, the film with a ratio of PVA:ethanol extract 2:1 
had better activity than PVA:ethanol extract 1:2. Hence, 
variations in the concentration of PVA and extract on the 
absorption activity of electromagnetic and thermal 
radiation do not have a significant effect. However, the 
extract in the film makes the activity better than the 
control (commercial casing). 

Furthermore, radiation testing was focused on the 
film PVA + acetone extract, and a comparison of the 
concentration of acetone extract was made to determine 
the best concentration of acetone extract. Variations of 
the concentration of acetone extract used are 0.01, 0.05, 
0.1, 0.5, 1, and 5%. The data are presented in Fig. 3. 

Based on the data in Fig. 3(a), it can be seen that 
the decrease in electromagnetic radiation was more 
significant with an increase in the concentration of 
acetone extract used. However, the results fluctuated at 
a concentration of 0.1 to 1%. The most considerable 
radiation reduction was obtained from film 
PVA + acetone extract 5% with a radiation reduction 
value of 62%. Therefore, the number of components in 
the acetone extract positively reduces electromagnetic 
radiation. Further research is needed at higher 
concentrations to obtain optimum concentrations. 

The measurement of thermal radiation (Fig. 3(b)) 
shows slightly different results from the measurement of 
electromagnetic radiation. In the early minutes of the 
thermal radiation test, 0.1 and 0.5% acetone extracts could 

 
Fig 3. Percentage reduction of (a) E-field and (b) thermal radiation smartphone with film PVA + acetone extract at 
various ratios of extract 
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maintain smartphone temperatures better than 5% 
acetone extracts. However, starting at the 20th min, both 
extract concentrations showed a significant increase in 
temperature, in contrast to 5% acetone extract, which 
could stably maintain the smartphone's temperature up to 
the 30th min. Hence, higher acetone concentration will 
absorb thermal radiation stably. In contrast, the 
compounds present in the extract can absorb heat 
radiation at low concentrations. However, its ability will 
decrease because the number of components present is 
small or insufficient to withstand thermal radiation. Thus, 
it can be said that the best extract concentration for 
reducing electromagnetic and thermal radiation is 5%. 

Identification of Compound 

Maceration of S. trifasciata simplicia obtained 
51.45 g of ethanol extract, 6.6 g of acetone extract, and 
5.15 g of DCM extract, so the yield is 17.01, 2.95, and 
2.3%, respectively. Ethanol solvent can extract more  
 

compounds than the other two solvents. Furthermore, all 
extracts were tested for phytochemicals, and their mass 
was measured using LC-MS to identify the predicted 
compounds present in the three extracts. The results are 
presented in Table 1, as well as Fig. 4. Table 1 shows that 
the three extracts have similarities in the results of 
phytochemical tests, where all extracts are positive for 
alkaloid, saponin, phenolic, steroid, terpenoid, and tannin, 

Table 1. Phytochemical test results extract of S. trifasciata 
Functional 

group 
Extract 

Acetone DCM Ethanol 
Alkaloid + + + 
Flavonoid - - - 
Saponin + + + 
Phenolic + + + 
Steroid + + + 
Terpenoid + + + 
Tannin + + + 
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Fig 4. LC-MS chromatogram of S. trifasciata extract: (a) acetone, (b) DCM, and (c) ethanol extract 

 
while negative for flavonoid. These results differ from 
previous studies using the same species but with different 
origins [24]. In a previous study, the phytochemical test 
of the ethanolic extract of S. trifasciata obtained positive 
results only for saponin and steroids. The place of growth 
will affect the secondary metabolites produced by a plant. 

Based on the LC-MS chromatogram, it was seen that 
the three extracts had similar peaks, only different in 
intensity. The peak at the retention time of 20 min was 
indicated as the solvent peak. The LC-MS chromatograms 
of all extracts show four peaks at the retention time of 
19.16, 18.79, 18.43, and 15.41 min with a high abundance. 
The mass spectrum peak with a 19.1 min retention time 
(blue circle in Fig. 4) makes it possible to have a 
C35H36N4O5 molecular formula with a 100% resemblance 
to a base peak of 593.28 identified as [M+H]+. Based on 
search results with ChemSpider, Massbank, and Human 

Metabolome Database (HMDB) software, some possible 
compounds are presented in Table 2. 

All compounds estimated are alkaloids and the 
compounds that are predicted to be present in S. 
trifasciata extract is pheophorbide A (1) because it has a 
mass error of 2.39 ppm. This compound has also been 
identified in the 70% ethanol extract of S. trifasciata 
from Bogor [8]. Pheophorbide A is a chlorophyll 
derivative often present in green plants, such as S. 
trifasciata. 

The peak mass spectrum with an 18.7 and 18.4 min 
retention time (the black circle in Fig. 4) can have a 
C33H40N2O9 molecular formula with a 100% resemblance 
to a base peak of 609.27 identified as [M+H]+. Based on 
search results with ChemSpider, Massbank, and HMDB 
software, the possible compound is reserpine (7) and its 
derivative (isoreserpine) (8) (Fig. 5). 
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Fig 5. Structure (a) reserpine and (b) isoreserpine 
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Table 2. Several possible compounds at a retention time of minute 19.16 

Compound Functional group Mass Error 
(ppm) 

Structure 

Pheophorbide A (1) Alkaloid 2.93 

N

N
HN

O

OH

N

O

O

OH

 

N-Benzyl-3-[(3,5-
dimethoxybenzoyl)amino]-N-methyl-
4-(6-oxo-7,11-
diazatricyclo[7.3.1.02,7]trideca-2,4-
dien-11-yl)benzamide (2) 

Alkaloid 2.99 

 

(2E)-3-[4-({[1-({[3-Cyclopentyl-1-
methyl-2-(2-pyridinyl)-1H-indol-6-
yl]carbonyl}amino)cyclobutyl]carbony
l}amino)-2-methoxyphenyl]acrylic 
acid (3) 

Alkaloid 2.99 

 

Ethyl (2E,4S)-4-[(N-{[5-(1-naphthyl)-
1H-pyrrol-2-yl]carbonyl}-L-
phenylalanyl)amino]-5-[(3S)-2-oxo-3-
pyrrolidinyl]-2-pentenoate (4) 

Alkaloid 2.99 

 

3,3'-{[(4R,5S,6S,7R)-4,7-dibenzyl-5,6-
dihydroxy-2-oxo-1,3-diazepane-1,3-
diyl]dimethanediyl}dibenzamide (5) 

Alkaloid 2.99 

 

N-{2-[(11aS)-5-(4-Isopropylphenyl)-
1,3-dioxo-5,6,11,11a-tetrahydro-1H-
imidazo[1',5':1,6]pyrido[3,4-b]indol-
2(3H)-yl]benzoyl}-L-isoleucine (6) 

Alkaloid 2.99 
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Table 3. Several possible compounds at a retention time of minute 15.41 

Compound Functional 
group 

Mass error 
(ppm) 

Structure 

(10E,12E)-9-Oxo-10,12-
octadecadienoic acid (9) 

Fatty acid 2.37 
 

7-(3,4-dimethyl-5-
pentylfuran-2-
yl)heptanoic acid (10) 

Fatty acid 2.38 

 

5-oxo-octadecenoic acid 
(11) 

Fatty acid 2.38 

 

Colneleic acid (12) Fatty acid 2.38 

 
13-Oxo-9E,11E-
octadecenoic acid (13) 

Fatty acid 2.38 

 

8-(5-Hexyl-2-
furyl)octanoic acid (14) 

Fatty acid 2.38 

 
 

The peak mass spectrum at minute 15.4 (green circle 
in Fig. 4) may have a C18H30O3 molecular formula with a 
100% resemblance to a base peak of 295.23 identified as 
[M+H]+. Based on search results with ChemSpider, 
Massbank, and HMDB software, some possible 
compounds are presented in Table 3. 

All compounds estimated are fatty acids. Based on 
literature searches, there have been no reports regarding 
discovering these compounds from the Sansevieria plant. 
However, octadecanoic acid and its derivatives were 
identified in S. trifasciata and positively correlated with 
trimethylamine (TMA) adsorption [31]. 

Overall, the ethanol extract was seen to have more 
peaks with a higher peak intensity than the other extracts, 
as the yield of the ethanol extract was much larger than 
the other two extracts. The peaks that were different in 
intensity were at retention times of minute 12.92 and 
12.17 (oranges circle in Fig. 4(c)), possibly having a 
C17H19NO5 and C17H37NO3 molecular formula, 

respectively, with m/z 318.30 and 304.28 identified as 
[M+H]+, which were estimated to be crinamidine (15) 
and 2-amino-1,3,4-heptadecanetriol (16). These two 
compounds appeared to have a reasonably large 
concentration in the ethanol extract but slightly in the 
acetone and DCM extracts. Crinamidine (15) was 
reported to have been isolated from S. liberica [32]. 
Meanwhile, the retention time of 12.8 min (light blue 
circle in Fig. 4(a) and 4(c)) was only found in acetone 
and ethanol extracts and not found in DCM extracts. It 
is possible to have a C27H38O3 molecular formula, with 
m/z 411.29 identified as [M+H]+, which was estimated 
to be norethisterone enanthate (17). 

The compound present in the DCM extract but not 
in the acetone and ethanol extracts were estimated to be 
compound (1S,2S,3aR,4S,5S,9R,11R,13aS)-4,9,11-
tris(acetyloxy)-3a-hydroxy-2,5,8,8,12-pentamethyl-
1H,2H,3H,3aH,4H,5H,8H,9H,10H,11H,13aH-
cyclopenta[12]annulene-1-yl benzoate (18) and 
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hexadecanamide (19) with molecular formula C33H44O9 
and C16H33NO, respectively, which were the base peaks at 
retention times of 17.16 and 18.11 min (purple circle in 
Fig. 4(b)) with m/z 585.29 and 256.26 identified as 
[M+H]+. While the compounds contained in the acetone 
extract but not in the ethanol and DCM extracts are 
estimated to be a compound neoruscogenin (20) with the 
molecular formula C29H40O4 which is the base peak at the 
retention time of 17.68 min (red circle in Fig. 4(a)) with 
m/z 429.37 identified as [M+H]+. This compound was 
reported to have been isolated from S. trifasciata in Spain 
[33]. All critical data LC-MS are presented in Table 4. 

Based on these data, it can be predicted that 
abundant components in the ethanol extract reduce 
radiation absorption activity; this may be due to the 

antagonistic effect of the compounds present in the 
extract. In order to find out what functional groups are 
present in the best extracts, FTIR measurements were 
carried out on acetone extracts. The results are presented 
in Fig. 6. 

Based on the FTIR spectrum, there is band 1, which 
is broad at wave number 3437 cm−1

, which is O–H 
stretching vibration, band 2 with sharp peak at 
2944 cm−1, which is methylene stretching vibration, 
band 3 with a sharp peak at 1733 cm−1 which is carbonyl 
stretching vibrations, band 4 with weak peak at 1669 cm−1 
which is C=C stretching vibration. In addition, there are 
bands 5, 6, 7, and 8 with sharp peaks. Band 5 at 
1435 cm−1 which is a shear bending vibration of 
methylene, band 6 at 1372 cm−1 which is an O–H bending 

Table 4. Data LC-MS major in extract of S. trifasciata 
Compound 

RT 
(min) 

Group Area 
FG MF 

Mass error 
(ppm) m/z Structure 

Acetone DCM Ethanol 

Crinamidine (15) 12.92 1.58×109 7.24×108 3.53×109 Alkaloid C17H19NO5 2.90 317.13 

 

2-Amino-1,3,4-
heptadecanetriol (16) 

12.17 4.80×108 2.20×108 2.44×109 Alcohol C17H37NO3 3.23 303.27 

 

Norethisterone 
enanthate (17) 

12.81 4.04×108 - 1.45×108 Steroid C27H38O3 3.22 410.28 

 
(1S,2S,3aR,4S,5S,9R,11R,
13aS)-4,9,11-
tris(acetyloxy)-3a-
hydroxy-2,5,8,8,12-
pentamethyl-
1H,2H,3H,3aH,4H,5H,8
H,9H,10H,11H,13aH-
cyclopenta[12]annulen-
1-yl benzoate (18) 

17.16 - 6.41×109 - Terpenoid C33H44O9 0.98 584.30 

 

Hexadecanamide (19) 18.11 - 1.33×109 - Amide C16H33NO 1.80 255.26 

Neoruscogenin (20) 17.69 5.84×108 - - Steroid C29H40O4 2.60 428.30 
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Fig 6. FTIR spectrum of PVA film + acetone extract 

Table 5. FTIR absorption band of film PVA + acetone extract 

Band 
Wavenumber (cm−1) 

Functional group 
Acetone extract Literature [34] 

1 3437 3200–3650 O–H stretching (broad) 
2 2944 ~2926 –CH2 stretching 
3 1733 1650–1850 C=O stretching 
4 1669 1600–1660 C=C stretching 
5 1435 ~1465 –CH2– bending 
6 1372 1220–1440 O–H bending 
7 1265 1000–1300 C–O stretching 
8 1101 1000–1260 C–OH stretching 

 
vibration in the plane, band 7 at 1265 cm−1 which is a 
vibration C–O stretching, and band 8 at 1101 cm−1 which 
is C–OH stretching vibration. Data for the 8 bands can be 
seen in Table 5. 

According to a literature search by the authors, there 
have been no reports of compounds from natural materials 
that have activity as radiation absorbers. However, there 
are reports of Rubber magnets based on NBR and lithium 
ferrite that can absorb electromagnetic radiation [35]. 
However, based on our previous research, the fraction has 
the potential to be identified as steroid compound [24]. 
Moreover, the literature reports that the C–O, C=O, and 
C–OH functional groups are common functional groups 
contained in electromagnetic radiation-absorbing materials 
and work with a dipolar polarization mechanism [36]. In 
addition, the presence of a methyl group increases thermal 
conductivity more than halide because the methyl group 

creates lattice vibrations or increases the phonon-free 
path [37]. In this study, the FTIR data showed the 
presence of the C–O, C=O, and C–OH functional groups, 
thus indicating that these functional groups contribute 
to reducing smartphone radiation. Neuroscogenin (20) 
was identified as a compound in acetone extract but not 
found in other extracts. This steroid compound has two 
C–OH groups, two C–O groups, and three methyl 
substituents. Based on this data, it could imply that 
neoruscogenin in the acetone extract contributes to the 
absorption of smartphone radiation. 

■ CONCLUSION 

In this study can be concluded that the acetone 
extract of S. trifasciata has the potential to be used as a 
screen protector on smartphones to reduce 
electromagnetic and thermal radiation emitted by  
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smartphones. However, it is suspected that the compound 
that has a role in increasing radiation absorption in 
smartphones is neoruscogenin, a steroid group. 
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 Abstract: In this study, silica gel was extracted from rice husk ash using a modified acid-
leaching process. The gel was then characterized using an X-ray Diffractometer (XRD) 
and an X-ray Fluorescence (XRF). At different loadings of 0, 0.05 and 0.10 wt.%, silica 
gel was used as a cross-linker in the membrane formulation. Fourier Transform Infrared 
Spectroscopy (FTIR) and Scanning Electron Microscopy (SEM) were used to characterize 
the membranes, while their performance was determined by pure water flux. XRD and 
XRF results revealed that the gel contained 76.85% silica. The presence of silica gel in 
membranes results in optimal water flux, indicating that the membranes have achieved 
good integral stability via the cross-linking process. Based on these positive findings, the 
applications of the membranes in the water-oil separation process will be evaluated in 
future work. 

Keywords: cross-linking; integral membrane; rice husk ash; silica gel 

 
■ INTRODUCTION 

The world's rice consumption will continue to rise 
with the number of consumers. Because rice husk waste is 
abundant, some alternatives to add its value are being 
explored. The composition of rice husk (RH) comprises 
70–80% cellulose and lignin, with 20–30% silica, alkali, 
and trace elements. RH has a high energy content of 
16,720 kJ kg−1, making it suitable for burning fuel or post-
combustion [1]. When RH is burned between 350 and 
750 °C, an amorphous shape of silica is formed, whereas a 
crystalline shape is formed when it is burned above 800 °C 
[2]. The yield of the ash is 25% when RH is burned. 

The rice husk ash (RHA) is composed of 85–95% 
amorphous silica and a trace amount of alkali oxide [3]. 
The percentage of silica in rice varies according to its 
origin and the process of burning the husk. RHA is used 
in ceramics, construction, chemicals, and electronics 
because it increases the material's workability and 
mechanical properties [4-5]. Aside from that, it can be 
used as a filler for membranes, adsorbents, 
photoluminescent substances, and a filler for activated 
carbons [5]. RHA's popularity stems from the fact that it 
is both environmentally friendly and inexpensive. 

On the other hand, silicate from rice husk ash can 
act as a cross-linker if incorporated into a membrane. 
This silica is introduced during the polymer-making 
process as a cross-linking reaction in which the polymer 
chain forms a network structure as a stabilization 
process during the reaction [6]. Inorganic silica gel is one 
of the inorganic materials that has been applied 
nowadays in wastewater treatment as a membrane for 
heavy metal removal and dyes. Having a structure with 
high porosity, hydrophilicity, and high activity makes 
the structure such a sponge for better adsorption. Silica 
gel is widely used because the pore structure inside the 
silica gel is easy to control, has strong selectivity, and 
high stability, and consists of silanol hydroxyl group. 
The silanol group is formed when the silicate 
tetrahedrons are condensed using oxygen as their 
binding site to generate the siloxane bond (Si–O–Si). 
Thus, the silanol group is originated from the siloxane 
bond when the synthetic silica is extracted from RHA. 
Moreover, this silica gel also increases the power of 
adsorption and selectivity to heavy metal ions [6]. 

There are two methods of extraction process: acid 
leaching and alkali leaching. Acid leaching is the most 
widely used method because it can produce silica at high 
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purity, where the silica has a large surface area for 
adsorption and with amorphous and mesoporous 
particles [7]. The amorphous structure is highly preferred 
for silica as the solubilities are enhanced as compared to 
the crystalline structure. This property is important in the 
membrane-making process as a homogeneous solution 
can be formed [8]. 

Acid leaching is the most common silica extraction 
method for RHA. This method is simple and does not 
require heating to a high temperature. RHA is cleaned of 
metal impurities with HCl before being treated with 
NaOH to produce sodium silicate. It was then followed by 
titration with HCl to form silica gel. This amorphous 
substance was derived from the dehydration process of 
silicate tetrahedrons to form a nanometer size of 
substance with siloxane bonds (Si–O–Si). In the 
membrane-making process, a study was reported on 
incorporating tetraethylorthosilicate as the silica 
nanoparticle into the blend polymer of polyvinyl 
alcohol/polyethylene glycol/glycerol [9]. It was found that 
the crosslinking process through the sol-gel method has 
improved the thermal and mechanical stabilities of the 
membranes. The sol-gel method involves the hydrolysis 
of silica, and the subsequent condensation process to form 
a covalent bond. 

Aside from improving its properties, the 
incorporation of silica during the membrane formulation 
can combat the fouling and improve the hydrophilicity of 
the membrane [10]. By improving the interconnectivity of 
pores in the top layer and sub-layer of the membrane, 
these additives can avoid the formation of macro-voids, 
improve the flux, and increase the rejection of the 
respective pollutants [11-13]. According to Harun et al. 
[14], silica is chemically resistant and thermally stable. 
Furthermore, its high hydrophilicity manages to lessen 
fouling mechanisms by enhancing water permeation [14]. 
Previously, researchers investigated the use of 
tetraethylorthosilicate as a cross-linker in a composite 
hybrid membrane with polysulfone membrane as the 
support membrane. Results from antifouling evaluation 
revealed that the membranes exhibited good antifouling 
behavior with the use of humic acid as the foulant model 
with the additional advantage of high thermally stable and  

high adsorption towards heavy metal [15]. 
The purpose of this study is to examine the 

outcome of the RHA silica extraction process using a 
modified acid-leaching method, as well as to evaluate the 
effect of the silica gel addition in the membrane 
formulation on the characteristics of the fabricated 
membranes. 

■ EXPERIMENTAL SECTION 

Materials 

Polyvinyl alcohol (PVA, 87–89% hydrolyzed with 
a molecular weight average of 85,000–124,000) and 
polysulfone (PSF with a molecular weight of 22,000) 
were obtained from Sigma-Aldrich (M) Sdn Bhd, 
Malaysia. Aman Semesta Enterprise in Malaysia 
supplied the chitosan (CS). Merck Sdn. Bhd., Malaysia, 
supplied the 1-methyl-2-pyrrolidone (NMP) and 
polyethylene glycol 400 used in this study. R&M 
Chemicals, Malaysia, supplied the hydrochloric acid 
(HCl, 37% purity) and dimethyl sulfoxide. BT Science 
Sdn. Bhd. in Malaysia supplied the rice husk ash. 
Deionized water and distilled water were obtained from 
the UiTM Shah Alam Chemical Laboratory in Malaysia. 

Instrumentation 

Perkin Elmer Spectrum One Fourier Transform 
Infrared Spectroscopy (FTIR) instrument with Model 
Spectrum 400 was utilized to identify the emergence of 
functional groups in the silica gel as well as in the 
membrane. The analysis produces an infrared 
absorption spectrum, which identifies the presence of 
chemical bonds in the molecule. The wavelength was 
analyzed between 400 and 4000 cm−1 [16]. For the 
analysis of membrane surface morphology, a Field-
Emission Scanning Electron Microscopy (FESEM) 
brand Joel: Model JSM-7600F was used. The pattern of 
the RHA silica gel was evaluated using a Rigaku X-ray 
Diffractometer: Model D/Max200V/PC with an 
accelerated voltage of 40 kV and a current of 30 mA. At 
a rate of 5°/min, the diffraction angle (2θ) was scanned 
from 10 to 80° [17]. X-ray Fluorescence Spectrometer 
(XRF) by Philip was utilized for the analysis of the 
extracted silica gel. The membrane filtration rig, which 
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uses nitrogen gas for purging, was used in the filtration 
process. The tools used for this study were a hot plate, 
magnetic stirrer, electrical balance, glassware, aluminium 
foil, filter paper, and pH paper. 

Procedure 

Silica extraction from RHA 
The extraction method was adapted from de Lima et 

al. [17] with some modifications on the amount of raw 
RHA used and some parameters such as temperature and 
time. To 250 mL of distilled water, 25 g of raw RHA was 
added. To remove metal impurities, 8 g of HCl was added 
to the mixture. This is known as the pre-cleaning 
procedure. For 1 h, the solution was heated to 90 °C with 
continuous stirring at 650 rpm before it was left to cool 
overnight at room temperature. The filtration process was 
conducted through Smith 102 filter paper. The cleaned 
RHA was labeled on the permeated liquid. The permeated 
liquid was poured into a solution of 1 M NaOH with 
250 mL volume. The mixture was heated at 80 °C and 
swirled at 600 rpm for 1 h in an alkaline leaching process. 
After it was left overnight, another filtration process was 
performed by using Smith 102 filter paper. The brownish 
liquid obtained from the filtration process was known as 
sodium silicate (Na2SiO3). The liquid has a pH of 14 after 
being tested with universal pH paper. For the gelling 
process, one normality of HCl was prepared. The titration 
using the HCl was conducted on the Na2SiO3 until it 
reached pH 7, at which point it solidified into a gel texture. 
The gel was left to mature for 24 h before it was then 
vigorously stirred with a magnetic stirrer at 1500 rpm to 
break it down into smaller sizes. It was then washed with 

400 mL of distilled water. The washing procedure was 
repeated four times until the gel was clear (whitish). This 
step was taken to remove sodium chloride (NaCl) to 
obtain high-purity silica oxide (SiO2) [17-19]. The 
reaction mechanism involved in the production of silica 
gel is depicted in Fig. 1. Fig. 2 depicts images of mature 
and washed silica gel, respectively. XRD, XRF, and FTIR 
were then used for the characterization of the silica gel. 

PVA and CS solutions preparation 
A 10 wt.% PVA solution was prepared by 

dissolving 10 g of PVA powder into 90 g of dimethyl 
sulfoxide for 4 h at 90 °C and 400 rpm stirring rate. After 
that, the solution was left to cool down. To make the CS 
solution, 0.02 g of CS was mixed with 99.98 g of 2 wt.% 
aqueous acetic acids, followed by heating at 90 °C for 4 h 
and at 400 rpm of stirring. The mixture was left to cool 
down before mixing [20]. 

Cross-linking process of PVA/CS solution 
Both prepared PVA and CS solutions were mixed 

with 400 rpm stirring for 7 h while heated to 60 °C. Silica 
gel was poured into the mixture at a concentration of 0 
to 0.10 wt.% of the total mixture [14]. As a catalyst, 1 mL 
of HCl 37% was added. The formulations of each 
membrane are shown in Table 1 [15,20]. Fig. 3 depicts 
the cross-linking reaction from the sol-gel method 
between the silicate from RHA gel and the hydroxyl 
group from PVA. 
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       Na SiO H O 2HCl Si OH 2NaCl
 

Fig 1. Reaction mechanism of silica gel [18] 

 
Fig 2. (a) Mature and (b) washed RHA silica gel 
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Table 1. The formulations of membranes 

Membrane code Hybrid solution 
PVA solution (g) CS solution (g) Silica gel (wt.%) HCl (mL) 

MA 50.00 50.00 0.00 1.00 
MB 50.00 50.00 0.05 1.00 
MC 50.00 50.00 0.10 1.00 

 
Fig 3. Reaction mechanism between RHA silica gel and a hydroxyl group from PVA [20] 

 
Table 2. Membrane formulations 

Membrane PSF solution (g) Hybrid solution (g) 
MA 50.00 1.00 (without silica) 
MB 50.00 1.00 (0.05 wt.% silica) 
MC 50.00 1.00 (0.10 wt.% silica) 

Polysulfone (PSF) solution preparation 
To make 13 wt.% PSF solution, 13 g of PSF beads 

were dissolved in 82 g of NMP, followed by adding 5 g of 
PEG 400. For approximately 6 h, the solution was heated 
at 60 °C and stirred at 400 rpm. The solution was left at 
room temperature before the membrane solution was 
prepared [15]. 

Membrane preparation 
A 50 g PSF solution was mixed with one gram of 

each prepared hybrid membrane solution shown in Table 
1. For 3 h, a stirring was set at 700 rpm while the mixture 
was being heated at 80 °C. The formulation for each 
membrane is shown in Table 2. For the membrane film-
making process, the membrane solution was spread to a 
thickness of 100 μm with a Baker's Film Applicator on a 
glass plate. The plate was submerged in a water-containing 
coagulation bath for 24 h to solidify. This method was called 
the phase inversion method. Then, the film of the 
membrane was allowed to cure for 1 d at room 
temperature [20]. The films were characterized by 
functional groups using FTIR and surface morphology 

using FESEM, and the performance was checked 
through pure water flux. 

RHA silica gel yield calculation 
Eq. 1 was used to determine the yield of RHA silica 

gel after the washing process; 

g
cY 100%
m

   (1) 

where m represents the weight of mature silica gel, c is 
the weight of washed silica gel, and Yg is the yield of silica 
gel (%) after washing [21]. 

Analysis of water flux 
A dead-end filtration rig was used for the water 

flux evaluation, which was conducted at room 
temperature. The apparatus was linked to a compressed 
nitrogen gas cylinder, which applied pressure to the feed 
solution. The filtration through the membrane was 
performed at 6 bars for 60 min, with sampling every 
15 min. The flux was determined through the collected 
volume of the permeate solution. For each formulation, 
three membrane samples were tested before the average 
reading was recorded. The membrane was cut into a 
circular shape with an area of 0.196 × 10−2 m2. Eq. 2 was 
used to calculate the permeate flux; 

p
p

Q
J

A t



 (2) 
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where Jp is the permeate flux (L m−2h−1), Qp is the volume 
of permeate (L), A the effective membrane area (m2), and 
Δt is the sampling time (h) [22]. 

■ RESULTS AND DISCUSSION 

RHA Silica Gel Analysis 

Fig. 4 depicts the result from the XRD analysis. 
Based on the image, the silica gel shows an amorphous 
structure without the presence of NaCl because no 
crystalline peaks were observed in the range of 30 to 60° 
[19]. This result shows a similar pattern to the one 
obtained from the previous research by de Lima et al. [17], 
where the modified extraction process successfully 
extracted a high amount of SiO2 [17]. It could be 
concluded that the washing method in this modified 
method has been carried out efficiently to remove all the 
NaCl. NaCl in the silica gel should be avoided because it 
may interfere with the cross-linking reaction in the 
membrane-making process [18]. 

A further investigation of the composition of the 
silica gel was performed through XRF analysis. Table 3 
shows that the gel has 76.85% silica with 0.55% Na and 
0.72% Cl. The remaining 21.88% of the total composition 
could be oxides and metal impurities. Although the 
washing process can remove all the NaCl, it fails to 
remove the metal impurities. Setyawan [19] discovered 
that RHA extraction yielded 86.17% SiO2, and the results 

were relatively high in comparison to this finding. The 
reason could be due the RHA was obtained from 
different sources in local areas. 

FTIR analysis of the RHA silica gel was performed 
in the 400–4000 cm−1 range. The spectra in Fig. 5 can 
identify a few major chemical groups. The strong and 
broad absorbance of the silanol O–H group stretching at 
peak 3296 cm−1 and symmetric stretching vibration 
band at peak 1635 cm−1 indicates another O–H group 
from water [6,23-24]. Si–O–Si absorption band was 
discovered at 1082 cm−1 [24-26]. 

Characteristics of Integral Membrane 

The FTIR spectra of membranes MA, MB, and MC 
are shown in Fig. 6. The peaks of the three membranes 
are primarily composed of PSF/PVA/CS, with silica gel 
incorporated as a cross-linker in the formulations of MB 
and MC. Overall, the fingerprints of MB and MC differed 
only slightly due to the appearance of small peaks ranging 
from 400 to 4000 cm−1.  In the 2800–3600 cm−1  range,  it  

Table 3. The elements of silica gel 
Element Percentage (%) 

Si 76.85 
Na 0.55 
Cl 0.72 

Others 21.88 
 

 
Fig 4. X-ray diffraction pattern of RHA silica gel 
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Fig 5. FTIR spectra of RHA silica gel 

 
Fig 6. FTIR spectra of membranes 

 
corresponded to the silanol O–H groups of silica gel that 
have overlapped with hydroxyl groups (O–H) of PVA for 
MB and MC. The spectra revealed that all membranes had 
C–H stretching that overlapped with amine bands at a 
peak around 2969 cm−1, and the peak at 1600 cm−1 also 
corresponded to O–H groups [16,20]. The vibration 
modes of C=O and C–O bonds were coming from the 
unhydrolyzed vinyl acetate of PVA that was observed 
between 1100 and 1700 cm−1 [16]. The peaks of MB and 
MC at 2139 and 2156 cm−1, respectively, represent the weak 
stretching band of C≡C alkynes derived from conjugated 
silica gel [27-28]. The stretching mode of Si–O is usually 
assigned to the absorption band between 1000 and 

1100 cm−1 for MB and MC [29], where the crosslinking 
process to form Si–O–C at 1107 cm−1 resulted in the 
overlapping to the original C–O bond. Despite being 
crosslinked by silica, the O–H groups stretching in 
membranes MB and MC at 2800–3600 cm−1 showed a 
membrane's hydrophilicity [26]. 

Fig. 7 depicts the surface morphology of 
membranes. Based on the images, it was observed that 
the pore structure of MA was uneven in size and had a 
larger pore size as compared to MB and MC. Membranes 
MB and MC had smaller pore sizes and denser surfaces 
that were caused by the reaction between the polymer 
blend's O–H group and the Si–O–H of the silica gel [16]. 



Indones. J. Chem., 2023, 23 (3), 609 - 617    

 

Nur Syazwanie Izzati Chik and Norin Zamiah Kassim Shaari 
 

615 

 
Fig 7. Surface morphology structure of membranes 

 
Observing the surface structure of MB and MC, it was 
concluded that both membranes had a smooth surface, 
and no agglomeration was spotted, which proved that the 
crosslinking process with the silica gel was successful [18]. 

Water Flux Analysis 

Fig. 8 depicts the pure water flux (PWF) results for 
MA, MB, and MC after 1 h of filtration. PWF is related to 
the surface structure of the membrane and its hydration 
properties, with a constant value of PWF indicating that 
the membrane porosity remained constant throughout 
the filtration time [22]. The increment in the water flux 
indicates changes in the permeable structure of the 
membrane [21]. 

According to Fig. 8, the flux for MA continues to 
increase until 1 h, indicating that there are changes in the 
pore sizes of the membrane [30]. The membrane must 
have ruptured, causing the pore size to increase. It was 
also observed through a visual that the membrane was 
swollen at the end of the filtration process. Realizing that 
PVA has an abundance of O–H groups, this situation was 
attributed to the membrane's lack of integral stability in 
the absence of a cross-linker such as RHA silica gel [31]. 
It could be related to Fig. 7 where the structure of the 
membrane MA was not compact without the cross-
linking process, resulting in high water flux and swelling 
of the membrane. 

Different flux patterns were observed in the MB and 
MC, where the flux began to decrease gradually after 
15 min of filtration and continued to decrease until 1 h of 
filtration time. After 1 h, the fluxes for MB and MC were 
40.7 L m−2 h−1 and 26.9 L m−2 h−1, respectively. It was  
 

 
Fig 8. Pure water flux of membranes 

observed that there was no pore enlargement on the 
surface of the membrane after the filtration process. This 
situation demonstrated that the crosslinking process 
improved the membrane's structure by providing higher 
membrane stability [31]. Although the crosslinking 
reaction utilized the O–H group from the polymer 
blend, the silica with good hydrophilicity compensated 
for the effect to ensure membranes MB and MC 
exhibited good water permeability [26,32]. MC has a 
lower flux than MB due to an increase in cross-linking 
degree due to a higher concentration of RHA silica gel 
added to the membrane formulation. 

■ CONCLUSION 

In conclusion, a modified acid leaching technique 
was found to successfully extract a significant amount of 
silica from the rice husk ash. The process also was 
successful in removing NaCl. Even though only 76.85% 
silica could be extracted, the incorporation of silica gel  
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in the membrane formulation had a significant effect in 
terms of improving the membrane polymer matrix 
through the cross-linking process, with the added benefit 
of homogeneous membrane solution being produced. 
Based on this promising result, additional research will be 
carried out to evaluate the performance of the membranes 
in the water-oil separation process. 
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 Abstract: Hydroxyapatite (Ca10(PO4)6(OH)2, HAp) is a calcium phosphate-based 
biomaterial that is widely used in bone implants due to its similarity in composition with 
the constituent elements of bone. However, HAp still has poor mechanical properties, so 
research was carried out to improve the mechanical properties such as reduced 
brittleness, less fracture resistance, and a denser structure of HAp by synthesizing 
composites with PEG. This study used PEG as a filler and HAp as a matrix. HAp was 
synthesized from blood clam shells (Anadara granosa) using the sol-gel method. HAp-
PEG composite was synthesized using the in-situ method with various HAp 
concentrations of 40, 50, 60, 70, and 80%. FTIR characterization showed the presence of 
functional groups PO4

3− and CO2
3−, which indicated the presence of HAp. Analysis of the 

XRD pattern showed a crystal size of 24.194 nm. SEM-EDX showed the needle-shaped 
HAp-PEG composite HAp crystal morphology and obtained a Ca/P ratio of 1.87. 
Analysis of DTA results showed a weight loss of 65.72% in the composite at a 
temperature > 200 °C. A degradation test was also carried out to see the percentage of 
the HAp-PEG composite to be degraded, and the optimum degraded composite with 
increasing days had a concentration of 70%. 

Keywords: hydroxyapatite; HAp-PEG composite; in-situ method; blood shells 

 
■ INTRODUCTION 

According to the Pharmaceutical and Medical 
Technology Center (PTFM), BPPT needs around 120,000 
bones each year with a value of around Rp 600 billion. 
Based on data from the statistics center in 2018, bone 
implants needed in Indonesia are around Rp 27 trillion, 
and this data has continued to increase since 2016. This 
report shows that Indonesia's need for bone implants is 
very high. As a complex system and the most important 
constituent part of the human body, which consists of 
hydroxyapatite (HAp) and type 1 collagen fibrils (70% 
HAp, 20% collagen, and 10% water), if there is damage to 
the bone, it needs to be repaired [1-2]. 

One way to overcome this problem is to use bone 
graft material to replace bone. One of the requirements 
for the replacement material in human bones is that it is 
biocompatible. It does not cause a rejection reaction from 

the human immune system because it is considered a 
foreign object [2-3]. Bioceramic material that is often 
used in biomedical applications is synthetic HAp, 
Ca10(PO4)6(OH)2, as bone graft material [3]. Due to the 
similarity of composition and mineral phase in bone, 
having excellent biocompatibility, ability to assist cell 
function, and osteoconductivity, HAp is used as one of 
the alternative materials for bone graft material [4]. 

HAp is a bioceramic material with strong chemical 
bonds, bioactive with high bioaffinity [5-6]. Calcium 
phosphate is the main constituent of HAp, also contained 
in bone. HAp, as a biomaterial, can be synthesized from 
various sources, including limestone, eggshells, shells, or 
bones. This study synthesized HAp from blood clam 
shells (Anadara granosa) with a CaCO3 content of 97–
99%. Clams are marine biota that lives in mud or on the 
sand of the ocean. Indonesian people consume blood 
clams shells as culinary food and handicrafts. The 
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processing of blood clam shell waste is limited, so the 
clams shell waste is increasing and accumulating. Based 
on previous research, the blood clams shells have the main 
content of CaCO3 as a source of calcium oxide. The results 
of Insani et al.’s research [7] stated that the CaO content 
in blood clams shells was 98%, and the phase with an 
intensity of 26° and crystal size of 7.79 nm. 

HAp as a bone implant material still has several 
weaknesses, namely its low mechanical properties. 
According to Ryabenkova et al. [8], an essential condition 
for a material to be substituted for bone is its ability to 
bind to living bone or its host in the body. Therefore, to 
adjust its properties such as biocompatibility, mechanics, 
and solubility to control the composition, as well as the 
morphology, organic changes were carried out such as the 
use of organic compounds in bone implants, one of the 
methods carried out in this study was the synthesis of 
HAp composites with polyethylene glycol (PEG) [9]. HAp 
binds directly through the natural bone conversation 
mechanism so that it can accelerate bone formation on the 
implantation surface, but it is fragile. Then it needs to be 
compiled with biopolymers such as PEG, which is a 
biocompatible flexible, hydrophilic polymer, nontoxic, 
and has high tenacity and toughness [10]. In addition, 
PEG also has corrosion resistance and good chemical and 
thermal stability. However, PEG also has the disadvantage 
of having low thermal conductivity. For this reason, the 
synthesis of HAp-PEG composite is expected to increase 
the advantages of PEG and HAp so that a composite is 
formed with the ability as a suitable bone implant material 
and can be applied in the medical world. 

Previous research found that using PEG as a 
composite material with HAp significantly affected 
particle size; the particle size of HAp decreased with 
increasing concentration of PEG in the composite. In 
addition, it was also found that there was a higher 
absorption rate than with the use of HAp alone. The 
temperature of the synthesis also influences the use of 
PEG as a composite with HAp because the nature of PEG 
is volatile, and when heated, it hardens quickly. Still, at 
room temperature, it becomes soft again [11-12]. This 
paper reports that HAp-PEG composite with a 
concentration of 70 wt.% has more optimum results in 

terms of degradation ability compared to other 
concentrations, has a hexagonal structure and a crystal 
size of 24.194 nm, and had needle-shaped crystals, 
indicating the presence of HAp and agglomerated PEG 
crystals. 

■ EXPERIMENTAL SECTION 
Materials 

The materials used in this study were blood clam 
shells collected from the beach, ammonium hydroxide 
NH4OH (Merck), diammonium hydrogen phosphate 
NH2HPO4 (Merck), nitric acid HNO3 p.a (Merck), PEG 
6000, Phosphate-buffered saline (PBS, pH = 7.4), filter 
paper, and aquadest. 

Instrumentation 

The tools used in this research are mortar, pestle, 
grinder (Fritsch Pulveristte 16), furnace (Thermo 
Insight), hot plate, analytical balance, aluminum foil, 
oven (Labtech), pH indicator, and the necessary 
laboratory glassware. The characterization tools used are 
FTIR (FTIR Spectrometer Frontier PerkinElmer), XRD 
(PANalytical X’Pert PRO), DTA (Shimadzu dtg-60 & 
Shimadzu ta-60), and SEM EDX (Thermofisher Quatro 
S). 

Procedure 

Preparation of CaO powder 
The blood clam shells (1.6 g) were cleaned, washed, 

dried, and ground using a grinder. The mashed blood 
clam shells were then calcined for 5 h at 900 °C to obtain 
CaO powder [13]. 

HAp synthesis using sol-gel method 
A total of 4.2 g of CaO powder was dissolved in 

75 mL of 2 M HNO3, then stirred using a stirrer at a 
temperature of 65 °C for 15 min at a speed of 250 rpm; 
the Ca(NO3)2 solution formed was then filtered. The 
Ca(NO3)2 filtrate was added with NH4OH solution until 
pH 10 was obtained and sol of Ca(OH)2 was formed. The 
Ca(OH)2 sol that has been received is then added drop 
by drop, a 250 mL solution of 0.18 M (NH4)2HPO4, then 
heated at 60 °C while stirring using a stirrer for 5 h to 
form a HAp sol. The HAp sol was then aged for 24 h to 
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create a gel. The HAp gel was then filtered, then dried 
using an oven for 5 h at 110 °C [4]. 

Synthesis of HAp-PEG in-situ 
A total of 4 g of PEG was dissolved in 15 mL of 

distilled water and stirred using a stirrer. In a separate 
container, 1.6 g of CaO is dissolved in 28 mL of 2 M 
HNO3; check the pH of the solution. The dissolved CaO 
is then added to the PEG solution and stirred using a 
stirrer until homogeneous. After being homogeneous, 
this solution was added to the PEG solution while still 
being mixed, and then checked the pH and added NH4OH 
to pH 10. A total of 2.2583 g (NH4)2HPO4 is dissolved with 
NH4OH and then mixed; the homogeneous solution is 
added dropwise into the previous solution then, check the 
pH of the solution and adjust the pH to pH 10 by adding 
NH4OH. After all, were dissolved, they were heated using 
an oven at a temperature of 60 °C for 24 h. Heating using 
an oven at a temperature of 60°C because if it is more than 
60 °C, it will cause damage to the HAp-PEG composite 
product that has been formed. The same thing was done 
for variations in the concentration of HAp on this HAp-
PEG composite, with variations in concentrations of 40, 
50, 60, 70, and 80% [11,14]. 

Preparation PBS solution pH 7.4 
As much as 8 g of NaCl, 2.38 g of NH2HPO4, and 

0.19 g of KH2PO4 were dissolved in distilled water until 
the volume is 1 L, then the pH of the solution was 
measured using a pH meter, and 0.1 M NaOH was added 
into the solution so that the pH reaches 7.4 [12,15]. 

Characterization 
The product was characterized using an FTIR tool 

to identify the functional groups of the synthesized 
composite with measurements in the wave number range 
of 400–4000 cm−1. XRD tool to determine the structure 
and crystal size of the synthesized HAp-PEG composite. 
SEM-EDS tool to determine the surface morphology and 
determine the Ca/P ratio in the resulting product. DTA 
tool to determine weight changes in composites related to 
changes in combustion temperature. The degradation test 
was carried out by immersing the product in a PBS 
solution for 14 d, and the product was weighed once every 
2 d periodically within that period [16]. 

■ RESULTS AND DISCUSSION 
Effect of HAp Concentration on HAp-PEG 
Composites 

Effect synthesis of the HAp-PEG composite was 
carried out with various concentrations of 40, 50, 60, 70, 
and 80%, so there were some differences in the resulting 
product as seen in Table 1. The resulting product is 
generally white in the form of plates before being heated. 
The product in the form of a white gel indicates that 
HAp has been formed in the composite. 

Preparation of CaO from Anadara granosa 

HAp (Ca10(PO4)6(OH)2) was synthesized from A. 
granosa, because of the high CaCO3 content, which was 
as much as 98.7%. CaCO3 contained in this A. granosa is 
the primary source of calcium in the synthesis of HAp. 
The cleaned and mashed A. granosa were then calcined 
at 900 °C for 5 h. This calcination process aims to 
remove organic compounds and reduce CaCO3 
compounds; during this calcination process, a 
decomposition reaction also occurs, where CaCO3 
become CaO as presented in Eq. (1) [17]. 

3(s) (s) 2(g)Blood clam shell CaCO CaO CO    (1) 

Analysis of HAp Synthesis Results and HAp-PEG 
Composites 

HAp was synthesized using the sol-gel method. 
The calcined CaO was dissolved with HNO3 to 
precipitate unnecessary compounds and form nitrate 
salts. The solution is then stirred until homogeneous so 
that unnecessary metals can be dissolved; the reaction is 
presented in Eq. (2). 

(s) 3(aq) 3 2(aq) 2 (l)CaO 2HNO Ca(NO ) H O    (2) 
Then NH4OH was added to the Ca(NO3)2 solution 

to form a Ca(OH)2 sol with a pH of 10; pH 10 is the 
optimum pH for HAp formation. Sol Ca(OH)2 then added 
a solution of (NH4)2HPO4 to form a white gel. The reaction 
for the formation of HAp is presented in Eq. (3) [8]. 

3 2(aq) 4 2 4(aq) 4 (aq)

10 4 6 2(s) 3(aq) 2 (I)

10Ca(NO ) 6(NH ) HPO 8NH OH
Ca (PO ) (OH) 20HNO 6H O

 

  
 (3) 

The HAp-PEG composite was synthesized with 
several variations of the concentration of HAp as a matrix 
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Table 1. Effect of HAp concentration on HAp-PEG composite with various concentrations of 40, 50, 60, 70, and 80% 
Concentration 

variation 
Observation 

before heating 
Picture Observation 

after heating 
Mass 

(g) 
Picture 

40% Gel form and 
white 

 

Formed a solid that breaks 
easily but is soft, and there 
are few cracks 

15.4732 

 
50% Gel form and 

white 

 

A solid is formed which 
breaks easily, and there 
are more cracks on the 
composite surface 

16.9764 

 
60% Gel form and 

white 

 

Formed solids that break 
easily, dry, and quite hard 

18.8505 

 
70%  Gel form and 

white 

 

Formed a solid that breaks 
easily, dry there are many 
cracks on the surface, but 
hard 

19.5421 

 
80% Gel form and 

white 

 

Formed solids break 
easily, dry, and have many 
cracks on the surface 

19.7893 

 
 
on PEG. Concentration variations used were 40, 50, 60, 
70, and 80%, chosen to see the HAp concentration's effect 
on the composite formed with the addition of PEG. The 
analysis showed that the variation of the concentration of 
HAp 70 wt.% on the HAp-PEG composite showed 
optimum results [10]. 

HAp-PEG Composite FTIR Analysis 

The results of the FTIR analysis of the HAp-PEG 
composite for various concentrations of HAp 40, 50, 60, 
70, and 80%, as well as pure PEG, are shown in Fig. 1. Fig. 
1 shows the FTIR spectrum analysis in the wave range 
400–4000 cm−1. Based on the FTIR spectrum results, the 
absorption occurs at wavenumbers 1027, 1030, 1031, and 
1032 cm−1 at each concentration (40, 50, 60, 70, and 80%) 
which indicates the presence of phosphate vibration. In 
addition, apatite carbonate also showed absorption at wave 
numbers of 1430 and 1433 cm−1. FTIR analysis showed 
that there were characteristics of typical absorption of 
HAp, namely phosphate, carbonate, and –OH, which were 
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Fig 1. FTIR Spectrum of HAp-PEG composite with 
various concentrations of 40, 50, 60, 70, and 80 wt.% and 
PEG 6000 

formed by marked PO4 and PO3 vibrational peaks from 
PO4

3−, the appearance of CO vibrational peaks from CO2  
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and the presence of –OH absorption bands [3,8,11]. 

HAp-PEG Composite X-Ray Analysis 

The results of the X-ray analysis on the HAp-PEG 
composite with a concentration of 70 wt.% are shown in 
Fig. 2. Fig. 2 shows the diffraction pattern of HAp; the 
diffraction pattern of HAp formed follows the diffraction 
standard of HAp (ICSD #97849). XRD results prove the 
presence of HAp in the HAp-PEG composite. In addition 
to the diffraction pattern of HAp, this X-ray analysis also 
shows the diffraction pattern of PEG; this is due to the 
formation of HAp-PEG composite so that the crystallinity 
of PEG decreases [18]. 

Scherrer's calculations can determine the crystal size 
of the formed HAp-PEG composite. 

kL
 cos



 

 (4) 

With the description, L is the crystal size (nm); k is 
a constant (0.9); λ is the X-ray wavelength; β is FWHM 
(Full Width at Half Maximum) at 2θ (phi 180); θB is the 
Bragg angle [7,19]. Based on the Scherrer equation, it is 
known that the crystal size of HAp in 70% HAp-PEG 
composite is 24.194 nm. 

HAp-PEG Composite SEM-EDS Analysis 

The results of the surface morphology analysis of 
the HAp-PEG composite with a concentration of 70% 
magnification of 40,000× are shown in Fig. 4. Fig. 4 
shows the surface morphology of the HAp-PEG 
composite with  needle-shaped  crystals,  indicating HAp  
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Fig 2. (a) X-ray diffraction of HAp. (b) X-ray diffraction pattern of HAp-PEG composite with a concentration of 
70 wt.% 

 
Fig 3. Composition of 70 wt.% HAp-PEG composite through EDS analysis 



Indones. J. Chem., 2023, 23 (3), 618 - 626    

 

Novesar Jamarun et al. 
 

623 

 
Fig 4. Surface morphology of 70 wt.% HAp-PEG composite on SEM characterization (a) 10,000× magnification  
(b) 20,000× magnification (c) 30,000× magnification (d) 40,000× magnification 
 
crystals with particles size 5.1 nm. The results shown 
related to the morphology of the HAp-PEG composite 
can be influenced by the temperature when carrying out 
the reaction and the temperature during drying, pH, and 
the concentration of HAp and PEG in the composite. 

To determine the Ca/P Ratio in HAp-PEG 
composites through SEM-EDS measurements. The 
composition of the compound in the HAp-PEG 
composite can be seen in Fig. 3. The compounds 
contained are C, O, Ca, and P, with the Ca/P ratio value 
obtained through the EDS measurement of 1.87. The 
value of the Ca/P ratio obtained is greater than the 
theoretical Ca/P ratio of 1.67; this indicates that more 
calcium phosphate is formed than pure Hap [7,19-21]. 

TGA-DTA Analysis of HAp-PEG Composites 

The Hap-PEG composite 70% was analyzed using 
TGA-DTA at a temperature of 0–900 °C, which can be 
seen in Fig. 5. The results of the TGA-DTA analysis 
shown in the temperature range of 50–100 °C resulted in 
a mass reduction of 8.52% accompanied by an 

endothermic reaction as shown in Fig. 5 shown on the 
DTA chart. Then at a temperature of 200–340 °C, a 
significant mass reduction occurred as much as 65.72% 
and was indicated by an exothermic reaction in a very 
sharp DTA pattern. The reaction is thought to occur due 
to the decomposition of organic compounds PEG used in 
the study. While at a temperature of 340–400 °C, a mass 
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Fig 5. Results of TGA/DTA analysis of HAp-PEG 
composite 70% at a temperature of 0–900 °C 
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Fig 6. Percent degradation of (a) HAp-PEG composites and (b) PEG with increasing days 

 
reduction is not as significant as 0.31%, accompanied by 
an endothermic reaction. At temperatures over 400 °C, no 
mass loss was identified, resulting in a total mass 
reduction of 74.55% [22-23]. 

Degradation Test 

The ability to form HAp-PEG composite 
composition on bone was evaluated by immersing it in 
SBF solution for 14 d. This test can be seen in Fig. 6. Fig. 
6 shows a graph of the percent degradation of the HAp-
PEG composite. The X-axis shows the degradation 
testtime of 14 d and is weighed every 2 d, and the Y-axis 
is the percent degradation. The degradation graph shows 
the highest proportion of degradation values on the 
second day, where the weight reduction was significant 
and on the following day, there was a decrease in weight, 
and the degradation values slowly then remained constant 
on the 10th day. The percentage of weight loss in the 
composite is in line with the increase in PEG. This is in 
line with the faster degradation test on PEG, as shown in 
Fig. 6. This indicates that PEG, which is degraded first on 

the surface of the HAp-PEG and HAP composites, helps 
inhibit degradation [24-25]. The interface is a space for 
water and solvent. High concentrations of HAp will 
cause an increase in the interface and degradation 
values. 

Measurement of the percentage of degradation of 
the HAp-PEG composite can be determined by 
following the following equation: 

d

0

W
D(%) 100%

W
   (5) 

with the explanation that W0 and Wd are the percentages 
of combined weight before and after degradation [9,15]. 

■ CONCLUSION 
The research results concluded that the HAp 

composite from blood clam shells (Anadara granosa) 
with PEG had been successfully synthesized using the in 
situ method. HAp-PEG Composite with a concentration 
of 70 wt.% has more optimum results in terms of 
degradation ability compared to other concentrations; 
this is seen from the results of the FTIR measurements 
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that have been obtained. HAp-PEG Composite 70 wt.% 
has a hexagonal structure and a crystal size of 24.194 nm 
according to ICSD #97849 standard. SEM-EDX 
characterization showed that the HAp-PEG composite 
sample had needle-shaped crystals, indicating the 
presence of HAp and agglomerated PEG crystals. The 
TGA/DTA analysis results showed a weight loss of 65.72% 
HAp-PEG composite at a temperature higher 
than 200 °C. The use of PEG for HAp composites also 
affects the mechanical properties of HAp, such as reduced 
brittleness, less fracture resistance and a denser structure, 
meanwhile, if HAp is disturbed it tends to be brittle and 
easily broken. Still, it does not entirely change the 
characteristics of HAp, the modification with PEG 
influenced the physical properties and water adsorption. 
HAp composites with PEG have the potential to be used 
as biomedical implant materials. 
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 Abstract: The aims of this research are to synthesize and determine the formula, 
characteristics, and complex structure of Cu(II) and Co(II) with 4-aminophenol and to 
investigate their antibacterial activity. The complexes were synthesized by refluxing a 
solution of CuSO4·5H2O and CoSO4·7H2O, respectively, with 4-aminophenol in methanol 
for 1 h. The products were characterized using UV-Vis spectroscopy, atomic absorption 
spectroscopy, thermal analysis, conductivity, FTIR, and magnetic moment. The 
formation of the complex was indicated by shifting of maximum wavelength of the metal 
solution toward shorter, i.e., 817  to 421 nm for Cu(II) and 566  to 450 nm for Co(II). 
From the characterization, the proposed formulas of the complexes are [Cu(4-
aminophenol)4]SO4 and [Co(4-aminophenol)4(H2O)2]SO4·5H2O forming square planar 
and octahedral geometry, respectively. Both complexes are paramagnetic with negligible 
antibacterial activity against Staphylococcus aureus, Staphylococcus epidermis, 
Escherichia coli, and Pseudomonas aeruginosa. 

Keywords: cobalt; copper; complex; 4-aminophenol 

 
■ INTRODUCTION 

4-Aminophenol is a derivative of phenol with an 
amine group in the para position, which is commonly 
used as antipyretics, analgesic drugs, and synthetic 
materials in various fields such as petroleum, 
photography as a redox reagent, rubber, developer, 
chemical inhibitor, and others [1]. The 4-aminophenol is 
a strong analgesic and weak anti-inflammatory 
compound which is very toxic. Reducing toxicity and 
increasing the activity of the compound is ably done by 
modifying the molecule as well as forming metal 
complexes. The 4-aminophenol can be used as ligands 
because it has amine (NH2) and hydroxy (OH) groups 
that can act as electron donors to bond with metals. 

Metal complexes are compounds consisting of a 
central metal ion with a ligand donating its lone pair of 
electrons to the central metal ion [2]. The central metal 
ion is surrounded by two or more molecules or ions, 
called ligands, that form a coordinating covalent bond 
with the central metal ion. Metal complexes have 
attracted attention in various applications in inorganic 
chemistry and have been used in the field of pharmacy, 
biology, medicine, clinics, industry, and others [3-4]. In 
addition, transition metal complexes and ligands as 
active drugs have been widely studied due to the 
possibility that complex compounds may have different 
pharmacological activities [5]. In designing effective 
complex compounds, the choice of metal ion structure 
and ligand is an important factor [6]. Transition metal 



Indones. J. Chem., 2023, 23 (3), 627 - 635    

 

Husna Syaima et al.   
 

628 

complexes of Cu, Co, Ni, Zn, and Ag with ligands are 
usually used for pharmaceutical applications as 
antibacterial, anticancer, and antioxidant [7-8]. Copper is 
widely used in the synthesis of complex compounds 
because it is proven to have high antibacterial power and 
low toxicity, so Cu(II) ions are used as an antibacterial 
substitute for silver [9]. Another transition metal that has 
been widely used is Co(II). In the complex compound 
prepared by Mishra et al. [10], the N and O groups of the 
ligands bind to metal ions Co(II), Cu(II), Ni(II), Zn(II), 
and Cd(II). Herrera et al. [11] synthesized a complex of 
Co(II), Ni(II), and Cr(III) with 2-thiozoline-2-thiol and 
showed better antibacterial activity. Al-Zaidi et al. [12] 
synthesized Co(II) with 1-(4-(4(diethylamino)-2-
hydroxybenzylidene)amino)phenyl)ethanone oxime 
ligand and the results showed improved antibacterial 
properties compared to the ligand and its complex ion. 
Prajapati et al. [13] synthesized Co(II) with 2-[(E)-(2-
hydroxybenzylidene)amino]benzoic acid and showed 
good antibacterial activity. 

Based on the explanation above, 4-aminophenol has 
the potential to be ligands coordinating with Cu(II) and 
Co(II). Based on our knowledge, both complexes with 
identical structure never been synthesized before. Herein, 
the [Cu(4-aminophenol)4]SO4·H2O and [Co(4-
aminophenol)4(H2O)2]SO4·5H2O complexes have been 
successfully synthesized and characterized. The 
complexes were also tested for antibacterial activity 
against Staphylococcus aureus, Staphylococcus epidermis, 
Escherichia coli, and Pseudomonas aeruginosa. 

■ EXPERIMENTAL SECTION 

Materials 

The CoSO4·7H2O, CuSO4·5H2O, CuCl2·2H2O, 
FeSO4·7H2O, CoCl2·6H2O, 4-aminophenol, and solvent 
(methanol, DMF, and DMSO) are purchased from Merck. 
All chemicals were used without treatment. 

Instrumentation 

The molar absorptivity and electronic transition of 
both complexes’ solutions were estimated using a double-
beam UV-Vis spectroscopy (Shimadzu PC 1601). The 
complex formula was estimated by measuring the metal 

content of the complex using an Atomic Absorption 
Spectrophotometer (AAS, Shimadzu AA-665). The 
presence or absence of water molecules in the complexes 
was determined using Thermal Gravimetry 
Analysis/Differential Scanning Calorimetry instrument 
(TG/DSC, Shimadzu 50) with a heating rate of 10 
°C/min. Electrical conductivity of the Cu(II) and Co(II) 
complexes and some known metal salts solution in DMF 
and DMSO, respectively, at 25 °C using a conductivity 
meter (Jenway CE 4071). Infrared spectra of 4-
aminophenol and the complexes were measured as KBr 
pellets in the frequency range of 4000–450 cm−1 using 
Fourier-transform infrared spectrophotometer (FTIR, 
Prestige-21 Shimadzu). The magnetic properties of the 
powder Cu(II) and Co(II) complexes can be determined 
moment with Magnetic Susceptibility Balance (MSB, 
Auto Sherwood Scientific 10169) and corrected using 
Pascal’s constant. 

Procedure 

Synthesis of Co(II) complex 
The Co(II) complex was synthesized by dissolving 

the 4-aminophenol (0.436 g) in 10 mL methanol. The 
metal CoSO4·7H2O (0.281 g) was also dissolved in 10 mL 
methanol. The ligand solution was heated and stirred 
with a magnetic stirrer and then added dropwise into the 
metal solution was put into the ligand. The solution was 
refluxed for 1 h at 60 °C. The solution is then 
concentrated until it reaches half of the initial volume. 
The solution is allowed to stand (crystallize) until a 
precipitate is formed. The precipitate formed was 
washed with acetone and dried under a vacuum. 

Synthesis of Cu(II) complex 
The Cu(II)-4-aminophenol complex was 

synthesized in a ratio of 1:4 by dissolving CuSO4·5H2O 
(0.249 g,  0.1 mmol) in 10 mL and 4-aminophenol 
(0.436 g,  0.4 mmol) in 10 mL methanol. The 4-
aminophenol ligand solution was heated on a hot plate 
while stirring using a magnetic stirrer then a 
CuSO4·5H2O metal solution was added dropwise into 
the 4-aminophenol ligand solution. The mixed solution 
was then refluxed for 1 h at 67 °C. The resulting solution 
was evaporated and concentrated until a precipitate was 
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formed. Then the precipitate was filtered using filter 
paper and then dried. 

Antibacterial test 
Antibacterial activity of Cu(II), Co(II), 4-

aminophenol, Cu(II)-4-aminophenol, and Co(II)-4-
aminophenol complex against S. aureus ATCC 25923, S. 
epidermis ATCC 12228, E. coli ATCC 25922, and P. 
aeruginosa ATCC 27853 was tested using paper disc 
diffusion method. The inhibition of bacteria was shown as 
the diameter of the clear zone in the test samples. The 
three test samples, namely metal CuSO4·5H2O, ligand 4-
aminophenol, Cu(II)-4-aminophenol complex were 
made with various concentrations (ppm): 125, 250, 500, 
and 1000. Positive controls used were commercial 
antibiotics vancomycin, chloramphenicol, and 
meropenem 30 μg/disk and the negative control used was 
DMSO (the solvent). 

■ RESULTS AND DISCUSSION 

Indication of the Formation of Metal Complexes 

The change in color from brass (4-aminophenol 
ligand solution in methanol) to blackish brown color 
(complex solution in methanol) indicated the formation 
of the cobalt complex. The shift in the absorption of the 
maximum wavelength of CoSO4·7H2O (566 nm) towards 
a smaller wavelength (450 nm) can be seen in Fig. 1. The 
shift of the maximum wavelength indicates the formation 
of complexes between Co(II) and 4-aminophenol ligands. 
Water molecules as coordinated ligands on Co(II) being 
replaced by 4-aminophenol. Similarly, Co(II)-
nicotinamide complex that was synthesized by Rahardjo 
et al. [14] also experienced a shift towards a lower 
wavelength from 512 nm (cobalt salt solution) to 506 nm 
(complex solution). 

Meanwhile, the formation of the copper complex 
was indicated by a color change from brown (4-
aminophenol solution) to black solution. The synthesis 
product was black precipitates (0.396 g; 64.39%). Fig. 2 
shows a shift in the maximum wavelength absorption 
(λmax) of CuSO4·5H2O (817 nm) towards a lower wavelength 
in the Cu(II)-4-aminophenol complex (421 nm). The 
shift in wavelength indicates the formation of Cu(II)-4-
aminophenol complex. It also proves that 4-aminophenol  
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Fig 1. UV-vis spectra of Co(II) and its complex in 
methanol 
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Fig 2. UV-vis spectra of Cu(II) and its complex in 
methanol 

has a stronger ligand field energy than H2O so that it is 
able to substitute H2O positions. Other syntheses of 
copper complexes also experienced a maximum 
wavelength shift, as in the Na2[Cu((E)-2-(2-hydroxy-3-
methoxybenzylimidazolium) acetic acid))2] complex a 
shift occurred from 700 nm to 380 nm [15] and the 
Cu(Indal-4-aminoantipyrine)Cl2 from 850 nm to 
380 nm [16]. 

Atomic Absorption Spectrophotometer (AAS) 

The results of the measurement of copper and 
cobalt content experimentally with AAS in Cu(II)-4-
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aminophenol were 10.59 ± 0.22% and 8.62 ± 0.20%, 
respectively (Table 1). The results of the measurement of 
copper and cobalt content are compared with theoretical 
Cu levels in various possible complex formulas as shown 
in Table 1, it can be estimated that the complex 
compound formula Cu(II)-(4-aminophenol) is Cu(4-
aminophenol)4SO4(H2O)n (n = 0, 1, or 2) and Co(4-
aminophenol)4SO4(H2O)n (n = 5, 6, or 7). 

Thermal Analysis 

The thermogram of the Cu(II)-4-aminophenol 
complex in Fig. 3 shows the occurrence of a mass shift of 
the complex as much as 3.12% at a temperature of 30–
155 °C equivalent to the release of one H2O molecule 
(theoretical calculation: 2.93%). Therefore, the empirical 
formula of Cu(II) complex is Cu(4-
aminophenol)4(SO4)(H2O). For Co(II) complex, the 
thermogram shows a twofold decrease in mass (Fig. 4). 
The first decrease occurred at a temperature of 40–135 °C 
and the second decrease occurred at a temperature of 
135–185 °C. At a temperature of 40–135 °C there is a 
decrease in mass of 13.90% which is equivalent to five 
H2O molecules (theoretical calculation: 13.205%). The 
second decrease was reduced by 6.06% equivalent to the 
release of two H2O molecules (theoretical calculation: 
5.74%). According to Himawati et al. [17], the decrease at 
a temperature of 30–130 °C water molecules as crystal 
water, not as a ligand, whereas according to Prajapti et al. 
[13], reducing mass at a temperature of 150–250 °C is 
water coordinated with metals. The empirical formula of 
cobalt complex with 4-aminophenol is Co(4-
aminophenol)4(SO4)(H2O)7. 

Molar Conductivity 

The molar conductivity of the standard solution in 
Table 2 shows that the more ions produced in the 
solution, the greater the value of molar conductivity.  
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50 100 150 200 250 300

-25

-20

-15

-10

-5

0

°

Stage 1:
Co(H2NC6H4OH)4(H2O)2SO4 ꞏ 5H2O -> Co(H2NC6H4OH)4(H2O)2SO4 + 5H2O

 
-13.903 %   

W
ei

g
h

t 
lo

ss
 (

%
)

Temperature (°C)

Stage 2:
Co(H2NC6H4OH)4(H2O)2SO4 -> Co(H2NC6H4OH)2SO4 + 2H2O

-6.059%

 
Fig 4. Thermogram of Co(II) complex 

Table 1. Proposed formula of the complex based on AAS result 

Proposed Empirical Formula Theoretical metal content 
(%Cu or %Co) 

AAS Result 
(%) 

Cu(4-aminophenol)4SO4 10.73 
10.59 Cu(4-aminophenol)4(SO4)(H2O) 10.41 

Cu(4-aminophenol)4(SO4)(H2O)2 10.11 
Co(4-aminophenol)4(SO4)(H2O)5 8.66 

8.62 Co(4-aminophenol)4(SO4)(H2O)6 8.42 
Co(4-aminophenol)4(SO4)(H2O)7 8.22 
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Table 2. Average molar conductivity of the complexes and metal salts 

Solvent Compounds Average molar 
conductivity (S cm2/mol) 

Number 
of ions 

Average molar conductivity of the 
complex 

DMF 
CoSO4·7H2O 10 2 

[Cu(4-aminophenol)4]SO4·H2O  
= 16 S cm2/mol CuSO4·5H2O 16 2 

CuCl2·2H2O 28 3 

DMSO 

FeSO4·7H2O 6 2 
[Co(4-aminophenol)4(H2O)2]SO4·5H2O 

= 10 S cm2/mol 
CoSO4·7H2O 10 2 
CuCl2·2H2O 32 2 
CoCl2·6H2O 86 3 

 
By comparing the value of the molar conductivity of the 
complex sample solution with the molar conductivity of 
the standard solution, it can be seen the number of ions 
produced in the sample solution. The molar conductivity 
of Cu(II)-4-aminophenol complex solution in DMF 
measured by electrical conductivity is close to the value of 
the electrical conductivity of the CuSO4·5H2O solution, 
which indicates the number of ions in the complex is 2. 
This indicates that the complex solution is an electrolyte 
with a ratio of cation and anion charges. in a 1:1 ratio. 
Thus, the sulfate in the complex does not act as a ligand 
but as a counter ion. Therefore, the possible complex 
formula for Cu(II)-4-aminophenol is [Cu(4-
aminophenol)4]SO4·H2O. 

The molar conductivity of the Co(II)-4-
aminophenol complex solution in DMSO is similar to the 
value of the molar conductivity of the CoSO4·7H2O 
solution, which both have a value of 10. This indicates that 
the number of ions contained by the Co(II)-4-
aminophenol complex is two ions. This shows that the 
ratio of the total charge of cations and anions in the 
Co(II)-4-aminophenol complex is 1:1, so the formula for 
the Co(II)-4-aminophenol complex is [Co-(4-
aminophenol)4(H2O)2]SO4·5H2O with SO4

2− as the 
counter ion. 

FTIR 

The functional groups that bind to metal central 
ions can be estimated through FTIR absorption. OH–
phenol is at an absorption range of 3531–3640 cm−1, H2O 
is at 3200–3570 cm−1 (broad) [18], and the shift of C–N 
absorption from 1612 to 1607 cm−1, as seen in Fig. 5, 

indicating the formation of Cu(II) complex [19]. This 
also occurred in the Cu(II) with 1,3,4-
thiadiazolethiosemicarbazone, which showed a shift in 
NH2 absorption from 3264 to 3246 cm−1 and from 3152 
to 3134 cm−1 and C–N absorption from 1605 to 1599 cm−1 
[20]. Cu(II) complex with Schiff based-on glycine also 
showed a shift in C–N absorption from 1641 to 
1600 cm−1, which indicates the coordination of nitrogen 
atom to copper [21]. In this research, NH2 absorption in 
the ligand and [Cu(4-aminophenol)4]SO4 shifts in a 
smaller absorption value from 3352 and 3287 cm−1, 
respectively. This indicates the coordination of the 
nitrogen atom of the –NH2 in 4-aminophenol on the 
Cu(II). The hydroxyl (O-H) group does not appear in 
the spectra, it is probably due to overlapping with the 
NH2 group.  This also is supported by  the appearance of  
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Fig 5. FTIR spectra of 4-aminophenol and Cu(II) 
complex 
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Cu–N absorption at 417 cm−1. A new absorption at 
414 cm−1 indicates the presence of metal bonds with the 
NH2 (Cu–N) also happened at Batool et al. [22]. 

In Co(II) complex, NH2 and C–N absorption shifted 
toward smaller from 3342 (4-aminophenol) to 3282 cm−1 
(complex) and 1385 to 1384 cm−1 (Fig. 6). A similar case 
also happened to [Co(Phen)2(H2O)2]Cl2·H2O, C–N 
absorption shift from 328 to 1314 cm−1 [23]. Absorption 
of water molecules does not appear. However, the 
presence of absorption at 524 cm−1 indicates the presence 
of Co–N bonds. This shows that in the complex [Co(4-
aminophenol)4(H2O)2]SO4·5H2O, the cobalt ion binds to 
the nitrogen atom of NH2 and the oxygen atom of H2O. 

UV-Vis 

[Cu(4-aminophenol)4]SO4·H2O showed an 
absorption at 417 nm (23981 cm−1), as revealed in Fig. 1. 
Copper complexes that have electronic absorption in the 
region of 20366 and 20202 cm−1 have 2B1g→2E1g transitions 
and have a square planar geometry [24]. Thus the 
complex of [Cu(4-aminophenol)4]SO4]·H2O is estimated 
to have square planar geometry. The Co(II) complex, 
[Co(4-aminophenol)4(H2O)2]SO4·5H2O showed one 
absorption peak at a wavelength of 450 nm (22,222 cm−1). 
Co(II) complex with Schiff base salicylidenic ligand at a 
maximum wavelength of 470 nm (21,276 cm−1) has an 
electronic transition of 4T1g(F) → 4T1g(P) and has 
octahedral geometry [25]. Thus, [Co(4-
aminophenol)4(H2O)2]SO4·5H2O is also estimated to have 
octahedral geometry. Electronic spectral data of [Cu(4-
aminophenol)4]SO4·H2O and [Co(4-
aminophenol)4(H2O)2]SO4·5H2O are shown in Table 3. 

Magnetism 

The results of the measurement of the effective 
magnetic moment (μeff) of [Cu(4-

aminophenol)4]SO4·H2O and [Co(4-
aminophenol)4(H2O)2]SO4·5H2O is 1.79 and 5.30 BM, 
respectively. [Cu(4-aminophenol)4]SO4·H2O has similar 
magnetic properties to other Cu(II) complexes in the 
range 1.70–2.0 BM, which show paramagnetic 
characteristics with one unpair electron [19,26-28]. The 
result of [Co(4-aminophenol)4(H2O)2]SO4·5H2O is 
similar to the effective magnetic moment value of the 
copper complex according to 
[Co(Nicotinamide)2(H2O)2]Cl2, which was reported by 
Rahardjo et al. [14] was 5.3 BM and Obaid et al. [29] was 
5.25. The high spin octahedral Co(II) geometry has an 
effective magnetic moment value of 4.7–5.3 BM [24]. 
The significantly higher moment magnetic of octahedral 
Co(II) complexes than that of spin-only value (μs, 
3.87 BM) for three unpaired electrons is due to the 
orbital contribution to the magnetic moment [30-31]. 
The proposed structures of the Cu(II) and Co(II) 
complexes are shown in Fig. 7. 
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Fig 6. FTIR spectra of 4-aminophenol and Co(II) 
complex 

Table 3. Electronic spectral data of [Cu(4-aminophenol)4]SO4·H2O and [Co(4-aminophenol)4(H2O)2]SO4·5H2O 
Compounds λmax (nm) Absorbance ν (cm−1) ɛ (L mol−1 cm−1) 
CuSO4·5H2O 794 0.146 12595 91.074 
CoSO4·7H2O 566 0.170 12592 35.000 
[Cu(4-aminophenol)4]SO4·H2O 417 0.777 23981 795.350 
[Co(4-aminophenol)4(H2O)2]SO4·5H2O 450 0.710 22222 830.000 
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Fig 7. Proposed structures of Cu(II) and Co(II) complexes 

 
Antibacterial Test 

[Cu(4-aminophenol)4]SO4·H2O and [Co(4-
aminophenol)4(H2O)2]SO4·5H2O do not show 
antibacterial activity against S. aureus ATCC 25923, S. 
epidermis ATCC 12228, E. coli ATCC 25922 and P. 
aeruginosa ATCC 27853. 

■ CONCLUSION 

Copper and cobalt complexes are successfully 
synthesized with estimated formulas [Cu(4-
aminophenol)4]SO4·H2O and [Co(4-
aminophenol)4(H2O)2]SO4·5H2O. Both complexes are 
paramagnetic and estimated to form square planar and 
octahedral geometry, respectively. No antibacterial 
activity was observed against S. aureus, S. epidermis, E. 
coli, and P. aeruginosa. 
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 Abstract: One in every three people in the world still lacks access to clean drinking water. 
Aside from microbiological pollution, high fluoride content in drinking water is one of the 
most serious problems in African countries. This study aimed to contribute to the 
availability of clean water by developing a point-of-use drinking water purifier using an 
aluminum oxide-based flocculent-disinfectant composite. Batch experiments were 
conducted to determine factors affecting fluoride removal efficiency (FRE) and E. coli log 
reduction efficiency. AO of 75 mg/L, 800 mg/L alum, lime (35% alum dose), and 1.5 mg/L 
Ca(OCl)2 doses achieved 95% FRE and 5 log10 reductions of E. coli using 15 mg/L as initial 
fluoride concentration ([F−]0), and 105 CFU/100 mL E. coli concentration. [F−]0 affected 
FRE but showed no effect on E. coli log reduction. The optimum pH of the solution for 
both FRE and E. coli log reduction was found to be in the range of 4–8. Three prototypes 
in powder form were developed. The prototypes were tested on real water samples from 
the Ethiopian Rift Valley, and the results were found to be within the drinking water 
standards, thus indicating the capability of the developed products to purify 
contaminated water for human consumption. 

Keywords: fluoride; aluminum oxide; water purifier; E. coli 

 
■ INTRODUCTION 

While access to safe drinking water remains critical 
to human survival, the majority of the world population 
lacks access to it [1]. For example, estimates in 2017 
indicated that 785 million people worldwide lacked access 
to basic drinking water supply and sanitation, with 
around 144 million of these individuals depending on 
contaminated water resources. Duke et al. [2] also pointed 
out that even people with “improved” water sources, such 
as household connections, public standpipes, and 
boreholes, are still at risk of consuming microbiologically 
and chemically contaminated water. In Africa, the spread 
of deadly waterborne diseases such as dental and skeletal 
fluorosis, diarrhea, dysentery, typhoid, and cholera are 
linked to a lack of access to clean water and poor 
sanitation [3]. Naik [4] pointed out that less than 50% of 
the rural communities in Africa have access to both safe 

water and sanitation. The authors further acknowledged 
that the continent continues to suffer from the problem 
of acute water scarcity, clean water deficit, and crises. 

Countries within the African Great Rift Valley 
Region are at high risk of consuming contaminated 
water. For example, studies have indicated that fluoride 
concentration is exceptionally high in countries within 
the East African Great Rift Valley Region [5]. In some 
countries, such as Malawi [6], Ethiopia [7], and 
Tanzania [8], the hydrochemical characteristics of 
groundwater are highly associated with high fluoride 
concentration above the recommended level. In 
Ethiopia, about eight million people consume water 
containing fluoride concentration above 1.5 mg/L, that 
is permissible limits established by the WHO [9]. Zewge 
[9] reported that the daily intake of fluoride 
concentration above 1.5 mg/L is linked to dental and 
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skeletal fluorosis. Similar cases are reported in countries 
such as Sudan, Nigeria, Kenya, Tanzania, and Malawi, 
with a great occurrence of dental and skeletal fluorosis in 
the majority of populations [10-12]. 

The most prevalent household water treatment 
processes include chlorination, filtration, solar 
disinfection, boiling, coagulation, and flocculation [3]. 
These are effective at reducing microbial contamination. 
Various technologies have also been developed 
worldwide, including in Ethiopia, to treat water sources 
with high fluoride concentration [8,13]. The coagulation, 
precipitation on Al2(SO4)3, CaO, and CaCl2, adsorption on 
activated alumina, aluminum-based adsorbents, 
bentonite, ion exchange with synthetic resins, and bone 
char are the most extensively employed fluoride removal 
techniques in developing countries [14-15]. In rural 
Ethiopia, some of these techniques have proven to be 
inefficient in removing exceptionally high fluoride levels 
in the Central Rift Valley region [10]. Therefore, activated 
alumina and bone char have been proposed in the region. 

Coagulant/disinfection products (CDPs) have the 
distinct benefit of offering microbial quality 
improvement, turbidity reductions, and a post-treatment 
free chlorine residual (FCR) among the various available 
point of use (POU) techniques (e.g., boiling, household 
chlorination, and ceramic filtration). These are readily 
available sachets that contain at least two main active 
ingredients (typically in powdered form), namely a 
coagulant (e.g., aluminum or ferric salt) and a disinfectant 
(i.e., chlorine variant). Examples include the PUR 
product, which is a small sachet containing powdered 
ferric sulfate (a flocculent) and calcium hypochlorite (a 
disinfectant), Bishan Gari as well as Aquatabs products 
[16]. The Bishan Gari water purifier has the following 
advantages, according to Bogale [16]: a longer shelf life 
than liquid chlorine, a small volume that makes it simpler 
to carry and store, it is locally made, and inexpensive. The 
downside of the Bishan Gari water purifier include that it 
does not reduce fluoride levels to below 1.5 mg/L for 
water sources with high fluoride concentration, and 
people do not like the smell of the treated water. 

The combination of aluminum sulfate and lime  
 

in water purifiers also reduces fluoride levels in drinking 
water. The insoluble aluminum hydroxide flocs formed 
during this process are responsible for the co-
precipitation of the fluoride ions, a technique called 
Nalgonda [14]. However, this method is not suitable for 
treating water with high total dissolved solids (TDS) and 
raw water fluoride concentration exceeding 10 mg/L. In 
addition, the aforementioned water purifiers generate a 
lot more sludge after treatment since the technologies 
consume more aluminum sulfate dose to reduce the 
fluoride to its permissible level, and some of the water 
purifiers do not effectively treat turbid water. Hence, 
there is a need to look for a solution to minimize the 
amount of sludge produced after treatment and also to 
effectively treat turbid water. 

Therefore, POU water treatment technologies with 
a combination of coagulants and disinfectants are 
among the technologies used to empower people and 
communities which use unimproved water sources and 
water sources with high fluoride concentration to 
improve water quality by treating it at home [12,17-18]. 
Research conducted by Mulugeta et al. [19] compared 
the performance of commercially available activated 
alumina (AA) and aluminum oxide (AO) synthesized in 
the laboratory. It showed that the fluoride removal 
capacity of AO synthesized in the lab was twice that of 
the commercially available aluminium oxide, such as 
activated alumina and pseudo-boehmite. These 
defluoridation technologies occur at the source, and 
therefore during transportation and storage of drinking 
water, there might be a high risk of microbial 
contamination together with fluoride contamination. 
Therefore, there is a need to look for technologies to 
remove both fluoride and microbes. Therefore, the 
objectives of this study were (a) to conduct batch 
fluoride and bacterial removal experiments using the 
synthesized AO, aluminum sulfate, calcium 
hypochlorite, and lime under optimized conditions, (b) 
to test the composite on actual water samples from the 
Ethiopian Rift Valley region, and (c) to develop a 
prototype household water purifier using aluminum 
oxide-based flocculent-disinfectant composite. 
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■ EXPERIMENTAL SECTION 

Materials 

The reagents and chemicals utilized were received 
without any treatment. The materials used in this study 
were anhydrous sodium fluoride (99.0% NaF, BDH 
Chemicals Ltd, Poole, England); aluminium sulfate 
(Al2(SO4)3·14H2O, which was purchased from Awash 
Melkasa Aluminium Sulfate and Sulfuric Acid Factory, 
Ethiopia); sodium hydroxide, calcium hypochlorite, and 
sodium thiosulfate (99% purity, Merck, Germany); the 
lime was purchased from Senkele Lime Factory, Ethiopia. 
Total ionic strength adjustment buffer (TISAB) was 
prepared following the recommended procedure, except 
for the ethylenediaminetetraacetic acid (EDTA) that was 
substituted with cyclohexanediaminetetraacetic acid 
(CDTA). The Ethiopian Health and Nutrition Research 
Institute (EHNRI) provided a permanent E. coli stock 
culture. E. coli cells used in this study were prepared from 
the permanent culture. 

Instrumentation 

The instruments used in the present study were A 
pH/ISE meter (Orion Model EA 940 Expandable Ion 
Analyzer, USA) fitted with a combination ion selective 
fluoride electrode (Orion Model 96-09, USA) used to 
measure the concentration of fluoride; muffle furnace 
(Carbolite, ELF Model, UK); turbidity meter (Thermo 
Scientific Orion AQ4500 Turbidimeter, USA); UV-vis 
spectrophotometer (ThermoFisher Scientific, USA) and 
portable conductivity/TDS meter (HACH, HQ1140, 
USA). 

Procedure 

E. coli enumeration 
Before and after treatment, the concentration of 

viable E. coli bacteria was determined using the pour plate 
method, as described in standard method 9215B [20]. The 
following formula in Eq. (1) was applied to the E. coli 
count. 

Average countCFU mL 100
100 Volume of the sample

   (1) 

where CFU is the Colony Forming Unit 

Analysis of fluoride 
The fluoride stock solution was prepared by 

dissolving 2.21 g of anhydrous sodium fluoride in 
deionized water and filling up to 1000 mL with 
deionized water. The fluoride solutions used during the 
batch process were made by diluting the stock solution. 
The pH/ISE meter was calibrated using standard 
solutions containing fluoride concentration of 0.5, 1.0, 
5.0, 10.0, and 20.0 mg/L before each trial. An equal 
volume of TISAB was added to each sample before 
measuring the fluoride concentration. All samples were 
filtered through a 0.2 μm filter paper for fluoride 
analysis. All tests were carried out at room temperature. 

Chlorine measurement 
Calcium hypochlorite was used to produce a 1% 

chlorine stock solution. The chlorine solutions used 
during the batch process were made by diluting the stock 
solution. The chlorine and residual chlorine 
concentrations were measured by the N,N-diethyl-p-
phenylenediamine (DPD) method [21]. 

Synthesis of aluminum oxide (AO) 
AO was synthesized using the standard method 

developed by Mulugeta and his research colleagues [15]. 
The precursor material was aluminum sulfate (alum). 
AO was prepared by mixing 100 g of Al2(SO4)3·14H2O in 
500 mL of distilled water while stirring with a magnetic 
stirrer until complete dissolution. NaOH (2 M) was used 
to adjust the pH. The precipitate (AO) was dried by 
exposure to sunlight. The AO was activated by heating it 
at 300 °C in a furnace for 1 h. It was then thoroughly 
washed with deionized water to remove excess Na2SO4. 
The AO material was sun-dried again and crashed into 
powder with a mortar and pestle. 

Batch experiments 
All batch tests were performed in a 500 mL beaker 

containing 500 mL of fluoride-spiked distilled water and 
E. coli under constant mixing conditions on a magnetic 
shaker at room temperature. The sample solution was 
regularly removed from the beaker. The residual 
fluoride concentration was determined immediately 
after adding an equal amount of TISAB to a 10 mL sample  
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solution. Chlorination was stopped with a quencher of 
50 μL of 10% sodium thiosulfate. All tests were conducted 
in triplicate, and the mean values were used. The fluoride 
removal efficiency (FRE) was determined using Eq. (2). 

0 t

0

C C
% FRE 100

C
 

  
 

 (2) 

where C0 and Ct are the initial and at any time (t) fluoride 
concentration in solution (mg/L), respectively. The 
removal efficiency of E. coli was expressed as the log10 
reduction value of bacteria using Eq. (3). 

t
10

0

N
LRV log

N
  (3) 

where, LRV = log reduction value of bacteria counts at 
time t; N0 = initial bacterial concentration at time 0, Nt = 
final bacterial concentration after a treatment time t. 

Optimization of operation parameters 
Batch operation parameters were optimized by 

varying one parameter at a time and allowing the rest to 
remain constant. The effect of dose on fluoride removal 
efficiency and E. coli log reduction was studied by varying 
doses of aluminum sulfate (700, 800, 900, 1000, and 
1100 mg/L), AO (45, 75, 105, 135 and 165 mg/L), lime 
(35% alum dose), and calcium hypochlorite (0.5, 1.0, 1.5, 
2.0, 2.5, 3.0, 3.5 and 4.0 mg/L) at constant initial fluoride 
concentration of 15 mg/L and approximately 105 
CFU/100 mL E. coli concentration. 

The contact time effect was studied by changing 
time (10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, and 
120 min). The effect of initial fluoride concentration 
([F−]0) was studied by varying the fluoride concentration 
(5, 10, 15, 20, 25, and 30 mg/L). The pH effect was 
examined by changing the initial pH of the solution (3, 4, 
5, 6, 7, 8, 9, and 10). The effect of initial E. coli 
concentration was investigated by spiking the water with 
different E. coli concentrations (104, 105, 107, and 
108 CFU/100 mL). 

Testing the composite with actual water samples 
Actual water samples were collected from six 

different sites within the Ethiopian Rift Valley, namely the 
Bora district (Tube, Tejitu, Dolessa), the Adami Tulu Jido 
Kombolcha (ATJK) district (Germama, Anano), and the 
Dugda district (Serity) in 30 L plastic Jerri cans. The 

samples for E. coli analysis were collected in sterilized 
bottles. The Jerri cans were labeled for identification 
before being adequately stored and transferred to the 
laboratory. The optimized dose from the batch 
experiments was tested on these water samples. Water 
samples were analyzed for different parameters before 
and after treatment. Methods of water quality analysis 
were done according to standard methods for examining 
water and wastewater specified by the American Public 
Health Association [20]. The water samples were 
analyzed for the following parameters: turbidity, pH, 
electrical conductivity (EC), fluoride, E. coli, alkalinity, 
sulfate, aluminum, residual chlorine, and chloride. The 
obtained values were compared against the WHO 
drinking water standards to evaluate their suitability for 
drinking purposes. 

Development of a prototype household water 
purifier 

Batch experiments were conducted on actual water 
samples to optimize a combination of four materials that 
can effectively treat 10 L of water samples. The water 
purifier prototype was developed based on batch 
experiments conducted on actual water samples. Three 
prototypes were developed as high, medium, and low 
dose for treating 10 L water samples with 5, 10, and 
15 mg/L fluoride concentration, respectively. A dose of 
75 mg/L AO, 800 mg/L alum, 15% lime, and 2 mg/L 
Ca(OCl)2 was used to develop a low-dose prototype to 
treat water with fluoride concentration ≤ 5 mg/L. A dose 
of 85 mg/L AO, 850 mg/L alum, 15% lime, and 2 mg/L 
Ca(OCl)2, was used to develop a medium dose prototype 
to treat water that contains fluoride concentration 
≤ 10 mg/L. A dose of 95 mg/L AO, 900 mg/L alum, 15% 
lime, and 2 mg/L Ca(OCl)2 was used to develop a high-
dose prototype to treat water that contains fluoride 
concentration ≤ 15 mg/L. The high, medium and low 
doses weigh 11.9, 10.6, and 9.9 g, respectively. Finally, 
the materials were packed in a single sachet for POU 
water treatment. The developed prototypes were tested 
on water samples from the Ethiopian Rift Valley. The 
treated water samples were analyzed for turbidity, pH, 
electrical conductivity, fluoride, E. coli, alkalinity, 
sulfate, aluminum, residual chlorine, and chloride. 
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■ RESULTS AND DISCUSSION 

Optimization of Process Parameters 

The effect of dose 
Fluoride removal efficiency increased with an 

increase in dosage from 83.2 to 95.7%, as shown in Table 
1. This is attributed to the increased production of higher 
amounts of precipitates and aluminum hydroxides, which 
increased the fluoride removal efficiency [22]. There was 
no improvement in the percent fluoride removal at higher 
dosages than 75 mg/L AO, 280 mg/L lime, and 800 mg/L 
alum due to the presence of excess precipitates compared 
to fluoride ions, assuming that the amount of aluminum 
complex per fluoride ion stays constant. Higher alum/AO 
doses could lead to the wastage of chemicals without 
significantly increasing the amount of fluoride removed. 

This dosage of 75 mg/L AO, 800 mg/L alum, and 
280 mg/L lime is adequate to lower the fluoride levels in 
drinking water to 1.5 mg/L. Similar results were obtained 
by Shimelis et al. [23] on the removal of fluoride from 
water using aluminum hydroxide. After a dose of 1.6 g/L, 
there was no significant change in fluoride removal; hence 
that dose was considered the optimum dose. Various 
combinations of AO and alum did not produce efficient 
E. coli log reduction, as shown in Table 2. The various 
combinations only reduced E. coli in the range of 0.0021 

to 0.0091 log, corresponding to 2 to 9% E. coli removal. 
As such, a dose of 75 mg/L AO and 800 mg/L alum was 
selected for further dose optimization with calcium 
hypochlorite. The dose of 75 mg/L AO, 800 mg/L alum, 
and 280 mg/L lime was combined with different 
concentrations of calcium hypochlorite in the range of 
0.5 to 4 mg/L. There was a slight increase in fluoride 
removal after adding calcium hypochlorite, as shown in 
Table 3. The reaction in Eq. (4) occurs when calcium 
hypochlorite is added to water. 

2
2 2 (aq) (aq) (aq)Ca(OCl) 2H O 2HOCl Ca 2OH      (4) 

The calcium ion in the solution reacts with fluoride 
to form calcium fluoride (CaF2), according to Eq. (5). 

2
2Ca 2F CaF    (5) 

Calcium fluoride is insoluble and is left like a 
precipitate. This contributes to fluoride removal via 
precipitation [24]. Calcium hypochlorite disinfects 
water through an inactivation process that causes 
damage to the cell membrane and cell wall of E. coli [25]. 

After adding calcium hypochlorite to water, 
hypochlorous acid (HOCl−) is formed. Proteins and 
peptidoglycan bound to the cell wall and the cell 
membrane are the initial points of attack for chlorine 
disinfection [26]. After the cell wall and membrane 
damage, HOCl− can penetrate the cell wall and reach the  

Table 1. Fluoride removal efficiency (%) for various combinations of alum, AO, and 280 mg/L lime 

AO (mg/L) 
Alum (mg/L) 

700 800 900 1000 1100 
45 83.2 ± 0.71 85.7 ± 0.81 90.1 ± 0.08 91.2 ± 0.07 92.1 ± 0.45 
75 85.8 ± 0.43 92.1 ± 0.51 93.2 ± 0.56 93.9 ± 0.73 94.1 ± 0.18 
105 87.1 ± 0.63 92.5 ± 0.54 92.9 ± 0.54 94.1 ± 1.12 94.9 ± 0.38 
135 89.7 ± 0.71 93.1 ± 0.87 93.7 ± 0.76 94.5 ± 0.34 95.2 ± 0.41 
165 90.7 ± 0.98 94.7 ± 0.53 94.8 ± 0.34 95.1 ± 0.28 95.7 ± 0.37 

Table 2. log10 reduction (102 CFU/100 mL) of E. coli for various combinations of alum, AO, and 280 mg/L lime 

AO (mg/L) 
Alum (mg/L) 

700 800 900 1000 1100 
45 0.21 ± 0.05 0.24 ± 0.01 0.29 ± 0.01 0.33 ± 0.04 0.40 ± 0.05 
75 0.31 ± 0.05 0.41 ± 0.05 0.51 ± 0.04 0.68 ± 0.04 0.60 ± 0.10 

105 0.35 ± 0.10 0.52 ± 0.04 0.56 ± 0.01 0.59 ± 0.01 0.61 ± 0.05 
135 0.40 ± 0.10 0.67 ± 0.04 0.72 ± 0.04 0.83 ± 0.04 0.87 ± 0.01 
165 0.60 ± 0.01 0.73 ± 0.02 0.08 ± 0.05 0.90 ± 0.05 0.91 ± 0.05 
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cytoplasm, followed by reactions with purine and 
pyrimidine bases of the nucleic acids, whereby thymidine 
deoxyguanosine and uridine monophosphate are 
preferred targets. There was an increase in log reduction 
for E. coli with an addition of calcium hypochlorite (Table 
3). An increase in the dose of calcium hypochlorite led to 
an increase in log10 reduction of E. coli. A low 
concentration of calcium hypochlorite produces low 
HOCl− concentrations. As a result, at low concentrations, 
microbial inactivation is low due to its inability to reach 
the cytoplasm and cause damage to the DNA [27]. A 
0.5 mg/L of Ca(OCl)2 only achieved 1 log10 reduction 
(about 90%) of E. coli. In contrast, higher chlorine 
concentrations cause a larger impairment of the cell wall 
and membrane, enabling HOCl to penetrate the cell wall 
and react with nucleic acids. This results in high-level 
DNA damage to the bacterial cells, impeding DNA 
amplification, even for short amplicons [26]. This is why 
4 mg/L of Ca(OCl)2 achieved a 6.7 log10 (99.9999%) 
reduction of E. coli. These results agree with a previous 
study by Owoseni et al. [21] on the survival of E. coli 
collected from secondary effluents of two wastewater 
treatment facilities in the Eastern Cape Province of South 
Africa with different chlorine concentrations. The 
bacteria log reduction ranged from 1 to 5 at low calcium 
hypochlorite concentrations (0.5 to 1.5 mg/L). At higher 
calcium hypochlorite concentrations (2 to 4 mg/L), the 
bacteria log reduction ranged from 6.0 to 6.7. 

The residual chlorine concentration was in the range 
of 0.09 to 1.72 mg/L. Residual chlorine is defined as the 
concentration of chlorine species present in water after 

the oxidant demand has been met [28]. The report from 
the Centers for Disease Control and Prevention 
indicates that the presence of residual chlorine in 
drinking water indirectly implies the absence of disease-
causing organisms, secondly, it indicates that the water 
is protected against recontamination during 
transportation and storage at home [29]. The free 
chlorine level in drinking water correlates with the 
absence of most disease-causing organisms and hence 
serves as a measure of water potability. The WHO 
recommends that free chlorine residual range of 0.2–
0.5 mg/L is maintained at all points in the water supply 
for locations with little risk of cholera or associated 
epidemics [30]. Since 1.5 mg/L of calcium hypochlorite 
produced 5 log reduction for E. coli, which is a good 
performance. The residual chlorine concentration was 
0.48 mg/L, which is enough to protect water from 
recontamination and is within the WHO permissible 
limits. The dose of 1.5 mg/L Ca(OCl)2, 75 mg/L AO, 
800 mg/L alum, and 280 mg/L lime was selected as an 
optimum dose for further experiments. 

Effect of contact time 
Fig. 1(a) shows that fluoride removal was fast 

within the first 15 min. Fluoride removal attains almost 
an equilibrium condition after 60 min. This indicates 
that all active sites for binding fluoride ions are occupied 
quickly [31]. A contact time of 30 min is enough to 
remove 90% of fluoride in a solution with the dose of 
75 mg/L AO, 800 mg/L alum, 35% lime, and 1.5 mg/L 
calcium hypochlorite. This shows that a contact time 
more than 30 min does not affect fluoride removal. Similar 

Table 3. Fluoride removal efficiency (%) and E. coli log reduction with 75 mg/L AO, 800 mg/L alum, 280 mg/L lime, 
and different concentrations of calcium hypochlorite at 15 mg/L of fluoride and 105 CFU/100 mL 

Concentration 
of Ca(OCl)2 (mg/L) 

Fluoride removal 
efficiency (%) 

Log10 reduction 
for E. coli 

Residual 
chlorine 

0.5 94.31 ± 0.06 1.0 ± 0.07 0.09 ± 0.04 
1.0 95.11 ± 0.09 2.7 ± 0.05 0.12 ± 0.03 
1.5 95.32 ± 0.27 5.0 ± 0.50 0.48 ± 0.10 
2.0 96.56 ± 0.13 6.0 ± 0.05 0.60 ± 0.06 
2.5 96.71 ± 0.11 6.1 ± 0.10 0.92 ± 0.07 
3.0 97.22 ± 0.24 6.2 ± 0.70 1.21 ± 0.01 
3.5 97.31 ± 0.56 6.4 ± 0.90 1.50 ± 0.02 
4.0 97.89 ± 0.70 6.7 ± 0.40 1.72 ± 0.09 
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Fig 1. The effect of contact time on (a) fluoride removal and (b) E. coli log reduction ([F−] = 15 mg/L, pH = 6.7, E. coli 
= 105 CFU/100 mL, AO = 75 mg/L, alum = 800 mg/L, lime = 280 mg/L and Ca(OCl)2 = 1.5 mg/L) 

 
Fig 2. The effect of [F−]0 on (a) F− removal efficiency, (b) E. coli log reduction (contact time = 30 min, pH = 6.7, E. coli 
= 105 CFU/100 mL, AO = 75 mg/L, alum = 800 mg/L, lime = 280 mg/L and Ca(OCl)2 = 1.5 mg/L) 
 
results were observed by Zewge [9] for the removal of 
fluoride from water using a combined aluminum 
sulfate/hydroxide process. Fig. 1(b) shows a 2.5 log10 
reduction of E. coli bacteria after 10 min of exposure. E. 
coli reductions of 5 log10 were achieved within 20 min. 
After 20 min, there was no significant change in E. coli log 
reduction. The results agree with previous research 
findings by Owoseni et al. [21] on the inactivation of E. 
coli using calcium hypochlorite. The results showed that 5 
log10 E. coli reduction was achieved within 20 min and that 
after 20 min, there was no significant difference in E. coli 
log reduction. This shows that more than 20 min of 
contact time does not affect E. coli inactivation. Because 
the reactions involved E. coli log reduction and fluoride 
removal, 30 min was enough to reduce the fluoride 
concentration to 1.5 mg/L and achieve 5 E. coli log 

reduction. Therefore, a contact time of 30 min was 
selected as the optimum contact time for further 
experiments. 

Effect of initial fluoride concentration 
The findings were plotted as fluoride removal 

efficiency versus initial concentration of fluoride (Fig. 
2(a)) and E. coli log reduction versus [F−]0 (Fig. 2(b)). 
Maximum fluoride removal occurred at lower fluoride 
concentration, as shown in Fig. 2(a). For a given amount 
of coagulant level, fluoride removal is high at low 
fluoride concentration because there are more 
aluminum oxide complexes for fluoride ions [32]. As 
fluoride concentration increases, the binding potential 
of aluminum oxide reaches saturation, resulting in a 
decline in fluoride removal. This is attributed to the 
intensive use of all active sites on the complex's surface, 



Indones. J. Chem., 2023, 23 (3), 636 - 649    

 

Patricia Namate et al. 
 

643 

and the incoming fluoride ion from the water being 
repelled by repulsive forces [33]. These results are in line 
with Hussein and Vegi [31], who found that the fluoride 
removal efficiency reduced from 93 to 78% with the 
increase in [F−]0 from 8 to 25 mg/L. Initial fluoride 
concentration did not significantly affect E. coli log 
reduction, as shown in Fig. 2(b). Fluoride is toxic to 
bacteria, fungi, plants, and animals at high concentrations 
[34]. To overcome this problem of fluoride toxicity, E. coli 
bacteria developed fluoride resistance mechanisms. E. coli 
has a class of regulatory RNAs, or riboswitches, that bind 
to fluoride and regulate gene expression in response to 
this anion. Riboswitches are metabolite or ion-sensing 
structured RNA motifs typically found in the noncoding 
regions of specific mRNAs. They regulate the expression 
of neighboring protein-coding regions via various 
mechanisms, including transcription termination, 
translation blockade, and alternative splicing [35]. This 
explains why fluoride concentration did not affect E. coli 
log reduction. 

Effect of pH 
The fluoride removal process, which involves the 

hydrolysis of alum and the preferential adsorption of 
fluoride ions onto aluminum oxide undergoing 
precipitation, is highly dependent on the pH of the solution. 

The percentage of fluoride removal increases as the 
pH of the solution increases from 3 to 8, and the 

maximum fluoride removal is observed at pH 6 to 7 (Fig. 
3(a)). Al(OH)3 is responsible for fluoride removal. The 
Al(OH)3 floc is believed to adsorb F− strongly, and the 
formation of this precipitate is optimal in a pH range of 
6 to 7 [36]. Below the pH of 5, there is insufficient 
aluminum hydroxide to precipitate Al(OH)3 since 
aluminum species such as Al3+, Al(OH)2+ and Al(OH)2

+ 
are prevalent [37]. When the pH was raised to 10, the 
percentage of fluoride removal gradually decreased 
because soluble Al(OH)4

− is the predominant species 
that repel the fluoride ions. This is consistent with the 
findings of [38], who also found that the maximum 
fluoride removal using aluminum oxide was achieved 
with a pH range of 6 to 7. The populations of E. coli were 
reduced by about 1 and 5 log10 CFU/100 mL in a pH 
range of 3 to 10, with a maximum log reduction achieved 
at 5–6 (Fig. 3(b)). pH is an essential factor that influences 
the efficiency of disinfection. When calcium 
hypochlorite is added to water, Eq. (4) occurs: 

Hypochlorous acid dissociates to produce the 
hypochlorite ion, as shown in Eq. (6). 
HOCl H OCl    (6) 

Hypochlorous acid is more reactive than 
hypochlorite ion and a more powerful disinfectant and 
oxidant [27]. A higher pH allows for more hypochlorite 
ions, resulting in less hypochlorous acid in the water [39]. 
Low pH  allows for the  formation of  fewer hypochlorite  

 
Fig 3. The pH effect on (a) fluoride removal and (b) E. coli log reduction ([F−] = 15 mg/L, contact time = 15 min, E. 
coli = 105 CFU/100 mL, AO = 75 mg/L, alum = 800 mg/L, lime = 280 mg/L and Ca(OCl)2 = 1.5 mg/L) 
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ions and more hypochlorous acid. Hypochlorous acid is 
the most effective type of free chlorine residual, i.e., 
chlorine that is accessible to kill microbes in water, 
whereas hypochlorite ions are far less effective 
disinfectants. As a result, disinfection is more efficient at 
low pH (with high amounts of hypochlorous acid in 
water) than at high pH (with high amounts of 
hypochlorite ions in water) [40]. This explains why E. coli 
concentrations were lower in the acidic medium 
compared to the primary media. These findings are 
consistent with Owoseni et al. [21], who showed that 
maximal log reduction of E. coli with calcium 
hypochlorite was attained in pH solutions ranging from 3 
to 7. 

Effect of initial E. coli concentration 
The initial E. coli concentration did not affect 

fluoride removal (Fig. 4(a)). This might be attributed to 
the fact that there is no competition between E. coli and 
fluoride ions for the binding site. The log reduction rate 
decreased as E. coli concentration increased (Fig. 4(b)). At 
initial concentrations of 104 and 105 CFU/100 mL, 5 and 6 
log10 reduction was achieved. At initial concentrations of 
107 and 108 CFU/100 mL, the log10 reduction was reduced 
to 2. 

More calcium hypochlorite or more extended 
treatment periods will be needed to destroy the same 
proportion of E. coli cells at very high cell concentrations 
(108 CFU/100 mL and more). The E. coli concentration 

effect seen here may be attributed to the concentration 
of molecules available to interact with E. coli cells [27]. 
For the inactivation of E. coli, there is a need for direct 
interaction between a given concentration of 
hypochlorite in a solution and bacterial cell membranes 
[21]. This suggests that a saturation point is reached at 
high E. coli concentrations where enough bioactive 
molecules are required to associate with prominent 
receptor locations within the cell. The concentration of 
hypochlorite ions available to kill E. coli cells becomes 
very limited at high E. coli concentrations, and hence a 
higher reduction rate is not achieved [27]. These results 
are in line with those of Liang et al. [41], who argued that 
the initial E. coli concentration affects the log 
inactivation of E. coli. 

Testing the Composite with Actual Water Samples 

The concentrations of Fluoride and E. coli before 
and after treatment are shown in Table 4. The FRE was 
in the range of 77.5 to 89.1%. Treated water samples 
from Serity, Tejitu, Germama, and Anano had fluoride 
concentration that were above the acceptable WHO 
drinking water standard. The reduced fluoride removal 
efficiency could be attributed to the alkalinity of the 
water samples. Alkalinity includes hydroxides, carbonates, 
and bicarbonate. Carbonate has a high affinity for 
Al(OH)3. The observed decrease in fluoride removal 
may be attributed to the rivalry for aluminum hydroxide 
complexes between the carbonate and fluoride anion [36].  

 
Fig 4. The effect of initial E. coli concentration on (a) fluoride removal and (b) E. coli log reduction 
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Table 4. Concentrations of different water quality parameters for actual water samples 
Drinking water quality 
parameters 

Tube Serity Dollessa 
RW TW RW TW RW TW 

Fluoride (mg/L) 3.67 ± 0.10 0.4 ± 0.01 12.3 ± 0.34 1.6 ± 0.08 5.55 ± 0.23 0.97 ± 0.12 
pH 7.55 ± 0.12 7.20± 0.10 8.10 ± 0.34 7.24 ± 0.3 8.19 ± 0.40 6.62 ± 0.20 
EC (μs/cm) 410 ± 0.79 546 ± 0.50 770 ± 0.90 836 ± 1.50 530 ± 1.03 767 ± 1.00 
TDS (mg/L) 205 ± 1.22 273 ± 1.50 385 ± 1.72 458.5 ± 0.50 265 ± 2.33 383.5 ± 2.16 
E. coli (CFU/100 mL) 1.9×105 ± 13.0 19 ± 2.12 1.6×105 ± 10 0 1.77×105 ± 21 0 
Turbidity (NTU) 58 ± 0.17 5 ± 0.09 3.3 ± 0.01 <1 ± 0.01 <1 ± 0.03 <1 ± 0.01 
Alkalinity as CaCO3 (mg/L) 739 ± 0.81 - 821 ± 0.91 - 856 ± 0.12 - 
Aluminum (mg/L) 0.01 ± 0.01 0.14 ± 0.01 0.01 ± 0.001 0.15 ± 0.01 0.01 ± 0.001 0.04 ± 0.005 
Chloride (mg/L) 1.19 ± 0.01 2.35 ± 0.10 1.20 ± 0.12 3.10 ± 0.05 0.40 ± 0.03 1.27 ± 0.20 
Sulfate (mg/L) 87 ± 0.89 135 ± 1.00 98 ± 0.91 140 ± 1.50 50 ± 0.70 117 ± 1.50 
Residual Chlorine (mg/L) - 0.08 ± 0.01 - 0.39 ± 0.04 - 0.33 ± 0.01 
Drinking water quality 
parameters 

Tejitu Germama Anano 
RW TW RW TW RW TW 

Fluoride (mg/L) 9.63 ± 0.31 1.63 ± 0.03 15.1 ± 0.09 2.8 ± 0.03 10.5 ± 0.24 2.36 ± 0.67 
pH 8.10 ± 0.12 7.32 ± 0.01 8.01 ± 0.45 7.16 ± 0.01 7.66 ± 0.82 6.90 ± 0.01 
EC (μs/cm) 700 ± 1.33 836 ± 2.00 1115 ± 1.61 1335 ± 1.50 1101 ± 1.23 1348 ± 1.50 
TDS (mg/L) 350 ± 1.21 418 ± 1.50 557.5 ± 1.83 667 ± 1.50 550.5 ± 0.21 674 ± 2.00 
E. coli (CFU/100 mL) 1.98×105 ± 23 0 1.08×105 ± 17 87 ± 4 1.3×104 ± 12 0 
Turbidity (NTU) <1 ± 0.01 <1 ± 0.02 59 ± 0.12 7 ± 0.02 <1 ± 0.01 <1 ± 0.01 
Alkalinity as CaCO3 (mg/L) 809 ± 0.21 - 791 ± 0.21 - 784 ± 0.01 - 
Aluminum (mg/L) 0.01 ± 0.002 0.06 ± 0.005 0.02 ± 0.002 0.06 ± 0.001 0.01 ± 0.002 0.18 ± 0.005 
Chloride (mg/L) 0.90 ± 0.21 2.10 ± 0.20 1.43 ± 0.02 3.97 ± 0.08 0.82 ± 0.02 2.70 ± 0.10 
Sulfate (mg/L) 67±0.45 127 ± 1.00 56 ± 2.12 97 ± 1.50 30±0.21 73 ± 0.50 
Residual Chlorine (mg/L) - 0.44 ± 0.02 - 0.12 ± 0.01 - 0.42 ± 0.01 

Note: RW: Raw water. TW: Treated water 
 
A similar interfering role of alkalinity due to carbonate 
ions on fluoride removal by activated carbon was also 
reported [42]. 

Treated water from Tube and Germama had E. coli 
concentration that was above the WHO drinking water 
standard. The residual chlorine of these water samples 
was 0.08 and 0.12 mg/L, respectively, which is below 
WHO drinking water standards. This could be attributed 
to the turbidity of the water samples. The turbidity of 
these water samples was 58 and 59 NTU for Tube and 
Germama, respectively. Turbidity contains organic 
compounds [43]. The organic compounds in turbidity are 
known to react with hypochlorite, increasing the chlorine 
demand and thereby reducing E. coli log reduction. In 
addition, organic and inorganic particles contained in 
turbidity protect microorganisms from free chlorine 

disinfection, a phenomenon recognized as 'particle 
association' [39]. The stabilization of cell membranes 
protects by restricting access to critical components for 
cellular inactivation and microbial inactivation [44]. 
These results align with the findings of Léziart et al. [45], 
where E. coli log reduction reduced from 4 log reduction 
to 1 log due to turbidity. It was discovered that total 
organic carbon interferes with preserving free chlorine 
residual. To preserve adequate chlorine disinfection 
performance, the turbidity of the raw water is suggested 
to be 1 to 5 NTU or a high dose of coagulant and chlorine 
is required. The results show that the actual water 
samples require a high dose of calcium hypochlorite to 
meet the drinking water standard for a turbid water 
sample. On the other hand, aluminum, chloride, sulfate, 
pH, alkalinity, and total dissolved solids were within the 
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permissible limits. To meet the drinking water standards, 
batch experiments were conducted to find the dose that 
could effectively treat actual water samples with high 
fluoride concentration and high turbidity. The results 
showed that the water samples were alkaline, and hence 
the lime dose was reduced and Ca(OCl)2 concentration 
increased from 1.5 to 2.0 mg/L to effectively reduce E. coli 
concentration. A dose of 95 mg/L AO, 900 mg/L alum, 
15% lime, and 2 mg/L calcium hypochlorite effectively 
treated the actual water samples with up to 15 mg/L 
fluoride and 58 NTU turbidity. 

Development of a Prototype 

The prototypes were developed to be used as follows: 
(1) Mix contents in 10 L of water, (2) Stir the well for 5 
min and let the water stand for 25 min, (3) Use a clean 

cloth to filter the treated water and dispose of the filtered 
floc, (4) The water is ready to use. 

The developed prototypes were tested on actual 
water samples to assess their suitability for drinking 
purposes. The water quality parameters for treated water 
were within the WHO drinking water standards, as 
shown in Tables 5, 6 and 7). Residual chlorine 
concentrations were 0.29 to 0.46 mg/L, that lies within 
the recommended concentration. This means that the 
treated water can be protected against recontamination. 

■ CONCLUSION 

The results showed that the dose of 75 mg/L AO, 
800 mg/L alum, 35% lime, and 1.5 mg/L calcium 
hypochlorite effectively achieved 95% fluoride removal 
and 5 log10 reduction of E. coli. A contact time of 30 min  

Table 5. Concentrations of raw and treated water by the high dose developed POU prototype 
Drinking water quality 
parameters 

Germama Serity 
RW TW RW TW 

Fluoride (mg/L) 15.1 ± 0.01 1.45 ± 0.12 12.3 ± 0.12 1.03 ± 0.9 
pH 8.01 ± 0.16 7.12 ± 0.05 8.1 ± 0.23 7.11 ± 0.05 
Electrical conductivity (μs/cm) 1115 ± 0.23 1410 ± 0.70 770 ± 0.26 920 ± 1.20 
Total dissolved solids (mg/L) 558 ± 0.76 705 ± 1.40 385 ± 0.23 460 ± 1.20 
E. coli (CFU/ 100 mL) 1.08×105 ± 12 0 1.6×105 ± 21 0 
Turbidity (NTU) 59 ± 1.20 <1 ± 0.01 3.3 ± 0.01 <1 ± 0.01 
Alkalinity as CaCO3 (mg/L) 841 ± 1.23 - 831 ± 0.47 - 
Aluminum (mg/L) 0.02 ± 0.01 0.1 ± 0.01 0.01 ± 0.001 0.18 ± 0.02 
Sulfate (mg/L) 56 ± 0.92 107 ± 0.15 98 ± 0.72 133 ± 0.93 
Chloride (mg/L) 1.43 ± 0.54 4.83 ± 0.0 1.2 ± 0.24 3.4 ± 0.07 
Residual chlorine (mg/L) - 0.40 ± 0.01 - 0.42 ± 0.01 

Table 6. Concentrations of raw and water treated by the medium dose developed POU prototype 
Drinking water quality 
parameters 

Anano Tejitu 
RW TW RW TW 

Fluoride (mg/L) 10.5 ± 0.13 1.07 ± 0.50 9.63 ± 0.02 0.79 ± 0.05 
pH 8.2 ± 0.12 6.89 ± 0.50 8.1 ± 0.30 7.12 ± 0.01 
Electrical conductivity (μs/cm) 1040 ± 0.23 1270 ± 1.20 700 ± 0.19 911 ± 1.50 
Total dissolved solids (mg/L) 520 ± 0.34 635 ± 1.31 350 ± 0.45 455.5 ± 1.50 
E. coli (CFU/100 mL) 1.3×104 ± 1 0 1.98×105 ± 10 0 
Turbidity (NTU) <1 ± 0.01 <1 ± 0.01 <1 ± 0.01 <1 ± 0.01 
Alkalinity as CaCO3 (mg/L) 784 ± 0.021 - 809 ± 0.21 - 
Aluminum (mg/L) 0.01 ± 0.001 0.2 ± 0.003 0.01 ± 0.001 0.1 ± 0.005 
Sulfate (mg/L) 30 ± 0.21 97 ± 1.3 67 ± 0.45 109 ± 1.2 
Chloride (mg/L) 0.82 ± 0.02 3 ± 0.02 0.9 ± 0.21 2.58 ± 0.01 
Residual chlorine (mg/L) - 0.44 ± 0.02 - 0.46 ± 0.01 
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Table 7. Concentrations of raw and water treated by the 
low dose developed POU prototype 

Drinking water quality 
parameters 

Tube 
RW TW 

Fluoride (mg/L) 3.67 ± 0.10 0.39 ± 0.01 
pH 7.55 ± 0.12 6.56 ± 0.50 
Electrical conductivity (μs/cm) 410 ± 0.79 765 ± 1.50 
Total dissolved solids (mg/L) 205 ± 1.22 382 ± 1.50 
E. coli (CFU/100 mL) 1.9×105 ± 13 0 
Turbidity (NTU) 58 ± 0.43 2 ± 0.01 
Alkalinity as CaCO3 (mg/L) 739 ± 0.81 - 
Aluminum (mg/L) 0.01 ± 0.001 0.16 ± 0.003 
Sulfate (mg/L) 87 ± 0.89 147 ± 1.50 
Chloride (mg/L) 1.19 ± 0.01 2.77 ± 0.20 
Residual chlorine (mg/L) - 0.29 ± 0.01 

was enough to achieve 90% fluoride removal and 5 log 
reduction of E. coli. Fluoride concentration showed an 
impact on fluoride removal as high fluoride concentration 
resulted in reduced fluoride removal efficiency. On the 
other hand, fluoride concentration did not significantly 
affect E. coli log reduction. The pH of raw water showed 
an impact on both fluoride removal and E. coli log 
reduction. Maximum fluoride removal was achieved at 
pH 6 to 7. Maximum E. coli log reduction was achieved at 
pH 6 to 7. Acidic pH values also achieved high log 
reduction. Initial E. coli concentration did not show any 
effect of fluoride removal, but it impacted E. coli log 
reduction. Water samples from the Ethiopian Rift Valley 
required a high dose of alum, AO, calcium hypochlorite, 
and a low dose of lime because of the alkalinity and 
organic matter associated with turbidity. Three 
prototypes were developed for treating water samples 
with a fluoride concentration ≤ 15 mg/L. The POU 
prototypes were tested on water samples from Rift Valley. 
The treated water was analyzed for fluoride, pH, EC, TDS, 
E. coli, alkalinity, aluminum, sulfate, turbidity, residual 
chlorine, and chloride. The obtained values were 
compared with the WHO drinking water standards. All 
parameters were within the permissible limits. The 
developed products effectively treat water with fluoride 
concentration above 10 mg/L and turbidity above 5 NTU, 
thus indicating the capability of the developed products to 
purify contaminated water for human consumption. 
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 Abstract: The polymer/ferroferric oxide (Fe3O4) foam and aerogel composites generally 
exhibit superior radar absorptivity performance. However, these composites have poor 
mechanical and thermal properties. This study manufactured a polylactic acid 
(PLA)/Fe3O4 bio-composite and evaluated the radar absorptivity, thermal, and 
mechanical properties of radar-absorbing material. The composites were prepared using 
a solvent casting method to mix PLA and Fe3O4 at varying concentrations, followed by 
evaporation, oven drying, and hot pressing into a film. Thermogravimetric analysis 
showed that the decomposition temperature of the PLA/Fe3O4-5% composite occurred at 
around 306 °C, which shifted to a lower decomposition temperature of PLA. The addition 
of 25 wt.% Fe3O4 improved the tensile modulus of neat PLA from 2.92 to 3.55 GPa. The 
vector network analyzer demonstrated that the addition of Fe3O4 at 25% improved the 
reflection loss of PLA from –5.17  to –25.83 dB at a thickness of 3 mm, with energy 
absorbed by 99.74% at frequency position 10.58 GHz. These results demonstrated that 
PLA/Fe3O4 composites have great potential in radar-absorbing practical applications. 

Keywords: radar absorptivity; thermal properties; mechanical properties; reflection loss; 
PLA/Fe3O4 biocomposites 

 
■ INTRODUCTION 

Nowadays, radar absorbing materials (RAM) have 
been massively developed in military equipment stealth 
applications to minimize reflected electromagnetic waves 
to the radar system [1-2]. Therefore, RAM, with its high 
absorptivity, ultra-thin, superior tensile strength, and 
good thermal stability, has attracted considerable research 
interest [3-4]. The basic principle of microwave absorption 
is to convert microwave energy into heat energy through 
various absorption mechanisms. Microwave absorbers 
were generally manufactured from carbon-based 
materials, conductive polymer-based materials, ceramics, 
and magnetic materials [5]. Various composites, 
including solid films, foams, and aerogels, were designed 

to enhance the absorptivity performance of radar waves. 
Foam or aerogel is one of the lightest materials because 
it is filled with air in the pores or internal cavities, 
generally prepared through freeze drying [6]. 

Ferroferric oxide (Fe3O4) is a magnetic material 
with excellent permeability and complex permittivity, 
the parameters that govern the significance of 
microwave absorption. Other advantages of Fe3O4 are 
high saturation magnetization value, high curie 
temperature, facile synthesis, and low cost [7-8]. 
Recently, researches have been directed toward 
increasing the microwave absorption of pure Fe3O4 
particles, mainly based on particle sizes, including 
micro-spheres [9], nano-spheres [10], and nanocrystals 
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[11]. The Fe3O4 micro-sphere synthesized by a simple 
chemical at 90 °C showed a reflection loss value of –45.2 
dB at 4.67 GHz; meanwhile, Fe3O4 nano-spheres and 
nanocrystals each showed a reflection loss (RL) of –21.2 
dB at 5.6 and 8.16 GHz. However, Fe3O4 as an absorbent 
material has some limitations, including a rapid decrease 
in the value of the permeability at microwave frequencies, 
large density, ease of oxidation, and impedance 
mismatch, which hinders the effective performance of 
microwave absorbers [12]. 

The radar absorptivity performance of foam and 
aerogel composites manufactured from Fe3O4 dispersion 
in a polymer matrix has been evaluated in several previous 
studies. The foam and aerogel composites showed higher 
radar absorption values, low density, and good flexibility. 
Phadtare et al. [13] reported superior radar absorption 
performance of a Fe3O4/divinylbenzene/ethyl hexyl 
acrylate foam composite with an RL value of –23 dB at 
9.3 GHz frequency position in 15 wt.% Fe3O4 filler 
concentration. In another study, Jiang et al. reported an 
RL value of –26.45 dB for the melamine/Fe3O4 foam 
composite at the frequency of 7.76 GHz with a filler ratio 
of 30 wt.% [14]. The large internal cavity will cause multi-
reflection and polarization loss; therefore, more radar 
energy is trapped in the composite. The large internal 
cavity provides a larger surface area, which facilitates 
impendence matching and polarization loss through 
multi-reflections, causing attenuation of the radar wave in 
the material. These foam and aerogel composites have 
limitations in a broader of applications. 

Polylactic acid (PLA) is a bio-based polymer with 
excellent mechanical and thermal properties compared 
with synthetic polymers such as polyethylene. Notably, 
PLA is one of the most commonly used biopolymers for 
various applications because of its ease of processing [15]. 
PLA has been prepared with various types of inorganic 
fillers for numerous applications, one of which is to 
improve thermal and mechanical properties [16]. PLA is 
a biodegradable plastic that has great potential to replace 
petroleum-based fuel plastics due to its high stiffness and 
strength [17]. 

The objective of this study is to evaluate the radar 
absorptivity, thermal and mechanical properties of 

PLA/Fe3O4 composites. The composites were prepared 
by mixing PLA and 5 to 25 wt.% Fe3O4 by solvent casting. 
The radar absorption performance of PLA/Fe3O4 
composites was evaluated using a Vector Network 
Analyzer (VNA). Meanwhile, the thermal and 
mechanical properties of the composites were determined 
using thermogravimetric analysis and a universal testing 
machine, respectively. In addition, the morphological, 
crystal structure, and magnetic properties of the film 
composite were also investigated using Scanning 
Electron Microscope (SEM), X-ray Diffraction (XRD), 
and vibrating sample magnetometer (VSM). 

■ EXPERIMENTAL SECTION 

Materials 

PLA 4043D was supplied by Natureworks Co., 
Minnetonka, MN (USA). Dichloromethane (DCM, 
≥ 99.0%), ammonia solution 25%, and iron (III) chloride 
hexahydrate (FeCl3·6H2O) were purchased from Merck 
KGaA, Germany. Ferrous sulfate heptahydrate 
(FeSO4·7H2O, ≥ 99.0%) was supplied by HiMedia 
Laboratories Pvt.Ltd., India. 

Instrumentation 

The surface morphology of Fe3O4, neat PLA, and 
PLA/Fe3O4 composites was observed under SEM (JEOL 
JSM-IT200, Japan) operating at 3.0 kV. The sample of 
Fe3O4 was gold-coated to improve conductivity before 
observation. The crystal structure of the samples was 
evaluated by XRD (Shimadzu 7000, Japan) with an X-ray 
tube of Cu operating at 30.0 mA and 40.0 kV. The XRD 
pattern of samples was recorded in the interval of 10° to 
80° at a speed of 2°/min. The degree of crystallinity (Xc) 
is calculated using the formula [19]: 

area of crystalline peaksXc 100%
area of all peaks (crystalline + amorphous)

   

The thermal stability of neat PLA and PLA/Fe3O4 
composites was evaluated using PerkinElmer TGA 4000, 
USA. The samples were immersed in a closed aluminum 
pan. Temperature programs were from 25 to 600 °C at a 
temperature increase speed of 10 °C/min under a 
nitrogen condition. The heating scan of the specimens 
was used to estimate thermal parameters such as 
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decomposition temperature (Td), temperature for 50% 
weight loss (T50), and residual weight (remaining Fe3O4 
content) at 600 °C. A universal testing machine (Shimadzu 
AGS-X series 10kN, Japan) was used to investigate the 
mechanical properties of the samples. The tensile testing 
samples were fabricated using a mini-jet pro to obtain a 
dumbbell-shaped tensile bar (ASTM D638-14 type V). 
The sample gauge length, width, and thickness were 
approximately 30, 3, and 3 mm, respectively, measured by 
a caliper when gripped. The crosshead rate was set at 
1 mm/min. All data on mechanical properties were 
recorded in the 5 measurements. The magnetic hysteresis 
loops were investigated by a vibrating sample 
magnetometer (VSM250 Dexing Magnet Ltd) with an 
applied magnetic field of 1 tesla under ambient 
temperature. The sample dimensions prepared were 
5 × 5 × 1 mm (length-width-thick). The radar absorption 
of the samples was analyzed using the waveguide method 
at a frequency of 8.0 to 12.0 GHz using a vector network 
analyzer (VNA) Anritsu MS46322A, Japan, at room 
temperature. The sample, which measured 
30 × 30 × 3 mm (length, width, thickness) was placed on 
the port and coated with a metal reflector. The complex 
permeability and air transmittance were measured to 
calibrate the instrument, which found results of μ’’ = ε’’ = 
1 and μ’ = ε’ = 0. The reflection loss was calculated using 
line transmitting theory by adhering to the processes 
outlined in prior publications [20]. 

Procedure 

The preparation of Fe3O4 particles was carried out 
following the procedure of the previous study [18]. A 
slight modification was made by extending the stirring 
time of 5.406 g (0.02 mol) FeCl3∙6H2O and 2.701 g 
(0.01 mol) FeSO4∙7H2O from 30 min to 2 h. PLA 
(described in Table 1) was dissolved in a beaker using 
DCM under stirring for 4 h. The Fe3O4 particles were 
added gradually to the PLA solution after the PLA was 
completely dissolved, and the stirring was kept going for 
another 4 h. The PLA/Fe3O4 mixture was poured and 
dispersed on trays, and the dichloromethane solvent was 
evaporated at ambient temperature for 12 h before oven 
drying for 8 h at 80 °C. The dried mixture was cut into small 

Table 1. The composition of the samples 

Sample name Fe3O4 

(g) 
PLA 
(g) 

DCM 
(mL) 

Neat PLA 0 10 100 
PLA/Fe3O4-5% 0.5 9.5 100 
PLA/Fe3O4-10% 1.0 9.0 100 
PLA/Fe3O4-15% 1.5 8.5 100 
PLA/Fe3O4-20% 2.0 8.0 100 
PLA/Fe3O4-25% 2.5 7.5 100 

pieces of around 5  × 5 mm and hot-pressed at a 
temperature of 155 °C with a pressure of 50 MPa for 
10 min to obtain a PLA/Fe3O4 composite film of 
3  × 3 cm with various thickness. 

■ RESULTS AND DISCUSSION 

Morphological Analysis 

The morphology of Fe3O4 is shown in Fig. 1(a). The 
SEM image shows Fe3O4 is a microparticle with an 
irregular shape with an average size of fewer than 5 μm. 
The previous co-precipitation method produced similar 
findings [18]. In the Fe3O4 particle preparation process, 
several factors influence particle size and particle 
distribution: stirring speed, ambient temperature, and 
solution, the concentration of ammonia solution, and 
the Fe2+ and Fe3+ reagents used [21]. 

The fracture morphology of neat PLA and 
PLA/Fe3O4 composites observed using SEM is shown in 
Fig. 1(b-g). It can be seen from the figure that the pure 
PLA fracture surface is caused by the insoluble PLA 
portion and the appearance of pores due to DCM 
evaporation. The addition of more fillers results in the 
formation of agglomerates. Fe3O4 particles were visible 
in the fine-grained composite, which spread uniformly 
in the PLA matrix with a diameter smaller than 5 μm 
even in the Fe3O4 concentration of 25 wt.%. At 5 wt.% 
Fe3O4 concentration, there were no obvious cracks or 
holes on the fracture surface of the composite, which 
means that good interfacial interactions occur between 
the PLA matrix and Fe3O4 particles. With the addition of 
Fe3O4 concentration in the composite, the holes or 
cracks are more clearly visible, which means that the 
interfacial interaction is getting weaker. 
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Fig 1. SEM images of morphology: (a) Fe3O4 particles; fracture of all composites: (b) Neat PLA, (c) PLA/Fe3O4-5%, (d) 
PLA/Fe3O4-10%, (e) PLA/Fe3O4-15%, (f) PLA/Fe3O4-20%, and (g) PLA/Fe3O4-25% 
 
XRD Analysis 

The diffraction peaks in the XRD pattern of Fe3O4, 
neat PLA, and PLA/Fe3O4 composites are shown in Fig. 2. 
The six diffraction peaks of Fe3O4 crystal at 2θ values are 
30.3742, 35.6851, 43.3585, 53.8291, 57.5713, and 62.9956, 
according to the values of the index Miller of (220), (311), 
(400), (422), (511) and (440) crystal planes from the 
inverted cubic spinal structure of Fe3O4 (JCPDS 65-3107) 
[22-23]. These peaks indicated that the prepared Fe3O4 
formed spinal structures, and no characteristic impurity 
peaks were detected in the XRD pattern. 

Fig. 2 shows neat PLA exhibits large diffraction 
peaks at 2θ values of 16.52 and 32, which correspond to 
(200/110) and (203) according to a previous study [24]. 
When Fe3O4 particles were added, all composites displayed  
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Fig 2. XRD patterns of Fe3O4, neat PLA, and PLA/Fe3O4 
composites 
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broad diffraction peaks similar to the neat PLA peaks. The 
intensity of the PLA diffraction peaks did not increase 
with adding more Fe3O4 in the composite, although those 
shrunk and widened. The Fe3O4 addition may have 
prevented the development of numerous crystals and the 
organization of PLA molecular sequences, but it did not 
affect the crystal structure of PLA. Based on the 
calculation, Xc of neat PLA, PLA/Fe3O4-5%, PLA/Fe3O4-
10%, PLA/Fe3O4-15%, PLA/Fe3O4-20%, and PLA/Fe3O4-
25%, respectively, is 28.90, 32.69, 33.27, 34.48, 35.62, and 
37.56%. 

The Thermal Stability of PLA/Fe3O4 Composites 

The TGA test was used to investigate the effect of 
Fe3O4 on the thermal stability of PLA. Fig. 3 shows the 
weight loss of PLA and PLA/Fe3O4 composites at varying 
Fe3O4 content as a function of temperature. The Td, T50, 
and residual Fe3O4 content at 600 °C are listed in Table 2. 
Based on the thermogram, we can see that neat PLA has 
thermal stability up to a degradation onset temperature of 
about 320 °C. Then, the decomposition temperature 
occurs at around 349 °C. After reaching it, the sample 
weight decreases drastically by a single-stage 
decomposition until the maximum rated temperature of 
380 °C. The weight loss of the PLA continues to decrease 
slowly until the final test temperature, where the residual 
weight is 0.178%. The interactions between volatile 
organic compounds are primarily responsible for keeping 
the char structure firm. This thermal behavior is typical 
for polylactic acid polymers [25-26]. 

The presence of 10 wt.% Fe3O4 on the PLA could 
maintain thermal stability up to a temperature of 280 °C. 
The decomposition temperature of the PLA/Fe3O4-10% 
composite occurred at around 293 °C, which shifted to a 
lower decomposition temperature of PLA. Interestingly, 

the addition of a higher Fe3O4 concentration did not 
significantly change the decomposition temperature of 
the PLA composite. After the decomposition 
temperature, the weight of all composites dropped 
drastically until around 30 to 50% of the sample weight 
remained at 300 °C. The weight loss of the PLA 
composites continued decreasing slowly until the final 
test temperature. The visible changes were in the 
remaining weight of each composite, where the final 
weight was determined based on the concentration of 
Fe3O4. Considering the physicochemical properties and 
the chemical structure of the Fe3O4, it can be assumed 
that the observed reduction in thermal stability is related 
to two simultaneous mechanisms. A similar effect is 
observed in the case of thermal stability of the other 
PLA/inorganic-filler composites, where the presence of 
copper slag contributes to a reduction in the 
decomposition temperature of PLA [25]. 
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Fig 3. Thermogravimetric curves of neat PLA and 
PLA/Fe3O4 composites with different Fe3O4 contents 
(wt.%) 

Table 2. TGA results of neat PLA and PLA/Fe3O4 composites 
Samples Td (°C) T0.50 (°C) Residual weight (%) 
Neat PLA 349.16 365.13    0.178 
PLA/Fe3O4-5% 306.14 312.92    5.020 
PLA/Fe3O4-10% 304.23 312.36    9.707 
PLA/Fe3O4-15% 297.14 303.32 13.390 
PLA/Fe3O4-20% 258.23 288.22 20.896 
PLA/Fe3O4-25% 295.85 302.41 23.355 
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The Mechanical Properties of PLA/Fe3O4 Composites 

A tensile test was used to evaluate the influence of 
Fe3O4 addition on the mechanical characteristics of PLA. 
Table 3 and Fig. 4 present the mean and standard 
deviation of the mechanical properties of all the samples. 
The table and figure clearly show the tensile modulus of 
PLA improved with an increase of Fe3O4 content while the 
tensile strength and strain at break decreased. The 
addition of 5 wt.% Fe3O4 improved the modulus from 2.92 
to 3.09 GPa. Furthermore, the composite stiffness 
increased significantly with the addition of a higher Fe3O4 
concentration. The composite reached the highest 
stiffness of 3.55 GPa at a 25 wt.% Fe3O4 content. 

It is clearly shown that added Fe3O4 deteriorated the 
composite strength compared to neat PLA. The decrease 
in tensile strength of PLA occurred after the addition of 
5 wt.% Fe3O4 content from 67.57 to 57.94 MPa. Therefore, 
we could see that the strength remains almost constant 
between 5 to 25 wt.% Fe3O4 content. This decrease in the 
tensile strength of the composites was caused by poor 
interface adhesion between Fe3O4 particles and PLA. The 
weakened ion-dipole interaction between the ferrite 
cation and oxygen atom in the PLA carbonyl group also 
affects to decrease of tensile strength. The strain at the 
break value of neat PLA increased almost two times with 
the addition of 5% by weight of Fe3O4 from 3.52 to 5.21%. 
Then it decreased with the addition of Fe3O4 filler and 
reached 2.08% for 5 wt.% filler content. A decrease in 
elongation at break with the addition of Fe3O4 to polymers 
is commonly observed in thermoplastic composites. In 
brief, the mechanical properties of these composites 
depend on the following factors: the adhesion between the 
PLA matrix and the Fe3O4 filler, the ratio of the Fe3O4 filler 
to the PLA polymer, the size of the Fe3O4 filler, the type 

and characteristics of the filler, and the degree of 
crystallinity of the matrix [16]. Decreased interphase 
stress results in reduced bond strength of the polymer 
structure. In addition, low adhesion between the matrix 
and filler results in cavities at the filler matrix interface 
resulting in a change in the strength value [27]. The 
tensile modulus value describes the stiffness of a material 
that allows it to withstand loads without shape 
deformation. High tensile strength and modulus values 
are needed for large loads [28]. 

Magnetic Property Analysis of PLA/Fe3O4 
Composites 

The hysteresis loops of neat PLA and PLA/Fe3O4 
composite are shown in Fig. 5(a). The magnetic 
properties such as saturation magnetization (Ms), 
remanence magnetization (Mr), and coercive field (Hc) are 
listed in Table 4. A magnet attraction test was performed 
to determine the magnetic response of neat PLA and 
PLA/Fe3O4 composite. Neat PLA has no response, 
 

0 5 10 15 20 25
0

10

20

30

40

50

60

70  Tensile Strength (MPa)
 Strain at Break (%)

Loading of Fe3O4 (%)

T
en

si
le

 S
tr

en
g

th
 (

M
P

a)

0

1

2

3

4

5

6

7

8

 S
tr

ai
n

 a
t 

B
re

ak
 (

%
)

 
Fig 4. The graphs of tensile strength and strain at break 
depend on variations in Fe3O4 loading 

Table 3. Mechanical properties of neat PLA and PLA/Fe3O4 composites 

Samples 
Tensile modulus 

(GPa) 
Tensile strength 

(MPa) 
Strain at break 

(%) 
Neat PLA 2.92 േ 0.13 66.27 േ 1.70 3.52 േ 1.71 
PLA/Fe3O4-5% 3.09 േ 0.05 57.94 േ 0.81 5.21 േ 2.33 
PLA/Fe3O4-10% 3.16 േ 0.06 56.37 േ 0.08 3.62 േ 0.91 
PLA/Fe3O4-15% 3.41 േ 0.06 55.48 േ 1.82 2.63 േ 0.22 
PLA/Fe3O4-20% 3.53 േ 0.14 53.97 േ 1.04 2.22 േ 0.17 
PLA/Fe3O4-25% 3.55 േ 0.07 52.28 േ 1.16 2.08 േ 0.14 
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Fig 5. (a) Magnetic properties of PLA/Fe3O4 composites with a Fe3O4 content, (b) Comparison of magnet attraction by 
neat PLA and PLA/Fe3O4 composite 
 

Table 4. Magnetic parameter of PLA/Fe3O4 composites 
Samples Ms (emu/g) Mr (emu/g) Hc (kOe) 
Neat PLA - - - 
PLA/Fe3O4-5% 2.39 0.16 20.199 
PLA/Fe3O4-10% 4.68 0.31 20.161 
PLA/Fe3O4-15% 6.46 0.41 20.215 
PLA/Fe3O4-20% 9.94 0.63 20.223 
PLA/Fe3O4-25% 13.31 0.84 20.250 

while PLA/Fe3O4 composite provides a magnetic 
response, as shown in Fig. 5(b). 

The addition of 5 wt.% Fe3O4 into PLA resulted in 
magnetic properties of the PLA composite with a Ms of 
2.39 emu/g and a Mr value of 0.16 emu/g (Table 4). The Ms 
and Mr values of the composite increased proportionally 
with the increase in Fe3O4 concentration. At 25 wt.% Fe3O4 
content, the maximum Ms and Mr obtained were 13.31 
and 0.84 emu/g, respectively. All composites' coercivity 
did not change significantly and remained almost 
constant with increasing Fe3O4 content. It shows that the 
coercive behavior is not controlled by the content of Fe3O4 
particles but instead by the type of magnetic particles. The 
trend of increasing Ms and Mr due to the addition of 
magnetic filler is following previous studies [29]. 

Radar Absorption Performance of PLA/Fe3O4 
Composite 

The radar absorption performance of the  samples is  

described by the RL value. Fig. 6 shows the RL curve of 
neat PLA and PLA/Fe3O4 composites, while the 
reflectivity, energy absorbed, and the position of the 
maximum absorption frequency is presented in Table 5. 
Although neat PLA resulted in an RL value of 5.17 dB, 
PLA is not categorized as a radar-absorbing material. 
The radar absorption value that appears from the neat 
PLA is perhaps due to the component of carbon atoms 
in PLA, trapped air, and sample thickness. However, 
when PLA was combined with Fe3O4 at the same 
thickness, the radar absorption behavior increased 
significantly as the Fe3O4 concentration increased. The 
addition of 5 wt% Fe3O4 improved the RL of PLA from –
5.17 to –15.75 dB, with energy absorbed of 97.32% at 
frequency position 10.78 GHz. Furthermore, the RL of 
composites increased proportionally with the increase of 
Fe3O4 concentration. The composite at 25 wt.% Fe3O4 
reached the highest RL of –25.83 dB, with energy 
absorbed 99.74% at 10.58 GHz and thickness of 3 mm. 

As a magnetic loss absorber, the saturation 
magnetization of material will affect the radar 
absorption performance. The radar absorption intensity 
will grow as the saturation magnetization value increases. 
The addition of Fe3O4 magnetic material to PLA 
enhances the saturation magnetization of the composite, 
increasing the absorption performance of radar signals, 
as demonstrated in  Tables 5 and 6.  A comparison of the  
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Fig 6. Radar absorption properties (thickness = 3 mm) of 
neat PLA and PLA/Fe3O4 composites. In set shows the 
zoom-out of the reflection loss graph at 10 to 11 GHz 

reflectivity of composites of Fe3O4 in various polymer 
matrices is presented in Table 6. The RL value of the Fe3O4 
in the PLA matrix is superior to other Fe3O4 composites. 
With a load of only 25 wt.% Fe3O4, PLA composite can 
absorb radar 72% higher than Poly(3,2-
ethylenedioxythiophene) (PEDOT) composite at 80 wt.% 

Fe3O4 content. It can be concluded that the magnetic 
properties of Fe3O4 remained superior in the PLA 
polymer. 

■ CONCLUSION 

The radar absorption, thermal, and mechanical 
properties of PLA/Fe3O4 biocomposite have been 
successfully evaluated. The vector network analyzer 
measurements showed that the highest reflection loss of 
–25.83 dB occurred in PLA composites with a Fe3O4 
concentration of 25 wt.%, about 399% higher than neat 
PLA. The TGA measurement revealed that Fe3O4 in 
various concentrations was able to maintain the thermal 
stability of neat PLA up to 280 °C. However, the 
decomposition temperature of all composites shifted to 
a lower temperature of neat PLA. The addition of 25 
wt.% of Fe3O4 in PLA increased the tensile modulus of 
neat PLA from 2.92 to 3.55 GPa, while the tensile 
strength and the strain at the break did not change 
significantly. Based on these results, PLA/Fe3O4 
biocomposites offer great promise in a wide range of 
radar absorption applications due to their good RL and 
thermo-mechanical properties. 

Table 5. The reflectivity, energy absorbed, and the position of the maximum absorption frequency of neat PLA and 
PLA/Fe3O4 composites 

Samples Reflectivity (dB) Energy absorbed (%) Frequency position (GHz) 
Neat PLA   –5.17 69.59 12.00 
PLA/Fe3O4-5% –15.72 97.32 10.66 
PLA/Fe3O4-10% –17.27 98.03 10.64 
PLA/Fe3O4-15% –21.90 99.35 10.70 
PLA/Fe3O4-20% –23.58 99.56 10.62 
PLA/Fe3O4-25% –25.83 99.74 10.58 

Table 6. The reflectivity of Fe3O4 in various polymer matrices reported in several studies 

Polymer matrix Fe3O4 loading 
(wt.%) 

Maximum 
absorption (dB) 

Frequency 
position (GHz) 

Thickness 
(mm) Ref. 

Poly(3,2-ethylenedioxythiophene (PEDOT) 80 –15 9 2.8 [30] 
Polypyrrole 50 –22.4 12.9 2.3  [31] 
divinylbenzene (DVB), and ethyl hexyl acrylate (EHA) 15 –23 9.3 3 [13] 
Polyaniline 62.5 –24.7 14.8 2.0 [32] 
Polyethylene 10 –24.3 9 4 [33] 
PLA/Fe3O4-25% 25 –25.83 10.58 3 This work 
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 Abstract: Composites of manganese and nitrogen-codoped zirconium titanate (Mn,N-
codoped ZrTiO4) had been synthesized by the sol-gel method as a visible-light responsive 
photocatalyst for the photodegradation of methylene blue (MB). Synthesis was conducted 
at 25 °C using titanium(IV) isopropoxide, zirconium oxide, urea, and manganese(II) 
chloride. Mn,N-codoped ZrTiO4 containing fixed 10% nitrogen dopant (wN/wTi) with 
various Mn dopant contents (2, 4, 6, 8, and 10% wMn/wTi) and calcination temperatures 
(500, 700, and 900 °C) had been investigated. All of the Mn,N-codoped ZrTiO4 exhibit a 
band gap within the visible range (2.51 to 2.74 eV). Photodegradation of MB was 
performed under visible light illumination for 120 min. The highest activity was achieved 
up to 7.7 μg L−1 min−1, which was obtained from Mn,N-codoped ZrTiO4 calcined at 
500 °C containing 6% Mn and 10% N dopants. 

Keywords: Mn,N-codoped ZrTiO4; band gap; methylene blue; photodegradation; 
visible-light 

 
■ INTRODUCTION 

Methylene blue (MB) is a synthetic dye and is widely 
used in the textile, pharmaceutical, paper, printing, paint, 
and food industries [1]. MB is an azo dye that will form 
quaternary ammonium cation when dissolved in water 
and has a high chrome content [2]. The presence of MB 
in the environment can cause various negative impacts, 
such as reducing the transmission of sunlight and 
solubility of oxygens, affecting photosynthetic activity in 
the aquatic ecosystem, which also reduces the diversity, 
and decreases the aesthetics of the ecosystem [3]. Due to 
the high aromatic content and stability properties of MB, 
biological treatment is not effective in degrading the dye. 
This ineffectiveness is associated with the presence of azo 
compounds, which are resistant to aerobic and anaerobic 
degradations. When azo is reduced, it will produce 
colorless aromatic amine compounds, which are 
potentially carcinogenic [4-5]. The development of 
technology for MB removal with a total contaminant 
destruction system is necessary. Therefore, the oxidation 

of MB to H2O and CO2 via photocatalysis is an 
interesting subject to study. 

The photodegradation process can occur in the 
presence of a photocatalyst, i.e., a semiconductor that 
can be activated by absorbing photons and accelerating 
a reaction without being consumed. By absorbing 
photons with energy equal to or greater than the 
semiconductor band gap, photocatalysis is carried out 
on the semiconductor photocatalyst to produce an 
electron-hole [6]. The photo-induced electrons and 
holes react with oxygen, water, and hydroxyl group to 
generate reactive oxygen species, such as hydroxyl 
radicals (•OH) and superoxide radical anions (•O2

−) 
with strong oxidation abilities [7]. The weaknesses of a 
semiconductor photocatalyst are its limit of application, 
such as low usage in visible light, wide band gap, and 
high recombination rate of photo-induced electrons and 
holes [8]. Therefore, various elements, such as noble 
metals and transition metals, as well as non-metals and 
metalloids, are doped into the photocatalyst to enhance 
the photodegradation performance [9]. 
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Titanium oxide or titania (TiO2) is widely used as a 
photocatalyst because of its attractive properties, such as 
non-toxicity, low cost, strong oxidizing, and biological 
and chemical inertness [10]. TiO2 has broad band gaps, 
3.0 eV for the rutile phase and 3.2 eV for the anatase 
phase, which causes limited light absorption, thus making 
TiO2 effective as a photocatalyst in spectrum ultraviolet 
region (4–5% of solar light) and very low activity in visible 
light (~45% of solar spectrum) [11]. Therefore, previous 
research has reported visible-light-active TiO2 by 
incorporating different dopants, which involve metal 
(Mn, Fe, and Ni) [12-15] and non-metal (C, N, F, and S) 
[16-21]. The metal dopant can improve the separation of 
electrons and holes on the surface of the photocatalyst. 
Another semiconductor, such as zirconium oxide or 
zirconia (ZrO2), has very limited photocatalytic 
properties, but the addition of another oxide, such as 
TiO2, ZnO and SnO2, has a beneficial effect on their 
photocatalytic activity [22]. The addition of ZrO2 into 
TiO2 in ZrTiO4 composite can increase the surface area 
because ZrO2 inhibits the phase transition of anatase to 
rutile and crystallite growth in TiO2 [23]. 

In this work, manganese and nitrogen codoped 
ZrTiO4 composites were prepared by the sol-gel method. 
The sol-gel method was chosen because it has numerous 
benefits, such as a simple synthesis process at ambient 
temperature under atmospheric pressure, does not 
require a complicated setup, low cost, and is eco-friendly 
[24]. TiO2 was grown on the surface of ZrO2 to form a 
material with higher thermal stability. Both metal and 
nonmetal dopants, i.e., Mn and N, were incorporated into 
the ZrTiO4 to enhance the photodegradation ability of the 
material in visible light. Mn was selected as a dopant due 
to its photocatalytic-activity improvement to TiO2 in 
visible-light region and its similar six-fold ionic radius to 
Ti ion (Mn4+ = 0.53 Å; Ti4+ = 0.60 Å) [12]. Meanwhile, 
nitrogen was also selected as a dopant because it reduces 
the recombination rate of photogenerated charges in TiO2 
and shifts the light absorption ability of TiO2 to the 
visible-light region, thus improving the photocatalytic 
activity as well [17]. Codoping, both Mn and N into 
ZrTiO4, should further elevate the photocatalytic activity 
of the composite. Various Mn dopant contents and 

calcination temperatures were applied to understand the 
influence of Mn,N codoping and crystal structure on the 
photocatalytic activity of the ZrTiO4 composite. 

■ EXPERIMENTAL SECTION 

Materials 

Titanium(IV) tetraisopropoxide (TTIP) (97%, 
Sigma Aldrich) and ZrO2 powder (Jiaozou Huasu) were 
chosen as TiO2 precursor and supporting material, 
respectively. Manganese(II) chloride (MnCl2·4H2O) 
(Merck) and urea (CH4N2O) (PA, Merck) were chosen 
as the dopant sources. Methylene blue (MB) (Thermo 
Fisher Scientific India Pvt. Ltd.) was used as a test dye 
for a photodegradation experiment to determine the 
activity of composites. Absolute ethanol (PA, Merck) 
and demineralized water (Jaya Sentosa) were used as 
solvents. 

Instrumentation 

Fourier transform infrared spectrophotometer 
(FTIR) Thermo Nicolet iS10 was used to identify the 
vibrational spectra of functional groups in the materials. 
The crystalline structure of the materials was analyzed 
using an X-ray powder diffractometer (XRD) Analytical 
X’Pert PRO MRD with Cu Kα radiation (λ = 1.54 Å, 
40 kV, 30 mA). The morphology of the materials was 
observed by using a scanning electron microscope 
equipped with an energy-dispersive X-ray spectrometer 
(SEM-EDX) JSM-6510LA. The band gap of materials 
was determined from the absorption spectra using 
specular reflectance UV-Vis spectrometer (SR-UV) 
Shimadzu UV-1700 Pharmaspec. The concentration of 
MB was measured using a spectrophotometer UV-Vis 
Thermo Scientific Genesys 50. 

Procedure 

Synthesis and characterization of Mn,N-codoped 
ZrTiO4 

Mn,N-codoped ZrTiO4 was synthesized by the sol-
gel method at room temperature. TTIP as Ti precursor 
(2.5 mL) was dissolved in 25 mL of absolute ethanol and 
stirred for 10 min. Various amounts of MnCl2·4H2O (2, 
4, 6, 8, and 10% (wMn/wTi)), 1 g of ZrO2, and 86.6 mg of 
urea (10% (wN/wTi)) were mixed in 25 mL of 
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demineralized water. The aqueous suspension was added 
to the TTIP solution dropwise under mild stirring. Then, 
the mixture was stirred for 30 min and then separated by 
centrifugation at 2000 rpm for 1 h. The solid was aged in 
the air for 48 h before being heated at 80 °C for 24 h. 
Composites with various Mn contents were calcined at 
500 °C for 4 h under atmospheric conditions. Additionally, 
a composite with 6% of Mn content was calcined at 700 
and 900 °C to observe the effect of calcination 
temperature. The composites are labeled as xMn-N-ZT-y, 
where x is the percentage of Mn content and y is the 
calcination temperature (°C). All composites were 
characterized using XRD, FTIR, SRUV, and SEM-EDX. 

Photodegradation of methylene blue 
About 15 mg of Mn,N-codoped ZrTiO4 were added 

into 30 mL of 4 mg L−1 aqueous MB solution. The mixture 
was stirred under visible light irradiation for 120 min. 
Photodegradation of MB in visible light irradiation has 
been investigated using a LIFE MAX 30W/765 PHILIPS 
TLD Lamp. After the photodegradation process, the 
photocatalyst was separated by centrifugation. For 
comparison, the same procedure was also done for TiO2 
and ZrO2. The concentration of MB after 
photodegradation was determined by a UV-Visible 
spectrophotometer at the optimum wavelength of the MB 
solution (664 nm). Quantitative analysis of the 
photodegradation was calculated using the pseudo-first 
kinetic order model (Eq. (1) and (2)): 

obs
dC k C
dt

   (1) 

obs 0lnC k t lnC    (2) 
where kobs is the observed rate constant for the 
photodegradation, C is the concentration of MB after 
degradation, C0 is the initial concentration of MB, and t 
is the irradiation time [25]. The percentage of MB 
degradation was calculated following this calculation 
(Eq. (3)): 

i f

i

C C
%MBdegradation 100%

C


   (3) 

where Ci and Cf are the initial and the final concentration 
of MB (mg L−1), respectively [26]. 

■ RESULTS AND DISCUSSION 

The morphology of the composites was 
characterized by SEM-EDX. SEM images of ZrO2, TiO2, 
and 6Mn-N-ZT-500 composite are shown in Fig. 1. The 
surface of 6Mn-N-ZT-500 appears to be rougher and 
coarser than pure TiO2 and ZrO2, which indicates the 
deposition of TiO2 on the ZrO2 surface. Agglomeration 
is also formed in 6Mn-N-ZT-500 due to dopant 
incorporation. For higher dopant concentrations, 
agglomeration of dopant ions takes place at isolated 
locations, and thus surface starts charging [27]. There is 
no formation of any nanostructure-like nanorods or 
nanowires. It was also reported that the incorporation of 
dopants with different concentrations plays an 
important role in surface morphology [28]. 

 
Fig 1. SEM images of (a) TiO2 500 °C, (b) ZrO2 500 °C and (c) 6Mn-N-ZT-500 
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The elemental mass percentage on the localized 
surface of the taken SEM images is summarized in Table 
1. Manganese (Mn) was detected on the surface of the 
6Mn-N-ZT-500, confirming the successful Mn doping. 
On the other hand, nitrogen (N) was not detected. It is 
possible that the amount of N was too low, so the amount 
of energy given off by X-rays after hitting the surface will 
be insufficient to adequately measure its proportion. Also, 
some elements are not easily detected (i.e., nitrogen, 
boron, and beryllium), and others (i.e., hydrogen, helium, 
and lithium) are not detectable at all, leading at times to 
materials misidentification due to low atomic number 
[29-30]. 

The diffraction pattern of Mn,N-codoped ZrTiO4 
with various Mn contents is shown in Fig. 2. Diffraction 
patterns of all Mn-N-ZT-500 display anatase and 
tetragonal structure but no rutile structure. Reflexes 

observed at 2θ = 25° (101) and 48° (200) correspond to 
the anatase TiO2 pattern according to ICDD: 00-001-
0562, while reflexes observed at 2θ = 30° (101) and 51° 
(112) correspond to tetragonal ZrO2 pattern according 
to ICDD: 01-079-1763. The absence of rutile is possibly 
caused by the presence of ZrO2, which can prevent the 
transformation of anatase to rutile in the TiO2 structure. 
No shift of pattern is observed as the Mn content 
increases. 

Reflexes of anatase (101) and tetragonal (101) were 
chosen as a comparison for average crystallite size (D). 
The crystallite size was calculated using Scherrer’s 
equation [31]. Table 2 summarizes the calculated 
crystallite size of various Mn-N-ZT-500. No significant 
change is observed in both the crystallite size of anatase 
and tetragonal as the amount of Mn dopant increases. 
Mn doping causes no alteration to the crystal structure of 

Table 1. Elemental surface composition of TiO2 500 °C, ZrO2 500 °C, and 6Mn-N-ZT-500 

Material 
% Mass 

Zr Ti O Mn N Total  
TiO2 500 °C - 50.60 49.40 - - 100 
ZrO2 500 °C 71.46 - 28.54 - - 100 
6Mn-N-ZT-500 31.35 29.58 38.35 0.72 - 100 
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Fig 2. Diffraction patterns of Mn,N-codoped ZrTiO4 with various Mn contents whereas A and T represent anatase and 
tetragonal crystal phases 
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Table 2. Crystal phase of various dopant Mn in composites 
Material Crystal phase  D (nm) 

2Mn-N-ZT-500 Anatase 
Tetragonal 

24 
26 

4Mn-N-ZT-500 Anatase 
Tetragonal 

22 
24 

6Mn-N-ZT-500 Anatase 
Tetragonal 

27 
23 

8Mn-N-ZT-500 Anatase 
Tetragonal 

24 
25 

10Mn-N-ZT-500 Anatase 
Tetragonal 

25 
24 

Mn,N-codoped ZrTiO4. The amount of Mn-doped into 
Mn-N-ZT was too low, therefore, no changes can be 
detected properly by the X-ray powder diffraction. 

Diffraction patterns of 6Mn-N-ZT calcined at 700 
and 900 °C are displayed in Fig. 3. Both 6Mn-N-ZT-700 
and 6Mn-N-ZT-900 exhibit rutile patterns in TiO2 
structure. A reflex at 2θ = 27° (110) corresponds to rutile 
TiO2 according to ICDD: 03-065-1118. The intensity of 
the anatase reflex is lower than rutile in 6Mn-N-ZT-700, 
while the anatase reflex almost disappeared in 6Mn-N-
ZT-900. The increasing calcination temperature beyond 
500 °C causes the transformation of the crystalline phase 
from anatase to rutile [32]. 

Crystallite sizes of anatase TiO2, rutile TiO2 and 
tetragonal ZrO2 in both 6Mn-N-ZT-700 and 6Mn-N-ZT-
900 composites were calculated to observe any changes at 

different calcination temperatures. The (110) reflex of 
rutile was chosen to calculate the crystallite size. Table 3 
summarizes the crystallite size of 6Mn-N-ZT-700 and 
6Mn-N-ZT-900. The increasing crystallite size of rutile 
as the increasing calcination temperature indicates that 
higher calcination temperature beyond 700 °C promotes 
anatase-to-rutile phase transformation, in which it is 
higher than pristine TiO2 (around 500 °C). The presence 
of ZrO2 in the composite inhibits the crystallization of 
TiO2. 

Fig. 4 shows FTIR spectra of Mn-N-ZT-500 
composite with various Mn contents; additionally, 6Mn-
N-ZT calcined at 700 and 900 °C. FTIR spectra of all 
composites show hydroxyl (–OH) stretching vibration 
around 3300–3700 cm−1 and bending vibration around 
1650 cm−1 [12]. The vibration at 1430 cm−1 indicates the 
presence of the O–N band that confirms the N atom in 
the TiO2 network [33]. The vibration at the O–N bond 
plays an important role in the photocatalytic activity due  

Table 3. Crystallite size of 6Mn-N-ZT calcined at 700 
and 900 °C 

Material Crystal phase  D (nm) 
6Mn-N-ZT-700 Anatase 

Rutile 
Tetragonal 

59 
46 
35 

6Mn-N-ZT-900 Rutile 
Tetragonal 

69 
38 
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Fig 3. Diffraction patterns of 6Mn-N-ZT calcined at 700 and 900 °C whereas A, R and T represent anatase, rutile, and 
tetragonal crystal phases, respectively 



Indones. J. Chem., 2023, 23 (3), 661 - 670    

 

Akhmad Syoufian and Rian Kurniawan 
 

666 

4000 3200 2400 1600 800

T
ra

n
s

m
it

ta
n

c
e

 (
a

.u
.)

Wavenumber (cm
-1

)

(a)

(b)

(c)

(d)

(e)

(f)

(g)

 
Fig 4. FTIR spectra of (a) 2Mn-, (b) 4Mn-, (c) 6Mn-, (f) 
8Mn-, and (g) 10Mn-N-ZT-500, along with 6Mn-N-ZT 
(d) -700 and (e) -900 

to the higher amount of surface-adsorbed water and 
hydroxyl groups [20]. An absorption spectrum at 
1441 cm−1 region indicates the presence of Mn dopant in 
the composites [34]. At the low wavenumber region, the 
absorption belonged to the vibration of Ti–O–Ti, Mn–
O–Ti, and Mn–O are found around 400–700 cm−1 [35]. 
Sharp peaks observed around 500 cm−1 correspond to 
the stretching vibration of Zr–O of the ZrO2 phase [36]. 
Absorption spectra of Mn–O did not show any significant 
changes with the increasing Mn dopant content. The 
absorption intensity of the hydroxyl group decreases 
significantly as the calcination temperature increases 
beyond 500 °C. This is mainly due to the removal of water 
molecules from the sample and particle growth [36]. 

Fig. 5 presents the UV-Vis absorption spectral 
profiles of Mn-N-ZT composite with various Mn dopant 
contents and calcination temperatures, alongside TiO2 
500 °C and ZrO2 500 °C as references. The calculated 
band gaps of Mn-N-ZT composites are summarized in 
Table 4. As shown in Fig. 5, the absorption edge of Mn-
N-ZT-500 shifts to a longer wavelength as Mn dopant 
content increases from 2 up to 6%, but it shifts back to a 
shorter wavelength beyond 6 up to 10%. The pattern is 
similar to the band gap trends in Table 4. 
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Fig 5. UV-Vis absorption spectra of various Mn-N-ZT with TiO2 500 °C and ZrO2 500 °C 
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Table 4. The calculated band gap of various Mn-N-ZT 
Materials Band gap (eV) 

TiO2 500 °C 3.20 
ZrO2 500 °C 4.91 
2Mn-N-ZT-500 2.74 
4Mn-N-ZT-500 2.67 
6Mn-N-ZT-500 2.64 
8Mn-N-ZT-500 2.71 
10Mn-N-ZT-500 2.73 
6Mn-N-ZT-700 2.51 
6Mn-N-ZT-900 2.68 

The addition of Mn dopants reduces the band gap to 
2.64 eV until it reaches the optimum Mn content (6%). 
An excessive amount of metal dopants on the surface of 
TiO2 can cause semiconductor-semiconductor 
heterojunction between the metal oxide and TiO2 [37]. 
The band gap of 6Mn-N-ZT-700 (2.51 eV) is lower than 
6Mn-N-ZT-500 (2.64 eV), while the band gap of 6Mn-N-
ZT-900 is slightly higher (2.68 eV). High calcination 
temperature promotes the phase transformation of 
anatase to rutile in TiO2. Rutile is the polymorph with the 
narrowest bandgap but mostly expresses up to an order of 
magnitude lower photocatalytic activity than anatase [38]. 
The band gap of 6Mn-N-ZT-900 is higher than 6Mn-N-

ZT-700 due to the sintering of Mn at high calcination 
temperature, thus canceling the doping effect of Mn. All 
Mn-N-ZT composites possess a band gap in the range of 
visible light spectrum (less than 3.10 eV). 

Fig. 6 shows the MB photodegradation percentage 
for various Mn-N-ZT at various times under visible light 
irradiation. All Mn-N-ZT composites display superior 
MB photodegradation percentage at 120 min compared 
to TiO2 500 °C (9%) and ZrO2 500 °C (5%). The 
percentage of MB degraded increases as the Mn dopant 
content increases to 6%, reaching up to 70% of MB 
4 mg L−1 solution after 120 min irradiation. MB 
photodegradation percentage falls down as the amount 
of Mn dopant rises beyond 6%. The decline of MB 
photodegradation percentage also occurs in 6Mn-N-ZT-
700 compared to 6Mn-N-ZT-500 and -900. Detailed 
photocatalytic activity of the composites represented as 
observed rate constant (kobs) is shown in Fig. 7. 

Based on kobs data of all Mn-N-ZT-500 in Fig. 7, the 
photocatalytic activity increases up to 7.7 μg L−1 min−1 as 
the Mn dopant content increases up to 6%, then it 
declines to 5.4 μg L−1 min−1 as the Mn dopant content 
increases beyond 6%. It appears that the composite may 
agglomerate at higher dopant  concentrations; therefore,  
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Fig 6. Percentage of photodegraded MB over time for various Mn-N-ZT 
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Fig 7. Summary of observed rate constant (kobs) for 
various Mn-N-ZT 

its surface is not fully exposed during photocatalysis [39]. 
The trend is similar to the band gap of Mn-N-ZT-500 with 
the increasing Mn contents. It indicates that the band gap 
constitutes the photodegradation properties of Mn-N-
ZT-500. It is well known that the photocatalytic 
performance of a photocatalyst greatly depends on its 
electronic band structure because the band gap narrowing 
simultaneously weakens the redox power, either lowering 
the level of the conduction band or lifting the level of the 
valance band or both, which is detrimental to the 
photocatalytic capability [40]. On the contrary, 6Mn-N-
ZT-700, with the lowest band gap, displays the lowest 
photocatalytic activity among other composites. The low 
band gap of 6Mn-N-ZT-700 and -900 is due to the 
presence of a rutile phase in the structure. The rutile phase 
is also known to demote the photocatalytic activity of 
TiO2. The photocatalytic activity of all Mn-N-ZT 
composites under visible-light irradiation is significantly 
greater than TiO2 500 °C and ZrO2 500 °C. This 
phenomenon indicates that the coupling of ZrO2-TiO2 
and codoping of Mn and N effectively improve 
photocatalytic performance. 

■ CONCLUSION 

Mn,N-codoped ZrTiO4 composites with visible light 
photocatalytic properties have been prepared by the sol-
gel method. The presence of Mn on the surface of the  
 

composite was confirmed by EDX analysis. Codoping 
with nitrogen and manganese shifts the band gap of the 
ZrTiO4 composite down to 2.51 eV (6% Mn, 10% N, and 
calcination at 500 °C). The Mn,N-codoped ZrTiO4 with 
6% Mn and 10% N calcined 500 °C was able to degrade 
MB 4 mg L−1 solution up to 70% after 120 min 
irradiation under visible-light illumination, with 
observed rate constant (kobs) of 7.7 g L−1 min−1. The 
Mn,N-codoped ZrTiO4 is a potential photocatalyst for 
the photodegradation of methylene blue in an aqueous 
solution. 
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 Abstract: Hantap (Sterculia coccinea Jack) has been used traditionally for various 
health issues, including cancer treatment. The therapeutic effects of natural ingredients 
are often attributed to their chemical constituents. This study aimed to analyze the 
phytochemical contents and cytotoxic activities of S. coccinea leaves on HeLa and MCF-
7 cancer cell lines. The quantitative phytochemical analysis was carried out following 
standard laboratory procedures. Phytochemical compounds were identified using LC-
MS/MS QTOF. The MTT assay PrestoBlue™ Cell Viability Reagent test method was used 
to test cytotoxic activity in the cell culture. Extraction was carried out by the maceration 
method using 96% ethanol as solvent. The quantitative analysis revealed that tannins 
were the major phytochemical constituent in the highest percentage of 72.16%, followed 
by alkaloids, flavonoids, and steroids, with values of 30.80, 28.66, and 2.85%, respectively. 
Saponins were present in the lowest percentage of 1.15%. The ethanolic extract exhibited 
moderate cytotoxicity on HeLa and MCF-7 cells with IC50 values of 591.00 and 578.10 
μg/mL, respectively. Identification using LC-MS/MS showed the suspected compounds 
5,7-dihydroxy-3-(4'-hydroxybenzyl)chromone as homoisoflavanones and kaempferide-3-
O-α-L-rhamnosyl-7-O-α-L-rhamnoside from flavonol triglycosides. These results may 
contribute to the study on the use of leaves extract of S. coccinea for developing a 
chemoprevention agent. 

Keywords: cytotoxicity; hantap leaves; HeLa; MTT assay; MCF-7 

 
■ INTRODUCTION 

Cancer is one of the most prominent and still 
incurable diseases worldwide, including in Indonesia. A 
report has shown that approximately 10 million people 
die from cancer each year, with 70% occurring in 
developing or Low-Middle-Income Countries (LMICs), 
such as Indonesia [1-2]. The International Agency for 
Research on Cancer (IARC) predicts that by 2040, there 
will be around 29.5 million new cases and 16.3 million 
deaths from cancer in the world [3]. According to Basic 
Health Research, the prevalence of tumors/cancer in 
Indonesia increased from 1.4 per 1000 in 2013 to 1.79 per 
1000 population in 2018 [4]. Based on GLOBOCAN 2020 
data, the highest cancer cases in the country are breast and 

cervical cancers [5]. Several efforts have been made to 
cancer treatment, including surgery, radiation, 
monoclonal antibodies, and chemotherapy [6]. 
However, these treatments also have side effects such as 
cardiotoxicity, renal toxicity, and myelotoxicity [7-9]. 
Various problems in cancer therapy trigger the 
development of new drugs from natural compounds due 
to their advantages in therapeutic management, 
including relatively minor side effects. The existence of 
these side effects causes serious problems, leading people 
to the selection of other alternatives to treat cancer with 
herbal medicines. Therefore, there is a significant 
scientific and commercial interest in discovering new 
natural anticancer agents [10-11]. 
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Medicinal plants or herbs can be used as 
complementary medicine alternatives. This approach 
combines conventional or medical services with traditional 
and only alternative treatment. Herbal medicine has been 
used as an alternative or complementary medicine for 
breast, cervical, and cervical cancers around the world 
[10,12]. In Indonesia, reports have shown that 61.8% of 
cancer patients with cervical cancer use herbal medicine 
in addition to conventional treatment [13]. Various 
studies have been conducted to discover new compounds 
that can serve as chemopreventive agents. 
Chemoprevention involves the use of synthetic or natural 
chemical compounds to prevent carcinogenesis, inhibit 
the development of cancer cells, reduce pain, and improve 
healing [14]. Therefore, chemotherapeutic agents are 
potential to be used as anticancer compounds in 
chemoprevention. Many natural compounds in plants, 
such as vincristine, vinblastine, taxol, and camptothecin, 
exhibit anticancer activity [15]. 

One of the plants commonly used by the Donggala 
community as traditional medicine is hantap leaves 
(Sterculia coccinea Jack). Leaves are boiled and drunk to 
treat various cancers, such as breast, brain, blood 
(leukemia), uterine, cervical, and prostate cancers [16]. 
However, there is still limited information on its potential 
as an anticancer. In a previous study, coumarin 
compounds (stercularin) isolated from plants of the same 
genus, Sterculia diversifolia, showed a cytotoxic effect 
with an LD50 of 8.00 μg/mL and anticancer activity against 
PC-3 cell lines with IC50 3.92 ± 0.20 μg/mL [17]. Other 
studies have also demonstrated an anticancer effect on 
three human cancer cell lines, namely MCF-7, HepG2, 
and HeLa, of the stercufoetin compound isolated from the 
leaves of Sterculia foetida L [18]. Based on the 
chemotaxonomic approach, plants from the same genus 
or family may also have compounds with similar 
structures and biological activity [19]. Many natural 
compounds in plants are known to have cytotoxic activity 
against cancer cells [20-21]. The chemical content in S. 
coccinea leaves is suspected of contributing to the 
anticancer effect. Therefore, this study aims to investigate 
the cytotoxic activity of S. coccinea leaf extract against 
breast (MCF-7) and cervical (HeLa) cancer cells and to 

determine the secondary metabolite levels contained in 
these extracts contributing to their cytotoxic effects. The 
results are expected to become scientific information for 
the development of S. coccinea plants as anticancer-
standardized herbal medicinal ingredients. 

■ EXPERIMENTAL SECTION 

Materials 

Chemicals and reagents required for cell culture 
and molecular biology grade in this study were 
purchased from Thermo Fisher Scientific. These 
included PrestoBlue™ Cell Viability Reagent, Roswell 
Park Memorial Institute Medium (RPMI), Fetal Bovine 
Serum (FBS), Trypsin-EDTA, and Trypan Blue. The 
pro-analyst solvents used for phytochemical analysis, 
including ethanol, methanol, chloroform, acetonitrile, 
and formic acid were purchased from Sigma Aldrich. 
Subsequently, HeLa and MCF-7 cells were obtained 
from the Central Laboratory of Padjadjaran University, 
Bandung. All other reagents were purchased from 
Merck. 

Instrumentation 

The tools used included analytical balance 
(Shimadzu), plate 96 wells (Thermo MicroWell), water 
bath, Erlenmeyer (Pyrex), oven (Memmert), beaker 
(Pyrex), blender (Miyako), rotary evaporator (Heidolph), 
micropipette (Thermo Fisher Scientific), biosafety 
cabinet, CO2 incubator (Thermo Fisher Scientific), 
microscope (Olympus CX33), and Multimode reader 
(Thermo Fisher Scientific). LCMS/MS data were 
acquired using an Acquity UPLC I-Class/Xevo G2-XS, 
QT, USA) and column ACQUITY UPLC BEH C8 1.7 μm 
2.1 × 50 mm. 

Procedure 

Sample preparation and extract 
The used plant parts were leaves collected in Palu, 

Central Sulawesi, and identified at the Plant 
Biosystematics Laboratory, Department of Biology, 
Faculty of Mathematics and Natural Sciences, Tadulako 
University with No. 340/UN 28.1.28/BIO/2021. The leaf 
powder of S. coccinea plants, weighing 2.8 kg, was 
extracted using the maceration method using 96% 
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ethanol solvent with ± 28 L. Extract process was carried 
out for 1 × 24 h and occasionally stirred and filtered. The 
maceration in the form of the liquid extract was collected, 
and the dregs were maceration for 5 × 24 h with the same 
solvent. All the macerate was collected and evaporated 
with a vacuum vaporizer until a thick extract was obtained 
and weighed, followed by the calculation of the percent 
yield. 

Phytochemical analysis 
A quantitative phytochemical test of the ethanol 

extract of S. coccinea leaves was performed according to 
standard laboratory methods of the Integrated Research 
and Testing Laboratory Universitas Gadjah Mada 
(saponins and steroids) and the Pakuan University 
Service Laboratory (alkaloids, flavonoids, and tannins). 
The test procedures were conducted as follows: 
Determination of total alkaloids. The 50 mg sample 
was dissolved with aqua distillate, and 2 mL of the 
solution was pipetted. This was followed by the addition 
of 2 mL of phosphate buffer solution pH 4.7 and 2 mL of 
bromocresol green (BCG), as well as 3 mL of chloroform 
for the extraction process, three times each. The 
chloroform layer formed was taken and put into a 10 mL 
test tube, and 10 mL of chloroform was added. The 
solution was tested with a spectrophotometer with a 
wavelength of 430 nm, with Atropine as the standard. 
Subsequently, concentration series of 50, 100, 150, 200, 
and 250 ppm were made. The standard solution was made 
by pipetting 2 mL of a certain concentration and adding 
2 mL phosphate buffer pH 4.7, with 2 mL BCG solution, 
and extracting with 3 mL chloroform three times. The 
chloroform layer formed was put into a 10 mL test tube, 
and chloroform to 10 mL was added. The resulting 
solution was tested using a spectrophotometer with a 
wavelength of 430 nm [22]. 
Determination of total flavonoids. A total of 10 mg of 
the sample was dissolved in 10 mL aqua distillate. 
Approximately 0.5 mL of test solution was pipetted and 
mixed with 1.5 mL of 96% ethanol, 0.1 mL of 10% 
aluminum chloride, and 0.1 mL of sodium acetate in a 
total volume of 2.8 mL. The mixture was homogenized 
and incubated for 30 min at room temperature, followed 
by testing with a spectrophotometer at a wavelength of 

430 nm. A total of 10 mg of quercetin was dissolved in 
methanol in a 10 mL volumetric flask to obtain a 
concentration of 1,000 ppm. Subsequently, 100, 200, 
300, 400, and 500 μL of the solution was pipetted into a 
5 mL scale test tube with methanol to obtain a 
concentration of 20, 40, 60, 80, and 100 ppm. The 
standard solution was made by mixing 0.5 mL of the 
solution with 1.5 mL of 96% ethanol, 0.1 mL of 10% 
aluminum chloride, 0.1 mL of sodium acetate, and 
2.8 mL of distilled water. The mixture was homogenized 
and incubated for 30 min at room temperature, followed 
by testing using a spectrophotometer at a wavelength of 
430 nm [23]. 
Determination of total tannins. A total of 10 mg of 
the sample was dissolved with the aqua distillate in a 
10 mL volumetric flask. Approximately 1 mL of test 
solution was pipetted and added with 0.5 mL Folin 
Ciocalteu, 1 mL Na2CO3 20%, and distilled water up to 
10 mL. The mixture was homogenized and incubated for 
30 min at room temperature, followed by testing using a 
spectrophotometer at a wavelength of 430 nm. 
Subsequently, 50 mg of tannic acid was dissolved with 
the aqua distillate in a 50 mL volumetric flask to obtain 
a concentration of 1,000 ppm. A total of 100, 200, 300, 
400, and 500 μL of the solution was pipetted into a 5 mL 
scale test tube and equilibrated with aqua distillate to 
obtain the concentrations of 20, 40, 60, 80, and 100 ppm. 
To prepare the standard solution, 1 mL of the diluted 
solution was pipetted and mixed with 0.5 mL Folin 
Ciocalteu, 1 mL of 20% Na2CO3, and 10 mL of aqua 
distillate 10 mL. The mixture was homogenized and 
incubated for 30 min at room temperature, followed by 
testing using a spectrophotometer at a wavelength of 
740 nm [24]. 
Determination of total saponins. Approximately 
50 mg of the sample was weighed and 2 mL of 25% 
H2SO4 was added. The mixture was autoclaved for 
120 min at 110 °C, followed by extraction with ether. 
Subsequently, the filtrate was dried, and 1 mL of water 
was added. The solution was extracted by vortex for 
5 min, and 50 μL of anisaldehyde was added, shaken, and 
allowed to stand for 10 min. A total of 2 mL of 50% 
sulfuric acid was added and heated in a water bath at 
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60 °C for 10 min. The volume was adjusted to 10 mL by 
adding water with a measuring flask and diluted 5 times. 
The absorption was read at a wavelength of 435 nm. For 
the preparation of the standard saponin curve from 
Quillaja bark, the standard of saponins was weighed at 
10 mg and added to 5 mL of water. The solution was 
extracted by vortex for 5 min, added with 50 μL of 
anisaldehyde, shaken, and allowed to stand for 10 min 
before adding 2 mL of 50% sulfuric acid. The solution was 
heated in a water bath at 60 °C for 10 min, and a water 
volume of 10 mL was added using a measuring flask. The 
standard curve was prepared by diluting the solution to 
200, 100, 50, 25, 12.5, and 6.25 μL. Finally, the absorption 
was read at a wavelength of 435 nm [25]. 
Determination of total steroids. A total of 50 mg of 
the sample was weighed and placed in a microtube. 
Subsequently, 1 mL of ethanol was added, and the 
mixture was vortexed for 30 s and sonicated for 60 min. 
The sample was macerated for 24 h at room temperature 
and centrifuged. This was followed by the application of 1 
and 2 μL of the supernatant on a silica gel 60 F254 plate, 
including a beta-sitosterol comparator. The plate was 
entered into the saturated chamber with the mobile phase 
toluene: ethyl acetate (80:20) and expanded to limit, 
removed, and dried. Spraying was carried out using 
Lieberman Burchard reagent, and the mixture was heated 
at 110 °C for 2 min. The sample spotting was 1 and 2 μL, 
with a propagation distance of 8 cm. The Rf beta-
sitosterol was found to be 0.55, and a 1,000 g/mL (60% 
purity) solution was used as the standard [22]. Different 
concentrations of standard beta-sitosterol (0.12, 0.24, 
0.48, 0.72, and 0.96 μg/mL) solution were prepared 
identically as that of the sample to construct a standard 
curve. The interpretation of the TLC plate with a 
densitometer was carried out by scanning the maximum 
wavelength and measuring the area under the curve 
(AUC). The steroid content in the sample extract was 
calculated by linear regression between AUC and the 
content of the standard beta-sitosterol curve [26]. 

Identification of phytochemical compounds ethanoicl 
extract by LC-MS/MS 

A sample of 1 μL was injected into the column using 
a gradient elution method with water-formic acid 0.1% 

(v/v) as solvent A, acetonitrile-formic acid 0.1% (v/v) as 
solvent B, and a flowing rate of 0.3 mL/min with a 
17 min gradient elution. All parameters, namely 
column, mobile phase, and MS detection, were 
optimized to obtain the best separation conditions with 
a suitable run time. The optimal conditions of analysis 
were as follows: column temperature 40 °C, sample 
temperature 20 °C, acquisition start time, 0.00–
17.00 min start mass, full scan 100.00–1,200.00 m/z, scan 
time 0.100 s; acquisition mode, ESI (+). The fragmentor 
capillary was set at 2 kV, cone 30 V, source temperature 
120 °C, desolvation temperature 500 °C, cone gas flow 
50 L/h, and desolvation gas flow 1000 L/h. The UNIFI 
software was used to process the LC-MS/MS data files. 

Cytotoxic activity assay 
Cytotoxic preparation and testing followed the 

Central Laboratory, Padjajaran University test protocol. 
The cytotoxic activity of S. coccinea leaves extract was 
evaluated against HeLa and MCF-7 cells using Presto 
Blue Cell Viability reagent. Cisplatin was used as the 
standard drug [27] and extracts were dissolved with 2% 
DMSO in PBS and serially diluted to obtain different 
concentrations of 7.81, 15.6, 31.25, 62.5, 125, 250, 500, 
and 1,000 μg/mL. In 96 well plates, 10 μL of suspension 
cells with a density of 170,000 cells/mL were added and 
incubated at 37 °C in a 5% (v/v) CO2 incubator for 24 h. 
The cells were treated with 100 μL various concentrations 
of extract as well as positive control and incubated for 
48 h. After incubation, the culture medium was removed, 
and the cells were washed with PBS. The medium was 
immediately replaced by 10 μL Presto Blue reagent in a 
90 μL RPMI medium and was incubated for 1–2 h until 
a color change was observed. Subsequently, the 
absorbance was measured at a wavelength of 570 nm. 
The experiment was performed in triplicate using a 
19 μM concentration of cisplatin for the test. The results 
of the cytotoxic test on HeLa and MCF-7 cancer cells 
showed that the absorption data was searched for a 
linear regression relationship between the concentration 
log and the percent of living cells leading to the equation 
y = bx + a. The IC50 was calculated by substituting the 
value 50 for Y to obtain the value of x, and the value of 
IC50 was taken as the antilog of x. 
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Data analysis 
The quantitative phytochemical results were 

presented in a descriptive method, while the cytotoxicity 
examination was analyzed and graphed using Graph Pad. 

■ RESULTS AND DISCUSSION 

Medicinal plants were found useful in managing 
several diseases, including cancer [28]. S. coccinea leaves 
were one of the medicinal plants used empirically by a 
tribe in Donggala, Central Sulawesi, for the treatment of 
breast and cervical cancers [29]. In this study, ethanolic 
extract from the maceration process resulted in a yield of 
15.7%, which was an important value in extract 
manufacture. The yield value showed the effectiveness of 
the extract process, which was influenced by the sample 
particle size, extract method, extract time, and the type of 
solvent used [30]. 

Phytochemical Analysis 

A quantitative phytochemical analysis was carried 
out on the ethanolic extract of S. coccinea leaves using the 
standard methods for alkaloids, flavonoids, saponins, 
tannins, and steroids. The results of the phytochemical 
analysis obtained from ethanolic extract were presented 
in Table 1. Phytochemicals are important for human 
health and can potentially treat various diseases. According 
to Effendi [16], the results of the chemical identification of 
S. coccinea leaves powder showed the presence of tannins, 
steroids, and alkaloids. Several active compounds, such as 
flavonoids, alkaloids, saponins, tannins, and steroids, 
were shown to possess anticancer effects [31]. Therefore, 
a quantitative analysis of the phytochemical of the extract 
was conducted to determine the levels of secondary 
metabolites contributing to the anticancer effect. 

Table 1. Total alkaloids, flavonoids, saponins, tannins, 
and steroids on S. coccinea leaves extract 

No Type of analysis Result (%) 
1 Alkaloids 30.80 
2 Flavonoids 28.66 
3 Saponins 1.15 
4 Tannins 72.16 
5 Steroids 2.85 

The ethanol extract was found to contain total 
alkaloids, which were quantified using the linear 
regression equation y = 0.0012x + 0.1982 (R2 = 0.9990) 
of the atropine standard curve. Total flavonoids were 
quantified using linear regression equation 
y = 0.0074x + 0.0055 (R2 = 0.9992) of the standard 
quercetin curve. Moreover, total tannins and saponins 
were determined, respectively, by applying the linear 
regression equation y = 0.0086x + 0.0132 (R² = 0.9993) 
of the tannic acid standard curve and y = 9.4416×10-4x 
- 0.0038 (R2 = 0.9996) of the Quillaja bark. 

The results of the quantitative analysis in Table 1 
showed that tannins had the highest levels, followed by 
alkaloids and flavonoids. Steroids and saponins were 
present in small amounts. The determination of the 
levels of secondary metabolites in the leaf extract showed 
that the most numerous groups of phenolic compounds 
were tannins and flavonoids, with values of 72.16 and 
28.66% w/w. Previous studies showed that phenolics and 
flavonoids were the most important secondary 
metabolites in the genus Sterculia [32]. 

Identification of Phytochemical Compounds in 
Ethanol Extract of Hantap Leaves by LC-MS/MS 

Analysis of the secondary metabolite profile of S. 
coccinea leaves extract was performed using LC-MS/MS. 
The results showed that the extract contained at least five 
compounds in Table 2, but only two compounds 
belonging to the flavonoid group. The LC-MS/MS 
spectrum is shown in Fig. 1. This study supported the 
results of quantitative phytochemical analysis of the 
leaves extract that phenolic compounds, including 
flavonoids, were present in large enough quantities. This 
was also confirmed by the study by El-Sherei et al. [33] 
on the genus Sterculia, indicating the presence of various 
flavonoid compounds, mostly as flavones and flavonol 
glycosides. 

Cytotoxic Activity Assay 

Previous studies showed that S. coccinea leaves 
ethanolic extract had a very strong antioxidant activity, 
with an IC50 of 6.48 μg/mL and moderate cytotoxic 
activity (LC50 591.56 μg/mL), as demonstrated by the  
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Fig 1. Mass spectrum of S. coccinea leaves extract 
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Table 2. LC-MS/MS profile of S. coccinea leaves extract 

Component name Formula 
Observed 

m/z 
Observed RT 

(min) 
Mass error 

(mDA) 
Class 

5,7-Dihydroxy-3-(4'-
hydroxybenzyl)chromone 

C16H12O5 285.0764 [M+H] 5.73 0.60 homoisoflavanones 

Kaempferide-3-O-α-L-rhamnosyl-7-
O-α-L-rhamnoside 

C28H32O14 593.1878 [M+Na] 4.18 1.30 flavonol triglycosides 

Candidate mass C36H38N4O6 C36H38N4O6 623.2855 [M+H] 10.74 -0.90 nd 
Candidate mass C37H40N4O7 C37H40N4O7 653.2968 [M+H] 11.20 -0.10 nd 
Candidate mass C36H38N4O5 C36H38N4O5 607.2904 [M+H] 11.00 -1.10 nd 

Note: nd = not determined 
 
Brine Shrimp Lethality Test (BSLT) method [29]. The 
cytotoxic potential was further examined using the MTT 
assay method with ELISA at a wavelength of 570 nm. 
Cytotoxic potential in cancer cells was calculated based on 
the percentage of living cells through the absorbance data 
of the cells. Subsequently, a correlation curve of the log 
concentration versus the percentage value of live cells was 
made, and the IC50 value was calculated. The examination 
was carried out on MCF-7 and HeLa cancer cells, and the 
magnitude of cytotoxic potential was described by the 
lower IC50 values. In this study, the IC50 value was used as 
a cytotoxicity parameter, indicating the cytotoxicity of a 
compound to cells. The natural material was considered 
very toxic when the IC50 value was 10–100 μg/mL, 
moderate 100–1,000 μg/mL, and non-toxic when the IC50 
value was > 1,000 μg/mL [34]. 
 

According to the results in Fig. 2, the leaves extract 
had IC50 < 1,000 μg/mL in MCF-7 and HeLa cancer cells, 
which was classified as moderate cytotoxicity. 

Based on the results, the IC50 criteria for S. coccinea 
leaves extract exhibited moderate cytotoxicity and had 
chemopreventive potential. This showed that S. coccinea 
leaf extract could not be used as an anticancer but to 
prevent the growth or further development of cancer 
cells. The moderate cytotoxic of S. coccinea leaves extract 
was found to inhibit the growth of cancer cells and 
increase the percentage of cell death at graded 
concentrations. This indicated the positive effect of S. 
coccinea leaves on inhibiting cancer cell growth. 

The results of the identification of LCMS/MS 
indicated the presence of a class of flavonoids, which 
mostly contributed to the chemopreventive activity. 
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Fig 2. Cytotoxicity against HeLa and MCF-7 cell proliferation (a) HeLa treated with S. coccinea leaves extract showing 
an IC50 value of 591.00 μg/mL (b). MCF-7 treated with S. coccinea leaves extract an IC50 value of 578.10 μg/mL 
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Flavonoids, especially 5,7-dihydroxy-3-(4'-hydroxybenzyl) 
chromone and kaempferide-3-O-α-L-rhamnosyl-7-O-α-
L-rhamnoside, have the potential as anticancer by in vivo 
testing and clinical trials up to phase II with various 
mechanisms of action, namely carcinogen inactivation, 
antiproliferative, stop the cell cycle, induce apoptosis, 
promotion of differentiation, inhibiting angiogenesis, 
antioxidant, and modulating multidrug resistance [35-
37]. The results of the phytochemical analysis test showed 
the presence of other classes of compounds in the leaf 
extract, such as tannins, alkaloids, saponins, and steroids 
which contributed to the chemopreventive effect. Tannin 
can inhibit cancer promotion, progression, proliferation, 
and angiogenesis, induction of cell cycle arrest and 
apoptosis, and inhibition of cancer cell migration, 
invasion, and colony formation [38]. Alkaloids were also 
found to possess potential chemopreventive properties 
due to induction cell cycle arrest, increased cell apoptosis, 
disruption of redox homeostasis, inhibition of 
angiogenesis, inhibition of PI-3K/Akt signaling pathways 
and modulation of ER stress, and autophagy [39-40]. 
Several studies have reported the role of saponins and 
steroids in cancer and the mechanism of actions, 
including apoptosis stimulation, mainly on its intrinsic 
pathway, cell-cycle arrest, antioxidant activity, and 
cellular invasion inhibition [41-42]. 

This study suggests that S. coccinea leaves extract has 
the potential as a natural source of chemopreventive. 
However, further study is needed to understand the 
underlying mechanisms of chemoprevention action and 
identify the compounds that are responsible for such 
activity. The limitation of this study is that LC-MS/MS 
analysis did not detect all the components of the chemical 
content contained in S. coccinea leaves extract. This shows 
the need for further investigation to determine all the 
components of secondary metabolites and isolate 
bioactive compounds in the leaf extract. The evaluation of 
the cytotoxicity of this compound against normal cell 
lines will also be carried out to obtain the selectivity index. 

■ CONCLUSION 

This study showed that S. coccinea leaves extract 
contained important phytochemicals, such as tannins 

(72.16%), alkaloids (30.80%), flavonoids (28.66%), 
steroids (2.85%), and saponins (1.15%). The results of 
identification with LCMS/MS revealed that there were at 
least 5 compounds with 2 flavonoid compounds. S. 
coccinea leaves extract also exhibited moderate 
cytotoxicity on HeLa and MCF-7 cancer cells. However, 
further studies were recommended to investigate the 
active compound for potential anticancer activity and 
confirm the mechanism of action. 
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 Abstract: The genus Genista L. (Family: Fabaceae) is a plant having several traditional 
uses for treating common ailments such as diabetes, ulcer, and respiratory diseases. In 
this current study, the composition of essential oil and the biological activities of Genista 
sagittalis L. (Fabaceae) from Kocaeli: Yuvacık Dam Basin have been studied. A total of 
fourteen components were identified in the essential oil. The identified compounds 
belonged to straight-chain alkane, aromatic ether, and terpenoid derivatives. The 
antibacterial activity analyses demonstrated that G. sagittalis flower extract only had low 
activity against P. mirabilis and P. aeruginosa with MICs 1 to 2 mg/mL, as the peduncle 
extract showed strong anti-QS activity at 1.3 mg/mL. To the best of our knowledge, the 
current work is the first to report the antimicrobial and anti-quorum sensing activity of 
G. sagittalis growing in Turkey. Double-stranded DNA binding affinity investigations of 
the flower and peduncle ethanol extracts indicate that there are interactions with double-
stranded DNA and related binding constants (Kb) were found as 1.97 × 103 ± 0.37 and 
3.68 × 102 ± 0.44 for the flower and peduncle extract, respectively. 

Keywords: antibacterial; anti-quorum sensing; DNA binding; Fabaceae; Genista 
sagittalis; plant extracts 

 
■ INTRODUCTION 

The genus Genista L., being a genus of the Fabaceae 
family, contains about 100 species (such as G. anglica L., 
G. pilosa L., G. sagittalis L., G. tenera (Jacq. ex Murray) 
Kuntze, G. tinctoria L., etc.) and has been used generally 
as folk medicine in Mediterranean area in the treatment 
of diabetes, ulcer, respiratory diseases and also in 
rheumatic disorders [1]. Apart from these kinds of 
medicinal uses, the genus Genista L. is also known for its 
yellow pigment property [2]. Genista species are also 
characterized by their flavonoid and isoflavonoid content 
[3], acting as primary antioxidants or free radical 
scavengers [4-5]. One of its species, Genista sagittalis L. 
(Syn. Chamaespartium sagittale (L.) P.E. Gibbs, Genistella 
sagittalis (L.) Gams) is native to West, South of Europe, 
and Northwestern Turkey [6-9]. It is a naturalized species 

in the Czech Republic [10-11], Poland [12], and 
Lithuania [13]. The distribution of this species in Turkey 
has emerged with its population determined in the 
Yuvacık Dam Basin of Kocaeli province by Efe et al. [8]. 
Genista sagittalis usually grows in maquis habitats, in 
oak or conifer forests, shrub fields, dry grasslands, 
slopes, and mountain slopes at 1050–1600 m (rarely 
2360 m) in South and Central Europe, in open 
woodland, maquis scrub, and rocky slopes at 450–850 m 
in Kocaeli. It was recommended by the International 
Union for Conservation of Nature (IUCN) [14] as the 
Red data category EN due to road construction works 
and livestock grazing in Turkey [8]. 

Genista sagittalis plant, which can be grown to a 
height of 10–50 cm from the soil surface, has leaf-like 
branches, semi-shrub, procumbent, rhizome or 
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caespitose. Young shoots with straight and silky hairs, 
later glabrous. Leaves are 0.5–2.2 × 0.5–1.0 cm, linear to 
elliptic, entire, pubescent beneath, and subglabrous 
above. It blooms in April–May. The number of flowers in 
the terminal inflorescence is variable between 4–25. Calyx 
hairy, 0.5–0.7 cm; Corolla yellow, glabrous, standard 1–
1.2 cm; wings 0.9–1 cm; keel 0.9–1.1 cm; and legume fruit, 
hairy, 1.5–2.0 × ca. 0.5 cm. The number of seeds in the 
legume fruit ranges between 1 and 5. Olive green or 
blackish. G. sagittalis differs from other Genista species in 
that its shoots are winged and thornless. Illustrations of 
the plant's habitus, stem-wing, flower, calyx, corolla parts, 
fruit, seed, and root are given in detail by Efe et al. [8]. 

According to the literature reviewed, the 
investigations related to G. sagittalis are limited. The 
investigations have been mainly done on the flavonoid 
and isoflavonoid contents of G. sagittalis blooming aerial 
parts performed by liquid chromatography [15-17] and it 
is an antioxidant property [5]. Callus cultures of G. 
sagittalis have been established with the objective of 
producing high amounts of isoflavones of phytoestrogen 
activity [18]. And some other investigations are related to 
their morphology [19-20]. 

Plant extracts have their own importance as they are 
considered as most urgent biomolecule sources that can 
be screened due to the fact that not only various active 
pharmaceutical compounds have been isolated and 
characterized but also used as bioactive compounds in 
drug initiatives [21-22], For this purpose, the extraction 
of such biomolecules by medicinal plants has been carried 
out using various solvents and different types of 
extraction methods. The plant extracts, which are widely 
known as therapeutic among the public, have attracted 
the attention of some researchers today, and they have 
been evaluated in a number of bio-analytical experiments 
in order to take the research to a further level. Today, 
many drugs targeting deoxyribonucleic acid (DNA) are 
both in use and in phase. There are many different types 
of these drugs that treat by different mechanisms. 
However, due to the serious side effects of these types of 
drugs, scientists continue their research to develop 
different types of drugs (with less toxic side effects). 

As it is known, DNA, playing an important role in 
the transmission of genetic information, is one of the 
clear targets for drug development research. The 
majority of structure-specific molecules, such as 
intercalators and groove binders currently available on 
the market and in the literature, bind to DNA by non-
covalent interaction. The first of these non-covalent 
types of attachment is intercalation, in which an 
insertion occurs between the base pairs of double-
stranded DNA (dsDNA) and the small molecule 
through strong intermolecular forces, causing the DNA 
bases to rupture irreversibly in hydrogen bonds. The 
second is the groove binding, where the small molecule 
binds to the small or large groove of dsDNA. The third 
is external binding on the dsDNA surface, primarily 
through hydrogen-bonding interactions with the 
phosphodiester backbone and small molecules. Our 
research group has so far examined the interaction of 
different chemical structures (for example, drug 
molecules, some newly synthesized ligands, bioactive 
metal complexes and structures isolated from plants) 
with fish sperm and/or calf thymus dsDNA by 
spectroscopic, voltammetric, viscosimetric, and 
theoretical ways [23-27]. 

In the present work, investigations are done on the 
essential oil part while alcoholic extracts of the flower and  

 
Fig 1. Genista sagittalis near Serinlik locality in Kocaeli-
Turkey 
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peduncle parts of G. sagittalis collected from Kocaeli 
province-Turkey (Fig. 1). We analyzed the essential oil 
chemical profilings by using gas chromatography coupled 
to mass spectrometry (GC-MS) and, we tried for the first 
time the interaction of the flower and peduncle extracts of 
G. sagittalis with dsDNA by using UV-Vis spectroscopy 
and cyclic voltammetry (CV) techniques. In both 
techniques, we obtained the binding constants (Kb) of 
these extracts to dsDNA with reproducible results. 
Furthermore, to the best of our knowledge, the current 
work is the first to report the antimicrobial and anti-
quorum sensing (anti-QS) activity of G. sagittalis extracts 
growing in Turkey. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were, sodium 
chloride (NaCl) (99.9% purity, Merck), synthetic double-
stranded DNA (99.9% purity, Merck, Germany), and 
tris(hydroxymethyl) aminomethane hydrochloride 
(C4H12ClNO3) (99.9% purity, Merck, Germany), used 
without further purification. Solvents used in this study, 
dichloromethane, ethyl alcohol, n-hexane, and methanol, 
were distilled before use. 

Two Gram-positive (Staphylococcus aureus 29213, 
Staphylococcus epidermidis 12228) and three Gram-
negative (Chromobacterium violaceum 12472, Proteus 
mirabilis 14153, Pseudomonas aeruginosa 27853) bacteria 
were used for antibacterial analysis. C. violaceum 12472 
was also used to determine anti-QS activity. Production 
of the purple violacein pigment in wild type strain of C. 
violaceum (CV12472) relies on an intact quorum-sensing 
mechanism [28]. For strains' growth Luria-Bertani (LB) 
broth (1% tryptone, 0.5% yeast extract, 0.5% NaCl) at 
28 °C, and 200 rpm was used. 

A stock solution of 230 μM dsDNA containing 
0.2 M Tris-HCl and 150 mM NaCl (pH 7.4), is stable for 
one week and should be stored at 4 °C. The ratio of 
absorbance at 260 and 280 nm is used to assess the purity 
of the related solution, which gives A260/A280 = 1.92 value. 
The molarity of dsDNA was calculated using 
ε = 6600 M−1 cm−1 [29]. In the UV-Vis spectroscopic 
studies, extracts 1 and 2  (same amounts for  both extracts  

 
Fig 2. UV absorption titration of dsDNA (30 ppm) with 
extract 1 (25–125 μL) in Tris-HCl buffer. (The arrow 
shows how absorbance decreased and not shifted (λmax = 
260 nm) as the concentration of extract 1 increased, and 
binding constants (Kb) were determined from the inset) 

 
Fig 3. UV absorption titration of dsDNA (30 ppm) with 
extract 2 (25–125 μL) in Tris-HCl buffer. (The arrow 
shows how absorbance decreased and not shifted (λmax = 
260 nm) as the concentration of extract 2 increased, and 
binding constants (Kb) were determined from the inset) 

in the range of 25–125 μL) were added separately (with 
different experiments) at increasing concentrations onto 
the 30 ppm dsDNA solution. The absorption spectra of 
dsDNA + extract 1 or 2 solutions were recorded (Fig. 2 
and 3). All experimental methods were repeated three 
times, and the binding constants based on the results are 
reported as relative standard deviation (RSD) values 
from the mean. In the voltammetric experiments, the 
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cyclic voltammograms of the prepared dsDNA + extract 
1 or 2 solutions were recorded in the direction of 
oxidation by adding extract 1 or 2 (in the range of 12.5–
75 μL) solution at increasing concentrations onto the 
10 ppm dsDNA solution. In voltammetric measurements, 
dsDNA diluted with the acetate buffer solution with a pH 
of 4.8 has been used as dsDNA stock solution. 

Instrumentation 

The instruments used in this study were UV-VIS 
spectrophotometer (A T80 + UV-Vis spectrophotometer) 
and GC-MS (Thermo Trace GC Ultra with an HP 
Innowax column (30 m–0.25 mm–0.25 μm) and Thermo 
Trace DSQ). The prepared solutions were recorded 
against the blank and Tris-HCl (pH: 7.4) buffer solution. 
The GC-MS studies were performed at TUBITAK 
Marmara Research Center. Column conditions were as 
follows: 60 °C (3 min isothermal), heated to 220 °C at a 
rate of 3 °C/min, and 5 min (isothermal) at 220 °C. Inlet 
temperature: 175 °C; injection mode: splitless; carrier 
flow: 1 mL/min; transfer line temperature: 200 °C; with a 
mass range of 40–450 m/z, ion source temperature: 
200 °C, incubation time: 30 min, and incubation 
temperature: 60 °C. 

The voltammetric recordings were performed using 
an Autolab potentiostat/galvanostat (PGSTAT 302 N, Eco 
Chemie, the Netherlands), a BAS 100 W 
(BioanalyticalSystem, USA) potentiometer, and a glassy 
carbon electrode (BAS; U: 3 mm diameter). The General 
Purpose Electrochemical System (GPES) and Nova 2.2 
software packages were used to control experimental 
conditions. An Ag/AgCl reference electrode (BAS; 3 M 
KCI in all experiments), a platinum wire counter 
electrode, and a 10 mL single-chamber standard cell with 
three electrodes were the triple electrode systems used. 

Procedure 

Fieldwork 
Flower and peduncle samples of G. sagittalis (Fig. 1) 

were collected from Kocaeli province in May 2018. The 
location information where the samples were collected is 
given below. 

Kocaeli: Yuvacık Dam Basin, between Camidüzü-
Örnekköy, near Serinlik locality, on the upper side of the 

road, on the side of the path, south, shrubland, 510 m, 
40˚39'02''N, 30˚00'16' 'E. 

In this study, the following taxa were accompanied 
at the location where the plant samples were collected: 
Quercus petraea (Mattuschka) Liebl. subsp. iberica 
(Steven ex M.Bieb.) Krassiln., Tilia tomentosa Moench, 
Arbutus unedo L., Rosa canina L., Cistus creticus L., Erica 
arborea L., and Genista tinctoria L. The study area was 
visited during the flowering period of Genista sagittalis. 
Individuals of this plant in the location detailed above 
were determined and identified in the area, and in order 
to be used in this study, inflorescence samples in the 
terminal part of the branches were collected in paper 
bags. 

Extraction procedure 
The collected inflorescence samples of the plant G. 

sagittalis were separated into two groups flowers and 
peduncles. Both groups were air dried in the shade 
indoors and ground into powder in 50 mesh size. The 
samples were extensively extracted with 300 mL of 
methanol in a Soxhlet apparatus. The yield percentages 
of the ethanol extracts were 10.78 and 7.38% as dry 
matter, respectively. The obtained extracts are then re-
extracted with a separatory funnel containing 300 mL of 
cyclohexane. The crude flower and peduncle extracts 
were concentrated in vacuo to dryness at 40 °C. 

For DNA binding experiments: the dry matter 
percentages of the flowers and peduncle of the ground 
samples were approximately 1.87 and 1.87%, 
respectively. Extractions of the flower and peduncle 
parts were performed with 20 mL of 70% ethanol, for 
30 min in a water bath, at 60 °C. The ethanol extracts 
were then cooled and centrifuged at 4,500 rpm for 
15 min to obtain an overhead liquid [5]. The yield 
percentages of ethanol extracts were 9.35 and 5.75% as 
dry matter, respectively. In this study, extracts 1 and 2 
are denoted as the flower and peduncle extracts, 
respectively. 

Isolation of essential oil 
The essential oil of air-dried powdered 300 g G. 

sagittalis was obtained by hydrodistillation using a 
Clevenger–type apparatus. 
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Minimal inhibition concentration (MIC) analysis 
A modified broth dilution assay in 96 well-

microplate, described in detail in a previous paper of our 
group [30], has been used in the antibacterial activity 
analysis. Briefly, the stock solutions were prepared at 
50 mg/mL in methanol from methanolic extracts of 
flower and peduncle parts of G. sagittalis. The extracts 
were added to each well in a total volume of 200 μL with 
final concentrations of 0.25–2 mg/mL from the stock 
solution for assay. The bacterial suspensions were 
adjusted to optic density 600 0.1. Ampicillin (200 μg/mL) 
and kanamycin (100 μg/mL) were used as standard 
antibiotics. Covered plates were mixed carefully and 
incubated at 28 °C, 200 rpm for 24 h. The absorbance of 
each well was measured at 600 nm using an Epoch 
microplate spectrophotometer (Biotek, USA). All tests 
were performed in triplicate. The MIC was defined as the 
lowest concentration that inhibits the growth of 
microorganisms. 

Anti-QS analysis 
Anti-QS activity was analyzed by a modified broth 

dilution assay [30] in 96 well-microplate previously 
described using sub-MIC concentrations (1.0–
1.9 mg/mL) with CV12472 biosensor strain. Kanamycin 
(100 μg/mL) was used as a standard antibiotic. Covered 
plates were mixed thoroughly and incubated at 28 °C, 
200 rpm for 24 h. The absorbance of each well was 
measured at 600 nm using an Epoch microplate 
spectrophotometer (Biotek, USA) to confirm the growth 
of bacterial cultures. QS activity was measured by 
quantitative analyses of violacein production [31]. A 
200 μL CV1472 culture sample from each well was 

transferred to a microcentrifuge tube and centrifuged at 
13,000 rpm for 10 min to precipitate insoluble violacein. 
Supernatants were discarded, and 200 μL DMSO was 
added to the pellets and vortexed vigorously until a 
uniform resuspension was achieved. Removing of cell 
lysates from these resuspensions was immediately done 
with centrifugation at 13,000 rpm for 10 min. After 
centrifugation, the absorbance of the supernatant, which 
is added to a 96-well microplate, was measured at 
585 nm with a microplate spectrophotometer. 

Statistical analysis 
For antibacterial and anti-QS analyses, values were 

calculated with Excel software (Microsoft Office). One-
way ANOVA and Tukey’s test were used for statistical 
analyses, and the results are expressed as the mean ± SD. 
Statistical significance levels were shown as *p < 0.05, 
**p < 0.01 and ***p < 0.001. 

■ RESULTS AND DISCUSSION 

Chemical Composition of the Essential Oil 

The GC-MS analysis of G. sagittalis oil detected 14 
components, accounting for 9.88% of the total oil which 
is listed in Table 1. The main identified compounds were 
straight-chain alkanes ethers (7.51%), aromatic ethers 
and esters (1.43%) and terpenoids (0.94%). The 
representative gas chromatogram of G. sagittalis 
essential oil is given in Fig. 4. 

Interaction with dsDNA 

It is known that the mechanisms of action of some 
antitumor and antimalarial drugs include interactions 
with  dsDNA.   Alkylating   agents  (e.g.,  bendamustine, 

 
Fig 4. Gas chromatogram of G. sagittalis essential oil part 
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Table 1. Composition of the essential oil of Genista sagittalis from Kocaeli (Turkey) 
Peak 

number 
Classification Component Retention 

time/min 
Area 

% 
SI/RSIa 

1 p-menthane monoterpenoid α-terpinenyl acetate 21.81 0.78 911/938 
2 straight-chain alkane octadecane 25.71 0.31 850/858 
3 straight-chain alkane nonadecane 29.22 0.86 879/904 
4 straight-chain alkane eicosane 32.59 1.45 889/897 
5 aromatic ether 1,2-dimethoxy-4-(1-propenyl)-(Isoeugenyl 

methyl ether)benzene 
33.06 0.45 798/824 

6 straight-chain alkane heneicosane 35.79 1.50 874/904 
7 sesquiterpenoid hexahydrofarnesyl acetone (6,10,14-

trimethyl-2-pentadecanone) 
36.41 0.16 785/887 

8 straight-chain alkane hexatriacontane 38.83 1.11 880/926 
9 aromatic ether 4-methoxy-6-(2-propenyl)- 1,3-

benzodioxole (Myristicin) 
40.50 0.67 902/933 

10 straight-chain alkane tricosane 41.77 1.06 872/941 
11 straight-chain alkane heptacosane 44.56 0.53 845/887 
12 straight-chain alkane nonacosane 47.29 0.50 810/838 
13 aromatic ester 2-cyclohexylethyl isobutylphtalate 48.30 0.31 690/837 
14 straight-chain alkane pentatriacontane 52.42 0.19 795/860 

aSI/RSI Search index/Reverse search index 
 
carmustine, chlorambucil, cyclophosphamide, 
chlormethine, dacarbazine, fotemustine, lomustine, 
melphalan, streptozocin, temozolomide), platinum 
compounds (e.g., carboplatin, cisplatin, nedaplatin, 
oxaliplatin), antitumor antibiotics (e.g., bleomycin, 
doxorubicin, mithramycin), and various other substances 
(e.g., chloroquine) have been reported. Based on the 
interaction of small molecular weight ligand molecules 
with DNA, several short-term methods have been 
developed that can be applied to the discovery of naturally 
occurring agents that function through this mechanism. 
Doxorubicin, which is among the drug molecules known 
to interact with DNA through intercalation, decreases the 
peak current of DNA in the study conducted with High-
Performance Liquid Chromatography (HPLC). 
Daunomycin and ethidium bromide, which are known to 
interact strongly with DNA, also showed similar 
properties [32-33]. In this context, the wide diversity in 
the binding mode between plant extracts and dsDNA has 
taken its place in the literature due to the following 
factors, with the idea of obtaining similar analytical 
signals [34]. These are [DNA]/[plant extract] 
concentration ratio and buffer medium. This study is based  

on [DNA] = [plant extract] at pH 7.4 media. 

DNA-Binding Study with UV Spectroscopy 

UV-Vis absorption titration was used to determine 
the binding constants (Kb) and interaction of extracts 1 
and 2 with dsDNA. In fact, the interaction of dsDNA 
with any molecule depends on the structure of that 
molecule. In studies conducted by some scientific 
groups, DNA interaction percentages with different 
plant extracts are given [21,35-37]. For example, the 
interaction of 52 methanolic and 51 dichloromethane 
crude plant extracts with herring sperm DNA has been 
made according to the HPLC method and was evaluated 
in terms of decreasing the peak absorbance values in 
HPLC by Correa et al. [35]. In the UV-Vis spectroscopic 
studies, the interaction of extracts 1 and 2 with dsDNA 
was investigated by examining the absorption spectra of 
the mixture solutions prepared at the appropriate 
concentration. Some solutions were prepared by adding 
increasing amounts of extract solutions (25–125 μL) to 
dsDNA solution at a certain concentration prepared 
from a stock solution. The UV-Vis spectra obtained 
from these data are given in Fig. 2 and 3. The data 
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obtained from the spectrum clearly revealed that the 
information about the extract 1 or 2 - DNA interaction 
type and the Kb, which indicates the binding strength of 
the extracts to dsDNA, were calculated based on the 
titration data. The Kb also known as the intrinsic binding 
constant for two extracts with dsDNA can be obtained by 
monitoring the changes in absorbance between 215–
375 nm and displayed as the slope of the graph, where 
[extract]/(a–f) plotted against the molarity of extract 
according to the following “Benesi-Hildebrand” equation 
(Eq. 1) [38]; 

     a f b f b a f

extract extract 1
K

       
         

 (1) 

where a is the apparent extinction coefficient obtained by 
the calculation of Aobsd/[DNA], f is extinction coefficient 
of the DNA in its free form, b is extinction coefficient for 
the DNA in the fully bound form and [extract] is the 
increasing extract concentration. The high value of Kb 
obtained for extracts suggests a strong binding of two 
compounds to dsDNA. Kb values were found as 
1.97 × 103 ± 0.37 and 3.68 × 102 ± 0.44 for extracts 1 and 
2, respectively. As a result, when extract 1 was added at 
increasing concentrations on 30 ppm dsDNA solution, a 
decrease in the absorbance value (hypochromic effect) of 
dsDNA was observed (% Hypob ± RSDa = 16.73 ± 0.46). 
No red or blue shift was observed at the maximum wave 
value of dsDNA (λmax = 260 nm). This situation was the 
same in the experiments performed with extract 2 
solutions and the % Hypo ± RSD for extract 2 was found 
to be 14.54 ± 0.39. The formula "(% Hypo = % 
Hypochromism = (A0–A)/A0)" was used in percent hypo 
calculations. All tests were performed in triplicate and are 
expressed as mean and relative standard deviation. 

Voltammetric Studies 

Voltammetry is an advantageous technique that 
provides high sensitivity, inexpensive, simple usage, rapid 
results, and compatibility with microfabrication 
technology. Due to the small sample requirement, it has 
been widely used in biological and chemical analyses. 
Electrochemical methods of DNA interaction of small 
molecules such as drugs are possible in two ways: (i) the 
signal change of the electroactive bases (guanine or 

adenine, or both) is measured and interpreted according 
to these changes; (ii) necessary calculations are made by 
measuring the intensity of the peak currents in the 
oxidation and/or reduction direction of small molecules 
(before and after the interaction with DNA) [23-24,39]. 
In this study, extract 1 or 2 was separately added to the 
dsDNA solution of a certain concentration, and the 
changes in the peak current and peak potential of 
dsDNA were interpreted. The cyclic voltammograms of 
10 ppm dsDNA (black) with increasing amounts of 
extract 1 and extract 2 in pH 4.8 acetate buffer have been 
given in Fig. 5 and 6. 

The typical cyclic voltammograms (anodic 
direction) of 10 ppm dsDNA at GCE in pH 4.8 acetate 
buffer have two sharp oxidation that belongs to the 
dGuo and dAdo at 1.05  and 1.33 V, respectively. The 
interaction between extract 1 or extract 2 and dsDNA 
was evaluated after applying different incubation times 
from 3 to 15 min and cyclic voltammograms were 
recorded. The decrease in peak current intensities of 
both guanine and adenine, after activation with extract 
1 or extract 2, is clear evidence that these extracts interact 
over both bases. On the other hand, no oxidation peak was 

 
Fig 5. Cyclic voltammograms of 10 ppm dsDNA (black) 
with increasing amounts of extract 1 (12.5–75 μL) in pH 
4.8 acetate buffer. (The arrow shows how the peak 
current decreased as the concentration of extract 1 
increased, and binding constants (Kb) for dGuo (a) and 
dAdo (b) bases were determined from the slopes of the 
graphs) 
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Fig 6. Cyclic voltammograms of 10 ppm dsDNA (black) 
with increasing amounts of extract 2 (12.5–75 μL) in pH 
4.8 acetate buffer. (The arrow shows how the peak current 
decreased as the concentration of extract 2 increased, and 
binding constants (Kb) for dGuo (a) and dAdo (b) bases 
were determined from the slopes of the graphs) 

observed in either extract 1 or extract 2 under these 
conditions. Based on these data, the Kb of each compound 
was calculated by Eq. 2 [40]. 

 b
1 SdsDNA extractlog logK log

extract SdsDNA SdsDNA extract


 
   

 (2) 

The terms used in the equation are as follows; [extract]: 
increasing extract concentration, SdsDNA-extract: current 
signal received from dsDNA after interaction with 

extract, and SdsDNA: current signal received from the 
dsDNA alone extract [40]. The Kb and log Kb values 
calculated from these data are shown in Table 2. The two 
techniques have Kb values close to each other. 

Antibacterial and Anti-QS Activities 

The antimicrobial activity of alkaloid extract of G. 
vuralii A. Duran & Dural has been previously reported 
against S. aureus, B. subtilis and Candida krusei [41]. 
Antibacterial activities of genistin, isosalipurpol and 
koaburaside isolated from G. numidica Spach aerial 
parts were investigated in a recent study [42]. They were 
reported that these compounds have antibacterial 
activity against S. aureus, S. epidermidis, P. aeruginosa 
and Enterococccus faecalis with MICs ranging from 31.2 
to 125 μg/mL, while 80% MeOH extract of the plant did 
not exhibit antibacterial activity. In our study, the growth 
of any of the bacteria species was not inhibited by G. 
sagittalis peduncle extract. However, the antibacterial 
activity of G. sagittalis flower extract was determined 
against P. aeruginosa 27853 and P. mirabilis 14153 with 
MICs 1 to 2 mg/mL (Table 3). Additionally, anti-QS 
activity was observed for peduncle extract at 1.3 mg/mL. 
Violacein production was reduced to 68.53 ± 0.14% 
(**p < 0.01) by the concentration of the extract. 
According to our results, G. sagittalis flower extract has 
low antibacterial activity against certain pathogens, while 

Table 2. Voltammetric binding constant data for extracts 
25 °C 

Compound 1 
Kb ±RSDa logKb ±RSDa 

dGuo dAdo dGuo dAdo 
extract 1 2.75 × 102 ± 0.41 2.82 × 103 ± 0.27 2.44 ± 0.39 3.45 ± 0.35 
extract 2 6.76 × 102 ± 0.21 7.24 × 102 ± 0.33 2.83 ± 0.43 2.86 ± 0.19 

a All tests were performed in triplicate and are expressed as mean and relative standard deviation 

Table 3. Determination of the antibacterial activity of G. sagittalis methanol extracts (mg/mL) 
 Flower extract 

(extract 1) 
Peduncle extract 

(extract 2) 
Growth inhibition 

% 
Amp 

(200 μg/mL) 
Kn 

(100 μg/mL) 
S. aureus 29213 ND ND ND + + 
S. epidermidis 12228 ND ND ND + + 
P. aeruginosa 27853 2 ND 17.33 ± 0.94*** + - 
P. mirabilis 14153 1 ND 11.17 ± 2.32* + + 
C. violaceum 12472 ND ND ND - + 

ND: Not detected, Amp: Ampicillin, Kn: Kanamycine, +: Inhibition effect determined, -: Inhibition effect not determined, 
*p < 0.05, **p < 0.01, ***p < 0.001 
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the peduncle extract showed strong anti-QS activity. 
However, to fully comprehend the processes underlying 
its antibacterial and anti-QS actions, more research is 
required. 

■ CONCLUSION 

Knowing that plants are a vital part of the world’s 
natural heritage, and they have an important contribution 
to primary healthcare, this study presents the biological 
activities of Genista sagittalis L. (Fabaceae) from Kocaeli: 
Yuvacık Dam Basin in Turkey with the essential oil 
composition. The results demonstrated that a total of 
fourteen components were identified in the essential oil 
part. The antibacterial activity analyses demonstrated that 
G. sagittalis flower extract only had low activity against P. 
mirabilis and P. aeruginosa with MICs 1 to 2 mg/mL, as 
the peduncle extract showed strong anti-QS activity at 
1.3 mg/mL. Additionally, dsDNA binding affinity 
investigations of the flower and peduncle ethanol extracts 
indicate that there are interactions with adenine and 
guanine bases. These results may offer new perspectives 
for pharmaceutical applications of Genista sagittalis and 
that further studies will enlighten the different 
applications and properties of this plant to scientists. 
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 Abstract: The physical and antibacterial properties of mineral trioxide aggregate 
(MTA) have been improved by adding copper nanoparticles (CuNP). The CuNP colloid 
was synthesized by reacting CuCl2·2H2O and NaBH4 as the reducing agent using C6H8O6 
as the capping agent. The Cu(II) concentration was varied by 3.0, 6.0, and 9.0 mM to 
produce CuNP-3, CuNP-6, and CuNP-9 colloids, respectively. The CuNP colloids were 
characterized with a UV-Vis spectrophotometer and TEM. MTA was hydrated with 
CuNP at a mass-to-volume ratio of 2:1 to produce Cu-MTA-3, Cu-MTA-6, and Cu-
MTA-9, respectively. All products were characterized with XRD and SEM-EDX. The 
compressive strength, pH, Ca ion release, and solubility were measured, and antibacterial 
activity was tested. The results showed a spherical shape of the synthesized CuNP with a 
particle size of ~28.08 nm. Adding CuNP-9 to hydrated MTA increased the compressive 
strength, pH, Ca ion release, and solubility, with the value of 4.78±0.38 MPa; 9.01±0.03; 
1718±63 ppm, and 22.48±0.37%, respectively. The highest antibacterial activity occurred 
for Cu-MTA-9, with an inhibition zone of 10.15±0.47 mm against S. aureus and 
11.93±1.16 mm against P. aeruginosa. The findings show a potential application of the 
product for endodontic materials containing antibacterial agents. 

Keywords: antibacterial; copper nanoparticles; physical properties; MTA 

 
■ INTRODUCTION 

Inflammation in the dental root canal is one of the 
problems often found in dental and oral health [1], and 
mineral trioxide aggregate (MTA) is alternative 
endodontic material to solve the problem by treating the 
root canal of teeth [2]. MTA is divided into white mineral 
trioxide aggregate (WMTA) and gray mineral trioxide 
aggregate (GMTA). WMTA contains a small amount of 
iron oxide, so it does not cause discoloration of the teeth 
[3]. MTA meets the criteria as an endodontic material but 
has some low physical properties compared to other 
materials. MTA compressive strength is lower than 
biodentine in 1  to 28 d [4], and biodentine has a pH value 
of 12, while MTA has a lower pH [5]. 

Additionally, MTA does not show higher 
antibacterial properties against S. aureus bacteria, which 

are lower than other endodontic materials, namely AH-
26 sealer [6]. Smart paste Bio and AH-Plus have higher 
antibacterial properties than MTA against P. aeruginosa 
[7]. Therefore, modifications of MTA are needed to 
improve the physical and antibacterial properties. 

Copper nanoparticles (CuNP) have been widely 
reported to be able to act as antibacterial, for example, 
against S. aureus [8] and P. aeruginosa [9]. Nazer et al. 
[10] reported the addition of copper to Portland cement 
increases the pH of cement. Additionally, the Portland 
cement strength increased with copper addition because 
copper binds the material in the pores of the cement 
during the hydration process [11]. As MTA contains 
similar components to cement [12], the mechanical and 
antibacterial properties can be improved by modifying 
the metal and oxide nanoparticles. Yuliatun et al. [13] 
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reported the addition of SrO 5% and hydroxyapatite 6% 
increased the compressive strength of MTA from 2.21 to 
18.01 MPa and improved the adhesion between dentin 
surface and MTA. Lim and Yoo [14] reported the 
modification of MTA with calcium fluoride (CaF2) to give 
antibacterial activity against Enterococcus faecalis, 
Porphyromonas endodontalis, and Porphyromonas 
gingivalis. Bolhari et al. [15] improved the antibacterial 
activity of MTA by mixing MTA with fluorohydroxyapatite 
against E. faecalis. However, the effect of the modification 
on the mechanical properties was not investigated. 

This paper reports the effect of CuNP addition on 
the hydrated MTA's physical properties and antibacterial 
activity. It included the synthesis of CuNP colloid and 
hydration of MTA using CuNP colloid as the hydrating 
liquid. The compressive strength and antibacterial activity 
against S. aureus and P. aeruginosa are also evaluated. 

■ EXPERIMENTAL SECTION 

Materials 

Materials used for the synthesis of CuNP and Cu-
MTA included copper(II) chloride dihydrate (CuCl2·2H2O) 
p.a. (Pudak), L-ascorbic acid (C6H8O6) p.a. (Merck), sodium 
borohydride (NaBH4) p.a. (Merck). A sample of MTA was 
purchased from Maarc Dental. Chloramphenicol (Merck) 
was used as a positive control of the antibacterial agent, 
and bacteria of P. aeruginosa ATCC 27853 and S. aureus 
ATCC 29213 were provided by Laboratory of Microbiology, 
Universitas Gadjah Mada. 

Instrumentation 

CuNPs were characterized by a UV-Visible 
spectrophotometer (Genesys 10S). The morphology and the 
particle size of CuNP-6 were analyzed with Transmission 
Electron Microscope (TEM, JEOL JEM-1400). MTA 
before and after hydration, Cu-MTA-6 and Cu-MTA-9, 
were characterized with an X-ray Diffractometer (XRD, 
Shimadzu 6000, equipped with monochromatic Cu Kα 
radiation operated at 30 kW, λ = 1.54 Å) and scanned in 
the range of 3° ≤ 2θ ≤ 90° with a scan speed of 3°/min (a 
scan step degree of 0.02°) and scanning electron 
microscope-energy dispersive X-ray (SEM EDX, JSM-
6510LA). The compressive strength of the pellets was 

measured with a universal testing machine (UTM, 
Zwick BL-GR5500N) at the initial conditions: a force of 
0.01 N, pre-load speed of 300 mm/min, and a test speed 
of 10 mm/min. The pH was measured with a pH meter 
(Inolab ph7110) while atomic absorption spectroscopy 
(AAS, ContrAA300 Analytik Jena) was used to determine 
the concentration of Ca(II) ions released from the MTA. 

Procedure 

Synthesis of copper nanoparticles 
The precursor of CuCl2·2H2O (7.7, 15.4, and 

23.0 mg) was dissolved in 7.5 mL of deionized water to 
produce Cu(II) solution with various concentrations (3, 
6, and 9 mM). L-ascorbic acid (142.7 mg) was dissolved 
in 3.0 mL of deionized water, and then the solution was 
added to the Cu(II) solution and stirred with a magnetic 
stirrer for one hour at room temperature (25 °C). After 
that, NaBH4 solids (3.4, 6.8, and 10.2 mg) were dissolved 
in 4.5 mL of deionized water and then added to the 
Cu(II) solutions with the various concentrations (3, 6, 
and 9 mM), and the solutions were stirred for 15 min at 
room temperature. The colloids of CuNP formed were 
successively labeled CuNP-3, CuNP-6, and CuNP-9. All 
CuNP colloids were characterized with a UV-Visible 
spectrophotometer. The morphology and particle size of 
CuNP-6 were analyzed with TEM. 

Synthesis of Cu-MTA 
MTA sample (1.00 g) was mixed with 0.50 mL of 

CuNP-3 colloid (the mass-to-volume ratio of 2:1). The 
mixture was stirred until it began to form a Cu-MTA-3 
hard solid. Similar work was carried out for the CuNP-6 
and CuNP-9 colloids to produce Cu-MTA-6 and Cu-
MTA-9 solids, respectively, and hydration of MTA using 
deionized water was also performed. The products were 
characterized with XRD and SEM EDX. 

Compressive strength testing 
The four samples were (1) hydrated MTA; (2) Cu-

MTA-3; (3) Cu-MTA-6; and (4) Cu-MTA-9 molded 
pellet tubes with sizes (diameter = 4 mm, 
thickness/height = 6 mm) on the mold as per ISO 9917-
1. Pellets were stored in an airtight container at room 
temperature for 14 d. The compressive strength of the 
pellets was measured with a Universal Testing Machine. 
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Measurement of pH and Ca(II) ions release  
The four samples of freshly hydrated MTA have 

formed pellets (diameter = 4 mm, height = 3 mm) and 
were then allowed to stand for 14 d at room temperature 
in an airtight container. The sample (60 mg) was immersed 
in 2.5 mL of demineralized water, which was replaced 
every 1, 3, and 7 d. The pH of the filtrate was measured 
with a pH meter, and Ca(II) ions concentrations were 
determined with AAS. 

Solubility 
The hydrated MTA sample used to identify the pH 

change and Ca(II) ions release was soaked for 7 d, 
separated from the filtrate, and dried in an oven at 50 °C 
for 6 h. The dried samples were weighed, and the 
difference in mass before and after immersion was 
calculated. The mass difference indicates the mass loss of 
the component from the sample [16]. The solubility of the 
sample was calculated using Eq. (1). 
Solubility
mass difference of the sample evaporating hydrate mass 100%

sample mass before soaking





 (1) 

Antibacterial test 
Four MTA samples were pelleted (diameter = 4 mm; 

thickness = 3 mm) and allowed to stand for 14 d in an 
airtight container. S. aureus bacteria were inoculated into 
sterile aqueducts and homogenized with a vortex, and 100 
microliths were taken and put into the medium on a petri 
dish. The MTA sample was fed into the substrate in a 
saucer with tweezers. Disc paper was taken, and then a 
positive control (chloramphenicol) of 10 microliths was 
transferred to the disc paper. Disc paper was inserted into 
the substrate, and Petri dishes were covered with a seal 
and incubated for 24 h. The same work was performed for 
samples of Cu-MTA-3, Cu-MTA-6, and Cu-MTA-9, as 

well as P. aeruginosa bacteria. Observations and 
measurements of antibacterial activity were carried out 
the next day. Antibacterial activity was calculated by 
measuring the diameter of the inhibitory power of 
bacteria in a saucer with calipers or rulers. The test was 
conducted at the Microbiology Laboratory, Faculty of 
Biology, Universitas Gadjah Mada. 

■ RESULTS AND DISCUSSION 

Characteristics of CuNP 

The precursor used to prepare CuNP colloids was 
a blue color Cu(II) solution obtained by dissolving 
CuCl2·6H2O. Adding an L-ascorbic acid and NaBH4 
solution to the Cu(II) solution changes the solution to 
yellow-brown, as seen in Fig. 1. 

The results of synthesized CuNP were brownish-
yellow colloids, similar to the results reported previously 
[17]. The intensity increases as the concentration of 
CuNP increases (from left to right), indicating a higher 
concentration of CuNP. The absorbance of the CuNP 
colloids is presented in Fig. 2. All the maximum 
wavelengths in a 300–305 nm range align with previous 
research [18]. An increase of Cu(II) concentrations from 
3.0 to 6.0 mM increases the absorbance significantly, 
and the increase from 6.0 to 9.0 mM slightly increases 
the absorbance. Therefore, 6.0 mM was chosen as the 
representation for TEM characterization. 

Characterization was continued to identify the 
morphology of CuNP with TEM, and CuNP-6 is the 
representative sample to know the particle size. The 
result can be seen in Fig. 3. The TEM image showed that 
the main morphology of CuNP-6 tends to be spherical, 
and based on Fig. 3(a), particle size can be measured by 
taking and analyzing  45 points in the  TEM image using  

 
Fig 1. CuNP images synthesized from Cu(II) solution with a concentration of (a) 3.0 mM, (b) 6.0 mM, and (c) 9.0 mM 
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Fig 2. UV-Visible Spectra of CuNP colloids 

 
ImageJ and OriginPro software. The histogram of the 
CuNP-6 particle size distribution is presented in Fig. 3(b), 
with an average of 28.08 nm. 

Characteristics of MTA-CuNP 

For hydration, 1 g of MTA powder was mixed with 
0.5 mL of CuNP colloid (the mass-to-volume ratio of 2:1). 
It follows the hydration procedure for any commercial 
MTA. Characterization with the XRD instrument was 
performed on MTA, hydrated MTA, Cu-MTA-6, and Cu-
MTA-9, and the patterns are presented in Fig. 4. Referring 
Crystallography Open Database (COD) and the value of 
2θ, five components, namely C2S, C3S, C3A, CaO, and 
Ta2O3 for MTA, and the presence of CuNPs for Cu-MTA 
can be obtained and presented in Table 1. Products of the 
hydration include calcium silicate hydrate (C-S-H),  
 

0 10 20 30 40 50 60 70 80 90

In
te

n
si

ty
 (

a.
u

.)

2 (o)

(d)

(c)

(b)

(a)

C2S
C3S
C3A
CaO
Ta2O5
Cu

 
Fig 4. XRD pattern of (a) MTA, (b) Hydrated MTA, (c) 
Cu-MTA-6, and (d) Cu-MTA-9 

 
Fig 3. (a) TEM image and (b) particle size distribution histogram of CuNP-6 
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Table 1. Value 2θ peaks of XRD patterns 

Composition 
2θ (°) 

Non-hydrated MTA Hydrated MTA Cu-MTA-6 Cu-MTA-9 
C2S (COD 14.54 14.06 14.52 14.64 
00-210-3316) 20.40 20.64 20.48 20.56 
 27.18 27.32 27.24 27.30 
 29.54 29.32 29.56 29.68 
 30.78 31.04 30.92 30.96 
C3S (COD 29.20 29.06 29.16 29.24 
00-154-0704) 32.00 32.14 32.04 32.10 
 34.12 34.30 34.24 34.28 
C3A (COD 33.12 33.30 32.92 32.98 
00-901-4359) 40.96 40.62 41.04 41.14 
CaO (COD 
00-900-6701) 

36.84 37.00 36.94 37.04 

Ta2O5 (COD 22.66 22.76 22.70 22.80 
00-153-1068) 28.06 28.16 28.16 28.20 
 36.58 36.60 36.56 36.62 
 46.52 46.62 46.54 46.56 
 49.58 49.70 49.68 49.74 
 55.32 55.50 55.28 55.36 
Cu (JCPDS   36.64 37.00 
01-089-2838) 41.10 41.30 
 50.62 50.64 

 
calcium hydroxide (CH), monosulfate phase, and 
ettringite (3CaO·Al2O3·3CaSO4·31H2O), supporting the 
previous report [19]. The peaks of CuNP are too low and 
are covered by the peaks of other components because the 
CuNP used is so tiny that the intensity is small and 
difficult to identify. 

The intensity of C2S and C3S peaks in hydrated 
MTA, Cu-MTA-6, and Cu-MTA-9 is lower than in non-
hydrated MTA. It is probable the water forms hydrated 
C2S and C3S that reduce the crystallinity [20]. Adding 
CuNP to the MTA (in Cu-MTA-6 and Cu-MTA-9 
samples) reduces the intensity of C2S and C3S because the 
nanoparticles can provide more nucleation additional 
sites for the crystallization of calcium silicate hydrate and 
calcium hydroxide, which are hydration products 
replacing C2S and C3S [21]. 

Characterization was followed by an analysis of 
MTA, hydrated MTA, Cu-MTA-3, Cu-MTA-6, and Cu-
MTA-9 samples using SEM-EDX instruments, as shown 
in Fig. 5. SEM images of MTA (Fig. 5(a)) still show a large 

enough space when compared to MTA hydrated (Fig. 
5(b)) because C-S-H formed during hydration 
strengthens and makes the strong interaction between 
particles [22]. The addition of CuNP makes the sample 
density increase since a small-sized CuNP (~28.08 nm) 
can fill the empty pores of the MTA, as seen in Cu-MTA-
3 (Fig. 5(c)), Cu-MTA-6 (Fig. 5(d)), and Cu-MTA-9 
(Fig. 5(e)). The sample density increases as the 
concentration of CuNP increases, indicating more 
CuNP can fill the space in the pores of the MTA sample. 
Testing continued using EDX, which showed the 
percentage of the composition of the elements in the 
sample in Table 2. The presence of CuNP, which is 
difficult to be confirmed with XRD, can be overcome 
with EDX data. CuNP of 1.87 to 2.95% of the mass can 
be found in Cu-MTA samples. 

Compressive strength testing is one of the basic 
tests to be carried out because compressive strength 
indicates the MTA setting reaction and stability [23]. 
The results of  compressive  strength  tests on  the MTA,  
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Fig 5. SEM image of 3000× magnification at (a) MTA, (b) MTA hydrated, (c) Cu-MTA-3, (d) Cu-MTA-6, and (e) Cu-
MTA-9 

Table 2. Mass percentage composition of all samples 

Element 
Mass (%) 

MTA MTA hydrated Cu-MTA-3 Cu-MTA-6 Cu-MTA-9 
O 34.54 34.00 38.99 45.21 39.19 
Al 0.36 0.32 0.79 0.88 0.87 
Si 1.25 0.79 3.40 3.33 3.33 
Ca 27.41 9.77 21.24 25.12 21.35 
Ta 36.44 55.00 33.71 22.67 31.81 
Cu - - 1.87 2.79 2.95 

 
Table 3. Compressive strength of samples after hydration 
for 14 days 

Sample name Compressive strength (MPa) 
MTA 3.87±0.13 
Cu-MTA-3 4.04±0.65 
Cu-MTA-6 4.42±0.22 
Cu-MTA-9 4.74±0.38 

Cu-MTA-3, Cu-MTA-6, and Cu-MTA-9 are found in 
Table 3. 

Table 3 shows that adding CuNP to the MTA 
increases the material's compressive strength, per previous 
research [24]. Adding copper to Portland cement can 
improve the cement's strength because the pores in the 
cement are filled with copper, which functions as a binder 
to the material during the hydration process [10]. The 
addition of nanoparticles to cement strengthens the 
structure of the cement because the nanoparticles act as 

pore fillers, so there is a significant increase in cement 
density [25]. The rise in CuNP concentration causes the 
compressive strength value to be higher because more 
CuNP fills the pores in the MTA so that the density of 
the MTA increases. The results of the SEM-EDX analysis 
in Fig. 5 support the compressive strength because they 
show a greater morphological density of the sample as 
the increase of added CuNP concentrations. 

The pH change was evaluated to determine the 
MTA's and Cu-MTA's alkalinity, which affects 
antibacterial properties [26]. The pH change in various 
hydration periods is presented in Table 4. 

The highest pH is generated when the soaking of 
the sample is carried out on the first day, then decreases 
further and stabilizes at the alkaline pH from day 3 to 7. 
The obtained results follow the previous research [27-28]. 
The decrease in pH is relatively low to lead to a stable pH  
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Table 4. Result of pH test on MTA and Cu-MTA samples 

Sample name 
Days 

1 3 7 
MTA 8.55±0.05 7.96±0.16 7.83±0.01 
Cu-MTA-3 9.01±0.03 8.19±0.03 8.13±0.01 
Cu-MTA-6 8.73±0.09 8.07±0.07 8.03±0.07 
Cu-MTA-9 8.68±0.09 8.02±0.10 7.94±0.05 

the overtime the MTA material, and the variation of Cu-
MTA will experience an increase in mechanical 
properties, causing the release of hydroxide ions into the 
environment to be reduced until it begins to stabilize [28]. 
The pH value obtained is already alkaline, so it is expected 
to be able to contribute to antibacterial properties. 

The diffusion of Ca(II) ions from MTA, Cu-MTA-
3, Cu-MTA-6, and Cu-MTA-9 was evaluated because 
calcium is the main component in MTA, namely C2S, C3S, 
C3A, and CaO [22]. The test results are shown in Fig. 6. It 
can be seen that the highest release of Ca(II) ions for all 
samples occurs on the first day of immersion and then 
decreases on the next day, and it follows previous research 
[28]. The diffusion of Ca(II) ions correlates with the pH 
value because in forming hydration products in the form 
of C-S-H, Ca(OH)2 compounds are also produced, which 
will be ionized and are responsible for the diffusion of 
Ca(II) ions, and the resulting pH value. An increase in the 
concentration of Ca(II) ions leads to a higher resulting pH 
value [27]. This can be proved by comparing Table 4 and 

Fig. 6, which have similarities in the sample order. 
Material Cu-MTA-3 has the highest diffusion of Ca(II) 
ions because using CuNP accelerates the hydration 
process, resulting in more hydration products, especially 
Ca(OH)2 [21], so there is an increase in Ca cations from 
the MTA material. This reason also can be applied to 
Cu-MTA-6 and Cu-MTA-9. Both variations have more 
CuNP concentrations that can cover the pores where 
Ca(II) ions come out. This statement can be proven by 
the SEM-EDX image (Fig. 5), which shows that the 
presence of CuNP in MTA increases the density (small 
pores). The lost calcium is used to prevent dental 
demineralization, accelerate tooth mineralization, and 
repair and regenerate bone damage [29]. 

Solubility testing aims to evaluate the stability of 
MTA and Cu-MTA samples in an aqueous solution. The 
solubility of MTA, Cu-MTA-3, Cu-MTA-6, and Cu-
MTA-9 samples are presented in Table 5. 

The solubility of Cu-MTA samples is higher than 
MTA because CuNP can accelerate the hydration 
resulting in more Ca(OH)2 as a hydration product. One 
of the ionization results of Ca(OH)2 is the Ca(II) cation 
which is the main constituent component of the MTA, 
so when the Ca(II) is released from the MTA, it increases 
in the solubility of the Cu-MTA. The study results follow 
the results obtained from pH testing and diffusion of 
Ca(II) ions. High solubility values not only have a negative 

 
Fig 6. Diagram of Ca(II) ion released from MTA samples after various days of hydration 
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Table 5. The solubility of MTA samples after 14 days of 
hydration 

Sample name 
Solubility 

Mass (mg)* Percentage (%)** 
MTA 10.19±0.53 17.00±0.96 
Cu-MTA-3 14.05±0.57 22.48±0.37 
Cu-MTA-6 12.06±0.28 20.68±0.61 
Cu-MTA-9 11.29±0.24 19.08±0.54 
*the mass of the initial sample minus the mass of the final 
sample (after soaking) 
**Percentage of the dissolved mass to the mass of the initial 
sample 

impact on the teeth but also have some positive benefits. 
Ca(OH)2 can reduce inflammatory processes, dissolve 
dead dental tissue, and heal periapical tissue in the teeth 
[30]. 

The antibacterial properties test aims to evaluate the 
effect of adding CuNP with various concentrations on the 
MTA antibacterial activity. The bacteria investigated are 
S. aureus, a Gram-positive bacteria, and P. aeruginosa, a 
Gram-negative bacteria. Both are found in teeth [31]. The 
results of testing the antibacterial properties, presented as 
inhibition zones, of MTA, Cu-MTA-3, Cu-MTA-6, and 
Cu-MTA-9 can be seen in Fig. 7 for S. aureus bacteria and 
Fig. 8 for P. aeruginosa bacteria. Observations were made 
on MTA samples on the 7th day after hydration. 

The inhibition zone diameters of the antibacterial 
test presented in Fig. 7 and 8 were measured using 
calipers, and the result is summarized in Table 6. 

Table 6 shows that MTA does not have inhibitory 
capability against both S. aureus and P. aeruginosa 
bacteria. There is no component in MTA acting as the 
antibacterial agent, and the pH of MTA is around 8 and 
9 (Table 4). Both bacteria, S. aureus, and P. aeruginosa, 
still grow in the pH range of 4.0 to 9.8 [32-33]. CuNP, an 
antibacterial agent [34], is still active even though 
combined with MTA. The antibacterial performance 
mechanism is probably different from MTA modified 
with CaF2 [14] and fluorohydroxiapatite [15], in which 
the higher pH leads to bacterial death. The CuNP on the 
MTA surface may interact with the bacterial cells causing 
bacterial cell leakage and leading to lysed and death [35].  

Table 6. The results of the measurement of the 
inhibition zone of the MTA and Cu-MTA samples 

Sample name 
Inhibition zone (mm) 

S. aureus P. aeruginosa 
MTA 0 0 
Chloramphenicol 25.17±1.31 27.00±1.41 
Cu-MTA-3 8.30±0.53 8.42±0.78 
Cu-MTA-6 9.20±0.25 9.74±0.88 
Cu-MTA-9 10.15±0.47 11.93±1.16 

 

 
Fig 7. Inhibition zone of S. aureus tested with (a) MTA; (b) Cu-MTA-3; (c) Cu-MTA-6; (d) Cu-MTA-9 

 
Fig 8. Inhibition zone of P. aeruginosa tested with (a) MTA; (b) Cu-MTA-3; (c) Cu-MTA-6; (d) Cu-MTA-9 
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Yadav et al. [34] reported that CuNP interacts with DNA 
and the protoplasm of bacterial cells, causing DNA 
damage, and bacteria cannot carry out cell metabolism. 

■ CONCLUSION 

Copper nanoparticles have been successfully 
synthesized by reacting the precursors of CuCl2·2H2O, the 
protective agent of L-ascorbic acid, and NaBH4, as a 
reducing agent, to produce spherical CuNP with the 
particle size of ~28.08 nm. Hydration of MTA with CuNP 
colloid improved the compressive strength, pH, Ca(II) 
ions release, solubility, and antibacterial properties. Using 
CuNP colloid prepared from 9.0 mM Cu(II) solution 
increased the compressive strength from 4 to 4.74 MPa 
and showed antibacterial activity with the inhibitor zone 
diameters of 10.15 mm for S. aureus bacteria and 
11.93 mm for P. aeruginosa. The modified MTA is the 
potential to be implemented for endodontic material 
containing antibacterial agents. 
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 Abstract: The adsorption of Cibacron Brilliant Yellow (CBY) 3-GP dye onto TiO2 
Degussa, Fe2O3, and TiO2 anatase/Diphenylcarbizide in aqueous solution was studied 
with respect to temperature, contact time, and pH. The CBY 3-GP adsorption at 
equilibrium increased as the initial dye concentration increased for TiO2/DPC, while it 
decreased for TiO2 Degussa; however, it increased the initial dye concentration. The best 
removal efficiency was obtained at 1 mg for TiO2/DPC, TiO2 Degussa, and the amount 
of adsorption decreases with the rising of temperature. The negative ΔH° reveals the 
adsorption is exothermic and extremely negative ΔS° for TiO2 Degussa. The negative 
value for ΔS° indicates a regular increase of the randomness at the TiO2/DPC and Fe2O3 
solution interface during adsorption. The intraparticle diffusion, pseudo-first- and 
second-order kinetic models were used. The Langmuir, Temkin, Freundlich, and Dubbin 
adsorption models were examined to describe the equilibrium isotherms. The usage of 
TiO2 Degussa and TiO2/DPC indicates that the equilibrium sorption was favorable. 

Keywords: CBY dye; adsorption models; TiO2 Degussa; Fe2O3; kinetic study; dynamic 
data 

 
■ INTRODUCTION 

Due to their beneficial properties, such as strong 
interaction with the substrate, bright color, water-
fastness, simple application techniques, and lower energy 
consumption required for the dying process, numerous 
highly reactive dyes, such as Cibacron Brilliant Yellow 
3G-P (CBY) have been used in dyeing processes [1]. These 
characteristics reduce the water's clarity discharge since 
relatively small volumes of highly reactive dyes may result 
in ugly water discoloration and can have a very negative 
effect on waterways and biological systems. Therefore, the 
color removal from the effluents of the dye and textile 
industries is of great environmental significance. For the 
purpose of removing dye from wastewater effluents 
before release, a variety of wastewater treatment 
applications for processes such as chemical oxidation, 
coagulation, adsorption, filtering, and electrolysis have 
been made. The removal of colored materials, particularly 
dye, has been attempted using a variety of procedures that 
can be broadly categorized as physical, chemical, or 
biological treatment strategies, with varying degrees of 

success. The notable techniques are membrane 
separation, photodegradation, ozonation, adsorption, 
coagulation/flocculation, and biodegradation [2]. 
Because of its effectiveness, adsorption becomes one of 
the most well-known wastewater treatment techniques. 
Due to its operational importance in terms of 
technology, environment, and biology, adsorption is 
typically thought of as a significant separation process. 
Aqueous solutions, wastewater, and huge quantities of 
potable water are processed using a separation method 
that prioritizes the removal of low concentrations of 
contaminants [3]. 

One of the biggest threats to humanity is water 
contamination, which is linked to rapid industrialization 
and has generated a lot of research overall [4]. Due to 
their non-biodegradable characteristics, organic, and 
synthetic dyes—contaminant effluents removed from 
various food and textile industries—are one of the main 
sources of environmental contamination [5]. The most 
common method for removing dissolved organics from 
water is the adsorption process. For the removal of dye, 
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a variety of unconventional, affordable adsorbents has 
been tried. Peat-activated sludge, organic peel waste, tree 
fern [6], and minerals are a few of these. Additionally, the 
removal of color using activated carbon is made from 
unconventional sources such as sawdust, rice husk, and 
coir pith [7]. Therefore, it is essential to develop workable 
techniques to decrease the pollution brought on by Zn2+ 
discharges and to lower the dangers connected with its 
environmental presence. Industrial effluents can be 
treated in a variety of ways to remove heavy metal ions, 
which include ion exchange, solvent extraction, 
biodegradation, and adsorption [8]. Adsorption, 
however, is widely acknowledged as one of the most 
efficient methods for removing pollutants because of its 
low cost, ease of handling, low reagent usage, and 
potential for recovering value-added components 
through desorption and regeneration of adsorbent [9]. 

The most determinants of adsorption are greater 
adsorption ability implied by a larger surface area. The 
internal diffusion and mass transfer limitations to the 
penetration of the adsorbate into the adsorbent are 
decreased with smaller particle sizes (i.e., nearly complete 
adsorption capacity can be reached, and equilibrium is 
easier to achieve). The adsorption will be more thorough 
the longer the period of time. 

Adsorption will be easier for substances with low 
solubility in water than for those with high solubility. 
Additionally, because non-polar compounds have a 
weaker affinity for water, they will be easier to remove than 
polar substances. The pH has an effect on a species' level 
of ionization. This then has an influence on adsorption. 

Because the adsorbate molecules have higher 
vibrational energies and are, therefore, more likely to 
desorb from the surface, increasing the temperature 
generally reduces adsorption slightly. All of the 
applications that are relevant to us, however, take place in 
isothermal conditions. Various compounds that are 
particulate and have one dimension smaller than 100 nm 
in size make up the diverse class of materials known as 
nanoparticles (NPs) [10]. These materials can be 0D, 1D, 
2D, or 3D, depending on the overall shape [11]. When 
researchers found that a substance's size could affect its 
physiochemical characteristics, such as its optical 

capabilities, they realized the significance of these 
materials. Semiconductor NPs have broad bandgaps, 
which led to a considerable change in their 
characteristics when the bandgap was tuned. Because of 
this, they are critical elements of photocatalysis, photo 
optics, and electronic devices. As an example, due to 
their optimal bandgap and band edge locations, a 
number of semiconductor NPs are discovered to be 
highly effective in water-splitting applications [12]. 

In this work, TiO2 Degussa, Fe2O3, and TiO2 
anatase/Diphenylcarbizide (DPC) were used for the 
adsorption of CBY dye in an aqueous solution. The 
adsorption of CBY was first studied in a batch system by 
examining the effect of CBY concentration, contact 
time, and temperature, in several adsorption models 
Freundlich, Temkin, Dubbin, and Langmuir. Also, the 
kinetic data were evaluated in the adsorption process. 
Thermodynamic parameters were investigated that the 
adsorption of CBY on TiO2 Degussa, TiO2/DPC, and 
Fe2O3. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were 
(C25H15Cl3N9Na3O10S3, Fig. 1) CBY 3G-P (Sigma Aldrich 
(USA), titanium(IV) i-propoxide (Ti(OiPr)4, 99.9% 
purity), Fe2O3, and TiO2 Degussa were acquired from 
Sigma Aldrich (USA). Ethyl alcohol (EtOH Merck), 
DPC, HNO3 (BDH. Co, LTD), sodium hydroxide NaOH 
(99% purity GCC, UK), and HCl (BDH) were purchased 
from other companies. 

Instrumentation 

The instrumentations used in this study were X-ray 
diffraction spectroscopy (D5000 XRD6000, Shimadzu, 
Japan), scanning electron microscopy (INSPECT S50 
FEL, USA), atomic force microscopy (Sartorius Arium 
611), and transmission electron microscopy TEM 
(Germany). 

Procedure 

Preparation of TiO2/DPC 
Ti(OiPr)4 in ethanol was used to dissolve TiO2 

before being  mixed with  distilled water at  a molar ratio  
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Fig 1. The chemical structure of CBY. Grey, white, blue, 
green, yellow, red, and purple color represent carbon, 
hydrogen, nitrogen, chlorine, sulfur, oxygen, and sodium 
atom, respectively 

of TTIP:H2O = 1:4 to produce the sol-gel TiO2. HNO3 was 
employed to change the pH and restrain the solution's 
hydrolysis process. The obtained solutions were stirred 
slowly and continuously for 40 min at room temperature. 
The gels were dried for 1.5 h at 500 °C to completely 
evaporate water and organic material in order to produce 
NPs [13]. Following ball milling [14], the resultant dry 
powders were subjected to a 2 h calcination process at 
400 °C to produce TiO2 nanocrystals. As for creating 
TiO2/DPC, add 0.1 mol of DPC that has been dissolved in 
ethanol and 1.0 mol of the TiO2 NPs solution that has 
been prepared previously. The mixture was stirred at 
room temperature for 30 min while it is separated by a 
centrifuge for 15 min, and then washed several times with 
water and ethanol to get rid of any extra residue. The 
material was taken, aged for 24 h, and then dried at 90 °C 
for 4 h before being stored for further analysis. 

Adsorption experiments 
The appropriate quantity (1 g) of CBY was dissolved 

in a liter of deionized water to create a stock solution at a 

concentration of 1 g/L. The stock solution was diluted 
with deionized water to create the working solutions, 
which were then given the proper concentration. 

Erlenmeyer flasks containing 50 mL solution of 
3G-P using TiO2 Degussa, or TiO2/DPC or Fe2O3 as 
adsorbent. The effect of various parameters, including 
solution pH 3–9, contact time 15–150 min, initial CBY 
concentration 2.18–10.9 mg/L, adsorbent dosage 1–
5 mg, and temperature 15–90 °C was investigated. The 
pH of solutions was adjusted using 0.1 M HCl and/or 
0.1 M NaOH. After each test, the adsorbent was 
separated from the aqueous solution, and the residual 
CBY in the aqueous solution was determined using 
absorption spectrometry. Double-beam UV-visible 
spectrophotometer was used to determine the 
concentrations of CBY dye in the solution. The 
concentration of the residual dye was measured at a 
maximum for the dye solution (428 nm) by taking 
samples at predetermined intervals, centrifuging them, 
and checking the supernatant for any remaining CBY. 
Based on a mass balance calculation, Eq. (1), the amount 
of adsorbed CBY (mg/g) was determined [15]. 

 0 e
e

C C V
q

M


  (1) 

where Ce is the final or equilibrium concentration of 
CBY in the solution (mg/L), V is the volume of the 
solution (L), and W is the mass of TiO2 Degussa, or 
TiO2/DPC or Fe2O3 (g), qe is the equilibrium adsorption 
capacity per gram weight of the adsorbent, and C0 is the 
initial concentration of CBY in the solution (mg/L). 

The flasks were shaken at 298 K for 2 h at a steady 
speed of 200 rpm. During the current investigation, the 
effects of factors such as the initial concentration and 
adsorbent dose were evaluated. 
Effect of CBY initial concentration and contact 
time. The dye solutions were placed in an isothermal 
water bath shaker at initial concentrations of 2.18, 4.36, 
6.55, 8.73, and 10.9 mg/L. For 24 h, the water bath 
shaker's temperature and rotational speed were set at 
25 °C and 200 rpm, respectively. 
Effect of temperatures. By varying the adsorption 
temperatures at 15, 30, 45, 60, 75, and 90 °C by adjusting 
the water bath shaker's temperature controller, the effect  
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Fig 2. (a) SEM of TiO2/DPC nanoparticle, (b) AFM of TiO2/DPC nanoparticle, and (c) TEM of TiO2/DPC nanoparticle 
 
of temperatures on the adsorption process was 
investigated. The pH of the solution and other variables 
were left unchanged. 

■ RESULTS AND DISCUSSION 

Characterization of Adsorbents 

The TiO2 Degussa P25 crystallites are composed of 
80% anatase and 20% rutile. Because of its inexpensive 
nature, great chemical stability, and reactivity, TiO2 
catalyst provides unique properties for a variety of 
environmental applications. Due to the wide surface area 
of the adsorption site, TiO2 has good sorption properties. 
When there is a large concentration of hydroxyl groups 
(OH) on the surface of TiO2, the contaminants can be 
adsorbed onto the material [16-17]. 

The group of iron-oxide minerals includes Fe2O3 
crystals, which have a hexagonal shape and exhibit 
paramagnetic properties. Fe2O3 oxide can be activated 
under visible irradiation due to its small band gap 
(2.3 eV). Moreover, they have a powerful catalytic effect, 
are widely and simply accessible, and are incredibly 
ecologically friendly. Fe2O3 catalyst has the advantages of 
strong toxicity resistance and high catalytic activity [18]. 

Fig. 2(a) shows the SEM morphology images of 
TiO2/DPC. The results indicate that the fine TiO2/DPC 
has a spherical shape with dispersion nanoparticles the 
particle size of the TiO2/DPC nanoparticle is 67 nm. The 
characteristic of TiO2/DPC nanoparticles is determined 
by AFM as shown in Fig. 2(b), the particles size of 
TiO2/DPC is 94.9 nm, while TEM images of sol-gel 
derived nanoparticles are shown in Fig. 2(c) is spherical 
and having diameter 37 nm. The band gap energy (Eg) 
of TiO2/DPC is 2.1 eV which is smaller than the value of 
3.2 eV for the bulk TiO2. 

Semiconductor NPs are materials that have 
properties that fall between those of metals and 
nonmetals. Substantial changes to their electrical and 
optical characteristics with a change in particle size. Due 
to their broad bandgaps, semiconductor NPs have 
demonstrated considerable changes in their 
characteristics when the bandgap is tuned. In light of 
this, they are finding use in photocatalysis, photo-optics, 
and electric devices [19]. 

Effect of Contact Time and Initial Concentration 
of Adsorbate 

By varying the concentration of CBY solutions  
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between 2.18, 4.36, 6.55, 8.73, and 10.9 mg/L, it was 
possible to study the effect of increasing CBY 
concentrations on the adsorption onto TiO2/DPC, TiO2 
Degussa, and Fe2O3 as shown in Fig 3. For TiO2/DPC at 
75 min, the CBY adsorption increased from 4.69 to 
13.33 mg/g as the initial dye concentration increased from 
1.6 to 9.17 mg/L. The results indicate that when CBY 
concentrations rise, so does the amount of adsorption, 
and they become constant. This occurs because the 
availability of CBY molecules at the interface rises with 
increased CBY concentration, which in turn improves the 
adsorption while decreasing from 2.25 to 0.078 mg/g for 
TiO2 Degussa at 90 min. However, increased from 13 to 
30.6 mg/g as the initial dye concentration. This 
phenomenon was due to an increase in the driving force 
of the concentration gradient as an increase in the initial 
dye concentration, then decreased to 2.3 mg/g for Fe2O3 
at 60 min. Due to a large number of available surface sites, 
CBY was quickly adsorbed; however, as the process 
progressed toward equilibrium, it became difficult for 
CBY to interact with TiO2 Degussa or Fe2O3 surface when 
all of the accessible sites were occupied, leading to 
saturated adsorption. Repulsion between the solute 
molecules and the bulk phases developed as a result of the 
difficulty in filling the remaining surface of sites [20]. 

Effect of pH 

Adsorption isotherm of CBY onto TiO2/DPC, TiO2 
Degussa, and Fe2O3 at different pH was recorded at pH 3 
was more in compression pH at range 3, 4, 7, and 9. Since 
it was found that changing from an acidic to a basic 
medium's higher pH value considerably lowered the 
adsorption density of CBY. However, the adsorption 
increased with decreased pH to a value of around 3. As the 
pH is decreased, the positive charge on the surfaces of 
TiO2/DPC and Fe2O3 increases. CBY is a non-ionic 
molecule that is easily adsorbed onto TiO2/DPC, Fe2O3, 
and TiO2 Degussa at a lower pH. The adsorption 
capabilities were greater in the acidic and neutral pH 
ranges and the lowest in the alkaline pH ranges. Whereas, 
at higher pH 9, Since the adsorbents are negatively 
charged, electrostatic repulsion reduces the rate of the 
sorption process. It is also understood that increasing pH 

results in an increase in hydroxyl ions, which reduces the 
adsorption capacities, the experimental data of the pH 
effect is in Table 1. 

Effect of Adsorbent Weight 

By using various concentrations of TiO2/DPC, TiO2 
Degussa, and Fe2O3 ranging from 1 to 5 mg, qe is CBY 
dye adsorbed amount on TiO2/DPC, TiO2 Degussa, and 
Fe2O3. The results showed in Table 2, in which the best-
adsorbed amount was obtained at 1 mg for TiO2/DPC 
and TiO2 Degussa. The reason for this is that as the 
dosage of the adsorbent was increased, the adsorption  
 

 
Fig 3. Adsorption effect of CBY solutions onto 
TiO2/DPC, TiO2 Degussa and Fe2O3 

Table 1. Effect of solution pH on CBY adsorption 
(adsorbent TiO2/DPC, TiO2 Degussa, and Fe2O3), 75 min 

Adsorbent pH 3 pH 4 pH 7 pH 9 
qe (mg/g) 

TiO2 Degussa 6.06 3.98 8.18 0.90 
TiO2/DPC 0.63 0.56 0.46 0.46 
Fe2O3 13.1 9.62 1.21 2.42 

Table 2. Different quantities of TiO2/DPC, TiO2 
Degussa, and Fe2O3 with the amount of adsorption 

Weight 
(mg) 

TiO2/DPC TiO2 Degussa Fe2O3 
qe (mg/g) 

1 8.80 7.00 4.00 
2 6.90 2.60 4.60 
3 4.67 2.00 0.20 
4 3.50 3.70 0.10 
5 2.80 1.60 3.28 
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capability decreased, creating 2 mg of Fe2O3 the best-
adsorbed amount. The interference and collision of active 
adsorbent sites at larger adsorbent dosages or the inability 
of the CBY dye in the solution to establish bonds with the 
accessible and active sites on the adsorbent to explain this 
result surfaces of TiO2/DPC, TiO2 Degussa, and Fe2O3 
[21-22]. 

Effect Temperatures on CBY Adsorption 

The results of a study of the effect of temperature on 
CBY adsorption at 15, 30, 45, 60, 75, and 90 °C can be used 
to indicate the exothermic nature of adsorption in detail. 
The increased tendency of the CBY to escape from the 
surface of TiO2/DPC, TiO2 Degussa, and Fe2O3 may be the 
cause of the decrease in adsorption as the temperature 
rises. Adsorption decreases when the temperature rises 
because the CBY's binding forces to the surface are 
reduced [23]. 

Increasing the temperature has improved the 
diffusion of dye molecules across the sample's exterior 
and internal boundary layers since it has reduced the 
viscosity of the solution [24]. Additionally, at higher 
temperatures, more dye molecules are mobile because 
they have more energy to interact with the adsorbent's 
active sites, allowing the dye to enter the pores of the 
adsorbent [25]. 

Effect of Temperature on Thermodynamic 
Parameters 

From 15 to 55 °C, the influence of temperature on 
CBY adsorption on TiO2/DPC, TiO2 Degussa, and Fe2O3 
(Fig 4) was studied. Eq. (2) and (3) can be used to get the 
Gibbs energy, G0 (J/mol). 

0 0 0G H T S      (2) 
0

cG RTlnK    (3) 
The ability of the adsorbent to hold the adsorbate 

and the amount of mobility of the adsorbate within the 
solution are both represented by Kc, the equilibrium 
constant [26]. Eq. (4) or (5) can be used to determine the 
Kc, which is the ratio of the equilibrium concentration 
of the dye bound to the adsorbent to the equilibrium 
CBY concentration in solution (Ce) according to the 
Van't Hoff in Eq. (5) [27-28]. 

c e eK q C  (4) 
0 0

cln K S R H RT     (5) 
The slope and intercept of a linear plot between ln Kc and 
1/T can be used to determine the values of ΔH0 (J/mol) 
and ΔS0 (J/mol K). 

Thermodynamic parameters are shown in Table 3, 
with temperatures ranging from 15 to 55 °C. The 
possibility of the process and the spontaneous nature of 
the adsorption are indicated by the negative value of G0 
at various temperatures. Usually, the enthalpy of 
adsorption changes. The exothermic and physical nature 
of the adsorption is indicated by the negative ΔH0  
(-29074.0 J/mol). Additionally, the CBY adsorption 
process'  slightly  negative ΔS0  indicates a regular  rise in  

Table 3. Thermodynamic parameters of CBY 
adsorption onto TiO2 Degussa, TiO2/DPC, and Fe2O3 

Materials ΔH (J/mol) ΔS (J/mol K) ΔG (J/mol) 
TiO2(P25) -29074.0 -56.2 -11762.2 
TiO2/DPC 34503.1 -21.3 41058.3 
Fe2O3  75054.6 -25.9 83054.3 

 

 
Fig 4. Effect of temperature on CBY adsorption onto TiO2 Degussa, Fe2O3 
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the randomness at the TiO2(P25) solution interface 
throughout adsorption. State exothermic adsorption of 
CBY and reduced randomness at the boundary layer 
between TiO2(P25) and aqueous solution, indicating 
exothermic adsorption of CBY on the adsorbent and 
destroyed active sites of TiO2(P25) surface. 

Table 3 also displays the rising temperature, as 
shown by the positive value of ΔG0 at various 
temperatures. Usually, the variation of the adsorption 
enthalpy. 

The positive ΔH0 (34503.1 and 75054.6 J/mol) 
indicates that the adsorption is chemical in nature and 
endothermic. Additionally, the CBY adsorption process' 
slightly negative ΔS0 value shows a consistent rise in 
randomness at the interface of the TiO2/DPC or Fe2O3 
solution during adsorption. This suggests that the CBY dye 
was adsorbed in this condition by an endothermic process. 

At higher temperatures for dye, the surface coverage 
increased. This can be related to the development of 
additional active sites or the enhanced penetration of 
reactive dyes into microspores at higher temperatures. 
Several publications have observed endothermic 
adsorption of reactive dyes on various types of adsorbents, 
resulting in the creation of more than one molecular layer 
on the surface of TiO2/DPC [29]. 

The following isotherms were used to fit the data: 
Freundlich, Temkin, and Langmuir [30]. 

Langmuir adsorption isotherm 
The model presupposes homogeneous adsorption 

energies on the surface and a lack of adsorptive 
transmigration in the surface plane. These suppositions 
led Langmuir to represent Eq. (6) and (7): 

e 0 0 L e

1 1 1
q q q K q

   (6) 

e e max L e maxC q 1 q K C q   (7) 
where q0 is the highest monolayer coverage capacity 
(mg/g), KL = Langmuir isotherm constant (L/mg), Ce is 
the adsorbate's equilibrium concentration (mg/L), and qe 
= the number of substances adsorbent at equilibrium 
(mg/g). 

The values of qmax and KL were calculated using the 
slope and intercept of the Langmuir plot of 1/qe vs 1/Ce and 
RL, the  separation  factor  (also known  as the  equilibrium  

 
Fig 5. Linear Langmuir adsorption isotherm TiO2 Degussa 

 
Fig 6. Linear Langmuir adsorption isotherm TiO2/DPC 

parameter), which is a dimensionless constant. 

 L e

1RL
1 1 K C


 

 (8) 

where KL is a constant relating to adsorption energy 
(Langmuir Constant), initial concentration C0, and RL 
value indicates whether the adsorption is favorable or 
unfavorable. The estimated data show that the Langmuir 
isotherm is favorable since the RL is larger than 0 but less 
than 1 according to the data. The KL from this research 
work is 4.1109, and 2.9855 L/mg, as RL values are 
0.10038, and 0.0520 for TiO2 Degussa, and TiO2/DPC 
indicating that the equilibrium sorption was favorable. 
When it comes to Fe2O3, Langmuir adsorption is not 
applicable. 

Fig. 5 and 6 display a linear Langmuir adsorption 
isotherm. The slope and intercept of the linear plot of 
Ce/qe vs Ce were used to compute the values of qm and KL 
of the Langmuir adsorption isotherm, indicating that it 
is the Langmuir equation for TiO2 Degussa that best fits 
the experimental data . 

Freundlich adsorption isotherm 
These data often fit the empirical equation 

proposed by Freundlich (Eq. (9)), 
e f elnq lnK 1 n lnC   (9) 
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where Kf = Freundlich isotherm constant (mg/L), qe = the 
number of materials adsorbed per gram of adsorbent at 
equilibrium (mg/g), n is the adsorption intensity, and Ce 
is the equilibrium adsorbate concentration (mg/L). While 
1/n is a function of the strength of adsorption in the 
adsorption process, the constant Kf is a rough indicator of 
adsorption capacity. The value of 1/n is below one for 
TiO2 Degussa, and TiO2/DPC and Fe2O3 it indicates 
normal adsorption. The constants k and n change with 
temperature in order to account for the empirical finding 
that the quantity adsorbed rises more slowly is needed to 
saturate the surface. While the sorbent-sorbate system's Kf 
and n properties must be determined by data fitting, the 
smaller 1/n, the greater the expected heterogeneity, even 
though linear regression is commonly employed to create 
the parameters of kinetic and isotherm models. An 
isotherm of linear adsorption results from this expression. 

Temkin isotherm 
This isotherm has a component that explicitly 

accounts for the interactions between the adsorbent and 
adsorbate. By neglecting the extremely low and high 
concentration values, the model assumes that the heat of 
adsorption of all molecules in the layer will decrease linearly 
rather than logarithmically with coverage. By graphing 
the amount sorbed qe versus ln Ce and calculating the 
constants from the slope and intercept, it was possible to 
demonstrate that, as predicted by the equation, the 
derivation is characterized by a uniform distribution of 
binding energies. Eq. (10) and (11) provide the model. 

TB RT b  (10) 

e T eq BlnA BlnC   (11) 
where T = temperature at 298 K, AT = Temkin isotherm 
equilibrium binding constant (L/g), R = universal gas 
constant (8.314J/mol/K), bT = Temkin isotherm 
constant, and B = heat of sorption constant (J/mol). The 
following values, which are a measure of the heat of 
sorption and indicate a physical adsorption process, are 
taken from the Temkin plot in Fig. 7, 8, and 9 [31]. 

Dubinin–Radushkevich isotherm model 
On a heterogeneous surface, the Dubinin-

Radushkevich isotherm is typically used to express the  
 

 
Fig 7. Temkin adsorption isotherm using TiO2 Degussa 

 
Fig 8. Temkin adsorption isotherm using Fe2O3 

 
Fig 9. Temkin adsorption isotherm using TiO2/DPC 

adsorption mechanism [32]. The results from the 
intermediate range of concentrations and high solute 
activity have generally been well fit by the model (Eq. 
(12)) . 

2
e s adlnq lnq K    (12) 

where are qe = amount of adsorbate in the adsorbent at 
equilibrium (mg/g), Kad = Dubinin–Radushkevich 
isotherm constant (mol2/kJ2), and qs = theoretical 
isotherm saturation capacity (mg/g). The method was 
typically used to differentiate between the physical and 
chemical adsorption of metal ions with its mean free 
energy, 𝜀 per molecule of adsorbate, which can be 
calculated by the relationship (Eq. (13)). 
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 eRT ln 1 1 C    (13) 
where R, T, and Ce stand for the equilibrium adsorbate 
concentrations(mg/L), the gas constant in J/mol K, and 
the absolute temperature (K), respectively. When 
adsorption data at various temperatures are represented 
as a function of the logarithm of quantity adsorbed (ln qe) 
vs. ε2 the square of potential energy, the Dubinin-
Radushkevich isotherm model's temperature dependence 
is one of the model's distinct features. The characteristic 
curve is also known as the curve on which all acceptable 
data will lie [33]. Eq. (13) was used to determine constants 
like qs and Kad from Fig. 10, 11, and 12. From the linear 
plot of the Dubinin-Radushkevich model, qs was 
determined to be 1.436 mg/g, Kad was determined 3 × 10−7 
the R2 = 0.997 for TiO2/DPC, while Fe2O3 and TiO2 
Degussa do not apply (Table 4). 

The results of isotherm parameters (Langmuir, 
Freundlich, Temkin, and Dubinin-Radushkevich) 
applied in this study for the following in Table 5. 

The parameter results in Table 5 Langmuir model 
using TiO2/DPC, TiO2 Degussa, and Fe2O3. The active 
site can only adsorb one molecule, thus the KL value for all 
adsorption systems displays a relatively low value, 
indicating weak interaction between the molecules of the 
absorbent and adsorbate. TiO2/DPC and TiO2 Degussa 
have relatively high correlation values (R2 > 0.80) than 
Fe2O3. 

Table 5 displays the parameters of the Freundlich 
model when TiO2/DPC, TiO2 Degussa, and Fe2O3 
adsorbents. Freundlich isotherm is a good representation 
of TiO2/DPC and TiO2 Degussa P25 adsorption systems 
than the Fe2O3 adsorption system; this is confirmed by the 
R2 value of higher than 0.80, the adsorption process takes 
place on a heterogeneous surface in a multilayer form with 
weak interactions between the adsorbent and adsorbate. 

The parameter results from the Temkin model using 
TiO2/DPC, TiO2 Degussa, and Fe2O3. A comparatively 
low value between the molecules of the absorbent and the 
adsorbate is shown by the AT value for all adsorption 
systems. Physical interaction only involves more 
interaction weak, correlation coefficient value (R2 > 0.80), 
for TiO2/DPC, TiO2 Degussa, and Fe2O3 are suitable with 
Temkin isotherm. 

While results Dubinin-Radushkevich model using 
TiO2/DPC, TiO2 Degussa, and Fe2O3 have small β values. 
Influenced by pore volume for β value. The highest 
maximal binding energy value is impacted by the greater 
pore volume. TiO2/DPC, TiO2 Degussa adsorption 
system, and TiO2 have the best correlation coefficient 
values (R2 > 0.80), indicating that they have the greatest 

 
Fig 10. Dubinin-Radushkevich adsorption isotherm 
using TiO2 Degussa 

 
Fig 11. Dubinin-Radushkevich adsorption isotherm 
using TiO2/DPC 

 
Fig 12. Dubinin-Radushkevich adsorption isotherm 
using Fe2O3 

Table 4. Dubinin-Radushkevich adsorption isotherm 
constants 

Material Kad qs R2 
TiO2/DPC 3 × 10−7 1.436 0.997 
TiO2 Degussa -1 × 10−6 2.851 0.979 
Fe2O3 -7 × 10−6 4.120 × 10−3 0.647 
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Table 5. Isotherm parameters (Langmuir, Temkin, Freundlich, and Dubinin-Radushkevich) 
Langmuir isotherm parameters 

Adsorbent KL (L/mg) RL R2 Note 
TiO2/DPC 2.9850 0.05200 0.987 0 < RL < 1 favorable adsorption 

R2 > 0.80, monolayer adsorption TiO2 Degussa 4.1109 0.10038 0.978 
Fe2O3 –0.4920 1.0000 0.407 Linear adsorption process, RL = 1. (Depending on the amount 

adsorbed and the concentration adsorbed) 
R2 < 0.80 does not suggest monolayer adsorption 

Freundlich isotherm parameters 
Adsorbent 1/n n R2 Note 
TiO2/DPC –2.014 –0.496 0.993 n < 1, chemical interaction between adsorbate molecules 

R2 > 0.80, multilayer adsorption 
TiO2 Degussa –2.557 –0.390 0.988  
Fe2O3 –9.960 –0.100 0.615  

Temkin isotherm parameters 
Adsorbent AT (L/g) BT (J/mol) R2 Note 
TiO2/DPC 0.334 –83.304 0.993 BT < 8 kJ/mol, physical interaction between adsorbate molecules 
TiO2 Degussa 0.414 –66.486 0.998 R2 > 0.80, uniform distribution adsorbate to the adsorbent 

surface 
Fe2O3 0.427 –56.998 0.979  

Dubinin-Radushkevich isotherm parameters 
Adsorbent Β (mol2/kJ2) E (kJ/mol) R2 Note 
TiO2/DPC 0.3 × 10−6 1291.088 0.997 E > 8 kJ/mol, chemical interaction between adsorbate molecules 

R2 > 0.80, micro pore size is existing in the adsorbent surface TiO2Degussa 1 × 10−6 707.107 0.979 
Fe2O3 7 × 10−6 267.265 0.647  

 
correlation coefficient, while Fe2O3 has the correlation 
coefficient is low (R2 = 0.647). Temkin model was 
discovered to have the best fit because it had the greatest 
regression value. 

Kinetic of sorption 
Kinetic models have been used to analyze the 

mechanism of sorption and potential rate-controlling 
processes in order to select the appropriate operating 
parameters for full-scale batch operation [34]. The models 
utilized were pseudo-first-order, pseudo-second-order, 
and zeroth-order kinetic models. 
Pseudo-first-order model. The -first-order rate 
expression based on solid capacity is generally expressed 
as follows Eq. (14) and (15): 
 e t e 1ln q q lnq k t    (14) 
 0 t 0ln C C lnC kt   (15) 

where qt is the amount adsorbed at time t (mg/g), Ct is the 
concentration at the time, qe is the amount of CBY 

adsorbed at equilibrium (mg/g), k1 is the rate constant of 
first-order adsorption (1/min), and Co is the initial 
concentration. From the ln (qe – qt) against t straight-
line plot, the value of the adsorption rate constant k1 for 
the CBY adsorption onto (TiO2 Degussa, TiO2/DPC, or 
Fe2O3) was calculated (Fig. 13, 14, and 15). The data were 
fitted with correlation coefficients, showing that the first- 
order equation is followed by the rate of removal of CBY. 

The findings were poorly correlated, showing that 
the rate of removal of CBY onto TiO2 Degussa, TiO2/DPC, 
or Fe2O3 is not followed by the second-order equation. 
Pseudo-second-order model. With the use of the 
following Eq (16), the second-order kinetic rate was 
investigated. 

2t 2 e

t 1 1
C qek q

   (16) 

where k2, Ct, and qe stand for the rate constant, the 
concentration at a given time 't' and the amount 
adsorbed at equilibrium, respectively. By displaying the 
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graph of t/Ct versus t, With the use of the following 
equation, the second-order kinetic rate was investigated. 
The value of k2 = 1.06 × 10−5 g/mg min, qe = 416.66 mg/g 
and R2 = 0.4138 for TiO2/DPC (Fig. 16); k2 = 0.0618 × 10−5 
g/mg min, Qe = 1666.66 mg/g, and R2 = 0.5728 for TiO2 
Degussa (Fig. 18); and K2 = 0.24 × 10−5 g/mg min, 
Qe = 1000 mg/g, and R2 = 0.2134 for Fe2O3 (Fig. 17) were 
calculated. The CBY adsorption onto TiO2 Degussa, 
TiO2/DPC, and Fe2O3 was in loose agreement with the 
total rate of CBY adsorption on to TiO2 Degussa, 
TiO2/DPC, and Fe2O3, according to the obtained kinetic 
adsorption data, which appeared to be controlled by the 
physicochemical process. 

The pseudo-first-order model, which is often 
relevant over the first stage of an adsorption process, is 
predicated on the idea that the rate of change in solute 
uptake with time is perfectly proportional to the 
difference in saturation concentration and the amount of 
solid uptake with time. When adsorption occurs through 
diffusion through the interface, it is usually seen that 
kinetics follows this pseudo-first-order rate equation, and 
the intercept of ln (qe – qt) vs t plots would therefore be 
equal to ln of empirically obtained qe to fit the 
experimental value, the pseudo-first-order equation 
usually does not provide a good fit over the entire range 
of adsorption time. 

 
Fig 13. Pseudo-first-order of CBY adsorption onto TiO2 
Degussa 

 
Fig 14. Pseudo-first-order of CBY adsorption onto 
TiO2/DPC 

The pseudo-second-order kinetic model predicts 
behavior over the whole adsorption range under the 
assumption that chemisorption is the rate-limiting step; 

 
Fig 15. Pseudo-first-order of CBY adsorption onto Fe2O3 

 
Fig 16. Pseudo-second-order of CBY adsorption onto 
TiO2/DPC 

 
Fig 17. Pseudo-second-order of CBY adsorption onto 
Fe2O3 

 
Fig 18. Pseudo-second-order of CBY adsorption onto 
TiO2 Degussa 
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Table 6. Rate constants and correlation coefficients for models studied of the kinetic equations 

Adsorbents 
Pseudo-zeroth-order Pseudo-first-order Pseudo-second-order 

K 
(mg g/min) 

R2 K1 
(1/min) 

R2 K2 
(g/mg min) × 10−5 

R2 

TiO2/DPC 0.434 0.452 0.0202 0.817 1.060 0.413 
TiO2 Degussa 0.904 0.357 0.0124 0.737 0.062 0.573 
Fe2O3 -0.711 0.163 0.0108 0.634 0.213 0.213 

 
the adsorption rate is determined by adsorption capacity 
rather than adsorbate concentration. This model has 
several advantages over the Lagergren first-order model, 
one of which is the ability to compute the equilibrium 
adsorption capacity. 

According to studies, values of R2 > 0.8 show a 
strong fit between the data and the model, while values of 
R2 < 0.5 indicate a weak correlation between the predictor 
variable and the response variable, based on Table 6, it is 
expected that is suitable for pseudo-first-order according 
to the values of R2. 

■ CONCLUSION 

Adsorption was influenced by some operational 
factors, including temperature, initial concentration, pH, 
and contact time. The study of the CBY dye's adsorption 
to the TiO2/DPC, TiO2 Degussa, and Fe2O3 materials 
revealed that as the concentration of CBY increases, more 
CBY molecules are available at the interface, which 
improves the adsorption. It can be inferred that 
electrostatic repulsion plays a significant role in this 
system, given that the amount of adsorption increases 
with increasing CBY concentration. This was caused by 
an increase in initial dye concentration reducing pH, 
which increased the driving force of the concentration 
gradient. The increased tendency of the CBY to escape 
from the surfaces of TiO2/DPC, TiO2 Degussa, and Fe2O3 
may be the cause of the decrease in adsorption as the 
temperature rises. Demonstrate the viability of the 
procedure and the spontaneous nature of the adsorption 
at various temperatures. The CBY adsorption process' 
negative result for ΔS0 implies a regular rise in 
randomness at the interface of the adsorbent throughout 
adsorption. The TiO2 Degussa Langmuir equation 
provides the experimental data with the best match 
compared to the other isotherm. The CBY adsorption 

onto the adsorbent surfaces was confirmed by the 
obtained kinetic adsorption data, proving that the 
pseudo-first-order equation is really followed by the rate 
of CBY removal from these surfaces. The study's 
findings were well-explained by Freundlich, Langmuir, 
Temkin, and Dubbin-Radushkevich. The experimental 
results had the best fit with the Langmuir equation. The 
kinetic data showed that a pseudo-first-order equation 
was in control of the adsorption process. 
Thermodynamic investigations showed that the 
adsorption of CBY on the adsorbent was both 
endothermic and chemical in nature, as well as 
exothermic and occurring spontaneously. 
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This supplementary data is a part of a paper entitled “GC-MS and Bioassay-Guided Isolation of Xanthones 

from Mammea siamensis”. 
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Fig S2. 1H-NMR of compound 1 in acetone-d6 

 
Fig S3. 13C-NMR of compound 1 in acetone-d6 
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Fig S4. 1H-NMR of compound 2 in DMSO-d6 

 
Fig S5. 13C-NMR of compound 2 in DMSO-d6 
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Fig S6. 1H-NMR of a mixture of compounds 3 and 4 in CDCl3 

 
Fig S7. 13C-NMR of a mixture of compounds 3 and 4 in CDCl3 
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Table S1. Relative constituents from barks, flowers, twigs, leaves and young leaves of Mammae siamensis detected by 
GC-MS data 

Compounds 
RT 

(min) 
Relative content (%) 

Barks Flowers Twigs Leaves Young leaves 
Phenolic derivatives 
2,4-Di-tert-butylphenol 7.19 0.2 - 0.4 0.2 0.6 
Methyl di-tert-butylhydroxyhydrocinnamate 9.61 0.2 - 0.3 0.2 - 
Methyl 2-ethylhexylphthalate 10.06 0.3 - 0.4 - 0.7 
4-Hexylphenol 11.48 - - - - 0.2 
5-Hydroxy-2,2,10-trimethyl-6-(2-methylbutanoyl)-2H,8H-
benzo[1,2-b:3,4-b']dipyran-8-one 

11.90 0.4 2.6 - - 0.8 

2-Methoxy-3,8-dioxocephalotax-1-ene 12.02 0.6 2.2 - 0.1 1.3 
bis(2-Ethylhexyl) phthalate 12.25 - 3.5 2.0 0.9 3.6 
2-Amino-α-[2-chlorophenyl]cinnamic acid 12.28 10.5 7.9 1.0 - 4.9 
5-Hydroxy-2-(4-hydroxyphenyl)-3,6,7-trimethoxy-4H-1-
benzopyran-4-one 

12.50 0.8 - - - - 

1-Phenyl-2-(2-phenyl-4H-1-benzopyran-4-yl)-ethanone, 13.13 - - - - 0.1 
1,2,3,4-Tetrahydro-6-methoxy-1,1,4,4-tetramethyl-5-
(phenylethenyl)anthracene 

13.54 7.7 11.4 3.0 0.8 6.8 

1-Hydroxy-3,5,8-trimethoxy-4-(3'-methyl-2'-but-2'-enyl)-
xanthone 

13.68 2.6 8.4 - - 4.6 

(+-)-11,12-trans-10,11-Dihydro-12-hydroxy-4-propyl-6,6,11-
trimethyl-2H,6H,12H-benzo[1,2-b:3,4:b':5,6-b"]tripyran-2-one 

13.74 6.5 - - - 1.8 

Calanolide A 13.85 - 7.1 - - 0.8 
3,5-bis(1,1-Dimethylethyl)-1,2-benzenediol 14.92 - - - - 0.5 
9-Methoxy-tetrahydropyrano[2,3-f]isobenzofuran-8-one-
2,spiro,2'-hydroxy-4',7'-dimethoxybenzofuran-3'-ol 

16.17 - - - - 2.1 

Fatty acid and terpenoid derivative 
Caryophyllene 6.73 - - - 0.6 0.4 
Alloaromadendrene 6.99 - - - - 0.4 
Farnesene 7.15 - - - - 0.4 
γ-Murolene 7.30 - - - - 0.3 
Cadinene 7.42 - - - - 0.3 
Caryophyllene oxide 7.60 - - - - 0.5 
Hexadecane 7.68 0.4 - 0.6 - 1.2 
Deacetyl-coralloidin-B 7.83 - - - - 0.4 
α-Humulene epoxide II 7.92 - - 0.7 0.3 1.7 
Muurola-4,10(14)-dien-1-β-ol 7.99 - - - - 0.4 
10,10-Dimethyl-2,6-dimethylene-bicyclo[7.2.0]undecan-5β-ol 8.07 - 4.6 - - 1.5 
Octadecane 8.80 0.2 - 0.4 0.3 0.7 
Neophytadiene 9.02 - - - 1.0 - 
n-Hexadecanoic acid 9.67 - 5.0 - 2.0 2.2 
Eicosane 9.82 - - - - 0.2 
E-15-Heptadecenal 10.24 - - - - 0.6 
Cis-9, trans-12 methyl linoleate 10.30 0.3 - 1.4 0.3 3.4 
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Table S1. Relative constituents from barks, flowers, twigs, leaves and young leaves of Mammae siamensis detected by 
GC-MS data (Continued) 

Compounds 
RT 

(min) 
Relative content (%) 

Barks Flowers Twigs Leaves Young leaves 
Fatty acid and terpenoid derivative 
Methyl 10-octadecenoate  10.37 - - - - 4.3 
Phytol 10.39 - - - 2.3 3.3 
Methyl stearate 10.42 0.6 2.6 1.3 0.9 1.8 
9,12-Octadecadienoic acid 10.52 - - - - 1.2 
Methyl docosanoate  12.13 - - - - 0.5 
(5α)-Androstane-3,17-dione  12.36 6.2 7.3 1.0 - 3.0 
Furosardonin A 12.39 - - - - 2.0 
Methyl tetracosanoate  12.91 - - - - 0.4 
(4aS,10aS)-7-Isopropyl-1,1,4a-trimethyl-1,2,3,4,4a,5,6,9,10,10a-
decahydrophenanthrene 

13.22 - - - - 0.3 

3-β-Chloro-5-cholestene 16.37 - - - - 2.6 
Stigmasterol 16.45 - 9.3 - 1.3 5.8 
Inophyllum D 16.69 - - - - 1.4 
(3-methyl)-stigmast-5-en-3-ol 17.01 3.3 - - 4.1 7.7 
α-Amyrin 17.99 - - - 0.8 1.1 

 



Indones. J. Chem., 2023, 23 (3), 716 - 726    

 

Wiyarat Kumutanat et al. 
 

716 

GC-MS and Bioassay-Guided Isolation of Xanthones from Mammea siamensis 

Wiyarat Kumutanat1, Sakchai Hongthong1,2, Sariyarach Thanasansurapong2,3, 
Naowarat Kongkum4, and Napasawan Chumnanvej5* 
1Division of Chemistry and Multidisciplinary Research in Chemistry (MulRiC) Laboratory, Faculty of Science and Technology, 
Rajabhat Rajanagarindra University, Chachoengsao 24000, Thailand 
2Center of Excellence for Innovation in Chemistry (PERCH-CIC), Department of Chemistry, Faculty of Science, 
Mahidol University, Bangkok 10400, Thailand 
3National Nanotechnology Center, NSTDA, 111 Thailand Science Park, Klong Luang, Pathum Thani 12120, Thailand 
4Division of Chemistry, Faculty of Science and Technology, Surindra Rajabhat University, Surin 32000, Thailand 
5Department of Fundamental Science and Physical Education, Faculty of Science at Sriracha, Kasetsart University, 
Chonburi 20230, Thailand 

* Corresponding author: 

tel: +66-38354580 
email: srcnwh@ku.ac.th 

Received: December 9, 2022 
Accepted: March 21, 2023 

DOI: 10.22146/ijc.79987 

 Abstract: Mammea siamensis (Miq.) T. Anders. (Calophyllaceae) plants have long been 
employed as an active integral composition in Thai traditional medicine. Additionally, 
phenylcoumarins and triterpenes were reported as major components in phytochemical 
research. This work explored the various parts of M. siamensis; barks, flowers, twigs, 
leaves, and young leaves; to determine their bioactive compounds. By using the GC-MS 
and bioassay guidance, two xanthones, 6-deoxyisojacareubin (1) and 1,5-
dihydroxyxanthone (2), together with a mixture of phenylcoumarins, mammea A/AA 
cyclo D (3) and mammea A/AB cyclo D (4) have been isolated from the methanolic 
extract of young leaves. Their structures were identified by means of spectroscopic 
technique and by comparison with literature data. In particular, the current study was 
the first exposed report of xanthones 1 and 2 from the genus Mammea. Furthermore, 
compounds 1 and 2 and the methanolic young leaf extract had high antioxidant efficiency 
on DPPH and ABTS assays. The young leaf extract provided mild toxicity on the brine 
shrimp lethality test (BSLT) with LC50 value of 93.11 ± 1.37 μg/mL. In addition, the 
isolated compounds 1 and 2 were non-toxicity in BSLT assay. Therefore, the young leaf 
extract and the purified constituents 1 and 2 should be further studied and developed for 
using in pharmaceutical industries. 

Keywords: antioxidant activity; Mammea siamensis; phenylcoumarins; toxicity; 
xanthones 

 
■ INTRODUCTION 

Medicinal plants are employed as ingredients in 
several traditional remedies due to their phytochemical 
metabolites, such as terpenoids, flavonoids, alkaloids, and 
polyphenols. These significant bioactive components 
revealed diverse efficiency, for example, anticancer [1-3], 
antioxidant [3-5], antimicrobial [4-6], and 
antileishmanial activities [5,7]. Accordingly, various Thai 
medicinal plants are famous for acting as active elements 

in several folk medicines, including Mammea siamensis 
[8-9]. 

The genus Mammea belongs to the family 
Guttiferae, recently assigned to the Calophyllaceae [10]. 
This genus consists of approximately 75 species 
overspreading throughout the tropics in Africa, Central 
America, Madagascar, and tropical Asia. Three species, 
M. brevipes, M. harmandii, and M. siamensis, have been 
reported in Thailand [11]. 
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M. siamensis (Miq.) T. Anders, named “Saraphi”, is 
a Thai botanical medicine. Its flowers have long been 
traditionally employed as an active, integral composition 
in Thai herbal prescriptions as a heart tonic and 
promoting of appetite [12-13]. Several parts of this plant, 
such as flowers [12,14], twigs [15], seeds [16-18], and 
barks [19], have been phytochemically investigated. For 
example, many bioactive compounds separated from the 
methanol extract of M. siamensis flowers showed potent 
cytotoxic activity, such as mammeasin A and surangin B 
[20]. The extensive literature review has investigated only 
one phytochemical constituent from M. siamensis leaves. 
Proanthocyanidin, a condensed tannin, has been isolated 
from 95% ethanol extract of the leaves, and it showed 
molluscicidal activity at its sufficient concentration [21]. 
In particular, the prior reports determined higher 
effectiveness of shoot or young leaves than mature leaves 
in various bioactivities, anticancer [1,22], antioxidant, and 
total phenolic contents [23-24]. In the present work, gas 
chromatography-mass spectrometry (GC-MS) analytical 
method and bioactivity evaluation, antioxidative activity 
and in vivo toxicity on brine shrimp lethality assays were 
performed to examine bioactive compounds from the leaf, 
young leaf (first 3-5 leaves) [25-26], twig, bark and flower 
extracts of M. siamensis. As guided by such techniques, the 
methanolic young leaf extract was further investigated, 
leading to the isolation of two bioactive xanthones, 6-
deoxyisojacareubin (1) and 1,5-dihydroxyxanthone (2) and 
a mixture of mammea A/AA cyclo D (3) and mammea 
A/AB cyclo D (4). Their structures were identified by 
NMR and mass spectroscopic data, with this work 
providing the first report of compounds 1 and 2 from the 
medicinal plant in Mammea genus. Furthermore, these 
two isolated compounds were tested for their 
antioxidative ability and in vivo toxicity using brine 
shrimp lethality assay and the results were discussed. 

■ EXPERIMENTAL SECTION 

Materials 

The barks, flowers, twigs, leaves, and young leaves of 
Mammea siamensis were collected in February 2019 from 
Chachoengsao province, Thailand. The plant materials 
were identified by SH and a voucher specimen with the 

plant code RRU-SH-009 was collected at the Faculty of 
Science and Technology, Rajabhat Rajanagarindra 
University, Chachoengsao, Thailand. 

Instrumentation 

The 1H-, 13C-, and 2D-NMR spectra were recorded 
with a Bruker Ascend™ 400 spectrometer in acetone-d6 
(CD3COCD3), dimethyl sulfoxide-d6 (CD3SOCD3) and 
chloroform-d (CDCl3) (were acquired from Merck, 
Germany) solutions by using an internal standard as 
either tetramethylsilane (TMS) or residual non-
deuterated solvent peak. High-resolution mass spectra 
were recorded with a Bruker micro TOF spectrometer. 
Agilent 5977B GC/MSD was employed for GC-MS 
technique evaluation. Analytical purposes were 
performed by using silica gel 60 PF254-pre-coated TLC 
aluminum sheets of (20 × 20 cm, layer thickness of 
0.2 mm, Merck, Germany). Spraying with 12% H2SO4 in 
ethanol or anisaldehyde reagent and visualization under 
ultraviolet light were used for chemical composition 
monitoring. Column chromatography was implemented 
using Merck silica gel 60 (60–200 μm or 70–230 mesh 
ASTM) and Merck Sephadex LH-20. Distillation 
technique was employed for solvent preparation prior to 
use in extraction, chromatography, and crystallization 
processes. Analytical grade solvents, ethanol and 
methanol, were obtained from Fisher Scientific Korea Ltd. 

Procedure 

Extraction 
The air-dried powdered materials from the barks, 

flowers, twigs, leaves and young leaves of M. siamensis 
(10 g each) were macerated at room temperature with 
methanol (200 mL × 7 d × triplicates) for each 
extraction. Removal of the solvents under reduced 
pressure and subsequent freeze-drying were performed 
after filtration. Then the crude methanol extracts were 
obtained and kept at −4 °C until further analysis. 

GC-MS analysis 
GC-MS analysis was implemented by employing 

an Agilent 5977B GC/MSD with an HP5MS column 
(30 m × 0.25 mm × 0.25 mm) under Helium as carrier 
gas with a flow rate of 1.3 mL/min. Samples were 
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analyzed in the column held at an initial temperature of 
50 °C for 3 min after injection. Then, increasing 
temperature was carried out to 280 °C at a program rate 
of 10 °C/min and then held for 20 min. The injections 
were performed at 250 °C in splitless mode. The pressure 
was 10 psi, the run time was 37.5 min, and the 
temperatures of injector and detector were 250 °C. Before 
submission to GC-MS analysis, each crude extract 
(2.0 mg) was dissolved in 1 mL of methanol and subjected 
to exhaustive filtration. The isolated constituents were 
examined to compare with the authentic samples by 
referring to their retention times and mass weights 
available in GC-MS NIST library. 

Antioxidant activity 
The free radical scavenging ability of the extracts 

and the isolated compounds were evaluated on the basis 
of DPPH and ABTS free radical scavenging assays. 

The DPPH inhibition of each sample was 
determined according to the modified procedure [27]. 
Briefly, varied concentrations of the samples; 6.25, 12.5, 
25, 50, and 100 μg/mL; were prepared by dissolution and 
dilution in methanol. To analyze, 0.2 mM DPPH solution 
in methanol (4 mL) was mixed with the sample solutions 
(1 mL) and the mixtures were shaken intensely. 
Instantaneously, incubation of the reaction mixtures at 
room temperature was operated in the absence of light for 
30 min before the absorbance measurement at 517 nm. 
All assays were executed in triplicate to afford accurate 
data. The percentage of DPPH free radical inhibition was 
determined by using Eq. (1): 

0 1

0

A A
Percentage of DPPH inhibition 100

A
 

  
 

 (1) 

where A0 and A1 correspond to the absorbance at 517 nm 
of the DPPH radical in control and in the presence of 
samples, respectively. Additionally, the 50% inhibitory 
concentration (IC50) value indicating the least sample 
concentration inhibiting 50% of free radicals was 
calculated. The quercetin and butylated hydroxytoluene 
(BHT) solutions were employed as reference 
antioxidants. 

For ABTS assay, the procedure was modified 
according to the literature [28]. In brief, 7 mM ABTS 
solution (10 mL) was added to 2.45 mM potassium 

persulfate (K2S2O8, 176 μL) and the mixture was 
immediately kept in the dark condition at room 
temperature for 12–16 h prior to use. Subsequently, the 
ABTS working solution was prepared to obtain the 
appropriate absorbance of 0.700 ± 0.020 at 734 nm by 
dilution with 95% ethanol. Then, 100 μL of the sample 
solutions with different concentrations: 6.25, 12.5, 25, 
50, and 100 μg/mL, were mixed with 900 μL of the ABTS 
working solution and the reaction was allowed to leave 
for 6 min at room temperature. Ethanol was set as the 
standard blank for absorbance measurement at 734 nm. 
Quercetin and BHT were used as references. The Eq. (2) 
evaluated the percentage of free radical inhibition of the 
extracts: 

0 1

0

A A
Percentage of ABTS inhibition 100

A
 

  
 

 (2) 

where A0 is the absorbance of the control and A1 is the 
absorbance of the tested sample or standard after 
treatment. 

In vivo toxicity on brine shrimp lethality assay 
The prepared extracts and the isolated compounds 

were examined by employing the brine shrimp lethality 
test (BSLT) [29]. Briefly, brine shrimp cysts (0.25 g) were 
hatched in an Erlenmeyer flask containing 1 L of well-
aerated artificial seawater (26.29 g of NaCl, 0.74 g of 
KCl, 0.99 g of CaCl2, 2.86 g of MgCl2, and 3.94 g of 
MgSO4·7H2O, with adjusted pH 7.8) under lighted 
conditions for 48 h. The extracts were prepared by 
dissolving in 1% v/v of DMSO in artificial seawater in 
concentrations ranging from 62.5, 125, 250, 500, and 
1000 μg/mL. Simultaneously, more than 30 Artemia 
larvae were transferred from the hatching flask into each 
concentration of sample during the preparation to avoid 
dilution from transferring larvae medium to the test 
samples. Also, potassium dichromate (K2Cr2O7) solution 
with the same preparation was employed as a positive 
control in 6.25, 12.5, 25, 50, and 100 g/mL 
concentrations. All experiments were determined in 
triplicate by only dividing 10 nauplii per sample tube. 
Furthermore, nauplii was examined as blank in 1% v/v 
of DMSO in artificial seawater. Then, the incubation of 
all samples was investigated under proper light for 24 h 
at room temperature. The percentage lethality was 
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evaluated from the counted alive nauplii by utilizing Eq. 
(3): 

Tota l  nauplii Alive nauplii% Mortality 100
Tota l  nauplii

 
  
 

 (3) 

The data were processed using a Probit analysis 
program to calculate the lethal concentration of half of the 
test organisms (LC50). 

Extraction, purification, and spectroscopic data of 
isolated compounds 

Air-dried and finely powdered young leaves (1.5 kg) 
of M. siamensis were macerated with methanol 
(4 L × 7 d × triplicates) at room temperature. Then, the 
methanolic crude extract (34.9 g) was obtained by 
filtration and solvent removal under reduced pressure, 
respectively. A vacuum liquid column chromatography 
(VCC) technique was employed to isolate the pure 
compounds. Gradient elution of EtOAc–hexane solution 
(0, 10, 20, 40, 60, 80, 100%, 2 L each) followed by MeOH–
EtOAc solution (10, 20, 50, 100%, 1 L each) was conducted 
for VCC. Based on TLC characteristics, the fractions (1 L 
each) were collected and combined to yield seven fractions 
(F1−F7). Fraction F3 (1.3 g) was purified employing silica 
gel column chromatography (Si-gel CC) with the gradient 
solvent system elution of EtOAc–hexane (0−100%) and 
MeOH–EtOAc (0−100%) to provide subfractions F3.1‒
F3.4. Sephadex LH-20 was presented for gel filtration of 
subfraction F3.2 (242.0 mg) to isolate a pure constituent, 
xanthone 1 (6.0 mg), together with a mixture of mammea 
A/AA cyclo D (3) and mammea A/AB cyclo D (4) 
(4.2 mg) in the ratio of 1:2. After purification of fraction 
F4 (2.3 g) using Si-gel CC with MeOH-CH2Cl2 (0–100%), 
gradient as eluent, subfractions F4.1–F4.4 were obtained. 
Chromatography of subfraction F4.2 (177.0 mg) was 
performed on Sephadex LH-20 with MeOH elution to 
afford compound 2 (18.0 mg). 
6-Deoxyisojacareubin (1). A yellowish solid; m.p. 
220.1–222.0 °C; UV (MeOH) max (log ) 329 (3.78), 267 
(4.23), 251 (4.27) nm; IR (KBr) νmax 3467, 3402, 3023, 
2978, 1651, 1619, 1573, 1485, 1344, 1278, 1159, 1114, 
762 cm−1; 13C-NMR (acetone-d6, 100 MHz) and 1H-NMR 
(acetone-d6, 400 MHz) data, see Table 2; HR-EI-MS m/z 
311.0907 [M+H]+ (calc. for C18H15O5, 311.0914). 

1,5-Dihydroxyxanthone (2). A brownish solid; m.p. 
198.2–199.0 °C; UV (MeOH) max (log ) 370 (3.94), 312 
(4.15), 348 (4.88) nm; IR (KBr) νmax 3424, 1651, 1611, 
1579, 1497, 1462, 1279, 1240, 1144, 1067, 793, 724 cm−1; 
13C-NMR (DMSO-d6, 100 MHz) and 1H-NMR (DMSO-
d6, 400 MHz) data, see Table 2; HR-EI-MS m/z 288.0428 
[M]+ (calc. for C13H8O4, 288.0423). 
A mixture of mammea A/AA cyclo D (3) and 
mammea A/AB cyclo D (4). (ratio 1:2 by 1H-NMR 
data); 13C-NMR (CDCl3, 100 MHz): 206.7 (C-1”), 164.4 
(C-5), 159.6 (C-2), 156.4 (C-4), 154.9 (C-10b), 153.1 (C-
6a), 139.3 (C-1’), 128.8 (C-4’), 127.6 (C-3’, C-5’), 127.2 
(C-2’, C-6’), 126.3 (C-9), 115.0 (C-10), 112.7 (C-3), 107.2 
(C-6), 102.0 (C-4a), 101.0 (C-10a), 79.9 (C-8), 53.6 (C-
2”), 28.7 (C-1’”, C-2’”), 25.5 (C-3”), 22.7 (C-4”, C-5”) for 
3; 211.5 (C-1”), 164.4 (C-5), 159.7 (C-2), 157.8 (C-10b), 
156.4 (C-4), 154.4 (C-6a), 139.2 (C-1’), 128.2 (C-4’), 
127.6 (C-3’, C-5’), 127.1 (C-2’, C-6’), 126.3 (C-9), 115.5 
(C-10), 112.7 (C-3), 107.3 (C-6), 102.0 (C-4a), 101.5 (C-
10a), 79.8 (C-8), 46.6 (C-2”), 28.6 (C-1’”, C-2’”), 25.5 (C-
3”), 16.8 (C-4”), 11.6 (C-5”) for 4; 1H-NMR (CDCl3, 
400 MHz):14.10 (1H, s), 7.43 (3H, m, H-3’, H-4’, H-5’),  
7.35 (2H, m, H-2’, H-6’), 6.92 (1H, d, 10.0, H-10), 6.03 
(1H, s, H-3), 5.67 (1H, d, 10.0, H-9), 3.00 (2H, d, 7.2, H-
2”), 2.26 (1H, m, H-3”), 1.60 (6H, s, H-1’”, H-2’”), 0.98 
(6H, d, 6.8, H-4”, H-5’’) for 3; 14.54 (1H, s), 7.31 (3H, m, 
H-3’, H-4’, H-5’), 7.24 (2H, m, H-2’, H-6’), 6.81 (1H, d, 
10.0, H-10), 5.91 (1H, s, H-3), 5.55 (1H, d, 10.0, H-9), 
3.67 (2H, sextet, 6.6, H-2”), 1.69 (1H, m, Ha-3”), 1.48 
(6H, s, H-1’”, H-2’”), 1.26 (1H, m, Hb-3”), 1.12 (3H, d, 
6.9, H-5”), 0.84 (3H, t, 7.3, H-4”) for 4; HR-EI-MS m/z 
404.1631 [M]+ (calc. for C25H24O5, 404.1624). 

■ RESULTS AND DISCUSSION 

After extraction of several parts of M. siamensis; 
barks, flowers, twigs, leaves, and young leaves, with 
methanol as the eluent followed by filtration and 
evaporation under reduced pressure, each crude extract 
was analyzed using GC-MS and the constituents are 
shown in Fig. 1. The tentative scanning of the GC-MS 
chromatogram of barks, flowers, twigs, leaves, and 
young leaves revealed the signal of several phenolic 
components by comparison with the NIST database (see 
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Supplementary information). After comparison of GC-
MS chromatograms, it was indicated that various 
phenolic components were contained in crude methanol 
extract of the leaves and young leaves. Antioxidant  
 

activities in both DPPH and ABTS radical scavenging 
assays evaluated in the extracts from various parts of M. 
siamensis are summarized in Table 1. 

As shown in Table 1, the antioxidant activity of the 

 
Fig 1. Total ion GC-MS chromatograms of different extracts from M. siamensis, (a) barks, (b) flowers, (c) twigs,  
(d) leaves, and (e) young leaves 

Table 1. Antioxidant activity and in vivo toxicity on BSLT of M. siamensis extracts and isolated compounds 1 and 2 

Sample 
IC50 (μg/mL) LC50 (μg/mL) 

DPPH assay ABTS assay BSLT assay 
Bark extract 55.11 ± 2.18 103.69 ± 1.21 >100 
Flower extract 50.38 ± 2.90 69.58 ± 0.88 70.14 ± 0.79 
Twig extract 53.91 ± 0.55 76.67 ± 1.23 76.59 ± 1.27 
Leave extract 66.31 ± 1.24 47.71 ± 0.67 8.37 ± 1.22 
Young leaf extract 59.04 ± 1.92 47.22 ± 1.09 93.11 ± 1.37 
1 78.16 ± 1.32 40.42 ± 0.59 > 100 
2 70.16 ± 0.97 38.86 ± 1.66 > 100 
Quercetin 14.02 ± 0.86 14.02 ± 0.86 ND 
BHT ND 23.23 ± 1.50 ND 
K2Cr2O7 ND ND 12.62 ± 0.72 

IC50 and LC50 results are average of three independent experiments ± standard deviation. Quercetin and 
BHT were used as positive controls for the antioxidant assay and K2Cr2O7 was used as positive control for 
BSLT assay. ND = not determined 
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extracts exhibited free radical scavenging activity with 
IC50 values ranging from 50.38 ± 2.90 to 
66.31 ± 1.24 μg/mL for DPPH assay and from 
47.22 ± 1.09 to 103.69 ± 1.21 μg/mL for ABTS assay. The 
results indicated strong effective antioxidant ability of 
whole parts according to the literature [30]; at lower than 
50 μg/mL of IC50 values shows very strong antioxidant 
properties, strong antioxidant characterization is 
exhibited as IC50 values of 50–100 μg/mL, IC50 values of 
moderate ability are provided at 100–150 μg/mL, and 
weak efficiency shows the IC50 value of 150–200 μg/mL. 
Furthermore, the toxicity assay based on the BSLT at 
different concentrations (Table 1) revealed that all the 
extracts except from the barks showed toxicity at LC50 
ranging from 8.37 ± 1.22 to 93.11 ± 1.37 μg/mL [31-32]. 
Based on the antioxidant results of the extracts, the young 
leaf extract provided free radical scavenging activity 
apparently in both DPPH and ABTS assays at 59.04 ± 1.92 
and 47.22 ± 1.09 μg/mL, respectively. Additionally, the 
cytotoxic effect in BSLT from the young leaf extract 
afforded mild toxicity with LC50 value of 
93.11 ± 1.37 μg/mL. 

In accordance with the combination of GC-MS 
profiling and the biological activities of the various parts 
of M. siamensis extracts, the young leaf extract exhibited 
more interesting efficiency than the others; therefore, it 
was chosen to isolate its attractively bioactive 
constituents. After the isolation and purification by 
chromatography techniques, compounds 1 and 2 along 
with a mixture of coumarins 3 and 4 were obtained (Fig. 
2). All compounds were elucidated and identified based 
on spectroscopic techniques. 

Compound 1 was obtained as a yellowish solid. The 
molecular formula C18H14O5 was determined by HR-EI-

MS at m/z 311.0907 [M+H]+ (calc. for C18H15O5, 
311.0914). Its 1H and 13C-NMR data are summarized in 
Table 2. The 13C-NMR and DEPT135 spectra analysis 
identified 17 signals for 18 carbons, 2 methyls, 6 
methines and 10 quaternary carbons. The 1H-NMR 
spectrum exhibited low-field broad signals at δ 12.11 
and 9.14 ppm, indicating the hydroxyl chelated group at 
C-1 and free hydroxyl group at C-5, respectively. Three 
aromatic protons at δ 7.67 (1H, dd, J = 7.8, 1.6 Hz), 7.35 
(1H, dd, J = 7.8, 1.6 Hz), and 7.30 (1H, t, J = 7.8 Hz) ppm 
indicated the presence of the ABC-type aromatic 
protons H-8, H-6, and H-7, respectively. A singlet signal 
at δ 6.19 (1H) ppm was assigned to the aromatic proton 
H-2. A sharp singlet at  1.50 (CH3-14 and CH3-15) ppm 
and a pair of doublets at  7.09 (1H, H-11) and 5.75 (1H, 
H-12) ppm with coupling constant of 10.1 Hz suggested 
the presence of a 2,2-dimethylchromene ring. To 
confirm the structure of 1, the chemical shifts of each 
carbon and proton were deduced based on the 2D NMR 
information (COSY, HMQC, and HMBC correlations), 
along with comparisons of the data to those in the 
literature [33-35]. Thus, compound 1 was identified as 
6-deoxyisojacareubin. 

Compound 2 was a brownish solid with a 
molecular formula of C13H8O4 associated with the HR-
EI-MS m/z 288.0428 (calc. for [M]+, 288.0423). The 
comparison between 13C and DEPT135 NMR spectra 
indicated 13 signals for 13 carbons, 4 methine carbons, 
and 9 quaternary carbons, as summarized in Table 2. 
The 1H-NMR spectrum of 2 showed the characteristics 
of a chelated hydroxyl proton at C-1 and of a free 
hydroxyl group at C-5 at  12.62 (1H, s) and  10.55 (1H, 
s) ppm, respectively. The aromatic protons at  7.70 (1H, 
dd, J = 8.3, 8.3 Hz, H-3), 7.05 (1H, d, J = 8.3 Hz, H-4), and 

 
Fig 2. Structures of compounds 1–4 isolated from young leaves of M. siamensis 
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Table 2. 13C (100 MHz) and 1H-NMR (400 MHz) data of compounds 1 and 2 

Position 
1a 2b 

C H (mult., J (Hz)) C H (mult., J (Hz)) 
1 164.20 (C)  161.00 (C)  
2 99.80 (CH) 6.19 (s) 110.50 (CH) 6.77 (d, 8.3) 
3 161.90 (C)  137.40 (C) 7.70 (dd, 8.3, 8.3) 
4 102.20 (C)  107.60 (C) 7.05 (d, 8.3) 
4a 152.50 (C)  155.80 (C)  
4b 147.00 (C)  146.00 (C)  
5 147.10 (C)  146.40 (C)  
6 122.20 (CH) 7.35 (dd, 7.8, 1.6) 121.00 (CH) 7.55 (d, 7.7) 
7 125.70 (CH) 7.30 (t, 7.8) 124.90 (CH) 7.25 (dd, 7.7, 7.7) 
8 116.90 (CH) 7.67 (dd, 7.8, 1.6) 114.60 (CH) 8.33 (d, 7.7) 
8a 122.60 (C)  121.30 (C)  
8b 104.40 (C)  108.90 (C)  
9 182.00 (C=O)  182.10 (C=O)  

11 115.90 (CH) 7.09 (d, 10.1)   
12 129.50 (CH) 5.75 (d, 10.1)   
13 79.20 (C)    
14 28.40 (CH3) 1.50 (s)   
15 28.40 (CH3) 1.50 (s)   

1-OH  12.11 (s)  12.62 (s) 
5-OH  9.14 (br. s)  10.55 (br. s) 

aThe spectral data were recorded in deuterated acetone (CD3COCD3). bThe spectral data were recorded in 
deuterated dimethyl sulfoxide (CD3SOCD3). Carbon types were deduced by DEPT135 experiment.  
mult. = multiplicity 

 
6.77 (1H, d, J = 8.3 Hz, H-2) ppm were assigned to be 
1,2,3-trisubstituted benzene ring A. The three aromatic 
signals at  8.33 (1H, d, J = 7.7 Hz, H-8), 7.55 (1H, d, J = 
7.7 Hz, H-6), and 7.25 (1H, dd, J = 7.7, 7.7 Hz, H-7) ppm 
were also indicated as 1,2,3-trisubstituted benzene ring C. 
In addition, the chemical structure of compound 2 was 
evaluated using 2D (COSY, HMQC, and HMBC 
correlations) NMR spectroscopy. Finally, the data were 
intensively compared with the literature data [36]. Hence, 
compound 2 was identified as 1,5-dihydroxyxanthone. 

Although compounds 3 and 4 were isolated as the 
mixture, their chemical structural identification was 
determined using the 1H and 13C-NMR data together with 
HR-EI-MS data and comparison to the human 
metabolome database (HMDB). The 1H and 13C chemical 
shifts of each compound were clearly identified by 
comparing them with the previous report by Verotta, L. 
and co-workers [37]. Based on the intensive comparison 

of the spectroscopic data of the mixture with the 
literature data, the mixture of coumarins 3 and 4 was 
identified as mammea A/AA cyclo D and mammea 
A/AB cyclo D, respectively (see supplementary 
information). 

The GC-MS chromatograms of the methanolic 
extracts of young leaves and leaves were identified to 
contain compounds 1 and 2 by comparing the molecular 
mass and retention time of each pure isolated 
compound, as shown in Fig. 3. This result might indicate 
that both compounds are the remarkably important 
secondary metabolites for the plant leaves. 

The biological activities of the isolated compounds 
1 and 2 were examined by using DPPH and ABTS radical 
scavenging assays along with in vivo toxicity in the BSLT 
assay. Both compounds exhibited strong antioxidant 
characteristics in DPPH assay with IC50 values of 
78.16 ± 1.32  and  70.16 ± 0.97 μg/mL,  respectively  [30].  
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Fig 3. GC-MS chromatograms of compounds 1 and 2 in crude extracts, (a) leaves; (b) young leaves 

 
In ABTS assay, the IC50 values of 1 and 2 were 40.42 ± 0.59 
and 38.86 ± 1.66 μg/mL, respectively, which also showed 
very strong antioxidative levels [30]. After comparing the 
data, compounds 1 and 2 have the coordinately 
antioxidative results. In addition, they were non-toxic in 
BSLT with LC50 values > 100 μg/mL [31]; thus, both 
compounds were not active regarding in vivo toxicity. 
This result agreed with the toxicity of the related xanthone 
derivatives, 1,7-dihydroxyxanthone and 1-hydroxy-5-
methoxyxanthone, previously isolated from seed of M. 
siamensis [16]. 

According to the previous study, the crude extracts 
and isolated compounds from several parts of M. 
siamensis were evaluated for biological cytotoxicity 
[14,16-17,20] and antibacterial activity [38], and most of 
them revealed coumarins being the major constituents 
[17,39-40]. However, xanthones are a small group of 
phytochemical constituents in M. siamensis. To the best 
our precedent search from SciFinder database, we first 
found xanthone derivatives 1 and 2 isolated from 
Mammea plants in the present study. 

■ CONCLUSION 

Mammea siamensis is an important medicinal plant 
containing notable bioactive compounds. Based on GC-
MS and bioassay-guided isolation screening, the present 
study isolated two naturally occurring xanthone 
derivatives, 6-deoxyisojacareubin (1) and 1,5-
dihydroxyxanthone (2), together with a mixture of 

phenylcoumarins, namely mammea A/AA cyclo D (3) 
and mammea A/AB cyclo D (4) from the methanolic 
young leaf extract of M. siamensis. The structures of the 
two isolated compounds were confirmed based on 
spectroscopic data and comparison with the literature. 
Furthermore, isolation of the secondary metabolites 1 
and 2 has not been previously reported from this plant 
or the Mammea genus. Additionally, both isolated 
constituents provided efficient scavenging activity on 
DPPH and ABTS radicals, whereas they were no in vivo 
toxicity based on the brine shrimp lethality assay. Hence, 
isolated constituents, 1 and 2, and the young leaf extract 
should be further studied for employment in anti-aging 
cosmetics and pharmaceutical industries in traditional 
plant-based medicines. 
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 Abstract: This study was conducted to determine the role of thermal treatment on the 
crystallinity and pore characteristics of porous ceramic, which was prepared from natural 
clay (NC) and chitosan (CS) biopolymer using the gel casting method. CS was used as an 
environmentally friendly pore-forming agent. The applied temperature treatment was 
based on thermal analysis (TGA/DTA) results and followed a sintering temperature of 
900 to 1100 °C. The results showed that at sintering temperatures from 900 to 1000 °C, 
the crystallinities of the ceramic decrease (from 76.06 to 74.06%) and the crystallite size 
decreases (from 35.71 to 34.47 nm) while the lattice strain increases (calculated from the 
Full Width at Half Maximum (β) of the diffraction peak). The highest porosity of ceramic 
occurred at a sintering temperature of 1000 °C of 37.82 ± 0.19, but the formation of 
heterogeneous microstructure was observed. The resulting pore size for all temperature 
treatments was almost mesoporous (19.1 Å). Based on the results obtained, it is 
emphasized that the sintering temperature can be used to adjust the porosity and 
microstructure of porous ceramics. 

Keywords: porous ceramic; gel casting; sintering; clay 

 
■ INTRODUCTION 

Porous ceramics have undergone substantial research 
for a variety of crucial applications, such as gas/liquid 

filtration, thermal insulation, catalyst support, and drug 
delivery [1-3]. This is due to several properties possessed 
by porous ceramics, such as their high melting point, low 
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thermal conductivity, good chemical inertness, and high 
specific surface area [4]. Several methods are used to 
prepare porous ceramic, such as pore-forming agent [5], 
freeze casting [6-7], gel casting [8-10], foam gel casting 
[11], sacrificial templating [12], and particle stacking [13]. 
The gel casting method is the most often utilized of the 
aforementioned techniques due to its benefits of a simple 
operating process. However, the industry is reluctant to 
use the gel casting technique because the most commonly 
used gel is acrylamide (AM), which is a neurotoxin. Thus, 
several previous researchers have utilized natural 
polymers in the fabrication of porous ceramics such as egg 
white [14-15], rice flour [16-17], cassava starch [18-19], 
sodium alginate [20], and chitosan (CS) [20-21]. 

In addition, gel casting of porous ceramics also uses 
raw materials, which are generally used including 
synthetic oxides such as alumina, zirconia, nitride, and 
titania, along with polymers that act as gelling agents and 
also pore templates [22-24]. These raw materials can be 
quite expensive, making them unsuitable for large-scale 
manufacture. At the moment, porous ceramics made 
from natural minerals, particularly clays, have attracted a 
lot of attention due to their abundance, good chemical 
resistance, good mechanical properties, and thermal 
stability [25-26]. Porous ceramic-based clay can also be 
used in some of the previously described porous ceramic 
applications [27]. In this study, we tried to develop the use 
of natural clay (NC) as a raw material and CS as a gelling 
agent and pore template. 

The selection of CS as a pore template is due to it 
being renewable that is quite abundant in nature and is 
environmentally friendly [28]. Several previous studies 
have reported the use of CS as a pore template in the 
production of porous ceramics by gel casting. Salomão 
and Brandi [29] succeeded in producing a new porous 
filamentous using alumina-CS, and the resulting ceramic 
can be applied to the process of catalysis, filtration, support 
for biological tissue growth, and thermal insulation. Further 
research developing a cylindrical porous ceramic using a 
different raw material, namely aluminum hydroxide, the 
obtained results show a fairly high porosity (up to 84%) 
and a specific surface area (up to 7 m2/g) [30]. The 
optimum conditions for the use of CS as a gelling agent 

have been reported by Bengisu and Yilmaz [31] using 
alumina and zirconia as the raw materials, obtaining the 
optimum pH for gelification of CS in the slurry at pH 4, 
reaction temperature 55 °C, the acetic acid concentration 
of 1 wt.%, and CS concentration of 10 wt.%. 

With this perspective, this study has successfully 
employed NC and CS to prepare an environmentally 
porous ceramic membrane that has not been previously 
reported. The porosity of the ceramic body comes from 
the thermal degradation of CS, which can be easily 
decomposed in the temperature range of 219–505 °C 
[30]. A previous study has shown that the sintering 
temperature significantly affects the characteristics of 
porous ceramics. Salomão and Brandi [29] reported that 
thermal treatment affects mechanical strength, porosity, 
specific surface area and microstructure of gel casting 
porous ceramics with alumina and CS as raw materials. 
For instance, low-temperature sintering can make 
ceramic materials more porous and increase the pore 
size [32]. However, with a high sintering temperature, 
the mechanical properties can be improved [33]. The 
effect of thermal treatment on the microstructure and 
porosity of porous ceramics based on NC and CS is 
described in this work due to the major impact of the 
sintering temperature treatment. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study consist of NC 
obtained from South Sulawesi (was slightly ground and 
sieved to pass 60 Mesh, then characterized using XRF, 
SAA with BET method, and PSA, the characterization 
results shown in Table 1), CS powder from our previous 
study [34] (the characteristic shown in Table 1), alumina 
(Merck, Germany CAS number 1344-28-1), 
carboxymethyl cellulose (CMC) food grade as a 
dispersant, and CH3COOH (99% purity Merck, 
Germany). 

Instrumentation 

The instruments used in this study involved furnace 
(Nabertherm LT 5/14/B410), X-ray fluorescence (XRF, 
Thermo Fischer Scientific),  X-ray diffractometer (XRD, 
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Table 1. Raw materials used in this study 
Natural clay  
Chemical analysis (using XRF; wt.%) SiO2: 59.33; Al2O3: 2.77; Fe2O3: 0.77; CaO: 0.30; TiO2: 3.84; 

ZrO2, NiO, CuO, ZnO, and etc < 0.70 
Specific surface area (BET method; m2 g−1) 17.02 
Particle size (using PSA; μm) 4.34 
Chitosan  
Molecular weight (kDa) 302.40 
Particle size (using PSA; μm) 1.22 
Polydispersity Index 
Deacetylation degree (%) 
Loss of ignition (%) 
Moisture regains (%) 
Viscosity (mPa.s) 

0.51 
93.81 
0.71 
8.75 
155.31 

 
Shimadzu 7000), particle size analyzer (PSA, Malvern 
Panalytical), TGA/DTA (Hitachi STA7300), surface area 
analyzer (SAA, type Quantachrome Nova 4200e), and 
scanning electron microscope (SEM, JEOL-6000PL). 

Procedure 

Specimen preparation 
Porous ceramic-based NC and CS were fabricated 

by the gel casting method. The CS gel (10 wt.% in 0.1 M 
acetic acid solution, pH 4) was stirred at 40 °C for 2 h until 
the polymer was completely dissolved [30]. Furthermore, 
the formation of organoclay through clay modification 
with CMC (hereinafter referred to as modified clay (MC)) 
facilitates the interaction between clay and CS [35]. The 
raw material (clay and alumina with a ratio of 1:1 wt.%, 
the addition of alumina aims to restrain the rate of 
thermal expansion of silica, which is the main content in 
NC [36]) and 0.1 wt.% of CMC dispersant were added to 
1.5 mL of distilled water, stirred for 1 h. The CS solution 
and MC solution were mixed and stirred for 15 min to 

produce a slurry, and then a 25 × 25 × 120 mm3 PVC 
mold was used to pour into and permitted to dry in an 
air atmosphere for 12 h. The gelled ceramics were 
molded; the resulting ceramic body is called gel casted 
green body ceramic. Then sintered with the heating rate 
based on the results from the analysis of thermal using 
TGA/DTA with sintering temperature variations of 900, 
1000, and 1100 °C for 3 h. An illustration of specimen 
preparation is shown in Fig. 1. 

Determination of heat treatment parameters in gel 
casted green body ceramic 

TG-DTA studies on the Hitachi STA7300 were 
used to simultaneously determine the heat treatment 
parameters of gel casted green body ceramic. Gel casted 
green body ceramic were ground into powder and weighed 
about 3.9 mg on an alumina crucible for comprehensive 
thermal analysis and then heated to 1000 °C in a static 
air environment after being isothermally heated at 30 °C 
for  10 min  under  airflow  (8 L/min).  The  alumina was 

 
Fig 1. The illustration of specimen preparation 
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employed as the reference material, and the heating rate 
was 50 °C /min. 

Characterizations of specimen 
The phase of the specimen was characterized by 

XRD with Cu Kα radiation (λ = 1.5405 Å). The average 
crystallite size was determined by the Debye-Scherrer 
equation. Mass shrinkage is determined by calculating the 
ratio of the difference between the mass of the specimen 
before and after sintering to the mass before sintering. 
The bulk density and apparent porosity were measured by 
the Archimedes principle according to the ASTM C373-
88. 

The pore characteristic of the specimen, including 
surface area, pore volume, and pore distribution, was 
determined by nitrogen adsorption using SAA at a 
temperature of 250 °C with outgas time of 3 h and bath 
temperature of 273 K. Brunauer-Emmet-Teller (BET) was 
used to calculate the specific textural properties such as 
surface area and pore volume. Using the t-plot approach, 
the total adsorbed gas at relative pressure P/P0 = 0.99 was 
used to represent the total pore volume, and the pore 

distribution was based on Barret-Joyner-Halenda (BJH) 
analysis. 

SEM was used to examine the specimen's 
microstructures, which qualitatively indicated a grain 
size of 60 mesh; the quantitative analysis was also 
examined with energy dispersive analysis (EDX), and 
phase quantification was obtained from SEM-EDX maps 
by processing EDX area maps using Image JED-2300 
software. 

■ RESULTS AND DISCUSSION 

TGA-DTA of Gel Casted Green Body Ceramic 

TGA-DTA was used in the determination of heat 
treatment parameters, including the sintering 
temperature of gel casted green body ceramic, to explain 
the process that occurs in the sintering process so that a 
thermal analysis of clay and CS, along with CMC, is also 
carried out. The results are shown in Fig. 2. To simplify 
the analysis, the thermal properties of green body 
ceramic based on the TGA-DTA curve are divided into 
three stages. 
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Fig 2. TGA-DTA curves of (a) gel casted green body ceramic, (b) CS, (c) clay, and (d) CMC 
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The first stage is the temperature increased from 
room temperature to 100 °C, and the mass of the green 
body decreased by about 25.7 wt.%, showing the removal 
of free and physically adsorbed water from the specimen's 
surface as well as the release of related water. In addition, 
it also indicates the evaporation of residual water in the 
CS polymer, which is in curve Fig. 2(b). There is also a 
reduction in mass at a temperature of 100 °C [37]. 

The second stage starts from 200 to 500 °C, the mass 
of the green body reduced to 52.5 wt.%. It is estimated that 
the hydration process of raw NC material occurs, which is 
in curve Fig. 2(c). There is also a reduction in mass at 
room temperature to 300 °C; this phenomenon is 
followed by a broad exothermic peak at 201 °C 
corresponding to the dehydroxylation of kaolinite into 
meta kaolinite [38]. Furthermore, curve Fig. 2(b). there 
was a decrease in mass at the temperature range of 200 to 
400 °C, indicating the loss of the acetyl group that was still 
contained in the chitosan; the acetyl group had π bonding 
which is a weaker and more reactive bond so it was easier 
to break first. This phenomenon is followed by the 
exothermic peak at 357 °C, on the DTA curve [39]. It is 
estimated that at this stage, the formation of pores on the 
green body ceramic has started to occur. 

The last stage is when the mass of the green body 
reduced to 20.5 wt.% from 500 to 1000 °C. This is due to 
the occurrence of degradation and decomposition of the 
CS chain, this is evidenced by the reduction in mass on 
the TGA curve of the CS thermogram (Fig. 2(b)), and 
there are also several small peaks which indicate the 
process of degradation and decomposition of various 
polymer units [39]. Thus, in this temperature range, it is 
suspected that the polymer network of CS will be burning 
out so that the formation of pores occurs optimally. In  
 

addition, at temperatures between 800 and 1000 °C, a 
massive DTA peak is visible; this is a result of the phase 
change from meta kaolin to Al-Si spinel [40]. 

In the sintering process, the mass reduction of 
CMC is only 20.9% at temperatures of 100 to 300 °C, 
which indicates water decomposition; at temperatures of 
300 to 400 °C indicates CMC decomposition with a mass 
reduction of about 41.8%. Furthermore, mass reduction 
is not so significant at temperatures above 400 °C, which 
indicates the decomposition of cross-link bonds in CMC 
and confirms the occurrence of curing behavior in 
porous ceramic bodies [41]. In this study, CMC acts as a 
dispersant in the ceramic body so that its presence is 
bound to each other with the matrix and binder of the 
specimen [11]. Thus, based on the thermal properties of 
the green body ceramic, the thermal treatment applied 
to the porous ceramic specimen is shown in Fig. 3. 

X-ray Diffraction Investigations 

The gel casted green body ceramics was sintered 
with various sintering temperatures (900, 1000, and 
1100 °C) and the mineral phases were identified by XRD 
(Fig. 4). The SiO2 crystalline phase that appears for all 
specimens is quartz (JCPDS 46-1212) and cristobalite 
(JCPDS 39-1425), while the mullite phase is only found 
in specimens at a temperature treatment of 900 °C at 
25.97° which corresponding to the plane of primary 
mullite phase [42]. In addition, there is also a corundum 
phase for all specimens. Corundum increases steadily in 
its amount, while quartz increases and the amount of 
corundum nearly disappears at 1000 °C; it is in contrast 
to the results of the previous study because the sintering 
temperature carried out in this study is lower than that 
which been done previously [40]. The appearance of 
 

 
Fig 3. Thermal treatment applied in porous ceramic production 
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Fig 4. XRD patterns of the specimen with different sintering temperature 

 
corundum peaks in all specimens indicates that not all 
alumina reacts with kaolinite in the clay to form mullite. 
The reason for failure to complete mullitization might be 
due to alumina size with large granular (18.64 μm) as raw 
material [25]. The results prove that the final phase 
compositions depend greatly on the treating 
temperatures. 

The crystallinity of the specimen was determined by 
the Segal method. The weight fraction of the amorphous 
(xA) component over different temperatures, was 
determined from Eq. (1) [43], 

 A cx (%) 100 1 x    (1) 
where xc is the crystallinity of the specimen given by Eq. 
(2) [43-44], 

crystal
c

crystal amorphous

I
x (%) 100

I I



 (2) 

where Icrystal and Iamorphous correspond to the intensity of the 
integrated for all crystalline peaks and the amorphous 
scattering, respectively. The crystallinity of the specimen 
with different sintering temperatures is plotted in Fig. 
5(b). Due to the microcline phase melting at a higher 
sintering temperature of 1000 °C, the crystallinity 
reduces, and the microstructure is typical of the sintering 
liquid phase. It was associated with the disappearance of 
the mullite phase (Fig. 4) due to the complete dissolution 
in the glass melt. This is agreed with the results of previous 

studies [45-46]. However, the crystallinity increased at 
1100 °C, by reforming the diffraction peak; it was also 
known that the crystal diffraction peak and full width at 
half maxima (FWHM) did not change with increasing 
sintering temperature. Sintering temperature up to 
1100 °C does not change the crystal phase but only causes 
an increase in the intensity of the diffraction peak [47]. 

Furthermore, the crystallite size (D) and the strain 
(ε) were obtained from three samples based on different 
thermal treatments. From the maximum peak FWHM 
amount, the crystallite size of specimens is calculated 
using the Debye-Scherrer equation as Eq. (3) [48], which 
takes from six data by taking the six dominant peaks as 
shown in Fig. 4 and the result is plotted in Fig. 5(a); 

0.9D
cos



 

 (3) 

where β is the full width at half-maximum (FWHM) of 
the diffraction peak, λ (1.5406 Å) is the X-ray wavelength 
radiation of Cu Kα, and θ is the Bragg angle. Based on 
the Debye-Scherrer equation, shown in Table 2, the 
crystallite size of specimens decreased by the increasing 
sintering temperature from 900 to 1000 °C but increased 
homogenously at 1100 °C. This finding is different from 
the results of several previous studies, which revealed 
that the crystallite size increased with increasing sintering 
temperature with the same sintering temperature from 
800 to 1000 °C [47,49-50]. This anomalous behavior can  
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Fig 5. The evaluation of (a) the crystallite size of the specimens and (b) crystallinity with (A) amorphous and (C) 
crystalline phases 

Table 2. The relationship between crystallite size and microstrains of the specimens 
900 °C 1000 °C 1100 °C 

Crystallite size 
(nm) 

Strain 
(×10−3) 

Crystallite size 
(nm) 

Strain 
(×10−3) 

Crystallite size 
(nm) 

Strain 
(×10−3) 

31.45 6.63 16.34 12.16 33.87 6.18 
35.61 4.60 15.93 9.89 32.96 4.98 
36.38 3.40 12.45 9.98 35.07 3.44 
36.78 2.42 11.56 7.60 39.84 2.24 
35.71 2.12 12.35 5.89 34.47 2.19 
29.87 2.26 11.07 6.16 31.67 2.13 

 
be explained by assuming that a high defect concentration 
is produced during densification at 1000 °C; it can be 
attributed to the low crystallinity of the specimen at a 
sintering temperature of 1000 °C (Fig. 5) and associated 
rapid particle deformation [51]. In order to confirm the 
structural parameters of the specimens, the Williamson-
Hall was also used to determine the strain using Eq. (4) 
[52]. The microstrains can be caused by dislocations, anti-
phase domain borders, deformation faulting, or 
homogeneous crystal lattice distortion [53]. 

 hkl cos k D 4 sin        (4) 
When using the Williamson-Hall calculation method, 

it is presumed that the strain is constant throughout the 
crystallographic space and that the material’s 

characteristics are independent of space [44]. Based on 
Table 2, the strain has a positive value, indicating the 
strain tensile present during the sintering process of gel 
casted green body ceramics. Thus, the crystallite 
coalescence occurs as a consequence of the destroying-
rebuilt oxygen-metallic cation of quartz and corundum, 
regardless of the phase transition of quartz to cristobalite 
[54]. As previously mentioned, the crystal size increases 
with a sintering temperature of 1100 °C. It can be seen 
from the decrease in FWHM of the diffraction peak with 
the sintering temperature, indicating an increase in the 
crystallization process by eliminating defects such as 
crystal growth and coalescence. The findings are in 
agreement with the previous studies [47,55]. 
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Pore Parameters of Sintered Specimens 

Mass shrinkage, bulk density and apparent porosity 
The effect of thermal treatment on the mass 

shrinkage, bulk density and apparent porosity of the 
sintered specimens are shown in Table 3. As the sintering 
temperature increased from 900 to 1000 °C, the mass 
shrinkage of specimens increased and decreased at 
1100 °C. The mass shrinkage increased as a result of the 
interconnectedness of the kaolin grains in the specimen 
body becoming weirder with an increase in sintering 
temperature [56]. However, at the sintering temperature 
of 1100 °C, mass shrinkage decreased due to forming a 
large amount of glassy phase, supported by XRD data 
(Fig. 4); grain merging was not completed due to the very 
high intensity of quartz peaks. 

Similar results were observed for apparent porosity 
and bulk density; as the sintering temperature increased 
from 900 to 1000 °C, porosity increased while density 
decreased. As the sintering temperature was 1100 °C, the 
porosity decreased, and density decreased. It means the 
mixture of kaolinite and corundum sinter maximally 
when fired at 1000 °C; it can also be learned from the 
highest mass shrinkage occurred at these conditions and 

the porosity of the porous ceramic is dependent on the 
temperature treatment. The density and porosity with 
various sintering temperatures were not so much 
different, and it was connected to the minor mass 
decrease. The results obtained are different from 
previous studies, which produce a regular trendline of 
the effect of the sintering temperature on density and 
porosity [56]. This is presumably because this study did 
not control the amount of alumina mixture as the raw 
material. Moreover, the resulting porosity is almost the 
same as the porous ceramic synthesized by conventional 
methods [33]. The findings suggest that by varying the 
sintering temperature, the bulk density and apparent 
porosity should be controllable. 

Surface area, pore volume, and pore distribution 
The surface area, pore volume, and pore 

distribution of the specimens were analyzed using the 
BET and BJH methods, shown in Fig. 6. As it is shown 
in the N2 adsorption-desorption isotherms curves of 
specimens (Fig. 6(a)), no obvious hysteresis loops exist. 
After analyzing the BET data, the adsorption isotherm of 
the specimens is included in one of the types of 
adsorption  isotherms  discussed by  Brunauer et al. [57],  

Table 3. Mass shrinkage, bulk density, and apparent porosity with different sintering temperatures 
Sintering temperature 

(°C) 
Apparent porosity 

(%) 
Bulk density 

(g/cm3) 
Mass shrinkage 

(%) 
900 30.14 ± 0.14 10.61 ± 0.01 4.18 ± 0.03 

1000 37.82 ± 0.19 8.64 ± 0.03 5.74 ± 0.05 
1100 29.96 ± 0.15 12.27 ± 0.01 4.01 ± 0.05 
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Fig 6. (a) Isotherm of adsorption-desorption curves and (b) pore size distribution of specimens 
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which is included in type III. This particular isotherm is 
convex to the axis of the relative pressure and does not 
show adsorption limiting P/P0 = 1. When the adsorbate 
interacts more with the adsorbed layer than the adsorbent 
surface, type III isotherms are created. 

The value of the surface area of the specimens 
increased from a temperature of 900 °C to a temperature 
of 1000 °C and decreased at a temperature of 1100 °C, 
while the volume and pore distribution of the specimens 
were not much different. The largest surface area occurs 
at a sintering temperature of 1000 °C, which is 17.27 m2/g. 
The same results were observed by Akhtar et al. [58], 
which uses diatomite as a raw material; at temperatures 
above 1000 °C the surface area of the specimen decreases, 
which is associated with the formation of a melting phase 
at temperatures above 1000 °C which promotes liquid 
phase sintering. However, the surface area of the resulting 
porous ceramics is larger than that of the porous alumina 

ceramics synthesized by the freeze-drying [59] and wet-
spun fibers method that also uses CS as a pore template 
[30]. During the sintering process, the grains 
agglomerate, resulting in a decrease in the pore volume, 
and the surface area of the ceramic powder decreases 
drastically [60-61]. The resulting pore distribution 
ranges from 19.1 Å, with the result that the porous 
ceramic is close to the mesoporous character. The pore 
characteristics of the specimens are summarized in 
Table 4. 

Surface morphology of specimens 
The SEM photographs for the fracture surface of 

specimens with various sintering temperatures are 
shown in Fig. 7. It was obvious that the specimens made 
through the gel casting method had complex 
microstructures, with large spherical pores containing 
microscopic  cellular  pores  on  their  inside  walls.  The  

Table 4. Pore characteristics of porous ceramic-based NC and CS correspond to Fig. 6 
Sintering 

temperature (°C) 
Surface area (m2/g) Volume @STP (cc/g) gPore distribution (Å) 

aBET bMicro cMeso dTotal eMicro fMeso Micro Meso 
900 15.2204 14.1493 1.0711 0.1116 0.0004 0.1111 19.0929 45.0112 

1000 17.2752 9.0612 8.2140 0.0736 0.0041 0.0695 19.1011 37.2112 
1100 12.5215 2.6483 9.8732 0.1061 0.0020 0.1041 19.1012 27.0001 

aBET surface area; bMicropore surface area evaluated by t-plot method; cMesopore surface area calculated using SBET-Smicro; dTotal pore 
volume at P/P0 ~0.99; eMicropore volume calculated by t-plot method; fMesopore volume calculated using Vtotal-Vmicro; gPore 
distribution based on BJH analysis 
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Fig 7. SEM images of the specimens with various sintering temperatures: 900 °C (a, b and c), 1000 °C (d, e and f), and 
1100 °C (g, h and i) 

 
Fig 8. EDS elemental mapping of the specimens for sintering temperatures (a, b) 900 °C, (c, d) 1000 °C, and (e, f) 1100 °C 
 
process of gelification produced large spherical pores, 
while the removal of CS and aggregation of quartz 
particles produced small cellular pores in internal walls 
[56]. It may be explained by mass shrinkage and porosity, 
which increase with increasing sintering temperature, 
that the number of small pores reduces as the sintering 
temperature increases from 900 to 1000 °C, as shown in 
Table 3. But when the sintering temperature is as high as 
1100 °C, the porosity decreases drastically (Fig. 7(g, h, and  
 

i)), presumably due to the glass phases being less viscous 
and easy to flow, so they could fill most of the pores 
formed by burning the gel CS polymer and thereby 
dramatically reduce porosity. A similar result was 
observed by Liu et al. [40] reporting when the sintering 
temperature was increased, the large particles did not 
seem to fully fuse with each other, thus causing the 
porosity to decrease. Besides, Yang et al. [56] also 
observed at a certain high temperature, the growth and  
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Table 5. Elemental analysis of the specimens corresponds to Fig. 8 (a, c, and e) 

Element Compound 
Mass (%) of element Mol (%) of compounds 

900 °C 1000 °C 1100 °C 900 °C 1000 °C 1100 °C 
O K - 52.06 52.02 52.25 - - - 
Al K Al2O3 4.50 4.17 3.79 8.50 7.88 7.17 
Si K SiO2 41.24 41.31 42.09 88.22 88.38 90.04 
Ti K TiO2 1.17 1.38 1.02 1.95 2.30 1.71 
Fe K Fe2O3 1.04 1.12 0.85 1.34 1.44 1.09 

 
interconnection of kaolinite grains on the raw material 
were not uniform, causing the porosity to decrease. 
Surface morphology showing homogeneous pore 
distribution observed at a sintering temperature of 
1000 °C which is shown in Fig. 7(d, e, and f). 

To observe the distribution of Si and Al elements 
(which are the main constituents of NC) in sintered 
ceramics, an EDS mapping analysis was also carried out 
on the specimens, which is shown in Fig. 8. The results 
obtained showed an incomplete solid-state reaction, 
where the distribution of Si and Al elements was unevenly 
distributed equally. If it is associated with the pore size of 
the specimens in Table 4, where the smallest pore size 
occurs at a sintering temperature of 1000 °C, as shown in 
Fig. 8(d), the distribution of Al and Si elements is the most 
uneven among other treatments. It indicates that grain 
merging was not completed so grain growth was not 
completed during the sintering process, which only for 
3 h, thus, the pores formed were smaller than other 
specimens [60]. The mass (%) of Si and mole (%) of 
compounds SiO2 increases with increasing sintering 
temperature. Different results were observed for the 
element Al and its compounds showing the mass (%), and 
mole (%) decreased with increasing sintering temperature, 
as shown in Table 5. 

■ CONCLUSION 

Porous ceramics were formed by the gel casting 
method using NC and CS. Pore development was mostly 
brought about by CS's thermal degradation. The 
crystallinities of the ceramic decreased (76.06 to 74.06%) 
at sintering temperatures 900 to 1000 °C while the 
crystallite size decreased and the lattice strain increased. 
The apparent porosity increased (30.14 to 37.82%) at 
sintering temperature from 900 to 1000 °C. However, the 

apparent porosity decrease became 29.96% when the 
sintering temperature increased to 1100 °C, as indicated 
by the formation of heterogeneous microstructure was 
observed. The resulting pore size for all temperature 
treatments was almost mesoporous (19.1 Å). The 
findings imply that the sintering temperature can be 
used to continually regulate the microstructure behavior 
of porous ceramics based on NC and CS. 
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 Abstract: The purification of terephthalic acid recovered from an alkali-reduction 
wastewater by reactive crystallization was investigated. The crude terephthalic acid was 
reacted with sodium hydroxide solution to form a salt of disodium terephthalate, then 
acidified with sulfuric acid to get the terephthalic acid with higher purity. The effects of 
time, pH, concentration, and flow rate of secondary feed solutions, temperature, and 
stirring rate on crystal size distribution (CSD) of terephthalic acid precipitate were 
investigated. The results showed that CSD was influenced by the concentration of 
reactants and the pH solution. On the other hand, time, temperature, flow rate of 
secondary solution, and stirring rate had no significant effects on the CSD, which the 
mean size of crystals ±3 μm. The mean size of crystals at solution pH 5, 4, and 3 were 
6.03, 9.42, and 10.34 μm, respectively; meanwhile, at concentrations of 0.5, 0.3, and 
0.1 M, were 7.57, 3.24, and 3.09 μm, respectively. The semi-batch reactive crystallization 
with double-feeding at constant pH and temperature resulted in monodispersed crystals. 
However, this method must be carried out more than once for terephthalic acid 
purification, intended for polyethylene terephthalate (PET) polymerization. 

Keywords: crystal size distribution; purification; reactive crystallization; terephthalic acid 

 
■ INTRODUCTION 

Polyester is the most widely used synthetic fiber due 
to its low production cost and good fiber properties. Still, 
it has poor wear comfort because of its low moisture 
absorption and stain removal ability. Therefore, some 
approaches have been developed to improve the 
hydrophilicity of polyester fiber [1]. The strong alkaline 
treatment of polyester leads to the rupture of ester bonds. 
It increases the number of polar functional groups of 
alcohol and carboxylic acid on the fiber surface [2]. 

On the other hand, alkali treatment causes 
hydrolysis of the ester bond. The chain hydrolysis of 
polyethylene terephthalate (PET) with sodium hydroxide 
produces disodium terephthalate, which is highly soluble 
in water. This alkali process also causes changes in fabric 
weight, strength, wettability, and aesthetics [3]. The large 
amount of weight loss in this hydrolysis process is known 
as the weight reduction process. 

The wastewater from this process has extreme 
characteristics such as a very alkaline pH (> 12.8) and a 
high organic concentration (COD of 20,000–
100,000 mg/L) [4]. Therefore, some researchers have 
studied the recovery of terephthalic acid as one of the 
attractive treatments for this wastewater [5]. 
Terephthalic acid recovery is carried out by acidifying 
wastewater to precipitate the terephthalic acid. This 
method is known as precipitation or reactive 
crystallization. In this process, the formation of a crystal 
or solid product is initiated with high supersaturation 
conditions which are obtained from the chemical 
reaction between the soluble reactants [6]. 
Supersaturation is a driving force for nucleation which 
is the initial formation of a solid phase or crystal. The 
growth of the crystal increases the crystal size. 

Industrially, crystalline product quality and 
properties are determined by the crystal size distribution 
(CSD), morphology, and purity [7-8]. Chemical 
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composition, as represented by the chemical purity and 
impurity levels, can change the crystal properties, such as 
the mechanical, electrical, thermal, and optical properties. 
Control of impurities is also essential in many industries, 
especially in the food and pharmaceutical industries, 
where product purity should reach the strict 
specifications required for human use [9]. The crystal size 
distribution (CSD) and crystal habit or morphology can 
change product and bulk properties such as dusting, 
dissolution rate, compressibility, and flowability [10]. 
They also influence the efficiency of downstream processes 
such as filtration, centrifugation, and drying [11]. 

The crystallization process control is important to 
acquire products with desired and reproducible 
properties. Poor product properties can cause extra 
processing steps, which will increase manufacturing costs 
and be time-consuming [12]. Obtaining the desired 
particle size can often be challenging due to the 
interaction among various process parameters. A series of 
techniques, including mathematical modeling tools, have 
been applied to predict and control particle size and 
distribution [13]. 

The CSD on crystallization can be predicted using 
the Population Balance Equation (PBE). PBE is an 
equation that represents the balance of the number of 
particles in a specific state. For a batch crystallizer or a 
semi-batch crystallizer with assumptions that the system 
is perfectly mixed and there is no net inflow or outflow of 
crystals. The PBE can be written in Eq. (1). 

n nG
t L

 


 
 (1) 

Eq. (1) requires an initial condition and a boundary 
condition. The initial condition of n(L, 0) for unseeded 
batch suspension crystallizer uses the size distribution of 
crystal at the time of the first appearance crystals. The 
boundary condition n(0, t) is the nuclei population 
density (n0) and is related to the nucleation rate (B), as 
shown in Eq. (2). 

     
 0

B t
n 0,t n t

G 0,t
   (2) 

Nucleation kinetics and crystal growth rate cannot 
be predicted theoretically, and in practice, they must be 
measured and correlated empirically with environmental 

conditions, such as concentration and temperature, 
using a power law model, as shown in Eq. (3) and (4). 

b
NB k c   (3) 

g
GG k c   (4) 
where B is nucleation rate, kN is nucleation rate 

constant, Δc is supersaturation, exponent b is an order 
of nucleation, G is crystal growth, kG is growth rate 
constant, and exponent g is an order of growth. The 
value of the primary nucleation kinetic constant b varies 
in the range of 1–10 [14]. Meanwhile, the value of 
growth kinetic constant g, in general, is 1 ≤ g ≤ 2, and g 
> 2 only for sparingly soluble compounds [6]. Studies of 
CSD on semi-batch reactive crystallization were 
conducted by single feed [15-17] or double feeds [18], as 
well as double feeds at constant pH by adding external 
acid or basic [19-20]. 

Studies on the purification and recovery of 
terephthalic acid from alkali weight reduction 
wastewater using reactive crystallization [5] and cooling 
crystallization [21] focused on terephthalic acid's purity. 
However, research on CSD of terephthalic acid using 
reactive crystallization, especially from recovery weight 
reduction wastewater, is still scarce. 

It is assumed that at a constant pH, disodium 
terephthalate will react with sulfuric acid to form 
terephthalic acid, which increases the concentration of 
terephthalic acid in the solution. It is expected to 
increase the crystal growth rate and size. Thus, the work 
presented in this paper aimed to study the effect of the 
crystallization processes (time, pH, temperature, 
concentration, flow rate of secondary solutions, and 
stirring speed) on the crystal size distribution. The 
crystallization process was conducted in conditions of 
semi-batch, constant solution pH, and constant solution 
temperature (isothermal) by adjusting the feeding of the 
secondary solution of reactants. 

■ EXPERIMENTAL SECTION 

Materials 

The weight-reduced wastewater was collected from 
a textile industry in Central Java Province, Indonesia. 
The weight-reduced wastewater was added with 
activated carbon and then acidified to pH 2 [5]. The 
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terephthalic acid precipitate was then filtered and dried to 
produce crude terephthalic acid, having the 
characteristics shown in Table 1. 

Analytical grade chemicals used in reactive 
crystallization were sulfuric acid (Merck, 95–97%), charcoal 
activated (Merck), and sodium hydroxide (Merck, 99%). 

Instrumentation 

The semi-batch crystallization system with double-
feeding reactants for the study of reactive crystallization 
of terephthalic acid is illustrated in Fig. 1. Experimental 
setup consisted of a reactor, a mechanical stirrer, two 
peristaltic pumps, and a pH meter. A glass beaker of 1 L 

equipped with four baffles (0.1 of beaker diameter) and 
four blades of paddle impeller stirrer (0.3 of beaker 
diameter) was used as a reactor. The stirrer was driven 
by IKA RW 20 digital overhead stirrer. HI9890 pH meter 
was connected to a computer to monitor and save the 
data of pH and temperature during the process. A Cole 
Palmer water bath was used to maintain and control the 
process temperature. Masterflex C/L peristaltic pumps 
were employed to feed the secondary disodium 
terephthalate and sulfuric acid solutions to the reactor. 
The crystal size distribution was determined using a 
Particle Size Analyzer (PSA) Horiba Partica LA 960 V2. 

Table 1. Characteristics of crude terephthalic acid 
No Parameter Crude terephthalic acid Unit Method 
1 Acid number 572.500 ± 7.500 mg KOH/g Titration 
2 Ash 229.900 ± 5.200 ppm (w/w) Gravimetry 
3 Moisture 6.160 ± 0.220 % (w/w) Gravimetry 
4 Alkali transparency T-400 73.350 % Spectrophotometry 
5 Mean size 21.335 ± 0.065 μm Laser diffraction 
6 Metal contents 

Mn 
Ni 
Co 
Cr 

 
2.890 ± 0.119 
0.279 ± 0.219 
0.020 ± 0.001 
1.219 ± 0.462 

 
ppm (w/w) 
ppm (w/w) 
ppm (w/w) 
ppm (w/w) 

 
Atomic absorption 
spectroscopy (AAS) 

7 Iron (Fe) 17.556 ± 4.239 ppm (w/w) AAS 
8 Color in 5% dimethylformamide 51.650 - spectrophotometry 

 
Fig 1. Experimental setup 
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Procedure 

The amount of 400 mL of 0.06 M primary disodium 
terephthalate solution was put into a glass beaker with a 
volume of 1 L as a reactor. It was acidified with 0.5 M 
sulfuric acid solutions (approximately 50 mL) until the 
targeted pH was reached. At this point, initial time 
sampling was carried out by taking 25 mL of solution. 

Secondary solutions of 0.5 M disodium terephthalate 
and 0.5 M sulfuric acid solutions were added 
continuously to the reactor (primary solution) using two 
peristaltic pumps in an equal amount between 
terephthalate and sulfuric acid. The addition of this 
second solution did not affect the pH of the solution due 
to an equimolar amount of terephthalate and sulfuric 
acid. The initial volume of the primary solution at the 
targeted pH was approximately 450 mL. The volume of 
sulfuric acid added at a feeding rate of 1 mL/min was 30 mL, 
and the volume of disodium terephthalate added was also 
30 mL. The final total volume was 385 mL after subtracting 
the entire sample volume taken (125 mL). Samples were 
taken at 5, 10, 20, and 30 min after secondary solutions were 
charged into the primary solution. The pH and temperature 
of the reaction were monitored and manually controlled 
by manipulating the flow rate of the H2SO4 solution. 

Each sample was filtered, and the precipitated 
terephthalic acid was oven-dried at 70 °C and then 
weighed (until constant). The dried sample was analyzed 
using a PSA, which shows the characteristic dimension of 
the crystals in the volume equivalent size. 

■ RESULTS AND DISCUSSION 

The Chemical Reaction of Disodium Terephthalate 
with Sulfuric Acid 

The reaction of disodium terephthalate with sulfuric 
acid is shown in Scheme 1. Disodium terephthalate and 
sulfuric acid are ionic reactants in an aqueous solution, 
which essentially reacts very fast, producing a terephthalic 
acid precipitate [22]. The reactive crystallization 
mechanism consists of several steps. The first step is 

terephthalic acid formation by reacting disodium 
terephthalate with sulfuric acid. The solution dissolves 
the terephthalic acid into ionic terephthalates (Eq. 5-6) 
[23]. 

_ 3.54
2 AqH TP H HTP ,k1 10     (5) 

2 4.46
2HTP TP H ,k 10       (6) 

where H2TP, HTP− and TP2− indicate the neutral, 
dissociated, and twice dissociated forms of terephthalic 
acid, respectively. The neutral form is called free acid. 
The relative amounts of the three ions depend on the pH 
solution. The concentration of each species at 
equilibrium can be calculated by the fraction or alpha (α) 
by comparing its concentration with the total 
concentration of phthalate ions with the help of the 
dissociation constant [24]. 

Fig. 2 shows the speciation of terephthalic acid as a 
function of the pH solution. The two intersection points 
of these curves were pk1 and pk2. The free acid of 
terephthalic acid forms a precipitate when its 
concentration exceeds the solubility value at equilibrium 
conditions (Eq. 7). 

2 s 2 AqH TP H TP ,c* 0.000102 mol / L    (7) 
The mass balance of total terephthalates in the 

solution was calculated from concentrations of 
terephthalate ions (HTP− and TP2−) and free acid H2TP 
using Eq. (8). 

 
Fig 2. Mole fractions of ionic species of terephthalate as 
a function of solution pH 

C

O

C

O

ONaONa + H2SO4 C

O

HO C

O

OH + Na2SO4

 
Scheme 1. The reaction of disodium terephthalate with sulfuric acid 
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2
TOTAL 2TP TP HTP H TP                 (8) 

The electroneutrality balance of all species in the 
solution was calculated using Eq. (9). 

2 2
4 4H 2 TP HTP HSO 2 SO OH                                 (9) 

Eqs. (5-9), together with measured pH data and total 
sodium concentration, were used to calculate the 
concentrations of terephthalate ions (TP2− and HTP−), 
free terephthalic acid (H2TP) in the solution, and solid, 
with the assumption that the solution was an ideal 
solution at equilibrium and sulfuric acid was a strong acid. 

The pH profiles, concentrations of terephthalic acid in 
solution, and terephthalic acid solid at the addition of 
sulfuric acid into 100 mL disodium terephthalate solution 
with the same concentration (0.45 M) are shown in Fig. 3. 

Adding sulfuric acid decreased the solution pH and 
the concentration of disodium terephthalate. The gentle 
slope of the pH curve (red line) indicated the occurrence 
of spontaneous nucleation. Then, it was followed by the 
steep slope in which the solution was sensitive to pH 
(around pH = 4), where disodium terephthalate was 
equimolar to sulfuric acid. At this stage, adding a small 
amount of sulfuric acid (± 3 mL) drastically changed the 
pH from 4.64 to 2.85. 

The terephthalic acid is sparingly soluble in water 
with a solubility of 0.000102 M. If the concentration of 
terephthalic acid exceeds the solubility value at equilibrium 
conditions, then the solid terephthalic acid forms. The 
solubility of terephthalic acid or concentration of 
terephthalic acid in the solution (H2TP) curve (green line) 
was assumed constant regardless of the pH of the solution. 

The supersaturation condition of terephthalic acid 
was the driving force of crystallization which consisted 
mainly of nucleation and crystal growth. The relationship 
between nucleation and growth and agglomeration or 
breakage of crystals certainly affected the final product of 
CSD [8]. 

CSD of Crude Terephthalic Acid 

The CSD of crude terephthalic acid used in this 
experiment is shown in Fig. 4. The graph shows that CSD 
stretched from 0.5–700 μm, with two peaks located at 
5.5 μm by 4.1% and 29.9 μm by 3.9 %. It indicated that the 

crude terephthalic acid had a very broad crystal size with 
a mean size of 26.83 μm. 

CSD of Terephthalic Acid from Double Feed Semi-
batch Reactive Crystallization at Constant pH and 
Temperature 

The primary disodium terephthalate solution was 
acidified with sulfuric acid solutions until the targeted 
pH was reached. At this point, initial time sampling was 
carried out. Secondary disodium terephthalate and 
sulfuric acid solution were added equimolar by keeping 
the pH solution constant. 

Adding an equimolar secondary solution of 
disodium terephthalate and sulfuric acid at constant pH 
was expected to increase the concentration of 
terephthalic acid in the reactor for crystal growth. The 
feeding time of secondary solutions at constant pH was 
conducted for 30 min. 

 
Fig 3. Equilibrium concentrations and pH of 0.45 M 
disodium terephthalate 100 mL with 0.45 M sulfuric acid 
additions 

 
Fig 4. CSD of crude terephthalic acid 
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Effect of feeding time 
The experiments were conducted at a solution pH of 

5, at a concentration of a secondary solution of 0.5 M, and 
at a temperature of 30 °C at various feeding times. 

The addition of secondary solutions (in equimolar 
reactants) increased the amount and number of crystals. 
Still, the size distribution was similar at various feeding 
times, from 0 to 30 min, as shown in Fig. 5. This means 
that feeding time did not influence the size of crystals. It 
was apparent that the crystallization process (nucleation 
and crystal growth) occurred very fast in the time scale of 
seconds; meanwhile, samples taken from the solution 
were within 5–10 min intervals. The short time scale of 
the crystallization process was probably due to the high 
supersaturation of terephthalic acid due to the low 
solubility of the terephthalic acid in water [25]. The high 
supersaturation caused the spontaneous primary 
nucleation to be more dominant than the growth of 
crystals. 

Effect of solution pH 
The solution pH was varied to 3, 4, and 5, as shown 

in Fig. 7. During the experiment, the feed rate was 
controlled manually at a fixed pH. Controlling the 
secondary solution feed rate was relatively easy at 
solution pH 5, compared to solution pH 4 and 3, which 
were sensitive to small fluctuations in the acid feed rate. 
It is illustrated in Fig. 6. 

The fluctuations in the concentration of H+ ions at 
pH 3, 4, and 5 were between 3.05–2.96, which equaled 
CH+ = 9.10−5 (g ion/L); between 4.12–3.88, which 
equaled CH+ = 2.4.10−5 (g ion/L), and between 5.02–
4.99, which equaled CH+ = 3.10−7 (g ion/L). 

As mentioned above, the terephthalic acid was 
dissociated in water, and the species of ion 
terephthalates was a function of the solution pH. Fig. 2 
shows that the free acid from terephthalic acid began to 
increase at pH 5.5, increasing with the decrease in the 
solution pH.  Therefore,  decreasing the  pH can increase  

 

 
Fig 5. CSD of terephthalic acid at conditions of pH 5 and 
T 30 °C 

 
Fig 6. pH fluctuations during experiments 

 
Fig 7. CSD of terephthalic acid at pH variations 



Indones. J. Chem., 2023, 23 (3), 742 - 753    

 

Bekti Marlena et al. 
 

748 

the concentration of terephthalic acid as well as 
supersaturation. When the supersaturation was high, and 
the solubility was low, the crystallization process was 
dominated by nucleation, which produced fine crystals. 
On the other hand, a decrease in the pH of the solution 
can increase the accumulation of fine crystals [26-27]. 
Aggregation occurred because there were terephthalate 
ions (TP2− and HTP−) and undissociated terephthalate 
(H2TP) when lattice crystals were formed so that the 
surface of the crystal was easily charged. 

The logarithmic scale has a broader span of crystal 
size, as shown in Fig. 7(a). Because of this wide span, CSD 
in the logarithmic scale showed the presence of two peaks 
(bimodal) at pH solution of 4 and 3 in the early minutes 
of the experiments. The primary peak dominated the 
crystal distribution in a smaller size (±10 μm), while the 
second peak appeared in a larger size (±130 μm), but its 
frequency was relatively small. Meanwhile, the normal 
scale (Fig. 7(b)) showed a tendency to increase the 
number of crystals, indicated by an increase in the peak 
distribution concerning time. 

Large-sized crystals at acidic pH probably came 
from the aggregation of terephthalic acid. Adding a 
secondary solution at a constant pH can reduce the 
accumulation towards a more uniform crystal 
distribution. It was indicated by the disappearance of the 
secondary peak (which is essentially small), leading to an 
increase in the height of the primary peak. Similar studies 
with double feeds at constant pH showed that changes in 
CSD indicated the occurrence of aggregation [20]. 

Fig. 8 shows that the mean crystal size of the 
terephthalic was increased as the pH solution decreased 
from 5 to 3. In this case, the pH solution = 5 was chosen 
for further experiments because it was more stable and 
easier to control the pH solution. A decrease in pH means 
that the rise of H+ concentration (more acidic solution) 
essentially affected the saturated concentration of 
terephthalic acid and consequently influenced the size of 
the terephthalic crystal. Eqs. (3) and (4) can be used to 
describe this phenomenon. 

The reactive crystallization by changing the solution 
pH (pH swing) was widely applied to produce a less 
soluble acid or  base from a  salt [8],  usually applied  for a  

 
Fig 8. The mean size of terephthalic acid at variations of 
pH 

single-feed semi-batch reactive crystallization [26]. In 
general, the acid solution produced fine crystals because 
of rapid nucleation and increased agglomeration. 
Meanwhile, the double-feed semi-batch crystallization 
at constant pH showed that pH variation contributed to 
aggregation [20] and morphology [19]. 

Effect of secondary solutions concentration 
Higher secondary solution concentrations 

increased the crystal size of terephthalic acid, as 
presented in Fig. 9. A lower concentration of secondary 
solution produced a narrower distribution of 
terephthalic crystals; meanwhile, a higher concentration 
made a broadened distribution. The secondary solution 
concentrations affected mean crystal sizes. The 
concentrations of 0.5, 0.3, and 0.1 M resulted in a mean 
size of 7.13–8.75, 2.93–4.20, and 3.02–3.20 μm, 
respectively. A lower concentration led to a lower mean 
crystal size and variance coefficient, indicating a more 
uniform size. 

A higher concentration of reactants (in secondary 
solutions) produced a higher terephthalic acid 
supersaturation condition, which was a driving force for 
nucleation followed by consecutive and rapid growth. 
After nucleation, followed by the growth of the crystal, 
the concentration of the solution decreased gradually, 
leading to saturated concentration, in which the growth 
rate stopped. 

Similar results were obtained by Tai and Chen [20], 
reporting that under high supersaturation conditions, 
the crystal size increased due to the high growth rate. 
The experiment was  conducted  for the  precipitation of  
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Fig 9. (a) Distribution and (b) size of crystals of terephthalic acid at the variation of secondary solution concentrations 
 
calcium sulfite hemihydrate by using double feeds and 
operating at a constant pH. These conditions resulted in 
nucleation rates that were not too high, and 
supersaturation conditions controlled the crystal growth 
rate. 

Different results were shown by Rewatkar et al. [15] 
regarding the precipitation of calcium oxalate and Caro et 
al. [16] regarding the precipitation of salicylic acid. These 
previous studies showed that the higher the reactant 
concentration was used, the finer the crystal size was 
obtained. However, these studies were carried out on 
single-feed reactive crystallization systems. Furthermore, 
a study on reactive crystallization conducted by Utomo et 
al. [28] comparing single feed and double feeds showed 
that the single feed system produced a smaller and wider 
crystal size distribution than the double feed systems. 

Effect of feeding rate 
The feeding rate affects the supersaturation. An 

increase in the feeding rate increases local 
supersaturation, increasing the nucleation rate. 

The results showed that a feeding rate of 1 to 
3 mL/min did not significantly affect the CSD of  
 

terephthalic acid. It is shown in Fig. 10(a), where 
the CSDs overlapped. The feeding rate of 1, 2, and 
3 mL/min resulted in a mean size of 2.92–3.76, 3.01–
3.87, and 3.12–4.07 μm, respectively. 

The same result was observed by Han and Louhi-
Kultanen [17] and Tai and Chen [20], stating that 
increasing feed speed can increase supersaturation and 
nucleation. Still, if the supersaturation was high, then the 
effect of feed speed was small enough, so it was not 
significant to be analyzed further. To some extent, 
nucleation was challenging to be controlled by controlling 
the feeding rate, especially in unseeded operations [29]. 

Effect of temperature 
The experiments were conducted under isothermal 

conditions at three temperature variations of 30, 50, and 
70 °C. 

The tendency of crystal distributions varies with 
time; at 30 °C, the peak tended to shift to the right; at 
50 °C, it tended to increase, while at 70 °C, it had a very 
close value. Temperature affected the nucleation rate. The 
nucleation rate increased with increasing the temperature 
and the degree of supersaturation. In addition, the  
 

 
Fig 10. (a) Distribution and (b) mean size of crystals of terephthalic acid at the variation of feeding rates 
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Fig 11. (a) Distribution and (b) mean size of crystals of terephthalic acid at variations of temperatures 

 
solubility of terephthalic acid increased with increasing 
the solution temperature. The solubility of terephthalic 
acid in water from experiments at various temperatures 
compared to a previous study by Park and Sheehan [30] is 
presented in Fig. 12. 

A higher temperature caused a higher terephthalic 
acid (saturated) solubility, consequently lowering the 
supersaturation conditions (Δc = initial concentration – 
saturated concentration). Finally, it decreased the 
nucleation and increased the crystal growth, producing a 
larger crystal size. However, Fig. 11(b) indicates that 
terephthalic acid precipitation temperature only 
significantly affected the crystal size. The competition 
between the increasing reaction rate and the solubility 
with the solution temperature was specific for each system 
[22]. The competition seems negligible for the reactive 
crystallization of terephthalic acid; therefore, the 
temperature significantly affected CSD. 

Effect of the stirring rate 
Theoretically, crystal growth is influenced by mass 

transfer rate, as confirmed by Eq. (4). One factor that 
affects the mass transfer rate is the stirring rate, besides  
 

the solution properties. 
This study conducted experiments at 120, 300, and 

420 rpm stirring rates. Fig. 13(b) shows that the mean 
crystal size slightly decreased with the increase of 
stirring rate from 120 to 420 rpm, although it was not 
very significant. This result agreed with the research on 
the precipitation of hydroxyapatite by Tourbin et al. 
[31], which showed that crystal size increased at a 
stirring rate of 120–600 rpm. However, the results of 
Caro et al. [16] showed that crystal size increased at a 
stirring rate of  100–400 rpm  and decreased  at a stirring  

 
Fig 12. Terephthalic acid solubility at various 
temperatures 

 
Fig 13. (a) Distribution and (b) mean size of crystals of terephthalic acid at the variation of stirrer stirring rates 
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Table 2. Characteristics of terephthalic acid by reactive crystallization 
No Parameter Terephthalic acid Standard Unit Method 
1 Acid value 675.338 675 ± 2 mg KOH/g  Titrimetry 
2 Ash content 31.047 max 15 ppm (w/w) Gravimetry 
3 Water content 0.028 max 0.15 % (w/w) Gravimetry 
4 Metals 1.115 10 ppm  

Atomic absorption 
spectroscopy 

5 Fe 0.472 2 ppm 
6 Co, Mo, Ni, Ti, Mg 0.643 max 1 ppm 
7 4-CarboxyBenzaldehide (4-CBA) 73.141 max 25 ppm Chromatography 
8 p-Toluic acid 112.379 max 150 ppm Chromatography 
9 Color in 5% dimethylformamide 8.580 max 10 APHA Spectro 

 
speed of 800–1600 rpm. 

Essentially, the rise of the stirring rate enhances the 
degree of turbulence, which increases the mass transfer 
rate and finally increases the crystal growth rate. 
However, the results showed that the stirring rate only 
slightly affected the crystal size distribution, where the 
mean crystal size remained as the stirring rate increased. 
It means that the crystal growth step did not control the 
overall crystallization process. 

The semi-batch reactive crystallization with double-
feeding reactants at constant pH and temperature forms 
nearly the same size crystals. It shows that this method can 
be used to obtain monodispersed crystals. 

Purity of Terephthalic Acid 

Terephthalic acid obtained from this experiment 
was characterized and compared to the standard of 
commercial terephthalic acid [32] to demonstrate its 
potential industrial application. 

According to ASTM D7976 Standard for purified 
terephthalic acid, the terephthalic acid purity requirement 
for PET polymerization is a 4-CBA content of 25 ppm 
max [21]. The presence of 4-CBA impurities reduces the 
rate of polymerization in polyester production because 
the aldehyde functional group in 4-carboxy benzaldehyde 
cannot react with ethylene glycol in the polymerization 
process, which limits the polyester chain so that the 
molecular weight becomes low [33-34]. 

The results show that reactive purification still 
contains 4-CBA, which is still relatively high at 73 ppm, 
and ash content of 31.05 ppm (Table 2). Therefore, the 
purification of terephthalic acid using the reactive 

crystallization method needs to be carried out more than 
once to meet the terephthalic acid requirements for PET 
polymerization. 

■ CONCLUSION 

The semi-batch reactive crystallization of 
terephthalic acid at constant pH and isothermal was 
conducted to study the effect of the crystallization 
processes (time, pH, temperature, concentration of 
secondary solutions, flow rate of secondary solutions, 
and stirring rate) on the CSD of terephthalic acid. The 
experimental results showed that the pH and 
concentration of reactants influenced CSD. The 
operational parameters of crystallization of time, 
temperature, flow rate, secondary solution, and stirring 
rate were found to have no significant effect on the mean 
crystal size of terephthalic acid. Crystallization of 
terephthalic acid was dominated by nucleation, which 
was reflected in the fine terephthalic acid crystal size. 
The semi-batch reactive crystallization with double-
feeding reactants at constant pH and temperature forms 
nearly the same size crystals. However, purification by 
the reactive crystallization method needs to be carried 
out more than once to meet the TA requirements for 
PET polymerization. 
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 Abstract: In the current endeavor, a new Schiff base of 14,15,34,35-tetrahydro-11H,31H-
4,8-diaza-1,3(3,4)-ditriazola-2,6(1,4)-dibenzenacyclooctaphane-4,7-dien-15,35-dithione 
was synthesized. The new symmetrical Schiff base (Q) was employed as a ligand to 
produce new complexes comprising Co(II), Ni(II), Cu(II), Pd(II), and Pt(II) metal-ions at 
a ratio of 2:1 (Metal:ligand). There have been new ligands and their complexes validated 
by (FTIR), (UV-visible), 1H-NMR, 13C-NMR, CHNS, and FAA spectroscopy, 
Thermogravimetric analysis (TG), Molar conductivity, and Magnetic susceptibility. The 
photostabilization technique to enhance the polymer was also used. The ligand Q and its 
complexes were mixed in 0.5% w/w of polyvinyl chloride in tetrahydrofuran (THF). The 
photo stabilization of polymer films was studied at 25 °C under irradiation of light λ 380–
250 nm with intensity of 7.75 × 10−9 ein dm−3 s−1. The photostabilization activity of these 
compounds was determined by monitoring the hydroxyl, carbonyl, and polyene indexes, 
weight loss method with irradiation time. The ICO, IPO and IOH index values increased with 
irradiation time, this increase depends on the type of additives. The surface morphology 
for these films was studied during irradiation time. This project is highly intriguing for 
the ecosystem in regards to the decrease in the consumption of plastic. 

Keywords: Schiff base; PVC; photostability; photodegradation; PVC films; weight loss 

 
■ INTRODUCTION 

Chemical compounds with at least two diversified 
atom types in the rings are known as hetero cycles [1]. 
Organic hetero cyclic encompass ringed blended rings 
without atoms and heteroatoms (N, O, and S). Most 
organic compounds have at least one heterocyclic sequence 
to make them the most predominant variety of compounds; 
hetero-atom presence provides heterocyclic compounds 
with numerous physical and chemical characteristics. 
Heterocycles are found in many organic ingredients such 
as vitamins, hormones [2], antibiotics [3], and pigments 
[4], and each of the main constituents are critical to 
human health. Therefore, we can conclude that the 
concept of biologically active molecules is becoming more 
widely discussed. Biologically active natural products are 
impeded by heterocyclic nitrogen, a synthetic compound. 
Chemically, triazole is part of the class of organic 
heterocyclic compounds called pyridazines [5]. It has two 

carbon atoms at the non-adjacent site and belongs to a 
class of five unsaturated ring structure members with 
three atoms each; the isomer resembles the triazole. 

The triazole ring is a planar geometry that 
possesses a resonance system through (6 π-electron) 
delocalized for carbon atoms and π-electron distortion 
system due to nitrogen atoms for both types 
(symmetrical and vicinal formula). Through the 
phenomenon of resonance in the five-ring system 
represented by the triazole ring, it adds to its high 
stability through the exchange of electrons and is known 
as tautomerism state by conjugate bonds with an π-
electron with nitrogen atoms. In two unique tautomeric 
forms, 1,2,4-triazoles [6] are feasible; pharmaceutically, 
the 1,2,4-triazole-1H and 4-hydro-1,2,4-triazole is 
considered essential. 

In sequence, for the amine and sulfur atom to take 
effect, soft, and hard nitrogen atoms must constitute an 
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exquisite ligand. This new Schiff base ligand interacts with 
the terephthaldehyde [7]. 

Additionally, considerable investigation into the 
coordination of divalent metal ions can be conducted 
using this newer Schiff base [8]. Metal transition 
complexes are the ongoing inspiration for us in our 
experiments. The polyvinyl chloride film [9] is judged for 
photodegradation to accurately assess newer compounds 
in a photostability operation to synthesize, characterize, 
and test the new ligand (Schiff base) and complexes. 
When it comes to nitrogen, neither soft nor hard 
instances must be attached to the same ligand. 
Terephthaldehyde and the new Schiff base [10] ligand, 
interact with each other. The coordination of various 
metal ions is also used to study the functioning of this 
novel Schiff base and its procedures. Metal transition 
complexes are an ongoing attraction for us in our 
research. The polyvinyl chloride film is judged for 
photodegradation to judge new compounds in a 
photostability [11] set-up to synthesize, characterize, and 
test the new ligand (Schiff base) and complexes through 
monitoring the degree of polymerization, weight loss, 
hydroxyl, carbonyl, and polyene index. 

■ EXPERIMENTAL SECTION 

Materials 

All the chemicals used in this research were supplied 
by Sigma-Aldrich without any additional purification. 
Terephthalic acid, absolute EtOH, Carbon-disulfide CS2, 
Hydrazine hydrate 80%, Glacial acetic acid, Sulfuric acid, 
Potassium hydroxide KOH, Sodium bicarbonate 
NaHCO3, Diethyl ether, the metal salt CoCI2·6H2O, 
CuCI2·2H2O, NiCI2·6H2O, PdCI2·2H2O, and PtCI6·6H2O 
and Polyvinyl chloride (CH2CHCl)n were all obtained 
from Sigma-Aldrich. 

Instrumentation 

The instrumentations used in this study were The 
Fourier transform Infrared (FTIR) spectra (400–4000 cm−1) 
recorded on a Shimadzu 8400 Spectrophotometer 
(Shimadzu Cooperation, Kyoto, Japan) using the KBr disc 
technique. Proton nuclear spectrum for Schiff base (Q) 
magnetic resonance (1H-NMR, 13C-NMR) spectra 

(400 MHz, 125 MHz) recorded on a Bruker DRX400 
NMR Spectrometer (Bruker, Zürich, Switzerland) in 
DMSO-d6 related to tetramethylsilane. Conductivity 
measurements were conducted with the WTW, USA. 
The chloride content was measured with the 686–Titro 
Processor–665 Dosim A–Metrohm/Swiss. Magnetic 
susceptibility measurements were conducted with the 
Bruker BM6 instrument. The electronic spectra used A 
Shimadzu-160 spectrophotometer (200–900 nm; Kyoto, 
Japan). The atomic absorption (A.A.) technique was 
performed using a Shimadzu PR-5 ORAPHIC 
PRINTER atomic absorption spectrophotometer. The 
melting point was determined by the Gallen Kamp 
Apparatus. The elemental analyses were performed on 
the Vario EL III Elementar instrument. A Digital 
Caliper, 1000 mm/40-inch Vogel, Germany was utilized 
to prepare PVC films. The morphology images of PVC 
films were recorded on the Meiji Techno Microscope 
(Meiji Techno, Tokyo, Japan), (460× magnification). 

Procedure 

Diethyl terephthalate synthesis – the initial step (2) 
According to the following scheme, diethyl 

terephthalate was synthesized [12]; 5 g of Terephthalic 
acid 0.03 mmol was dissolved in 45 mL of EtOH. The 
insertion of 5 mL of concentrated H2SO4 rendered the 
reaction acidic. The reaction mixture was incubated 
under reflux for 6 h. To eliminate vacuum-filtered 
residual acid, the remaining alcohol is distilled-H2O and 
cooled with a 10% saturated sodium chloride followed 
by a sodium bicarbonate solution. Eventually, the 
diethyl terephthalate crystal was assembled. 

Terephthalohydrazide synthesis - the second step (3) 
The present route was used to synthesize the 

terephthalohydrazide [13] Scheme 1: Two point three 
grams of Diethyl terephthalate 0.01 mmolwas immersed 
in 20 mL of ethanol. The mixture was then heated and 
refluxed for 10 h after appending 80% of the stated 
amount of hydrazine (35 mL). The reaction was assessed 
using thin-layer chromatography (TLC), and vacuum-
dried and filtered solids were produced. Utilizing a white 
crystal needle and ice-cold water, the product was 
obtained in the form of a powder. 
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Scheme 1. The general synthetic route for new Schiff bases and their complexes 

 
Potassium 2,2'-terephthaloyl bis-ester (hydrazine-l-
carbodithioate) synthesis - the third step (4) 

The present route follows Scheme 1 for the synthesis 
of potassium 2,2'-terephthaloylbis(hydrazine-1-
carbodithioate). Ethanol was used to dissolve potassium-
hydroxide (KOH) (35 mL). Terephthalohydrazide and 
carbon disulfide (CS2) were then inserted into the 
mixture, which was held at room temperature with 
stirring for 12 h. Diethyl ether (250 mL) had also been 

inserted into the reaction and stirred for 10 min to cool 
down; diethyl ether was washed under vacuum after 
already being presented in a solid filter. 

Synthesis of 5,5'-(1,4-phenylene)bis(4-amino-2,4-
dihydro-3H-1,2,4-triazole-3-thione) – the fourth step 
(5) 

The present route follows Scheme 1 to synthesize 
5,5'-(1,4-phenylene)bis(4-amino-2,4-dihydro-3H-1,2,4-
triazole-3-thione). Hydrazine hydrate 80% (35 mL) was 
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diluted with a compound (4) (0.0094 mmol). The 
blending has been overflowing for 6 h now. The greenish 
reaction abruptly changed color. ln order to keep a 
perceive of the reaction, TLC was used. As an outcome, 
the tenor had already become acidic. Under vacuum, the 
precipitation was sprayed onto the compound. 

Synthesis of 14,15,34,35-tetrahydro-11H,31H-4,8-diaza-
1,3(3,4)-ditriazola-2,6(1,4)-dibenzenacyclooctaphane-
4,7-diene-15,35-dithione (Q) – the fifth step (6) 

Following Scheme 1, absolute ethanol was utilized to 
distribute and augment the concentration of compound 
(5) (0.0094 mmol) at a volume of 35 mL. Thereafter, 
terephthaldehyde was inserted (0.003 mmol). An acidic 
reaction was caused by the insertion of six drops of glacial 
acetic acid into the mixture. Under reflux, the mixtures 
were heated for approx. 10 h. To keep abreast of the 
reaction, TLC was used, and the eventual powder was 
filtered under vacuum. 

Synthesis of the transition metal complex - the sixth 
step (7) 

Transition metal complexes of Co(II), Cu(II), Ni(II), 
Pd(II), and Pt(IV) were synthesized from the metallic salts 
of CoCI2·6H2O, NiCI2·6H2O, CuCI2·2H2O, PdCI2·2H2O, 
and PtCI6·6H2O besides (Q), in 2:1 ratio of metal to ligand, 
following Scheme 1. It took 6 h of warming under reflux 
to finalize the reaction. The precipitate was filtered and 
eventually washed with distilled water. 

Films preparation technique of polyvinyl chloride 
The polymer polyvinyl chloride was dissolved by  

 

tetrahydrofuran (THF) in a solution 0.5% w/v; after 
preparation, the solutions were poured into a glass 
frame, and small sinks with a capacity of 6 mL were 
created by attaching laboratory glass slides to a piece of 
ordinary glass to make this frame. As the solvent 
evaporated at 24 h, polymer films began to appear. These 
films have a thickness of around 40 μm, and are adhered 
to papers, with dimension holes of 2 × 2 cm. 

■ RESULTS AND DISCUSSION 

A new ligand from Schiff bases and their 
complexes are indicated by the information in Table 1, 
including experimental formula (C, H, N, and S), the 
ratio of metal to ligand, and the physical properties of 
the new ligand from Schiff base and their complexes. All 
complexes were soluble in DMSO-d6. 

The FTIR Spectra of the New Schiff Base (Q) and 
Their Complexes 

Diverse Schiff base ligands and their complexes 
were analyzed with FTIR spectrophotometry. Table 2 
and Fig. 1 show the absorption variations for the ligand 
observed in the bands of N-H 3319 cm−1 symmetry and 
asymmetry, CH=N 1649 cm−1, and C=S 1120 cm−1; the 
two groups of nitrogen and sulfur atoms observed the 
coordinate with a metal ion, although the complexes are 
revealed bands at 1662 cm−1, for CH=N [14], and 1117 
cm−1 for C=S, the ligand-Metal coordinate is responsible 
for shifting (Q) intensity. It is also conspicuous that 
there are new bands in the metals (Metal-N), (Metal-O),  
 

Table 1. The physical properties and analytical data of the new Schiff base (Q) and its complexes 

Comp. Experimental formula Color M.P 
°C 

Yield 
% 

M.wt 
g.mol−1 

Micro elemental analysis found (calc.) Metal content % 
found (calc.) C% H% N% S% 

Q C18H12N8S2 Off-white > 300 74 404.47 54.11 
(53.45) 

2.74 
(2.99) 

26.02 
(27.70) 

15.39 
(15.85) - 

Co2Q C18H24Co2Cl4N8S2O6 Yellowish > 305 68 771.8 
35.02 

(35.51) 
3.14 

(4.59) 
12.36 

(12.66) 
5.98 

(7.78) 
11.21 

(10.08) 

Ni2Q C18H22Ni2Cl4N8S2O7 Dark Brown 285 71 785.4 27.37 
(26.44) 

2.99 
(4.32) 

12.94 
(13.76) 

6.43 
(7.26) 

10.41 
(10.11) 

Cu2Q C18H20Cu2Cl4N8S2O4 Yellowish > 310 66 745 28.37 
(27.91) 

2.67 
(3.83) 

13.88 
(12.79) 

6.21 
(6.73) 

15.29 
(14.40) 

Pd2Q C20H26Pd2Cl4N8S2O Light 
yellowish > 315 73 812.8 26.93 

(28.86) 
1.86 

(3.24) 
12.33 

(11.26) 
6.29 

(7.46) 
21.43 

(2024) 

Pt2Q C18H24Pt2Cl8N8S2O2 
Dark 

yellowish 
294 68 1122 31.32 

(30.11) 
1.87 

(2.65) 
9.08 

(9.51) 
6.47 

(6.13) 
32.05 

(33.00) 
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Table 2. FTIR spectrum data for new Schiff base (Q) and their metal complexes are observed 

Symbol 
FTIR (ν, cm−1) 

N-H C=N C=S M-N M-O M-S M-CI 
Q 3319 1649 1120 - - - - 

Co2Q 3299 1662 1117 607 554 441 398 
Ni2Q 3312 1669 1109 612 542 448 390 
Cu2Q 3328 1655 1084 601 539 499 391 
Pd2Q 3298 1661 1099 598 547 472 388 
Pt2Q 3303 1663 1097 591 566 489 362 
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Fig 1. FTIR spectrum for Schiff base (Q) and their metal 
ion complexes 

(Metal-S), and (Metal-Cl)in the range of 290–610 cm−1. 

NMR Spectra of Synthesized Compounds (Q) 

Fig. 3 and Table 3 show the results of a 13C-NMR 
spectrum of (Q) spotted the signals at δ, ppm: 168 for 
CH=N (imine) [15], 161 for C=S thione group, 136 for 
C-C benzene ring; whereas in Fig. 2, and Table 3 showed 
the values of chemical shifts for the 1H-NMR spectrum 
of (Q) spotted: 13.66 (1H, s, SH) thiol, 8.31 (4H, m, CH 
ar.) benzene ring, 7.93 (1H, m, CH=N) imine group. 

The Ultra-Violet Spectra of the New Schiff Bases 
(Q) and Their Complexes 

Schiff bases were dissolved in chloroform and their 
complexes were derived from a variety of bands as a 
consequence; Fig. 4, and Table 4 show the ligand (Q) 
with three bands of absorption at 242 nm, 41322 cm−1, 
and 362 nm, 27624 cm−1 allocated to π → π* and n → π*  
 

 
Fig 2. The1H-NMR spectrum of Schiff base (ligand Q) 
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Fig 3. 13C-NMR spectrum of Schiff base (ligand Q) 

Table 3. Data for the new Schiff base (Q) is shown in (NMR data) 
Symbol 1H-NMR (500 MHz, DMSO-d6, δ, ppm in Hz) 

Q 13.66 (1H, s, SH) thioI, 8.31 (4H, m, CH ar.), 7.93 (1H, m, CH=N) imine 
Symbol 13C-NMR (125 MHz, DMSO-d6, δ, ppm in Hz) 

Q 168 (CH=N) (imine), 161 (C=S) thione, 136 (C-C) benzene ring 
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Fig 4. Electronic spectra of the ligand and their metal 
complexes 

intra-ligand transition, and 421 nm, 23752 cm−1 for n → π* 
whereas other complexes arranged to cobalt(II) complex 
two-bands at 636 nm, 15723 cm−1 and 498 nm, 20080 cm−1; 
nickel(II) complex two-bands at 592 nm, 16891 cm−1 and 

472 nm, 21186 cm−1 for [3A2g → 3T1g] (F) ν2, and [3A2g → 
3T1g] (P) ν3; copper(II) complex [2Eg → 2T2g] [L → Cu] 
(C.T.); palladium(II) complex were assigned to 467 nm, 
21413 cm−1; 376 nm, 26595 cm−1; and 305 nm, 32786 cm−1 
for [1A1g → 1B1g], [1A1g → 1E1g] and [L → Pd] (C.T.); 
platinum(IV) complex were assigned to 530 nm, 
18867 cm−1; 482 nm, 20746 cm−1; and 433 nm, 23094 cm−1 
[1A1g → 3T1g], [1A1g → 3T2g] and [L → Pt] (C.T.). 

Thermal Analysis (TG) of the New Schiff Base (Q) 
and Its Complexes 

Fig. 5 and Table 5 imply the Schiff base ligand (Q)'s 
thermogravimetric TG curve and their complexes under 
nitrogen gas (N2) in which temperatures ranged from 25 
to 600 °C at a rate of 10 °C/min. In TGA, oven moisture 
is blended with gravimetric analysis, and there is a 
modest oven rod that records the temperature and 
weight of the specimen over time until that weight is 
somewhat constant. As a result of its high sensitivity to 
exothermic and endothermic processes and the ability to  
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Table 4. Molar conductivity and magnetic-susceptibility of metal-complexes 

Compound λmax nm 

(ν, cm−1) 
Assignment Molar conductivity 

Ohm−1 cm2 mol−1 
Magnetic susceptibility 

(B.M.) (calc.) found 
Suggested 
geometry 

Ligand Q 242 
(41322) 

362 
(27624) 

(π → π*) 
 

(n → π*) 
- - Octahedral 

geometry 

Co2Q 636 
(15723) 

4T1g →4A2g (F) 10.65 
(4.12) 
4.22 

Octahedral 
geometry 

Ni2Q 592 
(16891) 

472 
(21186) 

3A2g → 3T1g (F) 
 

3A2g → 3T1g (P) 
12.77 (2.75) 

2.79 
Octahedral 
geometry 

Cu2Q 705 
368 

2Eg → 2T2g 
L → Cu C.T. 11.39 

(1.73) 
1.80 

Octahedral 
geometry 

Pd2Q 467 
(21413) 

376 
(26595) 

1A1g → 1B1g 
 

1A1g → 1E1g 
19.22 (0.05) 

0.02 
Tetrahedral 

geometry 

Pt2Q 530 
(18867) 

482 
(20746) 

1A1g → 3T1g 
 

1A1g → 3T2g 
19.04 (0.06) 

0.11 
Octahedral 
geometry 

Table 5. Thermal decomposition data for the new Schiff base ligand and its complexes 

Comp. Molecular formula 
M.wt. 

Steps Temp. range of the 
decomposition (TG) °C 

The suggested 
formula for loss 

Mass loss % 
Cal. Found 

Q C18H12N8S2 

404.47 

1 
2 
3 

0–220 
220–405 
405–595 

C6H4, 2S 
2N, 2C=N-NH 

2N, C6H4 

34.61 
27.19 
25.71 

32.87 
27.01 
24.66 

Co2Q 
C18H24Co2Cl4N8S2O6 

771.8 

1 
2 
3 

0–190 
190–390 
390–595 

2N, C6H4, 2H2O 
2C2N3H, C6H4 

4Cl, 4H2O 

18.13 
27.20 
27.72 

18.02 
28.11 
26.15 

Ni2Q C18H22Ni2Cl4N8S2O7 

785.4 

1 
2 
3 

0–229 
229–377 
377–595 

C6H4, H2O 
2N, 2S, 2C2N3H 
C6H4, 4Cl, 3H2O 

11.96 
28.77 
34.63 

10.09 
27.38 
34.06 

Cu2Q 
C18H20Cu2Cl4N8S2O4 

745 

1 
2 
3 

0–268 
268–405 
405–595 

2C2N3H, C6H4 
C6H4, 2S, 2N 

4H2O, 3Cl 

28.18 
22.55 
23.95 

28.66 
20.82 
21.87 

Pd2Q C20H26Pd2Cl4N8S2O 
812.8 

1 
2 
3 

0–228 
228–395 
395–595 

CH3CH2OH 
2S, 2N, 2C2N3H 

2C6H4, 2Cl, 4H2O 

5.65 
27.80 
36.29 

6.02 
26.24 
34.98 

Pt2Q 
C18H24Pt2Cl8N8S2O2 

1122 

1 
2 
3 

0–270 
270–350 
440–595 

2H2O, C6H4 
2N-NH, 4N, 2S 
C6H4, 4Cl, 3H2O 

9.98 
15.86 
24.24 

10.20 
14.54 
23.66 
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Fig 5. Thermogravimetric (TG) curve of ligands and their 
complexes by heating 10 °C/min under nitrogen gas 

evaluate temperature-dependent variations in physical 
and chemical properties, heat capacity can be judged. 
Most weight losses happened during the later 
disintegration, and the final deterioration resulted in a 
weight loss of more than 60% overall. As a result, the 
thermal vaporization of volatile substances was revealed 
as the first stage in the decomposition of complexes after 
moisture evaporation. Depleting molecules from the 
complexes presumably caused the second stage of 
deterioration. The Schiff base ligand Q also shows two 
stages of decomposition and subsequent dehydration. 
The DTG curves similarly exhibited a slight peak affiliated 
with moisture loss, a steep summit with maximum 
temperature values as shown in Table 5 as well as a slight 
decrease associated with moisture loss, except for Pt2Q, 
which had a large, broad peak between 600 and 800 °C. 
The break-down temperatures of all the combinations 
were virtually the same, ranging from 150 to 330 °C, 
proving their thermal stability. To validate the complexes' 
relative stability, the temperature at which deterioration 
began has been proposed. In contrast to the Pt2Q 
complex, degradation persisted at temperatures above 
800 °C. 

Photostability 

The photostability of the Schiff base and five metal 
complexes of Co(II), Ni(II), Cu(II), Pd(II), and Pt(IV) 
modified with  polyvinyl chloride films  was performed by  
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Fig 6. The FTIR spectra of a PVC film (a) before and (b) 
after 300 h of exposure 

dissolving in tetrahydrofuran (THF) at 25 °C. It can be 
seen in the 3600–3200 cm−1 band where a large-band 
occurs that weakens the band's strength in the FTIR 
spectrum; this is responsible for the formation of 
hydroxyl, carbonyl, and polyene groups [16] as shown in 
Fig. 6. IOH, ICO, IPO indices are shown in Fig. 7–9 where 
the raying sensitivity period was comparative to PVC 
without addition and raises the exposure ray rate of IOH, 
ICO, and IPO. 

Fig. 7–9 show a significant rise in exposure ray rate 
of IOH, ICO, and IPO indices compared to PVC films 
without the additament of sensitivity raying time, with 
the addition of metals such as copper, nickel and 
platinum(IV) which was inferred to be the majority 
effective photo-stabilizer. 

PVC Films Molecular Average Weight Changes as 
an Outcome of Photolysis 

A significant chain collapse at a distant place in the 
PVC chain caused a rapid decline in Mv in Fig. 11, 
revealing that PVC degradation attributed to the 
reduced scale of PVC in Fig. 10. The Mv versus exposure 
plot proves that the film was irradiated an extra 0.5% of 
the time. S is the actual population of chain scissors in 
Fig. 12, (Eq. (1)) [17]. 
Mv,0 = M.wt viscosity means at the foremost of the 
experiment;  
Mv, t = M.wt viscosity on average during irradiation 
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Mv,0S 1
Mv,t

   (1) 

Since cross-linking can determine the level of 
retrogradation premised on branching in Fig. 13, it thus 
indicates a rise in data. (α) via Eq. (2) are: 
m = Primitive of M.wt 

m S
Mv


   (2) 

The degree of retrograde rate (α) versus the time of 
radiation as shown in Fig. 14, the primary phases of 
PVC, grade assembly (D.P.) and the number of PVC 
monomeric unit (Eq. (3)) illustrates the degree of 
irradiation; Reverse polymerizing (1/DPn) versus an 
inverted sample in front of a blank demonstrates an 
augmentation in radiation time (1/DPn). 

 
Fig 7. The relationship between (IOH) and irradiation time for PVC films (40 μm) containing 0.5% additives 

 
Fig 8. The relationship between (ICO) and irradiation time for PVC films (40 μm) containing 0.5% additives 

 
Fig 9. The relationship between (IPO) and irradiation time for PVC films (40 μm) containing 0.5% additives 
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Fig 10. Variation of the weight loss of PVC films (40 μm) thickness containing 0.5% additives with the irradiation time 

 
Fig 11. Variation of the M.wt. average for PVC films (40 μm) thickness containing 0.5% additives with the irradiation 
time 

 
Fig 12. Variation of the Increase growth in the degree of branching (S) for PVC films (40 μm) thickness containing 
0.5% additives with the irradiation time 

 
Fig 13. Variation of degree of degradation (α) for PVC films (40 μm) thickness containing 0.5% additives with the 
irradiation time 
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Fig 14. Variation of degree of polymerization (1/DPn) for PVC films (40 μm) thickness containing 0.5% additives with 
the irradiation time 
 
Mn = the molecular weight M.wt. average number 

n
n n

o

M
DP X

M
   (3) 

It is calculated that the first-order-rate constant (Kd) 
[18] of all modified polymer films in these additive 
polymers are UV-light stable because photo-stabilizers 
[19] always have low Kd values. Photo-stabilizers, the 
category of additives in PVC films, have an influence on 
Kd values, which reduces in the order specified in Table 6. 

The investigated photo-stabilizers stabilizing 
effectiveness was demonstrated to go in the following 
sequence: 
Pt2Q > Pd2Q > Cu2Q > Ni2Q > Co2Q > Q > PVC 

Proposed Stabilization Mechanisms for PVC 
Additives  

The 1,2,4-triazole-3-thione ring is crucial in photo-
stabilization if ultra-violet (UV) light absorption results 
from radical scavenging and peroxide degeneration, 
absorption exposures cause the aromatic ring's UV energy 
to decrease [20] in PVC photography stability. There is a 
possibility that the complex of chromophores [21] will 
develop radical cavities due to the transmission energy 
amongst chelates and chromophore excitations being 
sustained. All this work on film stabilization use the 
resonance resonant suggested in Scheme 2. Polymer (C-
C) bonds are degraded when exposed to UV light over an 
extended period. Because of the effects of 
photostabilization and photo degradation [22], the 
following procedure might lead to energy transmission in  
 

Table 6. Photodecomposition rate constants (Kd) 
irradiation time for PVC films (40 μm) containing 0.5% 
additives 

Compound Kd (S−1) 
PVC + Blank 6.221 * 10−3 

PVC + Q 5.361 * 10−3 
PVC + Co2Q 3.319 * 10−3 
PVC + Ni2Q 3.118 * 10−3 
PVC + Cu2Q 2.729 * 10−3 
PVC + Pd2Q 1.995 * 10−3 
PVC + Pt2Q 1.257 * 10−3 

polymers that is highly ineffective. The energy is 
transferred between molecules of a photo-stabilizer 
(acceptor) [23] and a stimulating polymer molecule 
(donor) [24]. Intra molecular [23] energy exchange 
happens between the molecules of a polymer (acceptor) 
and another chromophore (donor). 

Surface Morphology for PVC Photodegradation 
Evaluation 

Individual polymer chains are visualized in their 
configuration and in some cases, single atoms can be 
observed. Although microscopic [25] techniques are 
widely used in the study of polymers and are very 
popular, little is known about their applications to the 
study of polymer degradation processes. 

In UV-irradiated specimens, chain scission, 
branching and cross-linking [26], polyene fashioning, 
oxidation hydroxyl and hydroperoxide groups, and 
rearrangement processes are the main reactions. The  
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Scheme 2. The suggested mechanism of photostabilization of PVC by Q ligand through absorption of UV light and 
dissipation of light energy as heat 
 
specimen surface is where oxidation reactions are 
primarily localized and are influenced by its morphology 
[27]. As a result of their sensitivity to light and the 
elevation activity of the intermediate free-radical [28] 
fashioning, photodegradation products can speed-up the 
further destruction of specimens. Exposure to specimens 
typically causes the specimens to become brittle and 
yellow, and the films to shrink. It was discovered that the 
deterioration and evolution of volatile products led to the 
fashioning of cracks and holes. 

Microscopy visuals of PVC films exposed to 300 h of 
UV-lamp in the air are shown in Fig. 15 in order to begin 

polymer decomposition, active free radicals can 
eliminate hydrogen atoms from macromolecules [29]; 
crack development was observed to increase with 
irradiation time in PVC films devoid of any additives; 
film embrittlement raises as photodegradation occurs in 
the presence of UV light; lighter cracks can be seen in 
PVC samples photodegraded with the additament of 
Cu(II) and Pt(IV) complexes. The chain scission 
reaction in photodegraded samples is directly linked to 
the formation of micro-cracks [30] on the polymer 
surface. It takes up more space than the original macro-
molecules when  polymer bonds are  damaged,  resulting  
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Fig 15. Surface morphologies (460× magnification) before and after 300 h of irradiation, microscopic images of PVC 
films (40 μm) blank and their complexes films were achieved 
 
in more fragments. UV irradiated polymer film can be 
damaged by micro-cracks forming as a result of the strains 
and stresses [31] induced by this break-down of internal 
defects such as cracks or impurities that are frequently 
responsible for the formation of cracks; undegraded PVC 
film does not have a unique micro-structure; the films are 
smooth and without any visible structural flaws. 

UV radiation of polymers often leave behind micro 
pores of varying shapes and sizes as the volatile [32] 
vapor degradation products exit; holes were shown in a 
photodegraded PVC film as an example, due to 
hydrogen abstraction and the main chain scission 
reaction [31] PVC’s chemical structure is very simple, 
consisting of varying ethylene and chloride groups, due 
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to the voids and holes formed, the number of adsorbent 
surface and diffusion channels increases for the volatile, 
low molecular product, mainly HCl. As an outcome 
oxygen rapidly diffuses into the packing of the polymer, 
resulting in even more rapid oxidation of PVC films. 

■ CONCLUSION 

The Schiff bases ligand (Q) were synthesized by 
using a 2-amino-triazole derivative and 4-
phenoxybenzaldehyde by using the procedure reported in 
the literature. The novel ligand (Q) evinced bi-dentate 
behaviour in all metal complexes namely cobalt(II), 
nickel(II), copper(II), palladium(II), and platinum(IV) 
metal ions that coordinate with thiol group and nitrogen 
of dimethyldiazene. The ratio between complexes and 
new ligand relying on 2:1 molar ratio; The identification 
of the ligand and their complexes utilize several 
spectroscopic analysis namely FTIR, 1H-NMR, 13C-NMR 
and other techniques such as flame atomic absorption, 
magnetic susceptibility measurements, thermal analysis, 
C, H, N, and S elemental analyses and molar conductance. 
The outcomes revealed the the suggested complexes’ 
structures that had an octahedral shape, except for 
palladium that had a tetrahedral geometry. The sequence 
of these complexes and ligands for photostabilization 
effectiveness is Pt2Q > Pd2Q > Cu2Q > Ni2Q > Co2Q > Q > 
PVC blank. Fig. 10. showed that the rate of molecular 
weight reduction, weight loss, hydroxyl, carbonyl, and 
polyene groups was excellent and showed slight variation 
over time. The complex containing Pt-complex was more 
effective as a photo-stabilizer. 
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 Abstract: We described the biological activity of the Clerodendrum paniculatum leaf 
fraction against the SARS-CoV-2 3-Chymotrypsin-like 3CL protease at the molecular 
level. This study applied LC-MS/MS to identify bioactive compounds from fractions, 
computational studies, and fluorescence resonance energy transfer (FRET) assays to 
ascertain their inhibitory activity. LC-MS/MS analysis of the three samples revealed that 
sample 1 contained 18 compound peaks. In samples 2 and 3, there were 23 and 25 
compounds with different molecular weights, respectively. Docking's study identified that 
the alkaloids (komarovicine and roemerine) have lower binding energies than other 
metabolites and standard compounds, with values of -33.47 and -32.63 kJ/mol, 
respectively. Roemerine demonstrated excellent stability based on dynamic simulation 
results and confirmed its affinity for 3CL protease predicted by the MM-PBSA approach 
of -89.44 kJ/mol. The FRET method for testing 3CL protease activity revealed that sample 
2 had an enzyme inhibitory activity of 94.3%, which was close to that of GC376 (98.19%). 
Meanwhile, samples 1 and 3 yielded satisfactory inhibition activity by 89.64% and 
85.24%, respectively. The antiviral activity of C. paniculatum leaves was discovered for 
the first time by inhibiting the 3CL protease SARS-CoV-2, providing an excellent 
opportunity for its development as an anti-SARS-CoV-2. 

Keywords: Clerodendrum paniculatum; COVID-19; molecular dynamics simulation; 
SARS-CoV-2; 3-chymotrypsin-like protease 

 
■ INTRODUCTION 

COVID-19 has been a pandemic since it first spread 
from the capital of Hubei Province, Wuhan, at the end of 
2019 [1]. Coronavirus disease reduces the function of the 
human respiratory system owing to infection with SARS-
CoV-2 and has spread worldwide [2]. Efforts to deal with 
this virus globally are being vigorously carried out [3]. 
However, the pathogen transmission rate is swift, and the 
effectiveness of therapy needs to be increased [4]. The 
therapeutic management of COVID-19 patients needs to 
be improved and limited [5]. Various clinical trials are 
underway, including remdesivir, lopinavir/ritonavir, 
favipiravir, and hydroxychloroquine combined with 
azithromycin as alternatives to solve this problem [6-8]. 
Several studies have shown ineffective results and adverse 
side effects associated with these drugs [9-10]. Based on 

this information, new drug candidates to inhibit this 
coronavirus urgently need to improve treatment 
strategies for COVID-19 patients. 

The search for SARS-CoV-2 inhibitors against 
critical targets such as papain-like protease, helicase, 
RNA-dependent RNA polymerase, uridine-specific 
endonuclease, and 3-Chymotrypsin-like proteases has 
become a focus of research due to their vital functions 
[11-13]. These targets are responsible for protein 
synthesis, viral replication, and viral infection [14-15]. 
The 3CL protease is a promising target. In addition to its 
role in viral replication, it is responsible for the 
conserved catalytic site cleavage mechanism in SARS-
CoV-2 polyproteins 1a (pp1a) and 1ab (pp1ab) [16]. The 
translation of the coronavirus replication gene produces 
these two polyproteins. Pp1a modifies host cell factors 
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and aids in the preparation of cells for viral RNA 
synthesis, whereas pp1ab catalyzes and regulates viral RNA 
replication and transcription [17-18]. Viral replication 
can be completely inhibited by inhibiting this proteolytic 
process, virus replication can be completely stopped [19]. 

Natural products offer great opportunities in the 
pharmaceutical sector because they are lead compounds 
in various modern medicines [20]. Natural products 
contain unique compounds and diverse structures with 
pharmacological properties that contribute to drug 
discovery and development [21]. One of the natural 
products reported to be practical in traditional medicine 
and proven to have various biological activities is C. 
paniculatum [22]. In Indonesia, especially in the Central 
Buton Regency, Southeast Sulawesi Province, C. 
paniculatum is known as Kamena-mena. C. paniculatum 
has biological activity as antioxidant, anticancer, 
hepatoprotective, anti-inflammatory, antimicrobial, 
antimutagenic, antiaging, anthelmintic, hypolipidemic, 
and insecticidal  [23-25]. There are few reports on the 
antiviral activity of this plant. Several families of 
Clerodendrum, such as C. myricoides, have antiviral 
activity against HIV and respiratory syncytial virus 
(RSV), which cause bronchitis and pneumonia [26]. In 
addition, based on in silico studies, oleanolic acid, and 
acetoside compounds from C. serratum were thought to 
inhibit the main proteases, NSP3 and NSP15 of SARS-
CoV-2 [27]. Therefore, this study aimed to investigate the 
antiviral activity of the C. paniculatum leaf fraction 
through inhibition of the 3CL protease SARS-CoV-2 in an 
in vitro assay. Lastly, the mechanism at the molecular level 
of the identified compounds in this fraction was explained 
using LC-MS/MS combined with an in silico study to 
reveal its potential as an anti-COVID-19 agent. 

■ EXPERIMENTAL SECTION 

Materials 

Fresh leaves of C. paniculatum were collected from 
the middle of the Masangka sub-district, Buton Tengah 
district, Southeast Sulawesi Province, Indonesia. Fresh 
leaves were washed with running water, stoned, and dried 
in the sun. The sample was covered with a black cloth to 
avoid direct contact with ultraviolet light during drying. 

Procedure 

Extraction 
Dried C. paniculatum leaves were ground using an 

electric blender (SHARP®) at 240 W to obtain a fine 
powder. The maceration method was applied for the 
extraction process, in which 800 g of C. paniculatum leaf 
powder was immersed in 8 L ethanol. Maceration was 
carried out at room temperature for 3 × 24 h and filtered 
every 1 × 24 h with Whatman paper Number 1 [28]. A 
rotary evaporator was used to concentrate the filtrate at 
40 °C to obtain a thick extract of 102 g. 

Fractionation 
A vacuum column chromatography method with a 

solvent gradient system was used for fractionation. The 
eluent was a mixture of n-hexane and ethyl acetate to 
obtain the polar, semipolar, and nonpolar fractions. The 
fractionation results were separated into three 
categories: samples 1, 2, and 3. Sample 1 was eluted with 
n-hexane: ethyl acetate (100:0 to 70:30 mL). Sample 2 
was followed by solvent n-hexane: ethyl acetate at a ratio 
of 60:40 to 30:70 mL. Sample 3 was eluted with n-
hexane: ethyl acetate at a ratio of 20:80 to 0:100 mL. 
Finally, the samples were cleaned with 100 mL ethanol. 

LC-MS/MS analysis 
Each C. paniculatum sample was injected into the 

column with a 1 mL aliquot at a flow rate of 0.3 mL/min. 
Instrument adjustments were as follows: gain time 0.00–
16.00 min, initial mass 50.00–120.00 m/z, low collision 
energy, 6 eV; high energy 10–40 eV, ESI acquisition 
mode (+); capillary and conical voltages were set at 2 kV 
and 30 V. The cone and desolvation gas flow rates were 
50 and 1000 L/h. The temperature was adjusted to 
500 °C for desolvation, 120 °C for source, 40 °C for 
column, and 20 °C for sample. The resulting data were 
processed using UNIFI software (version 1.8, Waters 
Corporation, Milford, Massachusetts, MA, USA) and 
matched against a database of compounds based on 
molecular weight, molecular formula, and chemical 
structure. 

Molecular docking stage 
The crystal structure of the SARS-CoV-2 3CL 

protease with code 6M2N (https://www.rcsb.org/) was 
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chosen for the molecular docking stage [29]. First, the 
crystallized water molecules and bound ligands were 
removed from the receptor utilizing AutoDock Tools 
version 1.5.6 [30]. The protease structure was prepared by 
adding polar hydrogen atoms and Kollman charges. 
Finally, the protease was generated in the PDBQT format 
[31]. The 3D structures of all compounds identified in the 
LC/MS-MS analysis were collected from the PubChem 
database (https://pubchem.ncbi.nlm.nih.gov/). All 
compounds were released under restraint and assigned 
Gasteiger charges with the assistance of the AutoDock 
Tools program. The docking process utilized AutoDock 
Vina software [32]. The grid box area was arranged 
according to the position of baicalein (the reference 
ligand) on the protease. The grid coordinates were set at -
32,981; -65,438; and 41,404 for the x, y, and z axes with an 
area length of 50 Å. The best compounds and their 
interactions with the 3CL protease from the docking 
results were analyzed using Discovery Studio Visualizer. 

Molecular dynamic simulation 
The best compounds from the docking results were 

subjected to molecular dynamics simulations using 
GROMACS 2016 software to determine their stability 
[33]. The AMBER99SB-ILDN and GAFF force fields for 
the protein and ligand, respectively, were used in the 
simulation [31,34]. ACPYPE was used to create 
parametric ligands [35]. The TIP3P water model was then 
applied to solve each system, with a minimum distance of 
10 Å around the complex and neutralized with Na+ and 
Cl− ions. Three phases were performed successively to 
complete the minimization step, each of which had 
conjugate gradients of 5,500 steps and the steepest descents 
of 500 steps. Every 50 ps, each complex was gradually 
heated to 310 K in an NVT ensemble with a time step of 
0.0005 ps [36]. The system was relaxed using NPT's 500 ps 
equilibration steps, and production was run with a 2 fs 
timestep for a 100 ns simulation. The particle mesh Ewald 
method was used to mimic electrostatic interactions and 
rectify the 1.2 nm cut-off for van der Waals energy terms 
[37]. The stability of the complexes was verified by 
analyzing the root-mean-square deviation (RMSD), root-
mean-square fluctuation (RMSF), radius gyration (Rg), 
and principal component analysis (PCA) parameters. The 

complex's binding energy was calculated using the 
MM/PBSA method [38]. High-Performance Computing 
(HPC) hardware was used for the docking and dynamic 
simulations, with Intel (R) Core i5-8500 processor 
specifications @4.30 GHz (6 CPUs), 4096 MB RAM, 
2 TB hard drive, 120 GB solid-state drive, and VGA Intel 
HD Graphics NVIDIA GeForce GTX 1080 Ti. 

FRET-based in vitro assay on 3CL protease of SARS-
CoV-2 

The in vitro assay was performed following the 
procedure which was reported in our previous research 
[39]. Approximately 12 μL of dithiothreitol (0.5 M) was 
added to 6 mL of buffer to prepare the assay buffer. The 
dilution process was carried out by adding an assay 
buffer of 3.95 mL for the enzyme and 950 μL for the 
substrate. The sample was dissolved in DMSO at a 
concentration of 500 μM (200 μg/mL) in a 96-well 
microplate. The control inhibitor was GC376, a 
peptidomimetic made at the same concentration as the 
sample. Then, 12 μL of dithiothreitol with a 
concentration of 0.5 M was added to 6 mL of buffer to 
prepare the assay buffer. The dilution process was 
carried out by adding an assay buffer of 3.95 mL for the 
enzyme and 950 μL for the substrate. Ten microliters of 
the sample and control (GC376) were added to 30 μL of 
each enzyme (5 ng/μL) to produce a mixed volume of 
40 μL. The mixture was then incubated at 25 °C for 
30 min with gentle shaking. Finally, 10 μL of the 
substrate (250 μM) was added. The mixture was then 
incubated for 1 × 24 h and absorbance was measured at 
a wavelength 360/460 nm with a Synergy HTX-3 Multi-
mode Reader (Winooski, Vermont, VT, USA). 

■ RESULTS AND DISCUSSION 

LC-MS/MS Analysis 

LC-MS/MS succeeded in recognizing several 
compounds in the C. paniculatum fraction based on the 
molecular mass and similarity in retardation time in the 
database of UNIFI 1.8 software. In sample 1, 18 peaks 
were observed (Table 1). The results for samples 2 and 3 
revealed 23 and 25 peaks, respectively (Table 2 and 3). 
Each peak indicated the presence of a compound with a 
specific molecular weight. The same compounds, such 
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as yohimbic acid and convolidine, were found in all the 
samples. However, compounds found in only one sample 
were also observed, such as 2,4-dihydroxy acetophenone 

in sample 1, glycocitridine in sample 2, and 9,10,16-
trihydroxy hexadecanoic acid, alpha-dihydrolysergol, 
and ajmaline in sample 3. 

Table 1. The LC-MS/MS analysis of sample 1 of C paniculatum 
Peak m/z Identified Compound 

1 137.3090 - 
2 197.4042 - 
3 340.5990 Yohimbic acid/ Behenic acid 
4 397.1448 - 
5 453.6928 - 
6 274.5595 - 
7 288.5544 Testosterone 
8 277.4959 Convolidine/Venlafaxine 
9 279.5576 Roemerine 

10 353.5950 Trichodesmine 
11 313.6079 Heliotrine 
12 299.6129 Komarovicine 
13 429.5112 - 
14 607.6002 - 

15 152.3011 2,4-Dihydroxyacetophenone/2,6-Dihydroxyacetophenone/2-
Mercaptopurine/6-Mercaptopurine/o-Anisic acid/Ribitol/Vanilin 

16 405.7049 - 

Table 2. The LC-MS/MS analysis of sample 2 of C. paniculatum 
Peak m/z Identified Compound 

1 274.5595 - 
2 588.7282 - 
3 340.5990 Yohimbic acid/Behenic acid 
4 397.2072 - 
5 274.5595 - 
6 207.4622 - 
7 277.4959 Convolidine/Venlafaxine 
8 279.4951 Roemerine 
9 291.5532 - 

10 307.5475 Convoline/Foliosidine 
11 293.5525 - 
12 291.4908 Penbutolol 
13 263.5013 Glycocitridine 
14 299.5504 Komarovicine 
15 293.4901 - 
16 463.6904 - 
17 295.5518 - 
18 413.5778 Narcotine/ Solasodine 
19 307.4850 Betaxolol/ Convoline 
20 605.7879 - 
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Table 3. The LC-MS/MS analysis of sample 3 of C. paniculatum 
Peak m/z Identified Compound 

1 137.3090 - 
2 207.3997 Salsolidine 
3 197.3418 3,4-Dihydroxy-L-phenylalanine/Beclamide 
5 397.2072 - 
6 453.7552 - 
7 281.4319 Coumarin 106/Cycloheximide 
8 351.5331 Retrorsine 
9 274.5595 - 

10 288.5544 Testosterone 
12 304.6111 9,10,16-Trihydroxyhexadecanoic acid/Tschimganin 
14 322.6049 - 
15 471.6886 - 
16 324.6042 Glabranin/Quinine 
17 569.7314 - 
18 326.6036 Ajmaline/N-Methylisothebainium 
19 256.5665 alpha-Dihydrolysergol 
20 313.5455 Heliotrine 
21 639.5952 - 
22 341.5987 - 
23 152.3636 Ribitol 
24 797.8255 - 
25 131.6870 - 

 
Molecular Docking Stage 

The potential activity of the compounds analyzed by 
LC-MS/MS in inhibiting the 3CL protease of SARS-CoV-
2 became one of our targets to accelerate the drug 
discovery process and predict the interaction between 
ligands and receptors at the molecular level. The 
molecular structures of baicalein, komarovicine, and 
roemerine are presented in Fig. 1. The docking study was 
applied by validating the docking process to the active site 
of this protease based on the RMSD parameters. The 
docking parameter had an RMSD of 0.723 Å (Fig. 2(a)) 
after the baicalein conformation from re-docking process 
was superimposed onto its X-ray conformation. Baicalein 
complexed with 3CL protease was chosen because it has 
drug-like characteristics that are commonly used as 
protease inhibitors. The docking results identified three 
compounds (komarovicine, roemerine, and solasodine) 
with lower binding energies than baicalein  
(-31.38 kJ/mol). These two compounds have binding 
energies similar to baicalein, namely coumarin-106 and 

glabranin. Komarovicine has the lowest binding energy 
of -33.47 kJ/mol, followed by roemerine and solasodine 
at -32.63 and -32.21 kJ/mol, respectively.  

In Baicalein, hydrogen bonds with Glu166 on the 
carbonyl group and Gly143 with hydroxyl groups on the 

 
Fig 1. The molecular structures of baicalein and best-
docked compounds 
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Fig 2. Molecular interactions of best compounds in the C. paniculatum fraction with 3CL protease of SARS-CoV-2. 
(a) overlay 3D conformation of co-crystallized and docked baicalein, 2D interactions of (b) komarovicine, and (c) 
roemerine with 3CL protease of SARS-CoV-2 
 
chroman ring were observed. In addition, there is also a 
carbon-hydrogen bond with the Cys145 residue and a pi-
donor hydrogen bond with the Asn142 residue. 
Hydrophobic interactions were formed at the His41 and 
Met49 residues (Fig. 2(a)). Meanwhile, komarovicine 
formed a hydrogen bond with Cys145 on the nitrogen 
atom of its quinoline ring (Fig. 2(b)). Interestingly, pi-
donor hydrogen bonds with Asn142 residues and 
hydrophobic interactions with Cys44 and Met49 residues 
were observed in this compound. In roemerine, hydrogen 
bonds were formed at residues Glu166 with a carbon-
hydrogen bond type and Asn 142, which is similar to 

baicalein (Fig. 2(c)). This compound had hydrophobic 
interactions similar to those of other compounds but 
differed only in the Met165 residue. 

Molecular Dynamics Simulation 

The RMSD and RMSF analysis 
RMSD analysis of the protease system and its 

ligands (baicalein, komarovicine, and roemerine) is 
presented in Fig. 3(a). The results show that the baicalein 
RMSD increased to 0.28 nm at 40–70 ns simulation time. 
A similar trend was also observed for roemerine at 80–
90 ns, which moved higher to 0.32 nm but then decreased 

 
Fig 3. The plots of (a) RMSD of backbone atoms for protease complex, and (b) RMSF of backbone atoms for protease 
complex, during 100 ns of simulation 
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to 0.29 nm until the end of the simulation. Overall, 
komarovicin was relatively more stable than baicalein and 
roemerine, with a mean value of 0.237 nm. 

RMSF analysis of the protease backbone region 
showed that all complexes had similar flexibilities (Fig. 
3(b)). Several residues with high RMSF values included 
Asn52, Tyr118, Tyr126, Asn142, Tyr154, Ala194, Arg222, 
and Asn277. The Gln306 residue in the protease loop 
region showed very high peak fluctuations for roemerine 
at 0.97 nm and other compounds at 0.42 nm. Fluctuations 
in the Asn52 and Tyr126 residues of the baicalein 
complex were higher than those in the other two 
compounds, at 0.36 and 0.24 nm, respectively. Lastly, 
komarovicine showed more active fluctuations than other 
compounds, such as Try119, Asn142, and Ala194 
residues, with 0.28, 0.26, and 0.24 nm, respectively. 

Radius of gyration and principal component analysis 
The compactness of the protease during the 

simulation was determined by measuring the Rg (Fig. 4(a)). 
Rg values in the low range indicated that the protease 
folded at a stable level. It can be seen in the graph that the 
protease complex with komarovicine and roemerine had 
similar compactness from the beginning to the end of the 

simulation, with an average Rg value of ~2.225 nm. 
Unlike other compounds, the baicalein complex had a 
high Rg 2.25 nm at a simulation time of 40–100 ns. 

We analyzed the overall essential dynamic patterns 
of the complex using PCA. Protein movement was 
recorded using two eigenvectors and visualized using a 
Cartesian plot (Fig. 4(b)). A stable complex can be 
identified from the smaller space occupied by the cluster 
during simulation. The roemerine complex occupied 
less space than the other complexes, but it appeared 
similar to the komarovicine complex. In contrast to the 
other complexes, baicalein demonstrated the most 
significant atomic movement of the protein. 

Binding energy calculations 
We analyzed the binding energies by applying the 

MM-PBSA method to compare the affinities of each 
complex system. The binding energies (ΔEBIND) can be 
seen in Table 4. 

The variables affecting the binding affinity of the 
complexes were investigated including the van der Waal 
energy (ΔEVDW), electrostatic (ΔEELE), polar solvation 
(ΔEPB), and solvent-accessible surface area energy 
(ΔESASA). Baicalein,  as a standard,  had a binding energy  

 
Fig 4. The plots of (a) radius of gyration of backbone atoms for protease complex, and (b) principal component analysis 
of the projected trajectory in 2D, during 100 ns of simulation 

Table 4. Binding energy prediction by the MM-PBSA method* 
Compounds ΔEVDW ΔEELE ΔEPB ΔESASA ΔEBIND 
Baicalein -143.66 ± 14.48 -43.60 ± 8.71 135.59 ± 14.61 -13.61 ± 0.74 -65.28 ± 15.99 
Komarovicine -71.13 ± 27.76 -12.17 ± 9.02 55.39 ± 43.62 -8.61 ± 2.78 -36.53 ± 41.93 
Roemerine -135.85 ± 16.20 -7.84 ± 6.40 67.47 ± 14.66 -13.21 ± 1.33 -89.44 ± 11.94 

*All values are in kJ/mol 
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of -65.28 kJ/mol, which is higher than roemerine  
(-89.44 kJ/mol). Meanwhile, komarovicine showed higher 
energy than baicalein, with a value of -36.53 kJ/mol, due 
to the complex's lack of van der Waals interactions. These 
results demonstrated the ability of the C. paniculatum 
fraction to inhibit the 3CL protease of SARS-CoV-2. The 
analysis showed that the van der Waals energy had the 
most significant contribution to the binding affinity. On 
the other hand, the polar solvation energy is less favorable 
for complex systems. 

In Vitro Inhibition Assay on 3CL Protease of SARS-
CoV-2 

Three sample fractions of C. paniculatum leaves 
(samples 1, 2, 3) were tested for their inhibitory ability 
against the 3CL protease enzyme from SARS-CoV-2 (Fig. 
5). The measurement results for each sample were then 
compared with those of the positive control, GC376. This 
assay showed that all samples had similar inhibitory 
activities, but were slightly less active than GC376. This 
test was carried out by measuring the fluorescence 
intensity of the mixture (sample, substrate, and enzyme), 
where a lower intensity indicates the ability of the sample 
to inhibit 3CL protease activity. FRET is a vulnerable 
method for measuring molecular dissociation [40]. FRET 
works by transferring non-radiative energy from one 
excited fluorophore (donor) to a chromophore 
(acceptor), producing an absorption signal at a specific 
wavelength [41]. 

Interestingly, sample 2 inhibited the 3CL protease 
by 94.30%, which was close to the positive control's 
inhibition value of 98.19%. Based on these results, this 
enzyme could only change the substrate by 5.7% due to 
inhibition by sample 2. Sample 1 had 89.64%, a lower 
inhibitory activity than sample 2. Sample 3 had the lowest 
inhibitory activity (85.24%). The C. paniculatum leaves 
fraction inhibited the activity of 3CL protease and showed 
potential as an anti COVID-19 agent. The isolation of the 
active compounds and more detailed testing of this plant 
fraction are still auspicious for the development of 
COVID-19 drugs. 

Several studies have reported the biological activity  
 

of C. paniculatum; for example, Poriferasta-5,22E,25-
trien-3β-ol from its leaf inhibited 82% of Cucumber 
Mosaic Virus (CMV) activity at a concentration of 
300 ppm [42]. Petroleum ether and chloroform extracts 
from this plant showed reduced inflammation in in vitro 
and in vivo assays at doses of 200 and 400 mg/kg 
compared to indomethacin (10 mg/kg) [43]. In addition, 
C. paniculatum root extract was highly antimutagenic in 
an in vitro assay against frameshift and base substitution 
mutations caused by nitrite‑treated 1‑aminopyrene [24]. 
The antiviral activity of C. paniculatum has not been 
extensively studied. However, the other families, such as 
C. serratum, which effectively inhibit yellow fever virus 
(EC50 = 15.9 mcg/mL) [44] and root extract of C. 
myricoides, can reduce the spread of human respiratory 
syncytial virus infection with EC50 = 0.21 mcg/mL [26]. 
Taraxero compounds from Clerodendrum spp. by 
computational studies with molecular dynamics were 
predicted to inhibit the main protease, RdRp, and spike 
protein of SARS-CoV-2 [45]. A docking study conducted 
by Erukainure et al. [46] revealed that the compound 
harpagide 5-O-β-D-glucopyranoside from C. volubile 
interacts and binds strongly at the initiation of translation 
and termination of mRNA sequence sites on the SARS-
CoV-2 S-protein and ACE-2 receptor. To our knowledge, 
the in vitro assay of C. paniculatum against the SARS-
CoV-2 protease in this study is the first to be reported. 

 
Fig 5. The percent inhibition activity of C. paniculatum 
fractions and GC376 against 3CL protease of SARS-
CoV-2 by in vitro assay 
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■ CONCLUSION 

LC-MS/MS and computational studies have 
identified potential compounds from the leaf fraction of 
C. paniculatum as 3CL protease inhibitors of SARS-CoV-
2. Roemerine and komarovicine, which are alkaloid 
compounds from this plant, show a more optimistic 
binding energy prediction than baicalein. Roemerine was 
able to stabilize and bind strongly to proteases during 
simulation based on trajectory analysis of the backbone 
dynamics of the proteases. The in vitro assay successfully 
determined the potential of this plant fraction as a 3CL 
protease inhibitor of SARS-CoV-2. Sample 2 had an 
inhibitory activity of 94.30%, which was slightly lower 
than that of the positive control, GC376 (98.19%). 
Furthermore, samples 1 and 3 had perfect inhibitory 
activities of 89.64% and 85.24%, respectively. 
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 Abstract: Tuna is one of the fish source of nutrition for humans because it contains high-
quality protein and omega-3 fatty acids, which are beneficial for health. Tuna can be 
processed into various products, such as tuna-shredded. But it still has a drawback, i.e., 
the lower-fiber content. To enrich the fiber of tuna-shredded, fortification with banana 
blossoms can be developed as functional food such as preventing gout arthritis. The aims 
of this study were to develop a diversified product of tuna-shredded fortified banana 
blossoms and to determine the antioxidant activity in vitro and anti-arthritis gout 
through inhibition of the xanthine oxidase (XO) enzyme in silico. The method used was 
a simple, completely randomized design. The formulation of tuna-shredded used 
fortification and active compounds analyzed by LC-HRMS. The antioxidant activity was 
analyzed by the DPPH. Inhibition of the XO enzyme was analyzed by molecular docking 
in silico. The results showed that tuna-shredded extract contained 32 compounds, which 
had total phenolic was 0.00134 mg GAE/g, total flavonoid was 0.0006670 mg QE/g, and 
IC50 was 4.38 ppm. Ferulic acid had the potential to inhibit the XO enzyme with binding 
affinity was -9.70 kcal/mol through hydrogen bonds and hydrophobic interactions. 

Keywords: anti-arthritis gout; antioxidant; in silico; in vitro; tuna-shredded 

 
■ INTRODUCTION 

Gout is a degenerative disease with a prevalence that 
increases with age. Gout is caused by the absence of uric 
acid in the joints, causing inflammation (causing pain). 
The presence and formation of monosodium urate 
(MSU) crystals in the joints cause severe pain. 
Hyperuricemia can be caused by impaired renal excretion 
or excess production of uric acid due to excessive 
production of foods high in purine content [1]. Patients 
with gout are at risk for chronic disease, cardiovascular 
disease, metabolic disorders, and psychosis [2]. 

During purine metabolism, hypoxanthine and 
xanthine are produced and then metabolized in the liver 
to uric acid. The reaction is catalyzed by the xanthine 
oxidase (XO) enzyme [3]. Humans lack uricase, an 
enzyme that degrades uric acid to soluble allantoin; 
therefore, uric acid is not degraded, leading to the 
accumulation of insoluble uric acid crystals in joints, 
bones, and many other organs such as the kidneys [4]. 
According to Kostalova et al. [3], XO is a key enzyme in 
the pathogenesis of arthritis gout, and its inhibition is 
very important in the management of this pathological 
condition. 
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Nonsteroidal anti-inflammatory drugs (NSAIDs), as 
well as systemic and intra-articular corticosteroids, are 
used to treat acute gout. In patients with gout who could 
not tolerate NSAIDs or systemic corticosteroids, oral 
colchicine is generally the treatment of choice. However, 
these various treatments have side effects, such as the 
occurrence of gastrointestinal and liver toxicity. Various 
risks of degenerative diseases require increased 
knowledge for each individual so that they can recognize 
early and be aware of the health problems they are 
experiencing, especially the diet and nutritional content 
of the food consumed [5]. 

Tuna (Thunnus sp.) meat contains a high nutritional 
value, i.e., protein and fat of 28.34% and 0.51%, 
respectively [6]. Tuna also contains omega-3 fatty acids 
such as eicosapentaenoic acid and docosahexaenoic acid 
[7], minerals and vitamins such as calcium, phosphorus, 
iron, sodium, vitamin A (retinol), and vitamin B (thiamin, 
riboflavin, and niacin) [8]. For the availability of food 
made from tuna, it can be processed into various 
processed products, one of which is tuna-shredded. Tuna-
shredded is tuna meat that is chopped and dried with the 
addition of certain spices. This type of fish processing is 
one of the businesses of processing fish products. When 
compared with other traditional forms of processing, 
tuna-shredded has a relatively long shelf-life, which is still 
acceptable in storage for 50 d at room temperature [9]. As 
a processed fish product, tuna-shredded can be used as a 
side dish for consumers with degenerative disease 
conditions, including arthritis and gout. Polyunsaturated 
fatty acids and omega-3 contained in tuna meat can 
reduce the risk of arthritis gout. However, shredded fish 
still has a drawback, i.e., low fiber content. Where fiber 
can help fill the stomach and prevent obesity, obesity is 
one of the triggers for arthritis gout and other joint 
diseases [10]. 

Currently, dietary fiber is being studied 
comprehensively to understand its role in the prevention 
of degenerative diseases, such as arthritis gout, heart 
disease, obesity, diabetes, cancer, and others. The 
consumption of fiber-rich foods is rich in antioxidants 
and other nutrients that protect against cell damage and 
reduce inflammation throughout the body, including 

joints [11]. Dietary fiber addition by fortification has 
several usages both from technological and nutraceutical 
perspectives. Dietary fiber is a necessary component of 
the human diet [12]. Fortification, especially dietary 
fiber fortification, may increase the proximate as well as 
the nutritional content of food products [13-14]. One of 
the ingredients that can be used as a source of fiber is 
banana (Musa paradisiaca) blossoms. The banana 
blossoms have great nutritional value and health 
benefits. Many in vitro studies have used parts of the 
banana plant, including banana blossoms, as other drugs 
in surgical dressings, pain relief, food and medicine, 
nanotechnology, induction of apoptosis, and cell cycles. 
The banana blossoms are also a good source of calories 
because it is rich in fiber and a good source of vitamin C 
[15]. Thus, the aims of this study were to develop a 
diversified product of tuna (Thunnus sp.) shredded 
fortified banana blossoms as a functional food and to 
determine the antioxidant activity in vitro and also anti-
arthritis gout through inhibition of XO enzyme through 
molecular docking in silico. 

■ EXPERIMENTAL SECTION 

Materials 

The raw materials used for producing tuna-
shredded fortified with banana blossom, such as tuna 
(Thunnus sp.), banana blossom, and spices. The tuna 
used was obtained from the Probolinggo Regency, East 
Java Province and had the characteristics of clear eyes, 
bright red gills, a little slimy, the texture of the flesh is 
dense and elastic when touched with a finger, and 
measuring less than 50 cm long and about 2 kg. The 
banana blossom used is the type of kepok banana 
obtained from Bunul Market and Muharto Market, 
Malang City, East Java Province. The seasonings used 
include garlic, shallots, coriander powder, sugar, table 
salt, turmeric, galangal, bay leaf, lemongrass, lime leaves, 
coconut milk, and cooking oil. The materials for 
parameter testing include quercetin (Sigma-Aldrich), 
gallic acid (Sigma-Aldrich), Folin-Ciocalteu (Sigma-
Aldrich), sodium carbonate (Sigma-Aldrich), sodium 
nitrite (Sigma-Aldrich), aluminum chloride (Sigma-
Aldrich), acetic acid (Sigma-Aldrich), chloroform 
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(Sigma-Aldrich), potassium Iodide (Sigma-Aldrich), 
aquades, sodium thiosulfate (Sigma-Aldrich), tapioca 
flour (Cap Swan), filter paper Whatman No. 1 (Sigma-
Aldrich), tissue, label paper, aluminum foil (Klin Pak 
8 m × 30 cm) and plastic wrap (Cling Wrap 
30 m × 30 cm). Materials for in silico analysis were XO 
P80457 (XDH_BOVIN, code: 1FIQ) and its resolution 
2.5 Å obtained from Protein Data Bank 
https://www.rcsb.org/, allopurinol (ligand control) and 
active compounds of tuna-shredded fortified banana 
blossoms extract obtained from PubChem 
https://pubchem.ncbi.nlm.nih.gov/). 

Instrumentation 

The instrumentation used for LC-HRMS analysis 
consists of LC Alliance brand LC equipment 2996 
(waters) with photodiode-array detector (PDA) 2996 
(Waters) and MS type XEVOG2QTOF (Waters) 
equipment. LC-HRMS analysis using HPLC Thermo 
Scientific Dionex Ultimate 3000 RSLCnano with 
microflow meter. UV–Visible Spectrophotometer 
(Shimadzu UV-1601PC, Japan). The instrumentation 
used for in silico process is Acer TravelMate P633-M 
Laptop, Intel(R) Core™ i5-3230M CPU@2.60 GHz (4 
CPUs), 4096 MB RAM Memory, Open Babel GUI, 
PyMOL, Discovery Studio Visualizer, and PyRx software. 

Procedure 

The process of making tuna-shredded fortified 
banana blossom 

The process of making tuna-shredded refers to the 
method of Hardoko et al. [16]. Making tuna-shredded 
consists of 3 steps, i.e., making crushed banana blossom, 
preparing fish meat, and making seasonings. The banana 
blossom mash is made by washing and cleaning the 
banana blossom, removing the outer skin to leave a 
yellowish white inside, steaming for 15 min, and then 
blending it. The crushed banana blossom is squeezed 
using a filter cloth to reduce the water content so that the 
crushed banana blossom juice is ready to be used as an 
additional ingredient in the manufacture of shredded 
tuna. While the process of making banana blossom mash, 
tuna fish are weeded by removing the contents of the 
stomach, fins, head, and gills, and washed with running 

water. Clean tuna is steamed for 30 min, cooled, and 
separated from the meat. The tuna meat is then shredded 
using a grater. While the shredding process is carried 
out, the seasoning is also prepared by weighing the 
required spices according to the tuna-shredded 
formulation (Table 1), mixing and mashing the spices 
with a blender so that a smooth seasoning is obtained. 
The spices are then mixed with coconut milk, grated fish 
meat, and crushed banana heart, then boiled until 
boiling or cooked. Furthermore, the stew of the 
shredded ingredients is filtered with a filter cloth and 
squeezed to obtain the residue of the shredded material. 
The remaining shredded juice is fried for about 5 min or 
until light brown. Abon, which has been light brown in 
color, is removed, and the oil is drained using a spinner 
in order to obtain a dry floss that is ready to be packaged 
and analyzed for its compounds. 

Extraction of tuna-shredded and active compound 
analysis 

The extraction process for tuna-shredded is carried 
out using the stratified maceration method. The 
maceration process begins with weighing the shredded 
50 g and adding n-hexane solvent in a ratio of 1:5, and 
macerating at room temperature for 24 h. The 
maceration results were filtered with filter paper, and the 
residue was macerated at room temperature for 24 h 
with ethyl acetate solvent in a ratio of 1:5.  The result of  

Table 1. Formulation of tuna-shredded fortified banana 
blossom 

Ingredients Number 
Tuna (g) 250 
Banana Blossom (g) 175 
Garlic (g) 11 
Onion (g) 21 
Coriander powder (g) 4 
Sugar (g) 21 
Salt (g) 16 
Turmeric (g) 10 
Galangal (g) 25 
Bay leaves (g) 3 
Lemongrass (g) 19 
Lime leaves (g) 3 
Coconut milk (mL) 25 
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maceration with ethyl acetate was filtered and the residue 
was macerated at room temperature for 24 h with ethanol 
solvent in a ratio of 1:5. Furthermore, the results of 
maceration with methanol were filtered through Whatman 
filter paper No.1 and the filtrate was taken to be 
evaporated at a temperature of 50 °C at a speed of 100 rpm 
until the solvent evaporated completely and a methanol 
extract of tuna-shredded was obtained for compound 
analysis using LC-HRMS. The mobile phase used was A: 
Water + 0.1% formic acid, B: acetonitrile + 0.1% formic 
acid. The column used is Hypersil GOLD aQ 
50 × 1 mm × 1.9 particle size withflow rate 40 L/min. The 
mass spectrometry used was Thermo Scientific Q Exactive 
with a full scan at a resolution of 70,000, an analysis time 
of 30 min with positive and negative ion modes. 

Analysis of total phenolic content 
Total phenolic contents (TP) of the tuna-shredded 

fortified banana blossoms extract were determined using 
Folin-Ciocalteu (FC) assay. A 40 μL of properly diluted 
tuna-shredded fortified banana blossoms extract solution 
was mixed with 1.8 mL of FC reagent. The reagent was 
pre-diluted 10 times with distilled water. After standing 
for 5 min at room temperature, 1.2 mL of (7.5% w/v) 
sodium carbonate solutions were added. The solutions 
were mixed and incubated for 1 h at room temperature. 
Then, the absorbance was measured at 765 nm using a 
UV-Vis. A calibration curve was prepared using a 
standard solution of gallic acid (20, 40, 60, 80 and 
100 mg/L, R2 = 0.997). The total phenolic content was 
indicated as mg gallic acid equivalent per 1 g of extract 
weight (mg GAE/g) [17]. 

Analysis of total flavonoid content 
The total flavonoid content (TF) of the tuna-

shredded fortified banana blossoms was determined 
according to the colorimetric assay. A 1 mL of properly 
diluted tuna-shredded fortified banana blossoms extract 
was mixed with 4 mL of distilled water. At zero-time, 
0.3 mL of (5% w/v) NaNO2 was added. After 5 min, 
0.3 mL of (10% w/v) AlCl3 was added. At 6 min, 2 mL of 
1 M solution of sodium hydroxide was added. After that, 
the volume was made up to 10 mL immediately by the 
addition of 2.4 mL of distilled water. The mixture was 

shaken vigorously, and the absorbance of the mixture 
was read at 510 nm. A calibration curve was prepared 
using a standard solution of quercetin (20, 40, 60, 80, and 
100 mg/L, R2 = 0.996). The total flavonoid content was 
as mg equivalent of quercetin per 1 g of extract weight 
(mg QE/g) [17]. 

Analysis of antioxidant activity 
The antioxidant activity of the tuna-shredded 

fortified banana blossoms extract was also studied 
through the evaluation of the free radical-scavenging 
effect on the 1,1-diphenyl-2-picrylhydrazyl (DPPH) 
radical. An aliquot (10 μL) of tuna-shredded fortified 
banana blossoms extract was mixed with 90 μL of 
distilled water and 3.9 mL of 25 mM DPPH methanolic 
solution. The mixture was thoroughly vortex-mixed and 
kept in the dark for 30 min. The absorbance was 
measured later, at 515 nm, against a blank of methanol 
without DPPH. Results were expressed as a percentage 
of inhibition of the DPPH radical. The percentage of 
inhibition of the DPPH radical was calculated according 
to the Eq. (1): 

control sample

control

Abs Abs
% Inhibition of DPPH= 100

Abs


  (1) 

Abscontrol is the absorbance of DPPH solution without 
extracts [18]. 

Analysis of pharmacokinetic (drug-likeness) 
The drug-likeness analysis of the test 

compound/ligand is aimed at finding out whether the 
test compound/ligand complies with Lipinski's rule. The 
analysis was carried out online through the page 
http://www.scfbio-iitd.res.in/software/drugdesign/lipins 
ki.jsp [19-21]. This stage is carried out before molecular 
docking in silico analysis. 

Molecular docking 
Molecular docking of the active compound 

obtained from the LC-MS results of tuna-shredded 
fortified banana blossoms with XO P80457 
(XDH_BOVIN, code: 1FIQ) and its resolution 2.5 Å as a 
receptor using PyRx software. The XO enzyme as a 
receptor was obtained from https://www.rcsb.org. The 
test ligands used were obtained from the active 
compound content of tuna-shredded fortified banana 
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blossom and control ligands in the form of allopurinol. 
The 3D structure of the ligand was obtained from 
PubChem https://pubchem.ncbi.nlm.nih.go in sdf 
format. Then, it is converted into pdb format using the 
Discovery Studio software. Receptor preparation was 
carried out by separating the C chain structure from the 
intact structure, then saving it in *.pdbqt format. After 
being stored, the water molecule was removed, and the 
natural ligand was separated from the enzyme chain C 
structure. The file was then saved in *.pdbqt format. The 
molecular docking process is carried out in the PyRx 
software, and the type of docking is blinded docking. 
After docking is complete, the results of several docking 
modes along with the value of binding affinity (kcal/mol), 
are obtained. Next, visualize the docking results in 2D and 
3D using Discovery Studio software. 

Analysis of toxicity and bioavailability 
The test ligands with the best binding affinity were 

tested for toxicity predictions one by one using an online 

toxicity test program accessed http://tox.charite.de/ 
protox_II/ [22]. Ligands that showed non-toxic results 
were tested for bioavailability (ADME) using a program 
that can be accessed at http://www.swissadme.ch/ [23]. 

Analysis of statistical 
Data were analyzed using SPSS software. Analysis 

of variance (ANOVA) and Duncan’s multiple range 
method were used to compare any significant 
differences. The difference was considered significant at 
a p-value < 0.05. 

■ RESULTS AND DISCUSSION 

The results of compound analysis using LC-HRMS 
from ethanol extract of tuna-shredded fortified with 
banana blossom identified 32 compounds divided into 
groups of phytochemical compounds (steroids, alkaloids, 
flavonoids, terpenoids, and phenolics), organic 
compounds, fatty acids, and amino acids. The detail of 
the compounds identified can be seen in Table 2. 

Table 2. Identified compounds in tuna-shredded fortified banana blossom extracts 

No. 
Retention 
time (min.) 

Molecule 
weight (g/mol) Formula Compound Compound Group 

1 2.409 436.22734 C24H33FO6 Flurandrenolide Steroids 
2 2.415 143.09410 C7H13NO2 DL-Stachydrine Alkaloids 
3 8.702 464.09450 C21H20O12 Quercetin-3β-D-glucoside Flavonoids 
4 13.51 286.08324 C16H14O5 Sakuranetin Flavonoids 
5 14.692 368.12517 C21H20O6 Curcumin Flavonoids 
6 17.016 218.16640 C15H22O Nootkatone Sesquiterpenoid 
7 17.372 216.15096 C15H20O (+)-ar-Turmerone Sesquiterpenoid 
8 20.483 120.05732 C8H8O Acetophenone Organic compound 
9 7614 194.05744 C10H10O4 Ferulic acid Phenolic  
10 6.949 132.05712 C9H8O trans-Cinnamaldehyde Organic compound 
11 2.422 145.10976 C7H15NO2 Acetylcholine Organic compound 
12 2.826 109.06384 C5H7N3 2-Amino-4-methyl pyrimidine Organic compound 
13 3.391 129.07855 C6H11NO2 L-Pipecolinic acid Organic compound 
14 3.554 136.03800 C5H4N4O Hypoxanthine Organic compound 
15 3.559 109.05264 C6H7NO 4-Aminophenol Phenolic 
16 3.561 267.09593 C10H13N5O4 Adenosine Organic compound 
17 8.54 195.19820 C13H25N N-Cyclohexyl-N-methylcyclohexanamine Organic compound 
18 22.612 390.27559 C24H38O4 Bis(2-ethylhexyl)-phthalate Organic compound 
19 11.019 255.16155 C17H21NO Diphenhydramine Antihistamine 
20 15.057 250.15611 C15H22O3 3,5-di-tert-Butyl-4-hydroxybenzoic acid Phenolic 
21 2.44 228.14672 C11H20N2O3 Prolylleucine Amino acid 
22 2.248 203.11516 C9H17NO4 Acetyl-L-carnitine Amino acid 
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23 2.743 117.07870 C5H11NO2 Valine Amino acid 
24 2.787 113.05866 C4H7N3O Creatinine Amino acid 
25 2.835 155.06894 C6H9N3O2 L-Histidine Amino acid 
26 2.898 174.11104 C6H14N4O2 DL-Arginine Amino acid 
27 3.56 204.08933 C11H12N2O2 DL-Tryptophan Amino acid 
28 8.469 197.11992 C14H15N Dibenzylamine Aromatic amine 
29 21.613 281.27083 C18H35NO Oleamide Fatty acid 
30 21.826 255.25545 C16H33NO Hexadecanamide Fatty acid 
31 22.386 283.28658 C18H37NO Stearamide Fatty acid 
32 25.762 337.33315 C22H43NO Erucamide Fatty acid 

 
Total Phenolic Content 

Determination of the total phenolic content of 
extract tuna-shredded was performed using FC assay and 
analyzed by UV-Vis spectrophotometer at 765 nm. 
Phenolic contents react with the FC reagent and form 
complex blue compounds. The standard solution used 
was gallic acid, a phenolic compound derived from 
hydroxybenzoic acid. The total phenolic contents of tuna 
shredded extract are shown in Table 3. 

The total phenolic content of tuna-shredded 
fortified banana blossoms extract was 0.00286 mg GAE/g. 
Each g of the extract was equivalent to 0.00286 mg of 
gallic acid—the presence of spices used in the processing 
of tuna-shredded act as a source of phenolic compounds. 
Sukisman et al. [24] reported that the total phenolic 
content in the spices for making shredded meat was 
82.49 ± 0.19 mg GAE/g. Phenolic compounds contained 
in plants act as provide antioxidant activity to chelate 
redox-active metal ions and lipid-free radical chains and 
block the conversion of hydroperoxides to reactive 
oxyradicals [25]. The presence of total phenolic 

contributes to antioxidant activity. As their free radical 
scavenging ability is induced by the hydroxyl (OH) 
group, thus the total phenolic content could be used as a 
basis for rapid screening of antioxidant activity. 

Total Flavonoid Content 

The tuna-shredded extract's total flavonoid 
content was analyzed by the complex formation between 
AlCl3 with the keto group on the C-4 atom and the 
hydroxy group on the C-3 or C-5 atom from the flavone 
and flavanol groups. Quercetin was used as a standard 
for analyzing flavonoids' content since quercetin was a 
flavanol group with a keto group on the C-4 atom and 
the OH group on the C-3 and C-5 atoms. The results of 
total phenolic contents are shown in Table 4. 

The total flavonoid content of tuna-shredded 
extract as mg equivalent per g of dry tuna-shredded was 
0.0006670 mg QE/g (Table 4). This results in sync with 
the total phenolic content obtained. Another research 
has shown that phenolic content also contains amounts 
of flavonoid content [25]. Herbs, as spices ingredients in 
this research, were a major source of minerals, vitamins, 

Table 3. Total phenolic content of extracts banana blossoms and tuna-shredded fortified banana blossoms extracts 

No. Sample 
Total phenolic content 

(mg GAE/g) 
1 Extract Banana Blossoms 0.00286 
2 Extract Tuna-Shredded Fortified Banana Blossoms 0.00134 

Table 4. Total flavonoid content of extracts banana blossoms and tuna-shredded fortified banana blossoms extracts 

No. Sample 
Total flavonoid content 

(mg QE/g) 
1 Extract Banana Blossoms 0.0006672 
2 Extract Tuna-Shredded Fortified Banana Blossoms 0.0006670 



Indones. J. Chem., 2023, 23 (3), 782 - 795    

 

Heder Djamaludin et al. 
 

788 

and other essential nutrients. Most medicinal plants, 
including herbs, contain phenolic acids, flavonoids, and 
other phytochemicals. Flavonoids such as flavone, 
flavanol and condensed tannins are plant secondary 
metabolite compounds, the antioxidant activity of which 
depends on the presence of free OH group, especially 3-
OH [26]. 

Antioxidant Activity 

The antioxidant compound in a food product can 
inhibit or prevent the oxidation of lipids. Compounds 
that can be easily oxidized will cause food damage, 
causing rancidity. One of the parameters that can describe 
the percentage of a food ingredient's ability to inhibit free 
radical is by determining the antioxidant activity. The 
antioxidant activity of tuna-shredded fortified banana 
blossoms was carried out using the DPPH method. 
Determination of antioxidant activity using the DPPH 
method shows the ability of antioxidant substances to 
neutralize free radicals in vitro. 

The antioxidant activity of tuna-shredded fortified 
banana blossoms extract shown in Table 5. The 
antioxidant activity of tuna-shredded fortified banana 
blossoms extract was 4.38 ppm, while the banana 
blossoms extract 3.06 ppm, and also ascorbic acid as 
standard was 0.61 ppm. Based on the results of the IC50 
value showed the ability of the tuna-shredded extract to 
have a very strong antioxidant category. Compounds that 
have biological activity as antioxidants also have the 
potential for other biological activities [27]. The 
difference in antioxidant activity in the three samples is 
thought to be caused by a decrease in the antioxidant 
compound content in shredded. The decreasing 
antioxidant activity after processing tuna-shredded 
fortified banana blossoms is caused by a deep-fried or 
heating process. During the processing process, the 

ingredients for making tuna-shredded go through two 
heating processes. The first heating is the process of 
boiling the banana blossoms-tuna meat, and the second 
heating is the process of frying the tuna-shredded dough 
using hot oil until cooked. 

Cooking tuna-shredded using hot oil is done using 
the deep-frying method [13]. During the heating 
process, the antioxidant compounds in the banana 
blossoms and herbs as spices, i.e., phenol and flavonoid 
compounds, will be destroyed. Research shows that the 
antioxidant activity of raw vegetables decreases when the 
vegetables are sautéed [28]. 

Pharmacokinetic Drug-Likeness Lipinski’s Rule 

Before docking the ligand to the receptor/enzyme 
XO, each ligand of the active compound of tuna-
shredded fortified banana blossom was analyzed 
according to Lipinski's rule. The Lipinski rule states that 
a ligand can be continued for the docking process if (1) 
the mass is less than 500 g/mol, (2) the Log P value is less 
than 5, (3) the number of hydrogen bond donors is less 
than 5, and (4) hydrogen bond acceptor is less than 10 
[19]. The suitability of the test ligand characteristics with 
the parameters of Lipinski's rule is a requirement that 
must be met before molecular docking is carried out. 
Lipinski's rule can be used in the physicochemical 
properties of a ligand that can cross cell membranes in 
the body. The results of the analysis of the suitability of 
the test ligand characteristics with Lipinski’s rule 
parameters are presented in Table 6. 

Ligands with a molecular weight of less than 
500 Da more easily penetrate cell membranes than 
ligands with a molecular weight is more than 500 Da. 
The log P value is related to the polarity of the ligand in 
fat, oil, and non-polar solvents. Ligands with a log P 
value is more than  5 will interact  more quickly through 

Table 5. Antioxidant activity of extracts banana blossoms and tuna-shredded fortified banana blossoms extracts 

No. Sample Antioxidant activity 
(IC50) (ppm) 

1 Extract Banana Blossoms 3.06 
2 Extract Tuna-Shredded Fortified Banana Blossoms 4.38 
3 Ascorbic Acid (Vitamin C) 0.61 
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Table 6. Ligand parameters to comply with Lipinski’s rules 
No. Ligand Mass (g/mol) Log P H Bond Donor H Bond Acceptor 

1 Flurandrenolide 436.000000 2.498700 2 6 
2 DL-Stachydrine 143.000000 1.024900 0 2 
3 Quercetin-3β-D-glucoside 463.000000 1.143710 4 8 
4 Sakuranetin 274.000000 0.318340 2 5 
5 Curcumin 350.000000 0.439250 2 6 
6 Nootkatone 218.000000 3.904199 0 1 
7 (+)-ar-Turmerone 196.000000 0.682600 0 1 
8 Acetophenone 120.000000 1.889200 0 1 
9 Ferulic acid 194.000000 1.498600 2 4 

10 trans-Cinnamaldehyde 132.000000 1.898700 0 1 
11 Acetylcholine 146.000000 0.255700 0 2 
12 2-Amino-4-methyl pyrimidine 109.000000 0.367220 2 3 
13 L-Pipecolinic acid 129.000000 0.213100 2 3 
14 Hypoxanthine 136.000000 0.187100 2 4 
15 4-Aminophenol 109.000000 0.974400 3 2 
16 Adenosine 267.000000 1.980000 4 8 
17 N-Cyclohexyl-N-methylcyclohexanamine 195.000000 3.583599 0 1 
18 Bis-(2-ethylhexyl) phthalate 388.000000 3.698699 0 4 
19 Diphenhydramine 255.000000 3.354199 0 2 
20 3,5-di-tert-Butyl-4-hydroxybenzoic acid 250.000000 3.685399 2 3 
21 Prolylleucine 362.000000 2.403100 2 7 
22 Acetyl-L-carnitine 203.000000 1.235701 0 4 
23 Valine 117.000000 0.054300 3 3 
24 Creatinine 113.000000 1.226900 2 4 
25 L-Histidine 155.000000 0.635900 4 4 
26 DL-Arginine 174.000000 1.548100 4 6 
27 DL-Tryptophan 204.000000 1.122300 4 3 
28 Dibenzylamine 197.000000 2.976400 1 1 
29 Oleamide 281.000000 3.509200 2 2 
30 Hexadecanamide 255.000000 3.952999 2 2 
31 Stearamide 283.000000 3.062230 2 1 
32 Erucamide 337.000000 4.083392 2 1 

 
the lipid bilayer of cell membranes and are widely 
distributed in the body. It can affect the sensitivity of the 
ligand binding to the target molecule will decrease, and 
the ligand toxicity to increase. The smaller the log P value, 
the more ligands tend to be water soluble and 
hydrophobic [29]. The log P value of the ligand must not 
be a negative value because it cannot pass through the 
lipid bilayer membrane. Then, the number of hydrogen 
bonds in the donor and acceptor correlates with the 
biological activity of the ligand or drug [30]. 

Molecular Docking Active Compound of Tuna-
Shredded Fortified Banana Blossom Extract 

Various active compounds from natural 
ingredients have multifunction for health, one of which 
is as anti-arthritis gout. The initial method to determine 
the potential of the active compound as an anti-arthritis 
gout is by in silico molecular docking method, namely 
the binding of the active compound as a test ligand to the 
target anti-arthritis gout receptor XO enzyme. Prior to 
molecular docking, the docking method validation must  
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first be carried out. The validation of the molecular 
docking method was carried out with the aim of re-
docking the ligand on the active site of the XO enzyme by 
selecting a conformation similar to the natural ligand 
conformation that was known through re-docking. 

At this stage, grid box measurements are carried out 
to determine the area where the test and control ligands 
will attach. The grid box obtained shows that the two 
types of ligands will attach to the center position X 
27.5292, Y 17.1729, and Z 107.1436 and the dimensions 
(Å) X 89.9546, Y 69.5777, and Z 70.1696. The docking 
process is carried out in 10 repetitions, and then the 
docking results are selected by looking at the 
conformation that is most similar to the native ligand. The 
overall ligand conformation that has been selected is then 
calculated as the Root Mean Square Deviation (RMSD) 
value using the Discovery Studio application. The results 
of molecular docking that show good performance have 
an RMSD value of less than 2 Å. The RMSD value 
resulting from the validation of re-tethering between the 
receptor and the natural ligand showed the lowest value 
of 0 Å and the highest value of 1.3521. This molecular 
docking validation is said to be valid or appropriate since 
the average RMSD value obtained is less than 2 Å [31]. 

The results of the molecular docking of the active 
compound of tuna-shredded fortified with banana 
blossom extract can be seen in Table 7. Based on the 
binding affinity score (Table 7), it can be seen that the in 
silico analysis of the activity of the tuna-shredded fortified 
with banana blossom extract to the XO enzyme showed 
that the more stable ligand to the XO enzyme is ferulic 
acid (a phenolic compound) with binding affinity score -
9.70 kcal/mol and trans-cinnamaldehyde (an organic 
compound) with binding affinity score -9.20 kcal/mol. 
The results of method validation obtained an RMSD score 

of less than 2 Å. These results show that the calculation 
of the docking between protein and ligand gives results 
that are almost similar to the position of the native 
ligand since it has an RMSD score of less than 2 Å. In 
addition, the data presented in Table 7 only test ligands 
that have binding affinity scores lower than allopurinol 
as the control ligand (-5.90 kcal/mol). In contrast, test 
ligands with binding affinity scores greater than control 
ligands allopurinol are not shown. Since these ligands 
have a very low affinity for binding to the XO enzyme. 
Toppo et al. [32] explained that the lower the binding 
affinity score of the interaction of the ligand-receptor 
complex, the stronger the potential to bind and the 
higher the inhibitory ability of the ligand to the target 
enzyme. 

Based on the binding affinity score of allopurinol 
as ligand control (-5.90 kcal/mol), the compound that 
can bind strongly to the receptor and have the potential 
as anti-arthritis gout is a compound that has a lower 
binding affinity score than allopurinol. The compound 
that has the lowest binding affinity score to the control 
and has the potential to bind to the XO enzyme is ferulic 
acid (-9.70 kcal/mol). This indicates that the ferulic acid 
compound has the potential to anti-arthritis gout. This 
is also supported by data that tuna-shredded fortified 
with banana blossoms has antioxidant capacity by 
DPPH assay. A compound that has antioxidant capacity 
also has the potential to have other biological activities 
[24]. This is confirmed by Nile et al. [33] reported that 
the ferulic acid compound had an inhibitory activity of 
more than 50% at 100 μg/mL against the XO enzyme and 
also against the cyclooxygenase-2 (COX-2) enzyme. 
Wang et al. [34] also reported that the ferulic acid 
compound had an IC50 value to the XO enzyme 
1.35 × 10−5 M, and this IC50 value was higher than the IC50 

Table 7. Binding affinity score ligands of tuna-shredded fortified with banana blossom active compounds against 
xanthine oxidase enzyme 

No. Ligand Enzyme/Receptor Binding affinity 
(kcal/mol) 

1 Ferulic Acid 

Xanthine Oxidase 

-9.70 
2 Trans-cinnamaldehyde -9.20 
3 Diphenhydramine -7.00 
4 Allopurinol (Positive Control) -5.90 
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Fig 1. The 2D visualization of the interaction of the ligand allopurinol, ferulic-acid, Trans-cinnamaldehyde, and 
Diphenhydramine with XO enzyme as receptor 
 
value of allopurinol as a positive control. The more OH 
group in the ferulic acid compound, the stronger its 
activity against XO enzyme inhibition. 

The 2D Visualization 

The lower binding affinity score of the control or 
higher inhibitory power of the drug to the XO enzyme 
becomes clearer through a 2D visualization. The 
visualization of the interaction between each ligand and 
with XO enzyme is shown in Fig. 1. 

It can be seen that there are differences in the types 
and amino acid residues of the receptor that bind to the 
ligand, the type of bond formed between the amino acid 
residue of the receptor and the ligand and the distance 
between the amino acid residues and the ligand (Fig. 1). 
The interaction of these things determines the size of the 
binding affinity score of the ligand-receptor complex. 
According to Patrick [35], the strength of ionic bonds 
and hydrogen bonds, and hydrophobic interactions is 
determined  by  the  difference  in  electronegativity  of a  
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Table 8. The interaction type of each ligand complex of the active compound of tuna-shredded fortified banana 
blossom extract against the XO enzyme 

[Complex ligand-receptor] Type of interaction Amino acids residues 
[Ferulic Acid-XO enzyme] Hydrogen bond 

Hydrophobic 
Ala1079, Thr1010 
Gly799, Ala910, Ala1078, Glu1261, Phe1009, Phe914, 
Leu1014, Glu802, Leu873 

[Diphenhydramine-XO enzyme] Hydrophobic Phe798, Gly1197, Gln1201, His741, Phe742, Glu1209, 
Ile1229, Pro1230, Ala1231, Val1200, Ile1235 

[Trans-Cinnamaldehyde-XO enzyme] Hydrogen bond 
Hydrophobic 

Ala1079 
Ala1078, Phe914, Glu802, Phe1009. Thr1010, Glu1261 

[Allopurinol-XO enzyme] Hydrogen bond 
Hydrophobic 

Thr1083, Gln1194 
Lys1045, Ser1082, Val1259, Gln1040, Ser1080, Gly1260 

 
compound. The greater the difference in electronegativity 
of a compound, the greater will be ionic bonds or 
hydrogen bonds or hydrophobic interactions. The shorter 
the bond distance, the stronger the bond [36]. 

The differences in the type and number of amino 
acid residues bound to allopurinol ligand as control 
positive ligand, as well as ligands from the active 
compound of tuna-shredded fortified banana blossoms, 
extract indicated differences in the mechanism of 
inhibition of each ligand on the XO enzyme as the target 
protein. The interactive form of each ligand complex of 
the active compound of tuna-shredded fortified banana 
blossoms extract against the XO enzyme can be seen in 
Table 8. In silico method used, the amino acid residues are 
amino acid residues on the active site of the XO enzyme, 
so the mechanism of inhibition of compounds from tuna 
shredded fortified banana blossoms extract is a 
competitive inhibition mechanism [37]. 

Toxicity and Bioavailability 

The results of the pharmacokinetic and toxicity 
analysis of the potential ligands that have the lowest 
binding affinity score with the XO enzyme through the 
http://tox.charite.de/protox_II/ that the test ligand 
ferulic-acid showed the predicted toxicity class 
categorized as class 4 of 6 and predicted LD50 1190 mg/kg. 
Thus, the ferulic acid as a test ligand compound is 
predicted not to be toxic to body organs. 

After knowing the toxicity of the two potential 
compounds, the bioavailability analysis of the compound  
 

was then carried out. This analysis was carried out online 
through access at http://www.swissadme.ch/. The results 
of the analysis showed that ferulic acid had a high 
category of human gastrointestinal absorption. This 
analysis was carried out based on the fact that the 
material consumed orally should ideally be easily 
absorbed by the digestive system organs, be able to be 
distributed specifically to target sites, be able to be 
metabolized by the body and eliminated without causing 
any harm to the body's organs [38]. 

■ CONCLUSION 

The results showed that the compound contents of 
the tuna-shredded fortified banana blossoms extract 
contained 32 active compounds, which had a total 
phenolic content was 0.00134 mg GAE/g, total flavonoid 
content was 0.0006670 mg QE/g, and the IC50 for the 
antioxidant activity was 4.38 ppm. The results of the in 
silico showed that the most potent compound, ferulic 
acid, had the potential to inhibit the XO enzyme with a 
binding affinity score was -9.70 kcal/mol through 
hydrogen bonds on Ala1079, Thr1010 amino acids 
residues and hydrophobic interactions on Gly799, 
Ala910, Ala1078, Glu1261, Phe1009, Phe914, Leu1014, 
Glu802, and Leu873 amino acids residues. As a potential 
compound, ferulic acid meets Lipinski's rules, is a high 
category of human gastrointestinal absorption, and is not 
potentially toxic to the body. The tuna-shredded fortified 
banana blossoms have the potency to be developed as a 
functional food, especially to prevent gout arthritis. 
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Fig S2. FTIR spectra of the synthesized ligand (DPTYEAP) 

 
Fig S3. FTIR spectra of the Ni(II) complex 
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Fig S4. FTIR spectra of the Cu(II) complex 

 
Fig S5. FTIR spectra of the Ag(I) complex 

 
Fig S6. FTIR spectra of the Pt(IV) complex 
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Fig S7. Electronic spectra of the synthesized ligand (DPTYEAP) 

 
Fig S8. Shows the absorption peaks of each of the Ni(II) complexes 

 
Fig S9. Shows the absorption peaks of each of the Cu(II) complexes 
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Fig S10. Shows the absorption peaks of each of the Ag(I) complexes 

 
Fig S11. Shows the absorption peaks of each of the Pt(IV) complexes 

 
Fig S12. Shows the XRD patterns for ligand (DPTYEAP) and Ni(II) complexes 
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Fig S13. Shows the XRD patterns for the Cu(II), Ag(I) and Pt(IV) complexes 

 
Fig S14. IC50 for (DPTYEAP) ligand of cancer cell line (MCF-7) and natural cell line (WRL68) 

 
Fig S15. IC50 for the Pt(IV) complex in the cancer cell line (MCF-7) and natural cell line (WRL68) 
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 Abstract: A new series of complexes of the 2-((1E,2E)-1,2-diphenyl-2-(thiazol-2-
ylimino)ethylidene)amino)phenol (DPTYEAP) has been synthesized by the reaction of 
the ligand with metal chlorides of Ni(II), Cu(II), Pt(IV), and AgNO3 in ethanol as a 
solvent. The ligand was prepared for the two steps. In the first step, compound (A) was 
synthesized by reacting 2-aminothiazol with benzil in ethanol. Another step is the 
preparation of the ligand from the reaction of compound (A) with 2-aminophenol. The 
structures of the ligand and its complexes were confirmed by FTIR, 1H-13C-NMR, UV-Vis 
spectra, melting points, molar conductivity (C, H, and N), and magnetic susceptibility. 
The synthesized complexes were prepared in a 1:2 ratio for Ni(II), Cu(II), and Pt(IV) 
complexes and a 1:1 ratio (M:L) for Ag(I) complexes. The geometric shape of all complexes 
is octahedral, except for the Ag(I) complex, which is tetrahedral. The antioxidant test for 
the prepared compounds was carried out. The anticancer test was conducted for each of 
the ligands and the platinum(IV) complex, and it was found that the platinum complex 
is more effective against breast cancer cells (MCF-7); thus, it can be used as a potential 
drug after studying it well. 

Keywords: Schiff base; 2-aminothiazoles; anticancer; antioxidant; platinum(IV) 

 
■ INTRODUCTION 

Breast cancer occurs when some of the breast cells 
begin to grow abnormally. These cells divide more rapidly 
than healthy cells and continue to accumulate, forming a 
lump or tumor [1]. The cells may spread through the 
breast to the lymph nodes or other body parts [2]. Breast 
cancer comes after skin cancer as the most common type 
of cancer among women [3]. Breast cancer sometimes 
affects both men and women, but it is more common in 
women. Substantial support for breast cancer awareness 
and research funding has helped advance breast cancer 
diagnosis and treatment [4]. Breast cancer survival rates 
have increased, and the number of deaths associated with 
this disease has regularly decreased, largely due to several 
factors, such as early detection and a better understanding 
of the nature of this disease. 

Among the used treatments, the thiazole compound 
had an important and effective role in preparing many 
anti-breast cancer complexes, especially when it is linked 
to platinum [5]. One of the drugs containing thiazoles, 

which has been used as an anti-cancer compound, is 
Bleomycin [6]. The 2-aminothiazole compound is 
effective in treating and controlling breast cancer, in 
addition to its various and wide applications in various 
fields, especially in the pharmaceutical industry. 
Aminothiazole is recently identified as a desirable 
compound; it has been diagnosed and examined in 
many medicinal chem drugs because of its thiourea-like 
properties and its tendency to target multiple biological 
targets [7]. It has also been used as an anti-bacterial [8], 
an antioxidant, an anti-viral [9], and a fungicide [10]. 2-
Aminothiazole and its derivatives have a wide range of 
medical applications as well, such as anti-tuberculosis 
[11], anti-inflammatory [12], anti-platelet, and are used 
as anti-tumors [13]. This study observed that the prepared 
ligand derived from amino thiazoles and its platinum(IV) 
complex had high antioxidant activity against free 
radicals. As well as high effectiveness against breast 
cancer cells (MCF-7), and this has been proven through 
applications and examinations conducted on them, which 



Indones. J. Chem., 2023, 23 (3), 796 - 808    

 

Abbas Fadhil Yasir and Hayder Obaid Jamel 
 

797 

can be used as an anti-cancer treatment. In addition, they 
are considered nanocomposites after confirming this 
through the XRD and FESEM tests. This characteristic 
makes these compounds could be used in many fields, 
including the medical and industrial fields [14]. 

■ EXPERIMENTAL SECTION 

Materials 

In this study, 2-amino thiazoles (98% purity, 
Merck), benzil (98%, Sigma-Aldrich), acetic acid (99%, 
BDH), and 2-aminophenol (99%, Sigma-Aldrich) were 
used. At the same time, all metal chlorides (platinum(IV), 
nickel(II), copper(II)), and silver nitrate) were brought 
from Sigma-Aldrich. They were of varying purity 99.9, 98, 
97.5, and 99%, respectively. Also, the study used free 
radical 1,1-diphenyl-2-picrylhydrazyl, supplied by Sigma-
Aldrich for an antioxidant check. Breast cancer cell lines 
(MCF-7) and normal cell lines (WRL-68) were obtained 
from the Center for Natural Product Research and Drug 
Discovery, Department of Pharmacology, Faculty of 
Medicine, University of Malaya, Kuala Lumpur. 

Instrumentation 

UV-Vis spectra in the region of 200–1000 nm were 
obtained using Shimadzu UV-165 PCS 
spectrophotometer. On the Fourier Transform Varian 
Spectrometer, 1H, 13C-NMR spectra were acquired at 300 
MHz with tetramethyl silane as a standard internal 
reference in DMSO-d6 solvent. The FTIR 8400S Shimadzu 
Spectrophotometer was used to record FTIR Spectra in 
the 400–4000 cm−1 range. The Stuart melting point was 
used to determine the melting points of all compounds. 

At room temperature, magnetic susceptibility 
measurements were taken using the Balance Magnetic 
Susceptibility Model MSB-MKI: flame atomic 
absorption spectrophotometer, Shimadzu AA-6300 was 
used to determine metal percentage in the complexes; 
Elemental analysis was recorded on instrument type EA-
300.mth. 

Procedure 

Preparation of the ligand DPTYEAP 
The ligand was prepared in two steps. The first step 

was the preparation of (E)-1,2-diphenyl-2-(thiazol-2-
ylimino)ethan-1-one (compound-A) from the reaction 
between 2-aminothiazol (2.002 g, 0.02 mol) in 25 mL of 
the absolute ethanol with benzil (4.204 g, 0.02 mol) in 25 
ethanol with a continuous stirring. The mixture was 
refluxed for 8 h. After that, it was cooled, filtered, and 
collected. It was recrystallized by removing the residue 
of the starting material with 99.9% ethanol, allowing the 
precipitate to dry; then, it will be collected and weighed 
to be employed in the second stage, yielding an 84% yield 
percentage. The ligand 2-(((1E,2E)-1,2-diphenyl-2-
(thiazol-2-ylimino)ethylidene)amino) phenol 
(DPTYEAP) was prepared by dissolving compound-A 
(4.385 g, 0.015 mol) in 25 mL of ethanol with a solution 
of 2-aminophenol (1.636 g, 0.015 mmol) in 25 mL of 
ethanol. Then, 5–6 drops of concentrated hydrochloric 
acid were added to the mixture with continuous stirring, 
the mixture was refluxed for 8 h. It was cooled, 
precipitated, filtered, dried, and recrystallized by using 
absolute ethanol. The product gave a yield of 79%, and a 
melting point of 113 °C, as stated in Scheme 1. 

 
Scheme 1. Synthesis of the 2-(((1E,2E)-1,2-diphenyl-2-(thiazol-2-ylimino)-ethylidene)amino)phenol (DPTYEAP) ligand 
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Synthesis of the complexes 
Two types of the complex are prepared with a ratio 

of 1:1 and 1:2, which are as follows: 
Preparation of Ni(II), Cu(II), Pt(IV) complexes with 
DPTYEAP ligand. These complexes were prepared in 1:2 
using the following general method. A solution of 
DPTYEAP ligand (1.533 g, 0.004 mol) in 10 mL ethanol 
was mixed with 0.002 mol of metal chlorides in 10 mL of 
absolute ethanol. The mixture was refluxed for 2 h while 
stirring. After that, it was cooled, filtrated, and dried 
before re-crystallized using absolute ethanol to obtain 
pure complexes. 
Preparation of Ag(I) complexes with DPTYEAP 
ligand. The above complex was made using the same 
method but in a different ratio 1:1 M:L. DPTYEAP ligand 
solution (0.766 g, 0.002 mol) in 10 mL ethanol was added 
to silver nitrate solution (0.339 g, 0.002 mol) in 10 mL 
absolute ethanol. The mixture was refluxed for 2 h with 
stirring before being cooled, filtrated, and dried. 

Measuring antioxidant capacity 
The concentration of the tested compound which 

causes 50% of radical scavenging activity (IC50) was 
determined by the linear regression analysis from the 
obtained RSA values using GraphPad Prism 8.3.1 software. 
DPTYEAP ligand and metal complexes were tested for 
radical scavenging activity against DPPH using a 
spectrophotometric method. In practice, 1 mL of the ligand 
and metal complexes in DMSO at various concentrations 
3.90–500 g/mL was mixed with 1 mL of 0.1 mM DPPH in 
methanol. For 30 min, the tested samples were allowed to 
react with DPPH. After 30 min of incubation in the 
darkness at room temperature, the absorbance at 517 nm 
was measured with Shimadzu UV-165PCS 
spectrophotometer. Then, the RSA% was calculated. The 
linear regression analysis was performed on the obtained 
RSA values to determine the IC50 value. The lower the 
value of IC50, the more efficient the antioxidant [15]. 

Biological activity (Cytotoxic assay MTT) 
In this study, two cell lines were used, namely the 

breast cancer cell line (MCF-7) and the normal human 
liver cell line (WRL-68). Cell lines were preserved in 
liquid nitrogen and were maintained and tested at the 
Biotechnology Research Center - Al-Nahrain University. 

After the cells of cancer lines (MCF-7) and the suspension 
were prepared at a concentration of 1×105 cells/well 
completely, the cell suspension was placed in a plate 
containing 96 holes with a flat base, and it was incubated 
in an incubator with 5% carbon dioxide (CO2) at a 
temperature of 37 °C, for 24 h. Then, 100 μL of this 
suspension was added to each well. After that, the 
concentrations that had been prepared for each of the 
ligands and the platinum complex 25, 50, 100, 200, and 
400 μg/mL were added to those wells at the rate of three 
wells for each concentration. After that, the plate was 
incubated for a full day at an incubation temperature of 
37 °C, and 10 mL of MTT solution at a concentration of 
0.45 mg/mL was added to each hole. Then that plate was 
incubated for 4 h at 37 °C. 100 μL of DMSO solution was 
added to each hole and incubated for 5 min [16]. Finally, 
the absorbance of that sample was read at a wavelength 
of 570 nm using the ELASIS device, then the statistical 
analysis was conducted on the optical density readings 
to calculate the IC50. 

■ RESULTS AND DISCUSSION 

The new ligand (DPTYEAP) was synthesized from 
the consecutive reaction of 2-aminothiazol with benzil 
and 2-aminophenol. The complexes have been prepared 
from the reaction of DPTYEAP with metal chlorides 
hydrates and AgNO3 dissolved in ethanol. Table 1 shows 
the physical attributes and elemental analyses for each of 
the ligands and the complexes. The synthesized 
complexes were created in a 1:2 ratio for Ni(II), Cu(II) 
and Pt(IV) complexes, whereas Ag(I) complex was 
prepared in a 1:1 ratio (M:L). 

Mass Spectrum of the DPTYEAP Ligand 

It is one of the analytical techniques used in an 
accurate diagnosis to determine the prepared compound 
and what elements are present in its composition, as well 
as its molecular and structural formula. The idea behind 
its operation is to break the compound into ions, after 
which the mass-to-charge ratio is measured using a mass 
spectrometer. Fig. 1 shows the DPTYEAP ligand 
fragmentation with the appearance of a peak for the 
parent ion at m/z+ = 383.99, as well as the rest of the 
divisions. 
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Table 1. Elemental analysis and some physical properties of the ligand (DPTYEAP) and its metallic complexes 
Compound 
(Chemical Formula) Color 

M P Yield M.W Calc. (Found)% 
(°C) % (g/mol) C H N M 

Ligand (DPTYEAP) 
(C23H17N3OS) 

Brown 113  383.50 71.55 
(72.04) 

4.12 
(4.47) 

8.90 
(10.96) 

------ 
------ 

[Ni (DPTYEAP)2]·H2O 
(C46H34N6NiO3S2) 

Dark green 120  841.63 64.18 
(65.65) 

4.43 
(4.07) 

8.18 
(9.99) 

5.65 
(6.97) 

[Cu (DPTYEAP)2]·H2O 
(C46H34CuN6O3S2) 

Dark brown 118  846.48 63.32 
(65.27) 

3.80 
(4.05) 

8.11 
(9.93) 

6.98 
(7.51) 

[Ag (DPTYEAP) H2O] 
(C23H18AgN3O2S) 

Yellowish green 123  508.34 61.09 
(54.34) 

3.79 
(3.57) 

7.98 
(8.27 

20.17 
(21.22) 

Pt[(DPTYEAP)2]Cl2·H2O 
(C46H34Cl2N6O3PtS2) 

Dark golden 117  1048.92 52.03 
(52.67) 

3.03 
(3.27) 

6.67 
(8.01) 

17.97 
(18.60) 

 
Fig 1. Mass spectrum of Schiff base DPTYEAP ligand 

 
The 1H-NMR spectra of the DPTYEAP ligand 

The 1H-NMR Spectrum of the DPTYEAP ligand 
exhibited a singlet signal at δ = 8.655 ppm (s, 1H) due to 
hydroxide proton (OH) [17], while the multiple signals 
were observed at the range δ = 6.986–7.438 ppm (m, 4H) 
due to the 2-aminophenol ring protons [18]. Where the 
multiple signals at δ = 7.456–7.793 ppm (m, 5H) and δ = 
7.464–7.837 ppm (m, 5H) are attributed to rings protons 
found in benzil [19]. While the doublet signals at δ = 
7.166–7.545 ppm (d, 2H) are attributed to ring protons 
found in thiazole [20]. Fig. 2 shows the 1H-NMR spectra 
of the DPTYEAP ligand. 

The 13C-NMR spectrum of the ligand (DPTYEAP) 
The 13C-NMR Spectrum of the ligand DPTYEAP 
exhibited a signal at 40.311 ppm, due to DMSO. The 
carbon C23 containing the group OH gave a signal at 
136.648 ppm [21], while the carbon C9 gave the signal at 
116.476 ppm due to thiazole [22]. Where the following 

carbon atoms C3-C4-C10-C22 gave values between 
129.092–131.752 ppm due to the connection of carbon 
atoms with nitrogen atoms [23-24]. As for these two 
signals at 144.818–141.912 ppm, C1-C2 is due to the two 
groups of azomethane (-C=N-) [25]. Several signals at 
129.275–129.627, 129.000–129.927, and 115.742–
124.927 ppm indicated the carbon atoms C12-C16, C17-
C21, and C24-C27 belong to the phenyls of benzil and 
phenol, respectively [26]. Fig. 3 shows the 13C-NMR 
spectra of the DPTYEAP ligand. 

The Infrared Spectra 

Diagnosis of free ligand DPTYEAP by infrared 
spectrometer for the purpose of determining the 
effective groups. The ligand showed many important 
bands at the wavenumber 3425, 3062, and 1666 cm−1 
belonging to the ν(O-H), ν(C-H) aromatic [27], and 
ν(C=N) azomethine, respectively [28], as shown in (Fig. 
S2). 
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Fig 2. 1H-NMR spectra of the DPTYEAP ligand 

 
Fig 3. 13C-NMR spectra of the DPTYEAP ligand 

 
The infra-red spectra of the complexes 

When following up the spectrum of the prepared 
DPTYEAP ligand complexes and comparing it with the 
spectrum of the free ligand, all the spectra were clarified 
in Fig. S3–S6. There was a displacement of some bands 
and the disappearance of others, as well as the emergence 
of new bands, which are shown in Table 2. These all 
indicate the occurrence of coordination between the ionic 
metals and ligands. The most important indication for the 
coordination between the ligand and the metals is the 
disappearance of the hydroxyl band in the prepared 
complexes [29], as well as the displacement of the 
azomethine group belonging to the Schiff base towards 

the lower frequencies by 6–10 cm−1 compared to the 
ligand spectrum [30], while there was the emergence of 
new bands of the hydroxyl group belonging to the water 
molecules of crystallization [31]. 

Electronic Spectra 

The spectrum of the free ligand DPTYEAP derived 
from 2-aminothiazole in the spectrophotometer showed 
three absorption peaks, each of them at 47393, 40322, 
and 39525 cm−1, which gave transitions of the type π-π* 
and n-π* belonging to each of the phenyl rings and 
azomethine groups (C=N), respectively [32]. Fig. S7 
shows the absorption peaks of the free ligand. 
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Table 2. The important infrared spectral bands for the synthesized ligand (DPTYEAP) and its metallic complex 

Compound ν(O-H) of water 
molecules 

ν(O-H) ν(C-H) 
aromatic 

ν(C=N) 
ν(M–N) ν(M–O) 

Imine Thiazole 
Ligand (DPTYEAP) ------- 

 
3425 
(bro) 

3062 
(w) 

1666 
(s) 

1596 
(s) 

------- ------ 

[Ni(DPTYEAP)2]·H2O 3348 
(bro) 

------ 3062 
(w) 

1660 
(s) 

1595 
(s) 

563 
(w) 

432 
(m) 

[Cu(DPTYEAP)2]·H2O 3317 
(bro) 

------ 3062 
(w) 

1657 
(s) 

1596 
(s) 

578 
(w) 

462 
(s) 

[Ag (DPTYEAP) H2O] 3464 
(bro) 

------ 3062 
(w) 

1658 
(w) 

1596 
(s) 

547 
(m) 

470 
(s) 

Pt[(DPTYEAP)2]Cl2·H2O 3379 
(bro) 

------ 3062 
(w) 

1661 
(s) 

1594 
(s) 

547 
(w) 

424 
(s) 

 
The electronic spectra of the synthesized metallic 
complexes 

The spectrum of the Ni(II) complex showed five 
absorption peaks, two of which belong to the ligand field, 
which are 46296 and 38610 cm−1. While the next three 
absorption peaks at 16920, 16207, and 15923 cm−1 indicate 
the following transitions 3A2g (P) → 3T1g (F), 3A2g (F) → 
3T2g (F), 3A2g (F) → 3T1g (F), respectively, as in Fig. S8 [33]. 
While the spectrum of the Cu(II) complex showed three 
absorption peaks, which are 46948, 37878, and 18450 cm−1, 
two of them belong to the ligand field, and the last one 
belongs to the 2B1g → 2Eg transition, as in Fig. S9 [34]. While 
the spectrum of Ag(I) complex did not show any transitions 
(d-d) due to the saturation of the metal with electrons, and 
at the same time, it showed three absorption peaks, which 
are 46511, 38167, and 27548 cm−1 two of them belong to 
the ligand field. The last peak belongs to the M−L charge 
transitions as in Fig. S10 [35]. The Pt(IV) complex showed 
five absorption peaks, which are 47169, 38461, 24154, 
18726, and 13679 cm−1; two belong to the ligand field and 

three belong to the transitions of 1A1g → 1T1g, 1A1g → 1T2g 
respectively as in Fig. S11 [36]. Table 3 shows the 
electronic transitions, the geometric shape, as well as the 
magnetic sensitivity. It turned out that the geometric 
shape of all complexes is octahedral, except for the Ag(I) 
complex, which is tetrahedral. Fig. 4 shows the proposed 
chemical structure formula of the complexes. 

Molar Conductivity 

In coordination chemistry, the electrical 
conductivity technique was used for the purpose of 
knowing the ionic formula of the prepared ligand 
complexes and that the conductivity depends on the 
number of ions present in the solution as well as the 
concentration so that when the crystal molar 
conductivity is close to zero here, the compound has a 
non-ionic character, and if it is greater, it is ionic. It was 
found that most of the prepared complexes are non-
ionic while the silver complex is ionic [37], which is 
clarified in Table 3. 

 
Fig 4. The proposed chemical structure formula of the complexes 
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Table 3. Electronic spectra, magnetic moments and molar conductivity of the DPTYEAP ligand and its metallic 

Compounds  
(nm) 

ν− 
(cm−1) 

Transitions μeff 
(B.M) 

Hyperdization 
and Geometry 

Λ (ohm−1, 
cm2, mol−1) 

DPTYEAP 211 
248 
253 

47393 
40322 
39525 

π-π* 
π-π* 
n-π* 

------ ------ ------ 

[Ni(DPTYEAP)2]·H2O 216 
259 
591 
617 
628 

46296 
38610 
16920 
16207 
15923 

Ligand Field 
Ligand Field 

3A2g (F) →3T1g (P) 
3A2g (F) →3T2g (F) 
3A2g (F) →3T1g (F) 

3.87 
(Para.) 

sp3d2 
Octahedral 
Distorted 

15.8 
no ionic 

[Cu(DPTYEAP)2]·H2O 213 
264 
542 

46948 
37878 
18450 

Ligand Field 
Ligand Field 

2B1g → 2Eg 

1.74 
(Para.) 

sp3d2 
Octahedral 

9.9 
no ionic 

[Ag (DPTYEAP) H2O] 215 
262 
363 

46511 
38167 
27548 

Ligand Field 
Ligand Field 

Charge transfer (MLCT) 

0.00 
(Dia.) 

sp3 
Tetrahedral 

10.5 
no ionic 

Pt[(DPTYEAP)2] Cl2·H2O 212 
260 
534 
731 

47169 
38461 
18726 
13679 

Ligand Field 
Ligand Field 
1A1g → 1T1g 
1A1g → 1T2g 

 
d2sp3 

Octahedral 
Distorted 

37.1 
Ionic 
1:2 

 
X-Ray Diffraction 

It was found by measuring the X-ray diffraction 
spectra that the ligand DPTYEAP and complexes of 
nickel, platinum, silver, and copper have crystal 
structures, meaning with a crystalline level and a crystal 
lattice. This was also shown clearly in Fig. 5(a-e), as well 
as Table 4 and when comparing the intensity and 
locations of the peaks of the results obtained with the 
international standard cards, it was found that these 
locations belonged to the original basic compounds from 
which the compounds were prepared and also that the 
presence of any strange location or peak was not indicated 
or that it belongs to a substance that is not originally 
found in the basic compounds, and the reason is that the 
compounds are new and has not been compared with the 
various international standard cards [38]. By taking 
advantage of the data contained in the X-ray diffraction, 
it was found that the materials that were prepared can be 
said to be of a nanoscale nature. Fig. S12 and S13 show the 
XRD patterns for DPTYEAP ligand and chelate complexes. 

Scanning Electron Microscopy (FESEM) 

The crystal structure of every DPTYEAP ligand and  

its complexes was known and studied through the 
scanning microscopy technique, as well as the surface 
characteristics morphology, shape, and size of the 
particles. The ligand was discovered to have a somewhat 
spherical shape, and the average particle size was 
69.19 nm. While the Ni(II) complexes FESEM image 
revealed that it was entirely spherical and homogeneous 
and that the average particle size was 71.57 nm. It was 
discovered that a FESEM image appeared for Ag(I) 
complexes with a granular and spherical shape and an 
average particle size of 86.31 nm, as well as for Pt(IV) 
complexes with a heterogeneous shape and average 
particle size of 88.67 nm. Lastly, the FESEM image of the 
Cu(II) complexes revealed that they have square shapes 
and do not qualify as a nanoscale compound. Through 
research on FESEM technology, it was discovered that 
substances with granular crystal structures, or those that 
fall within the nanoscale, are substances of importance 
because of the advantages that can be derived from them 
in the fields of industry, such as thermal or electrical 
conduction, or in the fields of medicine and 
pharmacology, such as the treatment of some forms of 
cancer  or some  dangerous bacteria,  as shown  in Fig. 5  
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Fig 5. Shows the FESEM image of the (a) synthesized (DPTYEAP) ligand, (b) Ni(II) complex, (c) Cu(II) complex,  
(d) Ag(I) complex, and (e) Pt(IV) complex 

Table 4. Crystallographic data for DPTYEAP ligand and its complexes 

Compound No. Peak position 
2θ (°) 

Height 
(cts) 

Peak width 
(FWHM) 

d-spacing 
[Å] 

Rel. Int. 
(%) 

D Crystal-lite 
size (nm) 

DPTYEAP 1- 18.5074 969.3600 0.2362 4.7942 100.0000 36.5700 
2- 23.5473 579.5100 0.1968 3.7783 59.7800 43.2600 
3- 12.1177 406.1300 0.1968 7.3040 41.9000 42.4200 
4- 23.0260 385.1600 0.1574 3.8626 39.7300 53.9600 
5- 24.8659 352.8100 0.1574 3.5808 36.4000 54.1400 
6- 14.6978 348.1400 0.1181 6.0271 35.9100 70.9290 

[Ni (DPTYEAP )2]·H2O 1- 25.2984 1095.5000 0.1574 3.5206 100.0000 54.1900 
2- 17.7801 610.1600 0.1574 4.9886 55.7000 53.5200 
3- 24.4030 392.7500 0.1574 3.6477 35.8500 54.1000 

[Cu (DPTYEAP )2]·H2O 1- 25.2370 594.0300 0.1181 3.5290 100.0000 72.0900 
2- 24.3631 457.0400 0.1574 3.6536 76.9400 54.0890 
3- 17.7079 377.3800 0.1574 5.0088 63.5300 53.1000 

[Ag (DPTYEAP)H2O] 1- 22.1160 1726.4800 0.1181 4.0194 100.0000 71.6790 
2- 25.2823 351.4500 0.1574 3.5228 20.3600 54.1900 
3- 17.7757 305.9900 0.1181 4.9899 17.7200 71.2000 

[Pt (DPTYEAP )2]Cl2·H2O 1- 38.1092 1097.3000 0.2362 2.3614 100.0000 37.1800 
2- 44.3202 367.3400 0.2362 2.0439 33.4800 37.9500 
3- 64.4137 345.4300 0.1968 1.4465 31.4800 50.0500 
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FESEM images of the synthesized DPTYEAP ligand and 
metal complexes. 

Applications 

Antioxidant activity 
The anti-free radical test was carried out for each of 

the ligands DPTYEAP and all the prepared metal 
complexes used in recent years on a large scale to estimate 
the antioxidant activity. This test depends on the presence 
of an antioxidant compound that is able to donate an 
electron or a hydrogen radical to the compound DPPH, 
which has a violet color, the interaction of the prepared 
compounds with the compound DPPH and the 
disappearance of the violet color and its transformation 
into a more stable compound is an indication that the 
compounds possess high antioxidants. The 
measurements for each of the DPTYEAP ligands and the 
complexes of platinum and nickel showed a high activity 
of antioxidants towards DPPH. The highest inhibition 
percentage was reached for the prepared compounds at a 
concentration of 500 μg/mL, ranging between 71.43–
90.83%. While the lowest inhibition percentage which was 

at a concentration of 3.9 g/mL, ranged between 16.83–
35.00%. The copper complex showed weak antioxidant 
activity towards DPPH, while the silver complex did not 
show any antioxidant activity. On the other hand, the 
value of the half inhibitory concentration IC50 for each 
of the ligand DPTYEAP and all the metal complexes 
under study ranged between 0.9819–1430.5430, as 
shown in Table 5 and Fig. 6 shows the antioxidant 
activity of DPPH scavenger radical for DPTYEAP ligand 
and its complexes. Based on the values of IC50, that is the 
lower its value, the greater its antioxidant effectiveness, 
the compound's effectiveness can be arranged as follows: 
Ascorbic Acid > Pt[(DPTYEAP)2] > Ligand > [Ni (DPT 
YEAP)2] > [Cu (DPTYEAP)2] > [Ag (DPTYEAP) H2O]. 

Anticancer activity 
The MTT cytotoxicity assay was performed on the 

(MCF-7) breast cancer cell line for both the DPTYEAP 
ligand and the Pt(IV) complex because it is the most 
common type of cancer in women. In addition, the 
normal cell line WRL-68 was used to determine the 
effect of the DPTYEAP ligand and the Pt(IV) complex on 

Table 5. Antioxidant activity from the analysis in vitro for ligand (DPTYEAP) and its metal complexes 

Compound 
Concentration μg/mL 

IC50 0.00 3.90 7.81 15.62 31.25 62.50 125.00 250.00 500.00 
Ascorbic Acid  0.00 64.50 68.12 72.24 78.66 80.02 85.33 89.66 95.54 0.98 
Ligand (DPTYEAP) 0.00 35.00 42.50 47.50 55.83 56.25 62.50 66.66 74.16 17.95 
[Ni(DPTYEAP)2]. H2O 0.00 25.55 35.60 38.66 45.87 49.81 55.76 59.88 71.43 102.33 
[Cu(DPTYEAP)2]. H2O 0.00 0.00 4.16 8.30 10.00 12.50 14.16 17.50 22.50 1430.54 
[Ag (DPTYEAP) H2O] 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 
Pt[(DPTYEAP)2]CL2.H2O 0.00 16.83 25.00 55.00 72.25 75.83 83.33 84.16 90.83 13.33 

 
Fig 6. Antioxidant activity of DPPH scavenger radical for DPTYEAP ligand and its complexes 
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Table 6. Evaluation of the cytotoxicity of both the ligand and the Pt(IV) complex against the MCF-7 cancer cell line 
after incubation (24 h) at (37 °C) 

Conc. 

Viability % Mean ± SD 

MCF-7 L1 
Inhibition of 
dead cells % 

MCF-7 
WRL-68 L1 

Inhibition of 
dead cells % 

WRL-68 
MCF-7 L1Pt 

Inhibition of 
dead cell % 

MCF-7 
WRL-68 L1Pt 

Inhibition of 
dead cells % 

WRL-68 
400 66.74±10.04 33.26% 78.13±4.07 21.87% 42.98±4.46 57.02% 76.50±4.58 23.50% 
200 79.44±1.60 20.56% 88.27±2.61 11.73% 51.66±2.99 48.34% 84.59±5.22 15.41% 
100 90.39±1.45 9.61% 93.60±2.10 6.4% 59.68±1.54 40.32% 92.21±2.78 7.79% 
50 93.83±1.29 6.17% 94.17±1.57 5.83% 73.96±1.73 26.04% 96.49±1.29 3.51% 
25 94.02±2.63 5.98% 95.22±0.82 4.78% 86.73±1.30 13.27% 96.95±1.14 3.05% 

IC50 214.8  300.5  33.41  201.1  
 
healthy cells. By integrating MCF-7 cancer cells and 
WRL-68 normal cells separately with the prepared 
compounds at 5% CO2 atmosphere and 37 °C 
temperature for 24 h at different concentrations ranging 
from 400–25 g/mL and using the ELISA device, the 
absorbance was calculated at the wavelength of 570 nm 
and using the statistical program and IC50 calculation, the 
absorbance was calculated at the wavelength of 570 nm 
and by using the statistical program and IC50 calculation. 
The ligand's effect on the MCF-7 cancer cell line was 
found to be less than that of the platinum complex, as it 
inhibited cells by 33.26, 20.56, 9.61, 6.17, and 5.98% at 
concentrations of 400, 200, 100, 50 and 25 g/mL, 
respectively. While at concentrations of 400–25 g/mL, it 
inhibited the normal cell line WRL-68 by 21.87–4.78%. 
The platinum complex performed better than the ligand, 
inhibiting MCF-7 cancer cells with a rate ranging between 
57.02–13.27%, while inhibiting normal cells WRL-68 with 
a rate ranging between 23.5–3.05%. Table 6 and Fig. S14 
and S15 show the percentages of inhibition as well as the 
IC50 for each of the ligands and the platinum complex. 

■ CONCLUSION 

The measurements were used to determine the 
geometry of the compound (elementary analysis, 
electronic and atomic absorption spectroscopy, infrared 
spectroscopy, molar conductivity, and magnetic 
susceptibility experiments). These observations were also 
supported by the octahedral geometry of the Ni(II), 
Cu(II), and Pt(IV) complexes, as well as the tetrahedral 
geometry of the Ag(I) complexes. We concluded that the 
ligand and the Pt(IV) complex have high antioxidants 

against free radicals after conducting applications and 
biological activity tests on the ligand and the prepared 
complexes. In addition, we discovered through MTT 
toxicity testing that they are highly effective against 
breast cancer MCF-7 cells. Through this research, it will 
be possible to work intensively and precisely on these 
proposed compounds in the future in order to benefit 
from them in the medical field and use them as anti-
breast cancer drugs. It was also concluded that all 
compounds exhibit nanotechnology characteristics, 
indicating the position and direction of the world's view 
on these compounds, their importance, and their entry 
into many industrial, medical, and electronic fields. 
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Fig S1. Raman spectra of BDD electrodes with a boron concentration of 0.1, 0.5, and 1% 

 
Fig S2. CV curves of the BDD electrodes with a boron concentration of 1% (blue), 0.5% (red), and 0.1% (black), with 
potentials ranging from -2.5 to 2.5 V in an aqueous solution of 0.1 M H2SO4 at a scan rate of 100 mV s−1 
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 Abstract: This study investigates the effects of boron concentration on boron-doped 
diamond (BDD) electrodes for electrochemical sensors of ciprofloxacin. The effects of 
boron concentration, scan rate, and pH of BDD electrodes with boron concentrations 
of 0.1, 0.5, and 1% were examined to determine the optimal conditions. Furthermore, 
square wave voltammetry (SWV) in phosphate buffer pH 7 was used to analyze the 
electrochemical behavior of ciprofloxacin. The results revealed a linear calibration 
curve in the concentration range of 30–100 μM with a recovery of 85–110%. Meanwhile, 
BDD electrode with the highest boron concentration in this experiment (1%) showed a 
very low limit of detection of 0.17 μM, meaning that 1% BDD gave a highly sensitive 
and significant measurement result for the electrochemical sensor of ciprofloxacin. 
With the results given, this study provides new insights for controlling boron 
concentrations in diamond electrodes for the electrochemical sensors of quinolone 
antibiotics. 

Keywords: boron-doped diamond; ciprofloxacin; human and health; voltammetry 

 
■ INTRODUCTION 

Ciprofloxacin (1-cyclopropyl-6-fluoro-4-oxo-7-
piperazin-1-yl-quinolone-3-carboxylic acid) or CIP is a 
second-generation fluoroquinolone, the most active 
quinolone antibiotic derivative in medical treatment 
which has effective antibacterial activity [1-4]. CIP is 
commonly used in farm and animal husbandry, as well as 
in the prevention and etiology of microbial diseases. 

However, CIP is poorly metabolized in the human body; 
in which 70% of this antibiotic will be excreted in feces 
and urine, and large amounts of the residues can be 
found in surface water and wastewater [2,5-6]. In 
addition, the residue of CIP is one of the major chemical 
contaminants in milk and dairy products, making them 
unfit for consumption and can pose several risks to 
public health [5-6]. Due to the presence of these antibiotic 
compounds in the environment for a long time, 
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pathogenic microorganisms can become persistent and 
survive in the environment as they are difficult to 
decompose on their own. Therefore, European countries, 
through the European Union law (Eur-Lex), state that 
CIP in the aquatic environment (threshold EC50 ≤ 1 ppm) 
is highly toxic to aquatic and soil organisms [7], and set 
the maximum residue limit for this antibiotic in the milk 
of 0.1 mg L−1 [8]. 

To produce CIP detection results with high 
sensitivity and accuracy, several methods can be employed, 
such as high-performance liquid chromatography (HPLC) 
[9], UV-VIS spectrophotometry [10], electrochemical 
analysis [11], and capillary electrophoresis [12]. However, 
these methods are expensive. They require a lot of 
chemicals and take a long time. As an alternative, the 
application of electrodes as electrochemical sensors was 
analyzed in this study using the electroanalytical 
voltammetry method. This is possible because CIP has 
electroactive molecules; the piperazine ring in the 
structure of CIP can be oxidized electrochemically. This 
method has numerous advantages, including being 
effective and efficient and having high sensitivity, low 
cost, fast analysis speed, and simple instrumentation [13]. 

Studies to determine the electrochemical properties 
of CIP by electrochemical methods have been carried out 
with various electrodes, such as glassy carbon electrode 
modified with graphene oxide and nickel nanoparticles 
(NiONPs-GO-CTS: EPH/GCE) [14], reduced-GO/GCE 
[5], gold nanoparticles (AuNPs), and a chitosan (CHI) 
nanocomposite film coated on a screen-printed electrode 
(SPE) [4], GCE modified with activated carbon and 
AuNPs (AuNPs/AC/GCE) [3], and glassy carbon paste 
electrode [15] for laboratory analyses of sensing in 
biological samples and wastewater. In the last 10 years, the 
uses of boron-doped diamond (BDD) electrodes have 
grown rapidly and attracted the attention of researchers 
around the world, especially for their application as 
electrochemical sensors. For example, the voltammetric 
behavior of irreversibly oxidized CIP has been 
investigated using the cyclic voltammetry (CV) technique 
with BDD electrodes [16]. The effect of doping level on 
the electrochemical reduction of CO2 at BDD electrodes 
has also been studied [17]. 

Different from conventional metal and carbon sp2 
electrodes, BDD electrodes have good electrochemical 
properties, i.e., wide potential window (up to 3.5 V), 
good sensitivity and stability, low background current, 
high thermal conductivity, and electrochemical 
corrosion resistance, thus having been widely used for 
electroanalysis, electrocatalyst, and electrosynthesis 
applications [18-22]. These properties may depend on 
several factors, such as boron doping level, surface 
termination, and impurities of non-diamond sp2-
bonded carbon [23]. BDD electrode consists of a carbon 
structure with mostly sp3 C–C bonds; lattice defects 
generated by boron atoms can produce electrodes with 
adjustable conductivity [24]. In other words, the boron 
concentration of the BDD electrode determines the 
electrical conductivity of the diamond, which affects its 
electrochemical properties. The level of doping can 
control conductivity, and a diamond can be changed 
from an insulator to a conductor-like metal diamond if 
doped with boron in a relatively high doping 
concentration (103–104 ppm) so that it can be used as 
an electrode material. 

This study aims to examine the effects of boron 
concentration in BDD electrodes on the performance of 
electrochemical sensors of ciprofloxacin. For 
experimental purposes, three BDD electrodes with 
different boron concentrations were prepared by 
controlling the ratio of boron and carbon sources to be 
used to study the relationship between boron 
concentration in BDD electrode and its ability to detect 
quinolone antibiotics. 

■ EXPERIMENTAL SECTION 

Materials 

CIP ( 98%), sulfuric acid (H2SO4, 95–98%), 
Levofloxacin (LEV, 98–102%), Ofloxacin (OFL,  98%), 
and D-glucose (D-GLU,  99%) were purchased from 
Sigma Aldrich. Two samples of pharmaceutical tablets 
containing 500 mg CIP were purchased at a local 
pharmacy. In addition, this study used sodium 
dihydrogen phosphate (NaH2PO4,  99%) and sodium 
hydrogen phosphate (Na2HPO4,  99%) from Merck, 
sterilized animal milk, and wastewater from a river in 
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East Java, Indonesia. Milk and wastewater were filtered 
before use, whereas all chemicals were used without 
further purification. 

Instrumentation 

The preparation of 0.1, 0.5, and 1% (B/C) BDD 
electrodes refers to a previous report, namely by 
depositing BDD on the surface of the silicon wafer (111) 
using a microwave plasma-assisted chemical vapor 
deposition (MPCVD) machine (Model AX6500X, 
CORNES Technology Corp) [23]. The deposition time 
was 6 h. Raman spectra were recorded with Acton SP2500 
(Prince Instruments) in ambient air at room temperature. 
All electrochemical measurements were performed with 
an Emstat3+ Blue Palmsens potentiostat. 

Procedure 

BDD electrodes were characterized by Raman 
spectroscopy with an excited wavelength of 532 nm and 
CV. Prior to electrochemical measurements, the BDD 
electrodes with a diameter of 0.5 cm were always rinsed 
with an aqueous solution by sonication. To remove 
contaminants from the surface electrodes, electrochemical 
pretreatment was carried out by CV prepared with a 
potential range of −2.5 to 2.5 V for 40 cycles in an aqueous 
solution of 0.1 M H2SO4. The CV measurements also 
checked the potential window for each BDD electrode. 

CIP stock solution of 1 mM was prepared by 
dissolving CIP in 0.1 M H2SO4, while the phosphate-
buffered saline (PBS) was made by mixing 0.1 M 
NaH2PO4 and 0.1 M Na2HPO4 and then adjusting it to the 
required pH (5–8). Meanwhile, the standard stock 
solution of the pharmaceutical tablet sample was 
produced by crushing a tablet in a mortar and dissolving 
the powder in 0.1 M H2SO4. A single-compartment three-
electrode cell was used for electrochemical measurements 
with BDD as the working electrode, Ag/AgCl (saturated 
KCl) as the reference electrode, and Pt mesh as the 
counter electrode. The measurements of electrochemical 
sensors for CIP were performed using the square wave 
voltammetry (SWV) method by dissolving 1 mM CIP in 
0.1 M PBS pH 7 and placing it into an electrochemical cell 
with a total volume of 5 mL. The optimization of 
parameters in these measurements includes signal per 

background, potential scan rate, linearity, selectivity, 
and optimal pH. Linearity determines the limit of 
detection (LOD), limit of quantification (LOQ), and the 
sensitivity of the BDD electrode. LOD was defined as 
three times the standard deviation of the intercept, while 
LOQ was defined as ten times the standard deviation of 
the intercept, both divided by the slope of the calibration 
curve. In this study, the voltammetry method was 
applied to detect CIP in pharmaceutical tablets, milk, 
and wastewater samples. The parameters of the validity 
of this method are characterizations of %RSD, 
%reproducibility, and %recovery. 

■ RESULTS AND DISCUSSION 

Characteristics of the BDD Electrode 

Raman spectroscopy provides information to 
determine the presence of sp2-bonded carbon on the 
surface electrode [23]. In addition, the structure of the 
diamond can be identified by the Raman peaks 
corresponding to the sp3-bonded carbon [17]. Fig. S1 
shows that the peaks of 0.1, 0.5, and 1% BDD electrodes 
were at around 1331, 1329, 1215 cm−1; none of them was 
around 1500 cm−1, meaning that all BDD electrodes have 
no sp2 carbon impurities. In the BDD electrode, boron 
atoms whose radius is larger than carbon displace 
diamond carbon atoms, which can cause expansion of 
the diamond lattice and tensile stresses. With an increase 
in the boron concentration of the BDD electrode, the 
wavenumber gradually becomes lower due to the tensile 
stress. Meanwhile, the potential window of the BDD 
electrodes with various boron concentrations of 0.1, 0.5, 
and 1% was measured by CV with a potential window of 
−2.5 to 2.5 V in an aqueous solution of 0.1 M H2SO4 at a 
scan rate of 100 mV s−1. As seen in Fig. S2, the width of 
the potential window decreases with increasing boron 
concentration [25]. This may be due to the lower 
fraction of the exposed grain boundaries. Furthermore, 
the low boron concentration in the BDD structure 
causes the electronic state at a negative potential to 
decrease [17]. 

The signals per background (S/B) of the three BDD 
electrodes with various boron concentrations were 
measured by SWV in 50 μM CIP and 0.1 M PBS at 
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potentials ranging from 0 to 1.8 V (vs. Ag/AgCl), with and 
without CIP. The ratio between the background current 
and the CIP signal was identified from these 
measurements. The S/B values of 0.1, 0.5, and 1% BDD 
electrodes were 11.85, 14.97, and 16.90, respectively. 
These results show that 1% BDD electrode, which has the 
highest boron concentration, has a greater current 
response per background than the other two BDD 
electrodes with lower boron concentrations of 0.1 and 
0.5% (Fig. 1). The higher the anodic peak current, the 
higher the electrochemical reactivity due to the increased 
density of electronic states formed between the band gaps 
of the diamond structure [17]. Meanwhile, the 
background currents of all BDD electrodes in this study 
are relatively low. 

Effects of Scan Rate Variations 

Determination of variations in the scan rate of BDD 
electrodes with various boron concentrations was 
measured by CV in 0.1 M PBS pH 7 containing 50 μM 
CIP at scan rates ranging from 20 to 120 mV/s; the peak 
increases with increasing scan rate (Fig. 2). This proves 

that the difference of scan rate affects the anodic peak 
current response. These results also reveal that the 
higher the scan rate, the faster the electron transfer 
occurs to the surface electrode and the higher the peak 
of each BDD electrode. In addition, the peak potential is 
shifted to the positive potential only and not to the 
negative potential, indicating that the electrode process 
is electrochemically irreversible (Fig. 2) [16]. 

The scan rate also corresponds to an increase in the 
rate of diffusion of species to the electrode; the higher 
the scan rate, the thinner the resulting diffusion layer. 
This leads to easier electron transfer on the surface of the 
electrode, resulting in a higher peak current. Conversely, 
the smaller the scan rate, the larger the diffusion layer. 
Thus, the electron transfer process on the surface of the 
electrode can be inhibited, and the peak current is also 
smaller. Diffusion control can be seen from the linearity 
between the square root of the scan rate and the peak 
current. The linearity between the increased square root 
of the scan rate and the anodic peak at the BDD 
electrodes with various boron concentrations of 0.1, 0.5, 
and 1% is shown by the correlation coefficient (R2) value 

 
Fig 1. Background current curves by SWV technique of BDD electrodes with a boron concentration of (a) 0.1%, (b) 
0.5%, and (c) 1% in 0.1 M PBS pH 7 containing 50 μM CIP 
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Fig 2. CV with variations in scan rate and the linearity with the square root of the scan rate of BDD electrodes with 
boron concentration of (a) 0.1%, (b) 0.5%, and (c) 1% in 0.1 M PBS pH 7 containing 50 μM. Inset data is the correlation 
between square root of scan rate and the current 
 
of 0.99. This suggests that the electrochemical reaction is 
a diffusion-controlled process [26]. 

Effects of pH 

The investigation of the effects of pH on BDD 
electrode was carried out to determine the optimal pH 
conditions indicated by the highest current response. This 

is extremely important as the redox reactions of organic 
compounds mainly depend on the pH of the supporting 
electrolyte [4]. Measurements were made using SWV, as 
the method is known to promote high sensitivity 
measurements and have a high scanning speed, thus 
allowing for a short analysis time. These measurements 
were performed in the potential range from 0 to 1.8 V in 
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0.1 M PBS (with a pH variation of 5 to 8) containing 
50 μM CIP. From these measurements, PBS pH 7 was 
determined for use in further experiments in this study. 
Phosphate buffer is used to maintain the pH of the 
solution and reduce the rate of migration. In addition, the 
use of phosphate buffer also produces better peak 
intensity, peak resolution, and voltammogram curves [4]. 

As shown in Fig. 3, the CIP oxidation potential and 
current are influenced by pH. The different peak current 
responses can be caused by the large number of 
measurable molecules of CIP on the surface electrode; 
the higher the peak current, the more analyte molecules 
are measured on the surface electrode. 

An increase in pH shifts the potential to a negative 

 
Fig 3. SWV of BDD electrodes with a boron concentration of (a) 0.1%, (b) 0.5%, and (c) 1% in PBS pH 5–8 containing 
50 μM CIP; the effects of pH on the anodic peak current and peak potential at the three BDD electrodes are shown in 
the inset 
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value, suggesting the involvement of protons in the 
electrooxidation of CIP. Furthermore, the pKa values of 
CIP, which were reported to be 6.16 and 8.23, can also be 
negatively and positively charged under various pH values 
(Fig. 3). CIP is present in the cationic form at pH < 6.16, 
in zwitterionic form at pH 6.16–8.23, and in the anionic 
form at pH > 8.23 [27]. 

Effects of CIP Concentration 

The electrochemical behavior of CIP in the three 
BDD electrodes was examined using SWV in 0.1 M PBS 
at potentials ranging from 0 to 1.8 V (vs. Ag/AgCl) and 
compared. In this analysis, linearity is the ability of the 
method to provide a balanced response to the analysis of 
concentrations in a sample. The calibration curves for the 

detection of CIP in the BDD electrodes were plotted 
linearly from the range of 30 to 100 μM. Meanwhile, the 
correlation coefficient (R2) values of 0.1, 0.5, and 1% 
BDD electrodes were 0.995, 0.9946, and 0.997, 
respectively (Fig. 4). 

Limit of detection (LOD) is the smallest quantity of 
detectable analyte contained in a sample that gives a 
significant response compared to the blank [28]. The 
LOD of the three BDD electrodes was measured by the 
SWV method at various concentrations of CIP from 0 to 
1.8 V, with an amplitude of 0.05 V, a frequency of 50 Hz, 
and a step potential of 0.012 V (Table 1). Measurements 
were repeated three times for each concentration to 
obtain the average peak current. To find the LOD, the 
standard deviation is multiplied by three and divided by  
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Fig 4. SWV of the BDD electrode with the boron content of (a) 0.1%, (b) 0.5%, (c) 1% in different CIP concentrations 
range 30–100 μM. The insets show the linear correlation between CIP concentration and CIP oxidation current 
response 

Table 1. Comparison of the performance of CIP electrochemical sensors in the present work with the results of other 
published studies 

Working electrode Linear range (μM) LOD (μM) Ref. 
NiONPs-GO-CTS: EPH/GCE 0.04–0.97 6.00 [14] 
rGO/GCE 6.00–40.00 0.21 [5] 
AuNPs/AC/GCE 0.50–25.00 0.20 [3] 
BDDP-printed 1.00–30.00 0.58 [30] 
0.1% BDD 30.00–100.00 0.53 This work 
0.5% BDD 30.00–100.00 0.43 This work 
1% BDD 30.00–100.00 0.17 This work 

 
the slope of the calibration curve. The limits of detection 
for the measurement of CIP in 0.1, 0.5, and 1% BDD 
electrodes were 0.53, 0.43, and 0.17 μM, respectively. 
Meanwhile, the limits of quantitation (LOQ) for CIP of 
the three BDD electrodes were 1.78, 1.44, and 0.59 μM, 
respectively. These results show that 1% BDD electrode 
has the smallest LOD and LOQ among the three BDD 
electrodes. This can be explained by the relatively higher 
electrical conductivity of 1% BDD electrode compared to 
the other BDD electrodes with boron concentrations of 
0.5 and 0.1% [17,29], which then can drive higher current 
response for CIP analysis. On the other hand, as displayed 
in Fig. 3 and 6, the background current is relatively the 
same for all BDD electrodes. In addition, from the inset 
data presented in Fig. 4, it can be seen that the 1% BDD 
electrode shows the highest sensitivity (0.379 μM/μA). 

The LOD of 1% BDD electrode is 0.17 μM, while 
the maximum residue limit for CIP in milk, according to 
Eur-Lex is 0.1 mg L−1 (= 0.30 μM). Thus, the developed 
method can be considered successful in detecting CIP 
after simple dilution of real samples, which does not 
require laborious extraction procedures or other 
materials to maintain the electroactivity of the sensor. 
Overall, the wide linear concentration range and good 
sensitivity of the developed method make it a suitable 
electrochemical application for sensing CIP in 
pharmaceuticals and real samples. 

Reproducibility and Selectivity 

In this study, the %RSD shows the stability and 
good precision of the BDD electrodes. The lower the 
concentration of the analyte tested, the greater the %RSD 
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value and the higher the difficulty of the test to achieve 
good precision. The developed method was employed 
with 10 replications on different measurement days using 
50 μM CIP to test its reproducibility. The %RSD values of 
the BDD electrodes with boron concentrations of 0.1, 0.5, 
and 1% were 1.46, 3.23, and 1.77%, respectively. The 
acceptable %RSD value can be determined by the Horwitz 
ratio (HorRat) based on the concentration of the analyte 
used, where the %RSD of the three BDD electrodes is 
acceptable as the value is < 7 at 50 μM analyte 
concentration, meaning that all BDD electrodes have 
good precision. This also indicates good reproducibility of 
the developed method. The validation parameters for the 
determination of CIP electrochemical sensors are shown 

in Table 2. Among the three electrodes, 1% BDD 
electrode shows better sensitivity, lower LOD, and 
higher S/B compare to 0.1 and 0.5% BDD electrodes. 

In the analysis, selectivity is the ability of the 
method to measure a particular substance, such as an 
analyte, for an accurate and specific determination of the 
presence of other compounds in an aquatic environment 
or other environments that may be present in complex 
matrices. Apart from CIP, two other antibiotics, namely 
LEV and OFLare considered as potential interfering 
agents. These antibiotics, as well as D-GLU which may 
be contained in milk, are known to oxidize at potentials 
close to that of CIP. Therefore, these compounds can 
affect the voltammetry response of CIP. 

Table 2. Validation parameters for the determination of CIP electrochemical sensors 

Electrode 
Parameter 

S/B Sensitivity R2 LOD (μM) %RSD 
0.1% BDD 11.850 0.280 0.995 0.530 1.460 
0.5% BDD 14.970 0.180 0.994 0.430 3.230 
1% BDD 16.900 0.370 0.997 0.370 1.770 

 
Fig 5. SWV of BDD electrodes with boron concentration of (a) 0.1%, (b) 0.5%, and (c) 1% in 0.1 M PBS pH 7 containing 
50 μM CIP and LEV 
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The ratio of the concentrations of CIP to interfering 
substances is 1:1. In this study, the oxidation peaks of CIP 
at 0.1, 0.5, and 1% BDD electrodes were found to increase 
after the addition of LEV and OFL, with LEV and OFL 
peaks having different currents and potentials from CIP 
peak. This suggests that the presence of LEV and OFL in 
an aqueous solution together with CIP is unobtrusive as 
they have different current peaks (Fig. 5-7). Furthermore, 
in the presence of D-GLU, only the peak of CIP gives a 

signal response, meaning that the presence of D-GLU 
does not interfere with the detection of CIP. Overall, 
LEV and OFL have the greatest impact on CIP as they 
are quinolone antibiotics, and the structural similarity of 
the coexisting antibiotics and interfering ions affects the 
detection of CIP within an acceptable level. The 
differences between the peak current and peak potential 
of CIP with the addition of interferences are shown in 
Table 3. 

 
Fig 6. SWV of BDD electrodes with boron concentration of (a) 0.1%, (b) 0.5%, and (c) 1% in 0.1 M PBS pH 7 containing 
50 μM CIP and OFL 
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Fig 7. SWV of BDD electrodes with boron concentration of (a) 0.1%, (b) 0.5%, and (c) 1% in 0.1 M PBS pH 7 containing 
50 μM CIP and D-GLU 

Table 3. The differences between the peak current and peak potential in the selectivity test with the addition of 
interferences to the BDD electrodes 

Electrode 
Current Potential 

CIP Interference Difference CIP Interference Difference 

0.1% BDD 
37.48 OFL 45.15 7.66 1.24 OFL 1.30 0.06 
37.48 LEV 41.05 3.56 1.24 LEV 1.30 0.06 
37.48 D-GLU 27.04 10.43 1.24 D-GLU 1.28 0.03 

0.5% BDD 
54.33 OFL 45.87 8.45 1.29 OFL 1.29 0.00 
54.33 LEV 45.63 8.70 1.29 LEV 1.30 0.01 
54.33 D-GLU 55.92 1.59 1.29 D-GLU 1.29 0.00 

1% BDD 
53.63 OFL 89.96 36.33 1.18 OFL 1.17 0.01 
53.63 LEV 77.26 23.63 1.18 LEV 1.17 0.01 
53.63 D-GLU 76.48 22.85 1.18 D-GLU 1.11 0.07 

Table 4. Results obtained by analysis of CIP in pharmaceutical tablets 

Electrode Pharmaceutical 
tablets 

Concentration (μM) 
%Recovery %RSD 

Expected Found 

0.1% BDD Sample 1 50 48.16 96.33 2.13 
Sample 2 50 42.78 85.56 3.39 

0.5% BDD 
Sample 1 50 51.61 103.23 2.24 
Sample 1 50 48.58 97.17 3.08 

1% BDD 
Sample 1 50 53.11 106.22 2.93 
Sample 2 50 43.81 87.63 0.22 

Table 5. Results obtained by analysis of CIP in wastewater and milk 

Electrode Samples 
Concentration (μM) 

%Recovery %RSD 
Expected Found 

0.1% BDD Wastewater 50 45.96 91.92 2.36 
Milk 50 46.18 92.37 3.93 

0.5% BDD 
Wastewater 50 50.32 100.64 3.45 
Milk 50 48.58 97.17 3.08 

1% BDD 
Wastewater 50 53.40 106.80 1.44 
Milk 50 53.45 106.91 1.93 



Indones. J. Chem., 2023, 23 (3), 809 - 822    

 

Ilmi Nur Indriani Savitri et al. 
 

820 

Detection of CIP in Real Samples 

The analyses of two pharmaceutical tablets 
containing 500 mg of CIP and the sensors used in real 
samples were carried out in environmental water matrices. 
To verify the developed method, CIP simultaneously 
detected in synthetic samples was measured by the 
standard addition method. Furthermore, all samples were 
spiked with 50 μM CIP in an electrochemical cell to 
evaluate the accuracy of the developed method. The 
wastewater and milk samples were only diluted in 
phosphate-buffered saline as the supporting electrolyte 
prior to analysis. Tables 4 and 5 present the %recovery of 
each BDD electrode with a boron concentration of 0.1, 
0.5, and 1%. 

These results indicate that the %recovery in all 
measurement analyses is in the range of 85–110%, 
signifying good accuracy and good results of the method 
developed in this study. In addition, the developed sensor 
is proven to allow the simultaneous determination of 
analytes with high accuracy. Sensors with BDD electrodes 
of various boron concentrations are capable of detecting 
CIP in pharmaceutical, wastewater, and milk samples 
with simple dilution which does not require laborious 
extraction procedures or chemical additives to maintain 
the electroactivity of the sensor. 

■ CONCLUSION 

In this study, three BDD electrodes with a boron 
concentration of 0.1, 0.5, and 1% prepared through the 
microwave plasma-assisted CVD method were used as 
sensors for CIP antibiotics. From the Raman 
spectroscopy, three BDD electrodes do not contain sp2 
carbon impurities. In addition, the CV characterization 
shows that the potential window of BDD electrode 
becomes narrower with increasing boron concentration. 
Although 0.1 and 0.5% BDD electrodes have a wider 
potential window, they have a slower response to redox 
systems compared to 1% BDD electrodes. Furthermore, 
evaluation of the effects of possible interfering 
compounds such as D-GLU, LEV, and OFL shows 
significant results on the current response of the observed 
analyte. Based on the results, the method developed in this 
study is proven to have higher accuracy and precision 

than other methods employed to real samples. Among 
the three BDD electrodes, 1% BDD electrode is highly 
recommended for application as electrochemical sensor 
of CIP in pharmaceutical samples, wastewater, and milk 
due to its good response and fast redox reaction. This 
study reveals that boron concentration in BDD electrode 
affects the determination of its application as the 
electrochemical sensor of ciprofloxacin; it is successfully 
applied in the analysis of sensors of antibiotics in 
complex samples and can be potentially used in future 
development of real detection devices. 
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 Abstract: This study analyzed MeHg in a fast, simple, low-waste, and accurate by using 
ultra-high liquid chromatography coupled with inductively coupled plasma mass 
spectrometry. Simple preparation by liquid extraction with sonication at room 
temperature was effective extract MeHg from Certified Reference Material (CRM) and 
shark meat samples. Effective MeHg separation was achieved in less than 300 s using a 
C18 Hypersil Gold analytical column with a mobile gradient phase of 0.5% (w/v) L-
cysteine in 2% (v/v) HNO3 and 100% methanol. The MeHg was extracted from 100 mg of 
shark meat using 1 mL of 0.5% (w/v) L-cysteine in 2% (v/v) HNO3 and sonicated for 
30 min. Analysis of certified reference material (DORM-4) showed values between the 
experimental and certified values. The observed limit of detection and quantification 
MeHg were 0.86 and 2.85 pg/L, respectively. This method was applied to measure MeHg 
in shark meat from Binuangeun areas. The MeHg concentration in Rhizoprionodon 
acutus was 0.22–0.63 mg/kg wet weight (w.w.), Squalus hemipinis 0.68–1.14 mg/kg w.w., 
and 0.29–1.22 mg/kg w.w. for Sphyrna lewini. This study provides a quick and easy 
method to evaluate MeHg in shark meat or other seafood products and applies to many 
samples in a single assay. 

Keywords: UHPLC-ICP-MS; methylmercury; sonication-assisted extraction; shark meat 

 
■ INTRODUCTION 

In particular, methylmercury (MeHg) is the most 
toxic food web and bioaccumulating mercury. It is the 
predominant chemical form, accounting for 80–90% of 
the total mercury present in fish muscle tissue [1-2]. 
Mercury concentrations of up to 4,000 mg/kg and MeHg 
concentrations of up to 95% have been found in large 
carnivorous fish such as sharks, swordfish, and some tuna 
[2]. As a result, fish and other organisms at the end of the 
food chain constitute a significant source of MeHg in the 
human diet [3]. MeHg causes non-fatal effects, including 
impaired reproductive function [4], decreased liver 
function and metabolism [5], and neurological damage 
[6-7]. 

The most effective instrumental methods of 
mercury speciation analysis are based on 
chromatography, such as gas (GC) [8] or liquid 
chromatography (LC) [9-11] and combined with 
specific and sensitive detectors (such as inductively 
coupled plasma mass spectrometry (ICP-MS)). 
Compared to GC, mercury speciation does not need to 
be converted to volatile compounds prior to High 
Performance Liquid Chromatography (HPLC) 
separation, so LC is a suitable separation technique for 
mercury speciation [12]. Several methods have been 
developed to determine mercury speciation using 
HPLC-ICPMS on biological samples. However, they all 
use many solvents in the extraction methods and 
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produce large amounts of waste products containing 
MeHg [9,12-13]. 

Therefore, this article's objective was to evaluate a 
method for determining the MeHg concentration in shark 
meat by incorporating a more straightforward and 
economical extraction process using ultra-high-
performance chromatography combined with ICP-MS 
with a fast procedure and less waste-containing MeHg. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were MS Grade for 
water (Thermo Fisher, USA), HNO3 65% (Merck), 
methylmercury chloride (CH3HgCl) standard (Sigma, 
USA), methanol for LC grade (Merck, Germany), 
DORM-4 as CRM for MeHg and L-cysteine (99% purity 
Sigma, USA). All glassware was washed by soaking in 10% 
(v/v) HNO3 for 12 h, rinsed three times with double-
distilled deionized water and air drying for 12 h. A 
1,000 mg/L standard solution for CH3HgCl was prepared 
by weight 1 mg CH3HgCl diluted in 1 mL with 0.5% L-
cysteine 2% HNO3. A series of standard solutions (1, 5, 10, 
25, 50, 75, 100 μg/L) were prepared by dilution of 
1,000 mg/L MeHg stock solution with 0.5% L-cysteine 2% 
HNO3. The standard curve was prepared in duplicate (Fig. 
1). 

Instrumentation 

The instrumentations used in this study were a  
 

UHPLC-ICPMS (Thermo Scientific) with PFA Cyclonic 
Spray Chamber, PFA Micro mist Nebuliser and ICAP 
Q/Qnova Quartz Torch Organics. A Thermo Scientific™ 
Vanquish™ UHPLC Quaternary Pump with reverse-
phase column (C18, Hypersil GOLD™, 250 mm × 
4.6 mm ID, 5 μm particle size, 175 Å pore size). The 
mobile phase used was 0.5% L-cysteine in 2% HNO3 (A) 
and methanol 100% (B), and the flow rate of the gradient 
technique was 1.0 mL/min. The mobile phase B was 
adjusted to 2% and gradually increased to 90% in 132 s. 
After that, hold at 90% for 20 s and continue at the initial 
state until 180 s. The temperature of the column was set 
at 40 °C, and the volume of injection was 50 μL. The 
optimal experimental conditions for UHPLC and 
ICPMS are shown in Table 1. 

Procedure 

Sample preparation and extraction MeHg 
Shark samples were collected by direct purchase on 

September 11-16, 2019, from Binuangeun Fish Auction, 
Lebak, Banten, Indonesia (Southern Java Sea areas). 
Sixteen sharks were identified as Rhizoprionodon acutus 
(RA), six as Squalus hemipinis (SH), and eight as 
Sphyrna lewini. The total weight (TW) was measured 
using a digital balance, and the total length (TL) was 
measured using a rolling meter. Shark muscles for 
mercury analysis were cut from an area near the dorsal 
fin, placed in a zip-lock plastic bag, and frozen (–20 °C) 
until further analysis. In the laboratory, shark meat was 
 

 
Fig 1. MeHg concentration calibration curve (μg/L) in duplicates with R2 = 0.999, slope = 52.336.311, 
intercept = 15.501.082 and RSE = 12.34% 
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Table 1. Liquid chromatography and ICPMS operating condition for mercury speciation (MeHg) 
UHPLC condition  
Column C18, Hypersil GOLD™, 250 mm × 4.6 mm ID, 

5 μm particle size, 175 Å pore size 
Mobile phase A: 0.5% L-cysteine in 2% HNO3 

B: MeOH 100% 
Mobile phase flow rate 1.0 mL/min 
Elution Gradient flow with a quaternary pump 

0–132 s (2–90%B) 
132–144 s (90% B) 
145–180 s (2% B) 

Volume injection 50 μL 
ICP-MS condition  
Plasma power (W) 1550 
Auxiliary flow (L/min) 0.8 
Nebulizer flow (L/min) 0.6179 
Isotopes 202Hg 
140Ce.16O/140Ce ratio 0.0161 

Spray chamber PFA cyclonic spray chamber 
Torch iCAP Q/Qnova torch for organics (FI475-01W) 
Quartz injector Quartz injector (1.0 mm ID) iCAP Q/Qnova 

 
oven-dried for 24 h at 60 °C for MeHg analysis and 
moisture content to convert the dry weight to wet weight. 
Dried samples were ground using mortar and pestle to get 
fine powder for further analysis. 

The development method of MeHg extraction was 
based on de Souza et al. [9] with modifications for the 
volume of solvent extraction, sonication time, mobile 
phase, and elution conditions. The use of L-cysteine in 
acid conditions as the solvent and mobile phase and also 
the use of gradient elution was the development method 
compared to de Souza et al. [9]. A 100 mg of the dried 
sample was placed in 2 mL microtubes containing 1 mL 
of 0.5% L cysteine in 2% HNO3 and applied sonication 
(Elmasonic S60H, f: 50/60 Hz, 550 W) for 30 min at room 
temperature. The microtube was then centrifuged at 
3,000 rpm for 5 min, and the supernatant was filtered 
through a 0.20 μm nylon syringe filter and placed in a 
2 mL HPLC vial. 

Method validation 
A CRM DORM4 (n = 10) was used as sample 

preparation to validate the accuracy of the method. The 
sample was performed in duplicate, and blanks were used 

with 0.5% L-cysteine in 2% HNO3. Two replicates of 
MeHg standard solutions with concentrations (as 
mercury) in the range of 1–100 μg/L were used to form 
linear calibration plots with r2 values of 0.999. The limit 
of detection (LOD) and limit of quantification (LOQ) 
were measured based on [14] with the equation; LOD ൌ

3.9 x 
ୗୈୠ

ୗୠ
 with SDb was the standard deviation 

measurement of blank/pseudo blank (n = 10), Sb was the 
slope of the calibration curve, and the LOQ was 3.33 of 
LOD. 

Data analysis 
Graphical from UPLC was analyzed with Qtegra 

and Chrom Control software (Thermo Scientific, USA), 
and all graphic plot was based on the open source 
program platform R (package 4.12 for windows) [15]. 

■ RESULTS AND DISCUSSION 

Extraction and Validation Method with DORM-4 

The development method showed good extraction 
of MeHg in DORM4 with 1 mL of L-cysteine in acid 
condition compared to previous studies from Vallant et 
al. [13] used 5 mL solvent for MeHg extraction, while de 
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Souza et al. [9] used 10 mL solvent for CRM extraction, 
and Rodrigues et al. [12] used 4.75 mL solvent. Previous 
studies commonly use two compounds, such as L-cysteine 
combined with 2-mercaptoethanol [9-10,16]. Vallant et 
al. [13] use HCl and NaOH for MeHg extraction while our 
method shows good results only using L-cysteine in acidic 
conditions. L-cysteine was used in acid conditions as 
solvent extraction. We combined L-cysteine with 
methanol as the mobile phase to increase the sensitivity of 
Hg on the complex compound of MeHg-L-cysteine [9]. L-
cysteine was less toxic than the mercapto compound, and 
the complexing ability was poor [10]. The development 
method gives less solvent for extraction, less chemical 
compound is used in analysis and less waste containing 
MeHg. 

The development method used gradient elution in a 
UHPLC system and compared it to a previous study 
[9,11-13] and showed good separation with mobile phase 
0.5% L-cysteine and 2% HNO3 and 100% methanol under 
gradient conditions of less than 300 s. Inorganic mercury 
(InHg) was showed a peak at 196.5 s and MeHg around 
266 s (Fig. 2). Gradient elution shows low signal noise at 
a low concentration compared to isocratic elution [9]. The 
use of gradient elution can reduce 20% of the time of 
MeHg analysis by comparing isocratic elution [9]. 

The recovery of MeHg concentration with this 
method shows good result measurement (Table 2) with 
values of 96.90%. Our method uses less solvent in this 
study because solvent extraction is the same as for the 
mobile phase. The development method shows good 

results in reducing the uses of solvent extraction. Our 
results can reduce 80% on the use of solvent compared 
with Vallant et al. [13] and reduce by almost 90% 
compared to de Souza et al. [9]. Compared to previous 
studies [4,9,12-13,16-17], our method uses a small 
volume (1 mL) of extraction to reduce organic waste 
containing MeHg (Table 3). The observed limit of 
detection and limit of quantification MeHg in this 
method was 0.86 and 2.85 pg/L, respectively. 

Method Application for Methylmercury 
Measurement on Shark Meat 

The total length of milk sharks ranged from 34.5–
46.8 cm, 49.5–62.3 cm for Squalus sharks, and 56.4–
68 cm for hammerhead sharks. The total weight of milk 
sharks was 195–450 g, 485–1190 g for Squalus shark, 
and 825–1335 g for hammerhead shark, respectively 
(Table 4). 

The concentration of MeHg in the meat/muscle 
tissue ranged between 0.22 and 0.63 mg/kg w.w. (mean 
concentration of MeHg: 0.41 ± 0.13 mg/kg w.w.) for R. 
acutus, 0.68 to 1.14 mg/kg w.w. (0.81 ± 0.17 mg/kg w.w.)  

Table 2. Recovery of MeHg concentration in DORM-4 
by UHPLC-ICP-MS (n = 10) extracted with 0.5% (m/v) 
L-cysteine in 2% (v/v) HNO3 using gradient elution 
condition 

CRM Analyte 
Certified value 

(mg/kg) 
Measurement value 

(mg/kg) 
DORM-4 MeHg 0.355 ± 0.028 0.344 ± 0.028 
Recovery (%)   96.90 

 
Fig 2. Chromatogram showing the separation of inorganic mercury (InHg) and methyl mercury (MeHg) in DORM-4 
(n = 10) with mobile phase 0.5% (m/v) L-cysteine in 2% (v/v) HNO3, Methanol 100% on gradient condition 
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Table 3. Comparison MeHg analysis using HPLC-ICPMS on biological samples with previous research 
Type of 
samples 

Mobile phase and type of 
elution 

Solvent extraction 
Weight of 
samples 

Volume of 
extraction 

Time of extraction LOD Ref. 

Human hair 0.05% v/v mercaptoethanol; 
0.4% m/v L-cysteine; 5% v/v 
methanol and 0.06 mol/L 
ammonium acetate. 
Isocratic elution 

0.10% v/v HCl + 0.05% m/v 
L-cysteine + 0.10% v/v 2-
mercaptoethanol 

50 mg 10 mL 10 min sonication MeHg: 10.0 ng/g 
InHg: 15.0 ng/g 
EtHg: 38.0 ng/g 

[9] 

DORM-2 
DOLT-3 

50 mmol/L pyridine, 0.5% 
w/w L-cysteine, 5% v/w 
MeOH, at pH 2. 
Isocratic elution 

5 M HCl; 10 M NaOH 250 mg 5 mL 15 min sonication; 
20 min 
centrifugation 

InHg: 0.05 μg/L 
MeHg: 0.08 μg/L 

[13] 

Human 
plasma 
NIST 966 

3% v/v methanol + 97% v/v 
(0.5% v/v 2-
mercaptoethanol + 0.05% 
v/v formic acid). 
Isocratic elution 

0.10% v/v HCl + 0.05% m/v 
L-cysteine + 0.10% v/v 2-
mercaptoethanol 

250 μL 2.75 mL 15 min sonication InHg: 12 ng/L 
EtHg: 5 ng/L 
MeHg: 4 ng/L 

[16] 

Blood 
SRM 966 

0.05% v/v mercaptoethanol; 
0.4% m/v L-cysteine; 5% v/v 
methanol and 0.06 mol/L 
ammonium acetate. 
Isocratic elution 

0.10% (v/v) HCl + 0.05% 
(m/v) L-cysteine + 0.10% 
(v/v) 2-mercaptoethanol 

250 μL 4.75 mL 15 min sonication InHg: 0.25 μg/L 
MeHg: 0.1 μg/L 

[12] 

ERM CE-464 50 mM pyridine, 0.5% (w/v) 
L-cysteine, 5% (v/v) MeOH, 
pH 3. 
Isocratic elution 

25% (w/v) KOH in MeOH. 300 mg 9 mL 
(3 mL × 3) 

30 min waterbath, 30 
min sonication, 10 
min centrifugation 

InHg: 0.46 μg/L 
MeHg: 0.78 μg/L 

[17] 

25% (w/v) TMAH in MeOH 300 mg 9 mL 
(3 mL × 3) 

30 min waterbath, 30 
min sonication, 10 
min centrifugation 

  

5% (w/v) TMAH in MeOH 200 mg 10 mL 20 min microwave 
digestion 

  

5 M HCl 300 mg 5 mL 5 min sonication, 10 
min centrifugation 

  

4 M HNO3 500 mg 10 mL 20 min microwave 
digestion 

  

Glacial acetic acid 300mg 9 mL 10 min microwave 
digestion 

  

1% (w/v) L-cysteine 
hydrochloride hydrate 

200 mg 20 mL 2 h waterbath, 2 h 
heating 

  

20 mg protease type XIV, 0.1 
M phosphate buffer pH 7.5 
containing 0.05% (w/v) 
cysteine 

200 mg 8 mL 2 h enzyme 
digestion, 20 min 
centrifugation 

  

Sea 
cucumber 

8% MeOH; 92% H2O 
containing 0.12% L-cysteine 
+ 0.01 mol/L ammonium 
acetate. 
Isocratic elution 

0.10% HCl (v/v), 0.12% L-
cysteine (m/v), and 0.10% 2-
mercaptoethanol (v/v) 

500 mg 10 mL 30 min sonication InHg: 0.12 μg/L 
MeHg: 0.08 μg/L 
EtHg: 0.20 μg/L 

[10] 

DORM-4 
Shark meat 

0.5% (m/v) L-cysteine in 2% 
(v/v) HNO3 + MeOH 100%. 
Gradient elution 

0.5% (m/v) L-cysteine in 2% 
(v/v) HNO3 

100 mg 1 mL 30 min sonication MeHg: 0.86 pg/L This 
study 

 
for S. hemipinis and 0.29 to 1.22 mg/kg w.w. (0.56 ± 0.32 
mg/kg w.w.), and for S. lewini as described in Fig. 3. The 
mercury concentration on hammerhead sharks in this 
study is relatively lower compared to previous research by 
Mohammed and Mohammed [18]. The difference in size 

and weight of hammerhead sharks from this study were 
correlated to the mercury concentration. Based on the 
size, hammerhead sharks from Binuangeun are still in the 
juvenile phase compared to previous research in Trinidad, 
the Gulf of California and the Korean coast [18-20]. Based  
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Table 4. Morphometric of samples R. acutus, S. hemipinis and S. lewini. M: male; F: female 
Common name N Scientific name The total weight (g) Total length (cm) Sex 
Milk shark 16 Rhizoprionodon acutus 195–450 34.5–46.8 M: 11; F: 5 
Squalus shark 6 Squalus hemipinis 485–1190 49.5–62.3 M: 1; F:5 
Hammerhead shark 8 Sphyrna lewini 825–1335 56.4–68.0 M:4; F:4 

 

 
Fig 3. Methylmercury (MeHg) concentration (mg/kg 
w.w.) on shark samples. SH: S. hemipinis, SL: S. lewini, and 
RA: R. acutus 

on our results, there are no differences MeHg 
concentration between sex on R. acutus and S. lewini (p-

value 0.93 and 0.2, respectively). The chromatogram peak 
of MeHg from each sample of sharks showed in Fig. 4. 

MeHg concentrations in milk sharks from the 
Binuangeun area were higher than in previous research 
on the Korean coast [20]. MeHg concentration in 
Squalus sharks from Binuangeun was lower than in 
Brazil [21] and Southeast Australia [22]. Due to limited 
studies on S. hemipinis, mercury concentrations in these 
sharks compared to S. acanthias and S. albicaudus 
indicate the same habitat on the shelf and upper slopes 
of the ocean (from 0–600 m) [23]. Some studies have 
shown that several factors influence mercury 
accumulation in sharks, such as age, body length, 
habitat, sex and local pollution [24-25]. 

 
Fig 4. Chromatogram showing the separation methylmercury (MeHg) with mobile phase 0.5% (m/v) L-cysteine in 2% 
(v/v) HNO3, Methanol 100% on gradient condition in (a) R. acutus (n = 16), (b) S. hemipinnis (n = 6), and (c) S. lewini 
(n = 8) 
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■ CONCLUSION 

A quick and easy method has been developed for 
analyzing MeHg using UHPLC-ICPMS. Gradient elution 
applied using a C18 reversed-phase column with 0.5% L 
cysteine in 2% HNO3 and methanol as mobile phase can 
separate inorganic Hg and MeHg on CRM (DORM-4) 
with an accuracy of fewer than 300 s. The small amount 
of solvent used for extraction produces small amounts of 
waste containing MeHg. Finally, this method was 
successfully applied to analyze MeHg in shark meat 
samples. 
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Fig S3. 1C-NMR spectrum of the L1H ligand 

 
Fig S4. 1H-NMR spectrum of the L2H ligand 
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Fig S5. 1C-NMR spectrum of the L2H ligand 

 
Fig S6. 1H-NMR spectrum of the L3H ligand 
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Fig S7. 1C-NMR spectrum of the L3H ligand 
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 Abstract: Synthesis of three Schiff bases of 5-bromo-3-nitro salicylaldehyde containing 
different sulfonamide group antibiotic compounds and their Cu(II) complexes was 
carried out. Structures of all compounds were characterized with spectroscopic methods, 
including Fourier transform infrared, proton nuclear magnetic resonance, and elemental 
analysis. The in vitro antimicrobial activity of ligands and complexes against Gram-
negative and Gram-positive bacteria and the yeast Candida albicans was evaluated. It 
was determined that the ligand and complexes showed outstanding antimicrobial activity 
against almost all of the microorganisms tested. It has been observed that the newly 
synthesized complexes have more antimicrobial effects than the corresponding ligands. It 
has been determined that the newly synthesized complexes have more antimicrobial 
effects than the others (E. coli, L. monocytogenes, and C. albicans), especially on 
Staphylococcus aureus and Pseudomonas aeruginosa. 

Keywords: Cu(II) complex; Schiff base; sulfonamide antibiotic; time killing 

 
■ INTRODUCTION 

Schiff bases are considered to be one of the versatile 
classes of biologically active compounds due to their ability 
to interact well with periodic table transition elements. 
Schiff bases and complexes used as models for biological 
systems show antibacterial, anti-inflammatory, antifungal, 
herbicidal, and anti-cancer activities [1-2]. However, they 
are also widely used in various chemical and photochemical 
reactions due to their catalyst properties [3-4]. Schiff 
bases and their metal complexes affect electronic 
variations due to substituent effects [5]. In the presence of 
sulfur atoms in the compounds, biological activity is 
thought to improve due to its specific interaction with 
enzymes with sulfhydryl groups [6]. Sulfonamides are a 
class of therapeutic drugs used against infections caused 
by microbes. Sulfa drugs are important compounds used 
in pharmaceutical and agricultural fields due to their low 
toxicity, affordability, and significant activity profile. 

Since sulfonamides are structurally similar to p-
aminobenzoic acid (PABA), a cofactor in folic acid 
synthesis by bacteria, they can compete with it efficiently 
to inhibit the synthesis of proteins and nucleic acids, 
resulting in the inhibition of various microorganisms. 
Also, it is a sulfonamide, versatile half for its various 
pharmacological activities, including antibacterial, 
antifungal, anti-inflammatory, anti-carbonic anhydrase, 
diuretic, hypoglycemic, antithyroid and antiproton 
activities, and enzyme inhibition [7-16]. Sulfonamides, 
which inhibit the growth of bacterial cells by blocking 
the synthesis of an important vitamin called folic acid, 
have also been the subject of many studies due to their 
significant antitumor activity both in vitro and in vivo 
[17-21]. Some of these derivatives are currently being 
evaluated in clinical trials, and there is much optimism 
that they could lead to new alternative anti-cancer drugs 
that are devoid of the side effects of current 
pharmacological agents [22]. 
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Scheme 1. Synthetic routes of L1-3H and their Cu+2 complexes 

 
In this study, the synthesis of three Schiff bases of 5-

bromo-3-nitro salicylaldehyde containing different 
sulfonamide group compounds and their Cu(II) complexes 
was carried out. The structures of all compounds were 
characterized by spectroscopic methods such as Fourier 
transform infrared, proton nuclear magnetic resonance, 
and elemental analysis. In vitro, the antimicrobial activity 

of ligands and synthesized new complexes against 
Gram-negative and Gram-positive bacteria and yeast 
Candida albicans were evaluated. As a result of the 
antimicrobial study performed according to the 
microdilution method, the effects of the most effective 
complexes on the colony-forming abilities of the 
bacteria and their time-killing kinetics were determined. 
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■ EXPERIMENTAL SECTION 

Materials 

4-(2-Aminoethyl)benzenesulfonamide, sulfapyridine, 
sulfadiazine, 5-bromo-3-nitro salicylaldehyde, absolute 
ethanol (EtOH), copper(II) acetate hydrate 
(Cu(CH3CO2)2·H2O) used for the synthesis and analysis 
were purchased from Merck and used without 
purifications. Nutrient and broth nutrient agar from 
Merck and DMSO (Sigma) were used in antimicrobial 
experiments. 

Instrumentation 

The FTIR spectra were carried out by a Shimadzu 
QATR-S (IR Spirit S1102SC) in the range of 4000–
600 cm−1. 1H (400 MHz) NMR spectra were obtained in 
DMSO-d6 solutions by Bruker DRX-400 high-
performance digital FT-NMR spectrometer. C, H, N, and 
S content was determined by using a LECO CHNS-932 
analyzer. 

Procedure 

Preparation and characterization 
4-(2-{(E)-[(5-bromo-2-hydroxy-3-
nitrophenyl)methylidene]amino}ethyl)benzene-1-
sulfonamide (L1H). To a solution of 4-(2-
aminoethyl)benzenesulfonamide (0.600 g, 3 mmol) 
dissolved in 20 mL EtOH, 5-bromo-3-nitro 
salicylaldehyde (0.738 g, 3 mmol) dissolved in 15 mL 
EtOH was added dropwise. This mixture interacted at 
200 °C for 12 h using the hydrothermal technique. The 
solid (powder) precipitate was filtered, washed with cold 
EtOH, and dried at room temperature to give a 
compound of L1H as given in Scheme 1. (428.26 g/mol) 
Yield: 1.15 g (89%). m.p. 204 °C. Anal. Calc. for 
C15H14BrN3O5S: C, 42.07; H, 3.30; N, 9.81; S, 7.49%. 
Found: C, 41.58; H, 3.24; N, 9.68; S, 7.41. 

FTIR (ATR, νmax/cm−1): 685, 762, 928, 973, 1089, 1130 
(–SO2 sym), 1276, 1324, 1361 (–SO2 asym), 1452 (C–O), 
1609 (C=N), 3295 (N–H, sym), 3421 (O–H); 1H-NMR 
(DMSO-d6, δ, ppm): 13.68 (s, 1H, O–H), 9.02 (s, 1H, 
CH=N), 8.34–6.04 (m, 6H, Ar–H), 7.65 (s, 2H, –NH2), 
2.54 (t, 2H, –CH2), 2.36 (t, 2H, –CH2). 13C-NMR (DMSO-
d6, δ, ppm): 162.4 (C1), 160.2 (C7), 146.5 (C10), 142.6 

(C13), 142.1 (C2), 134.2 (C11), 129.5 (C5), 124.6 (C3), 
123.6 (C12), 117.9 (C6), 110.9 (C4), 44.5 (C9), 41.7 (C8). 

Preparation of the Cu(II)L1 complex 
To a solution of L1H ligand (0.428 g, 1 mmol) 

dissolved in 20 mL EtOH, Cu(CH3CO2)2·H2O (0.199 g, 
1 mmol) dissolved in 15 mL absolute EtOH was added 
dropwise. This reaction mixture interacted at 200 °C for 
12 h using the hydrothermal technique. The solid 
(powder) precipitate was filtered, washed with cold 
EtOH, and dried in an oven at 80 °C for 24 h to give a 
compound of CuL1 (585.87 g/mol) as given in Scheme 1. 
Yield: 0.43 g (74%). Anal. Calc. for C17H20BrN3O9SCu: C, 
34.85; H, 3.44; N, 7.17; S, 5.47%. Found: C, 34.52; H, 
3.39; N, 7.06; S, 5.38. 

FTIR (ATR, νmax/cm−1): 1126 (–SO2 sym), 1355  
(–SO2 asym), 1441 (C–O), 1584 (–C=O, Acetate), 1604 
(C=N), 3291 (N–H, sym), 3415 (H2O). 
4-{(E)-[(5-bromo-2-hydroxy-3-
nitrophenyl)methylidene]amino}-N-(pyridin-2-
yl)benzene-1-sulfonamide (L2H). To a solution of 
sulfapyridine (0.747 g, 3 mmol) dissolved in 20 mL 
EtOH, 5-bromo-3-nitro salicylaldehyde (0.738 g, 
3 mmol) dissolved in 15 mL EtOH was added dropwise. 
This mixture was reacted at 200 °C for 12 h using the 
hydrothermal technique. The solid (powder) precipitate 
was filtered, washed with cold EtOH, and dried at room 
temperature to give a compound of L2H (477.29 g/mol) 
as given in Scheme 1. Yield: 1.26 g (88%). m.p. 218 °C. 
Anal. Calc. for C18H13BrN4O5S: C, 45.30; H, 2.75; N, 11.74; 
S, 6.72%. Found: C, 44.86; H, 2.71; N, 11.65; S, 6.64. 

FTIR (ATR, νmax/cm−1): 692, 759, 926, 979, 1078, 
1135 (–SO2 sym), 1249, 1318, 1339 (–SO2 asym), 1454 
(C–O), 1613 (C=N), 3236 (N–H, sym), 3434 (O–H); 1H-
NMR (DMSO-d6, δ, ppm): 13.74 (s, 1H, O–H), 11.68 (s, 
1H, N–H), 8.96 (s, 1H, CH=N), 8.58–6.63 (m, 10H, Ar–
H). 13C-NMR (DMSO-d6, δ, ppm): 162.6 (C1), 160.7 
(C7), 159.3 (C8), 153.2 (C12), 151.1 (C16), 141.3 (C2), 
139.9 (C11), 137.2 (C14), 130.5 (C10), 129.8 (C5), 124.8 
(C9), 124.4 (C3), 119.3 (C15), 118.2 (C6), 112.8 (C13), 
111.7 (C4). 

Preparation of the Cu(II)L2 complex 
To a solution of L2H ligand (0.477 g, 1 mmol)  
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dissolved in 20 mL EtOH, Cu(CH3CO2)2·H2O (0.199 g, 
1 mmol) dissolved in 15 mL EtOH was added dropwise. 
This mixture was reacted at 200 °C for 12 h using the 
hydrothermal technique. The solid (powder) precipitate 
was filtered, washed with cold EtOH, and dried in an oven 
at 80 °C for 24 h to give a compound of CuL2 
(634.90 g/mol) as given in Scheme 1. Yield: 0.45 g (71%). 
Anal. Calc. for C20H19BrN4O9SCu: C, 37.83; H, 3.02; N, 
8.82; S, 5.05%. Found: C, 37.41; H, 2.97; N, 8.74; S, 4.99. 

FTIR (ATR, νmax/cm−1): 1130 (–SO2 sym), 1334 (–
SO2 asym), 1441 (C–O), 1585 (–C=O, Acetate) 1609 
(C=N), 3231 (N–H, sym), 3414 (H2O). 
4-{(E)-[(5-bromo-(2-hydroxy-3-
nitrophenyl)methylidene]amino}-N-(pyrimidin-2-
yl)benzene-1-sulfonamide (L3H). To a solution of 
sulfadiazine (0.750 g, 3 mmol) dissolved in 20 mL EtOH, 
5-bromo-3-nitro salicylaldehyde (0.738 g, 3 mmol) 
dissolved in 15 mL EtOH was added dropwise. This 
mixture was reacted at 200 °C for 12 h using the 
hydrothermal technique. The solid (powder) precipitate 
was filtered, washed with cold EtOH, and dried at room 
temperature to give a compound of L3H (478.28 g/mol) as 
given in Scheme 1. Yield: 1.30 g (90%). m.p. 194 °C. Anal. 
Calc. for C17H12N5O5S: C, 42.69; H, 2.53; N, 14.64; S, 
6.70%. Found: C, 42.30; H, 2.49; N, 14.52; S, 6.63. 

FTIR (ATR, νmax/cm−1): 688, 762, 976, 1081, 1128 (–
SO2 sym), 1245, 1314, 1330 (–SO2 asym), 1452 (C–O), 
1614 (C=N), 3230 (N–H, sym), 3432 (O–H); 1H-NMR 
(DMSO-d6, δ, ppm): 13.76 (s, 1H, O–H), 11.65 (s, 1H, N–
H), 8.93 (s, 1H, CH=N), 8.45–6.71 (m, 9H, Ar–H). 13C-
NMR (DMSO-d6, δ, ppm): 162.3 (C1), 161.2 (C7), 159.1 
(C8), 158.3 (C12), 157.5 (C13), 141.7 (C2), 139.4 (C11), 
132.3 (C10), 129.3 (C5), 125.2 (C3), 124.6 (C9), 117.8 
(C6), 115.6 (C14), 110.9 (C4). 

Preparation of the Cu(II)L3 complex 
To a solution of L3H ligand (0.478 g, 1 mmol) 

dissolved in 20 mL EtOH, Cu(CH3CO2)2·H2O (0.199 g, 
1 mmol) dissolved in 15 mL EtOH was added dropwise. 
This mixture was reacted at 200 °C for 12 h using the 
hydrothermal technique. The solid (powder) precipitate 
was filtered, washed with cold EtOH, and dried in an oven 
at 80 °C for 24 h to give a compound of CuL3 
(635.89 g/mol) as given in Scheme 1. Yield: 0.43 g (68%). 

Anal. Calc. for C19H18BrN5O9SCu: C, 35.89; H, 2.85; N, 
11.01; S, 5.04%. Found: C, 35.56; H, 2.80; N, 10.89; S, 5.00. 

FTIR (ATR, νmax/cm−1): 1124 (–SO2 sym), 1328  
(–SO2 asym), 1438 (C–O), 1587 (–C=O, Acetate) 1608 
(C=N), 3228 (N–H, sym), 3416 (H2O). 

Antimicrobial activity 
In this study, 4 different standard bacterial strains 

and 1 yeast cell were used. These are Gram-positive S. 
aureus ATCC 25923 and L. monocytogenes ATCC 
19111, Gram-negative E. coli ATCC 25922 and P. 
aeruginosa ATCC 27853, and yeast C. albicans ATCC 
10231. The solutions of newly synthesized complexes 
and ligands were prepared by dissolving them in DMSO 
at appropriate concentrations. The antimicrobial effects 
of the prepared complexes on microorganisms were 
determined by calculating the minimal inhibition 
concentration (MIC) values according to the broth 
dilution method. For the broth dilution method, 
cultures were grown in 5 mL nutrient broth (Merck) at 
37 °C for 18 h in shaking at 175 rpm. Bacterial and yeast 
cells were suspended in 50 mL nutrient broth at a 
concentration of approximately 106 cells/mL by 
matching with 0.5 McFarland turbidity standards. The 
nutrient broth is added into 10 different tubes. Then, the 
complexes are added to the first tubes at appropriate 
concentrations, and serial dilution is made. In this way, 
the appropriate MIC values are determined by making 
half the dilution each time. Then all test tubes are left to 
grow overnight in an incubator at 37 °C. MIC values 
were determined after bacterial strains and yeast strains 
were kept in the incubator for 24 h. The last tube without 
growth was taken as the MIC (μg/mL), representing the 
mean of at least three determinations. 

Viability experiments in microorganisms 
Microorganisms to be used in this study were 

incubated for 1 night at 37 °C in a sterile nutrient broth 
medium. An amount of the microorganism that was left 
to grow for 1 night was taken and added to another 
nutrient broth medium. Thus, the number of bacteria 
was adjusted to 105 per mL. At the same time, 
considering the MIC value determined in the 
antimicrobial study, the complexes were added to the 
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medium in amounts determined as MIC, 2×MIC, and 
4×MIC. Colony counts were made by taking 
microorganism samples at 37 °C for 24 h at appropriate 
times. The obtained colony numbers were converted to 
logarithmic (log) values, and T99 values were calculated. 
The T99 value is expressed as the value corresponding to a 
2-log decrease in the number of bacteria over 24 h [23]. 

■ RESULTS AND DISCUSSION 

Synthesis and Characterization of the Ligands and 
Their Cu(II) Complexes 

In this study, sulfa-derived Schiff bases (L1H-L3H) 
were synthesized by reacting equimolar amounts of 4-(2-
aminoethyl)benzene sulphonamide, sulfapyridine, and 
sulfadiazine with 5-bromo-3-nitro salicylaldehyde in 
EtOH, and followed by Cu(II) complexes of these ligands. 
All products were purified, and their structures were 
elucidated with general spectroscopic methods and 
elemental analysis, and the findings supported each 
proposed structure. The characteristic IR peaks of the 
ligands are the peaks of C=N, C–O, O–H, and S=O 
stretching vibrations. Others are C=C and C=O stretch 
vibration peaks, aliphatic C–H and N–H, and aromatic 
C–H stretch vibration peaks. When the IR spectrums of 
compounds are examined, the O–H stretching vibrations 
of the phenolic –OH group is broad at the range of 3434–
3421 cm−1, and the C=N stretching vibrations of the 
azomethine group are seen as sharply in the range of 
1614–1609 cm−1. These bands support the completion of 
the formation reaction of compounds L1H-L3H. These 
values agree with those found for similar compounds [14-
16]. 

The most significant changes in the spectra of the 
Cu2+ complexes of L1H-L3H ligands were observed in the 
C=N stretching vibrations of the Schiff base group, the 
bending vibrations of the phenolic O–H group, the C=N 
vibrations, and the S=O symmetrical and asymmetrical 
stretching vibrations. The characteristic C=N (aliphatic) 
stretching vibration observed in the ligands in the 1614–
1609 cm−1 range shifted to 1609–1604 cm−1 with the 
formation of metal chelates. This shift indicated that the 
azomethine group's nitrogen atom was involved in 
forming the metal-nitrogen (M–N) bond. 

In other words, the nitrogen atom gave its 
unshared electrons to the metal ion and entered into 
coordination with the metal [24]. In addition, the band 
observed in the ligands in the range of 1454–1452 cm−1 
and characteristic of C–O (phenolic) stretching 
vibration shifted up to 11–14 cm−1 in complex 
structures. This shift supports that deprotonated 
phenolic oxygen enters coordination with metal ions 
during complex formation [25]. In addition, the new 
peak in the range of 1587–1584 cm−1 indicates the 
presence of acetate coordinated with the metal and the 
presence of metal-coordinated water in the complexes at 
the peak in the range of 3416–3414 cm−1 [26-27]. The 
most useful infrared spectral bands of the compounds 
are listed in the experimental section (Fig. S1). 

In addition to the IR spectrum data of the 
complexes, the percentages of C, H, S, and N in the 
elemental analysis results support the presence of acetate 
and water molecules that are bound to the structure and 
support that the predicted structure is in octahedral 
order [28] (Fig. S1). 

The 1H-NMR of the compounds L1H-L3H was 
recorded in DMSO-d6 at room temperature. It belongs 
to a singlet –OH proton of one proton observed in the 
13.76–13.68 ppm range in the 1H-NMR spectrums taken 
in DMSO-d6 solvent of compounds L1H-L3H. In 
addition, the peak was observed as a singlet at a proton 
intensity range of 9.02–8.93 ppm and also belonged to 
the azomethine proton in the structure. In addition, the 
chemical shift observed in the spectrum in the range of 
11.68–7.65 ppm belongs to the (–NH) proton(s) 
attached to the –SO2 group in the structure. The -NH 
proton(s) of the L1H ligand is lower field than the other 
ligands because the structure is connected to the linear 
chain structure instead of the aromatic ring directly. In 
addition, chemical shifts in the 2.54–2.36 ppm range 
belong to the methyl groups present in the L1H ligand. 
The specified chemical shifts confirm the formation of 
structures (Fig. S2, S4, S6). 

The most useful 1H-NMR spectrums bands of the 
compounds are listed in the experimental section. The 
observed peaks agree with the structure and literature 
[29-30]. The chemical shifts of all carbons in the 13C-
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NMR spectra of the ligands are given in the experimental 
part. The resonance observed in the range of 161.2–
160.2 ppm belongs to the carbon of the azomethine group 
(C7). Peaks of other aromatic ring carbons were observed 
in the range of 162.6–110.9 ppm. In addition, the 
resonances observed in the range of 44.5–41.7 ppm in the 
spectrum of the L1H ligand belong to the carbons (C9 and 
C8) (Fig. S3, S5, S7). The observed peaks are consistent 
with the structure and literature [29-30]. 

Antimicrobial Activity 

In this study, the antimicrobial properties of newly 
synthesized complexes using the microdilution method 
were investigated. S. aureus and L. monocytogenes as 
Gram-positive, E. coli and P. aeruginosa as Gram-
negative, and C. albicans as yeast were used as standard 
strains. In these experiments based on the determination 
of MIC values, stock solutions of newly synthesized 
complexes were prepared by dissolving them in DMSO. 
Therefore, firstly, the MIC value of DMSO for control 
purposes was calculated and compared with the newly 
synthesized complexes. According to the results obtained, 
it was observed that the MIC value of DMSO was 
> 4000 μg/mL. In other words, it was determined that 
DMSO did not have a significant antimicrobial effect. 
When the antimicrobial effects of ligands (L1H, L2H, and 
L3H) were examined, it was determined that the MIC 
values ranged between 93.75 and 3000 μg/mL. As a matter 
of fact, the antimicrobial value of the ligand coded L1H 
was found to be 1500, 375, 375, 3000, and 93.75 μg/mL for 
E. coli, P. aeruginosa, S. aureus, L. monocytogenes, and C. 
albicans, respectively. MIC values for another ligand, L2H, 

were found to be 1500 μg/mL for E. coli, 750 μg/mL for 
P. aeruginosa and C. albicans, 93.75 μg/mL for S. aureus 
and 3000 μg/mL for L. monocytogenes. When the 
antimicrobial results of the L3H ligand are examined, it 
can be stated that these values are 375 μg/mL in E. coli, 
187.5 μg/mL in P. aeruginosa, 93.75 μg/mL in S. aureus, 
375 μg/mL in L. monocytogenes and 93.75 μg/mL in C. 
albicans (Table 1). In addition, antimicrobial activities of 
new complexes obtained from ligands were investigated, 
and MIC values were observed to vary between 11.7 and 
3000 μg/mL. As a matter of fact, the MIC values that the 
newly synthesized L1-Cu complex is effective on 
microorganisms were determined as 750 μg/mL for E. 
coli, 93.75 μg/mL for P. aeruginosa, 23.4 μg/mL for S. 
aureus and 46.8 μg/mL for C. albicans. In addition, these 
values for L2-Cu were found to be 750, 93.75, 23.4, 750, 
and 187.5 μg/mL in E. coli, P. aeruginosa, S. aureus, L. 
monocytogenes, and C. albicans, respectively. In the 
continuation of the study, the MIC values of the new 
complex coded as L3-Cu were determined to be 187.5 
and 23.4 μg/mL for E. coli and P. aeruginosa and 11.7 
and 375 μg/mL for Gram-positive S. aureus and L. 
monocytogenes. Another result is that the MIC value for 
C. albicans, which is yeast, is 187.5 μg/mL. 

Effects of Complexes on the Life of Bacteria and 
Time-Killing Activities 

The effects of L1-Cu and L2-Cu, which have the 
most antimicrobial effects, on the survival of Gram-
positive S. aureus and Gram-negative P. aeruginosa was 
investigated in this study, which was carried out 
considering the data obtained from the MIC study. In the 

Table 1. Antimicrobial effects of complexes on microorganisms (μg/mL) 

 
Gram-negative (-) bacteria Gram-positive (+) bacteria Yeast 
E. coli 

ATCC 25922 
P. aeruginosa 
ATCC 27853 

S. aureus 
ATCC 25923 

L. monocytogenes 
ATCC 19111 

C. albicans 
ATCC 10231 

L1H 1500.00 375.00 375.00 3000.00 93.75 
L2H 1500.00 750.00 187.50 3000.00 750.00 
L3H 375.00 187.50 93.75 375.00 93.75 
L1-Cu 750.00 93.75 23.40 3000.00 46.80 
L2-Cu 750.00 93.75 23.40 750.00 187.50 
L3-Cu 187.50 23.40 11.70 375.00 1500.00 
DMSO > 4000.00 > 4000.00 > 4000.00 > 4000.00 > 4000.00 
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study conducted for 24 h, the complexes were added to 
the medium containing the bacteria in MIC, 2×MIC, and 
4×MIC concentrations, and the results were evaluated 
according to the colony count. Table 2 shows the effects 
of the complexes added to the nutrient broth medium on 
the colony-forming abilities of the microorganisms. 
Bacteria samples taken from the liquid medium at 0, 12, 
and 24 h were inoculated into the solid medium, kept in 
the incubator for 24 h, and the former colonies were 
counted and recorded. 

The results obtained in the second stage of the study 
were converted to logarithmic values and recorded by 
calculating T99 values (Table 3). Therefore, as a result of 
this study, how long the newly synthesized complexes kill 
the microorganism in vitro will be determined precisely. 
Both P. aeruginosa and S. aureus control samples showed 
a very high increase in colony numbers after 24 h. As a 
matter of fact, while the number of colonies at the 0 h was 

45×104 in the P. aeruginosa control sample, it was 
determined that this number was 550×1010 at the end of 
24 h. In addition, at the end of 24 h (L1-Cu addition) in 
the samples to which MIC, 2×MIC, and 4×MIC were 
added, the number of bacteria was found to be 6300, 240, 
and 39, respectively. In the samples with L2-Cu added, it 
was determined that the bacterial numbers were 5800 
with the addition of MIC, 180 with the addition of 
2×MIC and 105 with the addition of 4×MIC. Adding L3-
Cu (MIC, 2×MIC, 4×MIC) to the broth containing P. 
aeruginosa also revealed that the bacterial counts were 
4570, 15, and 0. 

When the survival test results of Gram-positive S. 
aureus were examined, it was seen that the colony 
numbers in the control samples were 26×104 at 0 h and 
1524×1011 at the end of 24 h. Although the number of 
bacteria in the samples added to the medium at MIC 
concentration was 26×104 at 0 h, this number was found 

Table 2. Bacterial cell count (colony forming unit-cfu/mL) 
Complexes Microorganisms 

 0 h 
(×104 cfu/mL) 

12 h 
(cfu/mL) 

24 h 
(cfu/mL) 

L1-Cu 

P. aeruginosa 
ATCC 27853 

Control 45 67×105 550×1010 

MIC 45 88×103 63×102 

2×MIC 45 47×102 24×101 

4×MIC 45 250×101 39 

S. aureus 
ATCC 25923 

Control 26 224×105 1524×1011 

MIC 26 158×103 282×101 

2×MIC 26 104×102 198 
4×MIC 26 458×101 8 

L2-Cu 

P. aeruginosa 
ATCC 27853 

Control 45 67×105 550×1010 
MIC 45 350×103 58×102 

2×MIC 45 145×102 180 

4×MIC 45 452×101 105 

S. aureus 
ATCC 25923 

Control 26 224×105 1524×1011 
MIC 26 205×103 76×102 
2×MIC 26 276×102 64 
4×MIC 26 327×101 2 

L3-Cu 

P. aeruginosa 
ATCC 27853 

Control 45 67×105 550×1010 
MIC 45 557×103 296×101 
2×MIC 45 653×101 45 
4×MIC 45 250×101 5 

S. aureus 
ATCC 25923 

Control 26 224×105 1524×1011 
MIC 26 463×102 457×101 
2×MIC 26 48×102 15 
4×MIC 26 59×101 0 
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Table 3. Survival times of bacteria under the influence of complexes (time-killing activities) (T99 values) 
Strain Complexes  0 h (log) 24 h (log) T99 (h) 

Gram(-) 
P. Aeruginosa 
ATCC 27853 

L1-Cu 

Control 6.65 13.74 >24.00 
MIC 6.65 4.79 >24.00 
2×MIC 6.65 3.38 15.38 
4×MIC 6.65 2.59 12.50 

L2-Cu 
MIC 6.65 4.94 >24.00 
2×MIC 6.65 3.25 14.20 
4×MIC 6.65 3.02 13.30 

L3-Cu 
MIC 6.65 4.47 22.20 
2×MIC 6.65 2.65 12.50 
4×MIC 6.65 2.39 11.76 

Gram(+) 
S. Aureus 
ATCC 25923 

L1-Cu 

Control 6.41 15.18 >24.00 
MIC 6.41 4.26 22.47 
2×MIC 6.41 2.99 14.28 
4×MIC 6.41 1.90 11.10 

L2-Cu 
MIC 6.41 5.24 >24.00 
2×MIC 6.41 2.80 13.30 
4×MIC 6.41 1.30 9.50 

L3-Cu 
MIC 6.41 3.65 17.39 
2×MIC 6.41 2.17 11.30 
4×MIC 6.41 1.00 8.80 

 
to be 2820 for L1-Cu, 7600 for L2-Cu, and 4570 for L3-Cu 
after 24 h (Table 2). Again, with the addition of L1-Cu, L2-
Cu, and L3-Cu in 2×MIC concentration to the medium, the 
bacterial counts were determined to be 198, 64, and 15, 
respectively, after 24 h. Finally, the addition of L1-Cu, L2-Cu, 
and L3-Cu at 4×MIC concentration to the medium caused 
a decrease in bacterial numbers. The number of bacteria 
was 8 when L1-Cu was added to the medium, 2 when L2-Cu 
was added, and 0 when L3-Cu was added to the medium. 

Colony numbers obtained in the second part of this 
study were converted to logarithmic values, and T99 values 
were calculated. It is known that the T99 value is 
considered as the time corresponding to 2 logarithmic 
drops. The T99 value is considered important data in terms 
of showing us how long the bacteria live in any 
environment. Table 3 presents logarithmic values and 
T99 calculations of the effects of newly synthesized 
complexes on P. aeruginosa and S. aureus. The medium 
in which no complex was added was considered the 
control. And it was determined that the control samples 
continued to live more than 24 h according to the T99 
value. When L1-Cu is added to the medium at MIC 

concentration, it can be stated that P. aeruginosa 
continues to live for more than 24 h. As a result of the 
addition of the same complex to the medium in 2×MIC 
concentration, it was observed that the life of the bacteria 
decreased, and this period was 15.38 h. 

On the other hand, it was determined that the 
bacteria continued to live for 12.5 h by adding complex 
at 4×MIC concentration to the medium. In addition, 
with the addition of L2-Cu and L3-Cu with MIC value to 
the medium, it was observed that P. aeruginosa lived for 
more than 24 and 22.2 h. On the other hand, the addition 
of L2-Cu to the medium at 2×MIC concentration caused 
the survival of the bacteria to decrease to 14.2 h, and the 
addition of L3-Cu to 12.5 h. In addition, it was 
determined that the bacteria continued to live for 13.3 h 
with the addition of L2-Cu at 4×MIC concentration to 
the medium in which the bacteria were present and 
11.76 h with the addition of L3-Cu. 

Table 3 shows the results of the studies that 
determined how long the Gram-positive S. aureus could 
survive with the addition of complexes at different 
concentrations. According to this, it was observed that 
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the bacteria continued to live for 22.47, > 24, 17.39 h in 
media with the addition of L1-Cu, L2-Cu, and L3-Cu, 
respectively, at MIC concentrations. When the complex 
was added to the medium at 2×MIC concentration, T99 
values were found to be 14.28, 13.3, and 11.3 h. On the 
other hand, the addition of the complexes (L1-Cu, L2-Cu, 
and L3-Cu; 11.1, 9.5, and 8.8 h, respectively) to the 
medium at 4×MIC concentration resulted in significant 
reductions in the survival of S. aureus. 

The development of resistance of microorganisms 
to antibiotics adversely affects the fight against diseases. 
This necessitated the discovery of new chemicals. 
Therefore, studies on the synthesis of new complexes to 
be used for chemotherapeutic purposes have become very 
important in recent years. Investigations, primarily to 
obtain new antimicrobials from plants, are continuing 
rapidly [31-32]. However, the increasing resistance of 
microorganisms to chemotherapeutics has made it 
necessary to synthesize new chemicals. Studies on the 
synthesis of new complexes and the acquisition of new 
antimicrobials in the laboratory environment have gained 
importance in recent years, and quite a lot of new studies 
are being done on this subject [33-39]. It is known that 
sulfonamides are the oldest and most well-known 
antimicrobial agents widely used against bacterial and 
fungal infections. Like sulfonamides, Schiff bases are 
commonly used in drug discovery. 

Even now, sulfonamides are used to treat infections 
caused by bacteria and other microorganisms. It is 
thought that the study conducted here is very important 
in terms of supporting this. As a matter of fact, according 
to the results obtained, it was determined that ligands and 
complexes synthesized from ligands had high 
antimicrobial effects. Moreover, it was determined that 
the newly synthesized copper complexes showed higher 
activity than the ligands. It is stated that this effect is due 
to the atomic structure of copper and the possibility of 
easy electron transfer. It is known that the increased 
copper level in the cell creates an oxidative stress effect. 
Therefore, oxidative stress causes oxidative damage in 
cells. It is known that increased copper level weakens 
membrane integrity and causes deterioration of protein 
functions [40]. It is considered one of the most important 

factors that cause the disappearance of microorganisms 
from the environment. This study is important for being 
a precursor for using the newly synthesized complexes 
as a new chemotherapeutic for the future. As a result of 
bacterial survival experiments, it was revealed that the 
number of both bacteria (P. aeruginosa, S. aureus) 
increased during 24 h in control samples. However, the 
addition of the complex to the medium caused 
significant reductions in the number of bacteria. In 
addition, no bacteria were found at the end of 24 h in 
environments where high concentrations of complexes 
were added. Moreover, it was determined that the higher 
the amount of complex added to the medium, the 
corresponding decrease in the number of bacteria. In 
this study, it was also determined that Gram-positive 
bacteria were affected more than Gram-negative 
bacteria. It is known that this is due to the Gram-positive 
bacterial wall structure. Therefore, it can be stated that 
the new chemicals synthesized here are important in 
terms of shedding light on future studies. 

■ CONCLUSION 

In this study, syntheses of 4-(2-{(E)-[(5-bromo-2-
hydroxy-3-nitrophenyl)methylidene]amino}ethyl) 
benzene-1-sulfonamide L1H, Cu(II)L1, 4-{(E)-[(5-
bromo-2-hydroxy-3-nitrophenyl)methylidene]amino}-
N-(pyridin-2-yl) benzene-1-sulfonamide L2H, Cu(II)L2, 
4-{(E)-[(5-bromo-(2-hydroxy-3-
nitrophenyl)methylidene]amino}-N-(pyrimidin-2-yl) 
benzene-1-sulfonamide L3H, Cu(II)L3 were described. 

Ligand and copper complexes were found to have 
significant antimicrobial activities on all 
microorganisms. However, it was also determined that 
the newly synthesized complexes had higher 
antimicrobial activity than the ligands. Moreover, it has 
been determined that all newly synthesized complexes 
have more antimicrobial effects than others, especially 
on S. aureus and P. aeruginosa. And it has been 
determined that L3-Cu has a very high antimicrobial 
effect on both S. aureus and P. aeruginosa. It is thought 
that this study is important in terms of giving us the idea 
of using newly synthesized complexes in the 
pharmacological field in the future. 
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 Abstract: This study reports for the first time the theoretical prediction of structural, 
electronic, elastic and optical properties of cubic BaLiCl3, BaLiBr3, and BaLiI3 perovskites. 
The corresponding properties of the well-known BaLiF3 are also theoretically investigated. 
Density Functional Theory (DFT) using the Generalized Gradient Approximation (GGA) 
was implemented within the Quantum Espresso package to investigate the properties of 
the perovskites. The results revealed that BaLiX3 (X = F, Cl, Br, and I) are in ionic crystal 
forms with optimized lattice parameters of 4.04, 4.90, 5.21, and 5.66 Å, respectively. The 
minor band gaps were found to be 6.62 eV (Γ→Γ), 4.29 eV (R→Γ), 3.50 eV (R→Γ), and 2.58 
eV (R→Γ) for the respective compounds. The investigation of their elastic properties 
indicated that these perovskites are all mechanically stable, while only BaLiBr3 and BaLiI3 
are malleable. Finally, the studied perovskites exhibit excellent optical properties, 
including low reflectivity and high absorption in the ultraviolet region. Hence, it is 
predicted that these perovskites are suitable for various optoelectronic applications 
involving absorption in the UV region. However, BaLiBr3 and BaLiI3 are more favorable 
than BaLiF3 and BaLiCl3 to be deposited as thin films due to their flexibility. 

Keywords: Density Functional Theory; Quantum Espresso; BaLiX3 perovskites; elastic 
properties; optoelectronic properties 

 
■ INTRODUCTION 

Perovskites ABX3, where A and B are two cations, 
and X is an anion, can be formed by an arrangement of 
many possible atoms. This is because most of the elements 
in the periodic table can replace elements in the A and B 
sites. In a unit cell, the B-site cation occupies the center of 
the octahedron and is coordinated by six X anions, 
whereas the top corner of the cube is occupied by A 
cations [1]. 

Due to its enormous number of structural families 
with specific properties, the ABX3 perovskites have found 

substantial roles in various potential applications. This 
fact has therefore garnered significant attention and thus 
attracted a considerable amount of research conducted 
on the ABX3 perovskites by the scientific community. 
For example, hybrid organic-inorganic perovskites have 
been widely applied in optoelectronic devices, including 
solar cells, due to their tunable electronic properties [2-
7]. Because of their low cost and easily-tailored 
structure, the perovskites can be specifically designed 
and applied in catalysts and thermoelectric devices [8-
9]. 
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BaLiF3, in particular, has been intensively 
investigated in some recent studies due to its potential 
application in various fields, including dosimetry and 
computed radiography. The first theoretical study on the 
physical properties of cubic BaLiF3 (space group pm3തm) 
was presented by Korba et al. [10], which was in good 
agreement with previously reported experimental results 
by Boumriche et al. [11]. In addition, Düvel and co-
workers [12] successfully synthesized a highly pure BaLiF3 
nanocrystal with this cubic perovskite structure, further 
verifying the theoretical prediction presented in [10]. 
Since then, there have been several studies conducted to 
investigate further these perovskites, which covered not 
only the theoretical and computational aspects [13-17] 
but also the experimental point of view [18]. 

A literature study indicated that the above-
mentioned computational studies revealed that BaLiF3 
perovskite possesses quite a flat band diagram. This is 
crucial as materials with flat band energy diagrams are 
highly likely to have strong anharmonicity and excellent 
thermoelectric properties [19-20]. Indeed, Song and co-
workers [19] confirmed the flat band diagrams of some 
Thallium-based fluoro perovskites reported in our 
previous work [21]. They further confirmed that these 
types of perovskites have strong anharmonicity and high 
thermoelectric performance. This finding strongly 
suggests that BaLiF3 and its isoelectronic compounds 
might have other applications as thermoelectric materials 
due to the overall flat band diagram of BaLiF3. 

Although the properties of BaLiF3 have been 
intensively investigated, those of their isoelectronic, 
including BaLiCl3, BaLiBr3, and BaLiI3, have not been fully 
addressed. Due to its accuracy, Density Functional 
Theory (DFT) has long been used to accurately predict the 
properties of a wide range of materials, some of which can 
be found in several recent studies reported in Refs [22-30]. 
Therefore, the present work aims to conduct a DFT study 
to investigate the structural, electronic, elastic and optical 
properties of cubic BaLiX3 (X = F, Cl, Br, or I) perovskites. 
The results of this study are expected to pave the way to 
the understanding of their physical properties and 
potential applications in various devices. 

■ COMPUTATIONAL DETAILS 

Using the Quantum Espresso (QE) code [31], the 
DFT calculation with Generalized Gradient 
Approximation Perdew-Burke-Ernzerhof (GGA-PBE) 
functional [32] was conducted to investigate the 
structural, electronic, optical and elastic properties of 
cubic BaLiX3 (X = F, Cl, Br, or I) perovskites. The 
ultrasoft pseudopotential was used to consider the 
interaction between electrons and nuclei of the 
constituent atoms in the materials. The structure was 
optimized using Broyden Fletcher-Goldfarb-Shanno 
(BFGS) minimization procedure. Furthermore, the 
thermo_pw program, which uses Quantum Espresso as 
the underlying engine, was used to calculate the optical 
and elastic properties of the perovskites. The Quantum 
Espresso code has recently been applied to accurately 
predict the properties of a wide range of materials [33-
35]. 

The wave function and the charge density energy 
cut-offs were 40 Ry and 400 Ry, respectively. K-points of 
5 × 5× 5 and 12 × 12 × 12 were used for Self-Consistent 
Field (SCF) and Non-Self-Consistent Field (NSCF) 
calculation, respectively. The convergence threshold for 
the total energy was 10−8 Ry. 

■ RESULTS AND DISCUSSION 

Structural Properties 

The cubic structure of BaLiX3 (X = F, Cl, Br, or I) 
perovskites has space group #221 (pm3തm). Fig. 1 shows 
the unit cell structure of the perovskites, where Ba 
cations are located at Wyckoff coordinates of (0, 0, 0), 
and Li is at (0.5, 0.5, 0.5). Meanwhile, the three X anions 
are located at (0.5, 0, 0.5), (0.5, 0.5, 0) and (0, 0.5, 0.5). 

The total energy of the compounds was calculated 
as a function of the lattice constants, as illustrated in Fig. 
2. Cell relaxation was then performed to optimize the 
cubic structure of BaLiX3 (X = F, Cl, Br, or I) perovskites, 
using the Birch-Murnaghan equation of states [36-38], 
as shown in Eq. (1). 

     

B '
0

0 0
0

VB BE V E V V
B' B' 1 V B' V V

           
 (1) 
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Computed optimized lattice parameters of the 
materials are depicted in Table 1, whereas other 
computed structural parameters are shown in Table 2. 

Table 1 shows that the optimized lattice constant of 
BaLiF3 obtained in this study strongly agrees with the 
corresponding value obtained by Refs [10,12,15-16,39] 
using the GGA functional and is only slightly larger than 
the experimental value [11]. This step illustrates the 
reliability of our calculation, which should apply to other 
compounds studied in this work. Meanwhile, the 
optimized lattice parameters of BaLiCl3, BaLiBr3, and 
BaLiI3 are reported for the first time in the present study 
and, therefore, can be used as a reference for further 
studies on these compounds. 

It can also be seen from Table 1 that there is an 
increase in the optimized lattice constants of the 
compounds as Cl, Br, and I substitute F. This is due to the 
increase in the ionic radii when tuning the halide ions. 
This fact was also actual for other ABX3 (X = F, Cl, Br, or 

I) perovskites ranging from lead-based halide 
perovskites [41-44] to lead-free perovskites including 
Ge-based compounds [45-49], Sn-based compounds 
[50-53], and other lead-free perovskite materials [54-
59]. Indeed, this is also verified by experimental studies. 

 
Fig 1. The unit cell structure of the cubic BaLiX3 (X = F, 
Cl, Br, or I) perovskites 

3.90 3.95 4.00 4.05 4.10 4.15 4.20
-3148.50

-3148.48

-3148.46

-3148.44

-3148.42

-3148.40

-3148.38

-3148.36

-3148.34

-3148.32

T
o

ta
l E

n
er

g
y 

(e
V

)

Lattice Parameter (Å) 

(a)

  
4.75 4.80 4.85 4.90 4.95 5.00 5.05

-2522.98

-2522.96

-2522.94

-2522.92

-2522.90

-2522.88

-2522.86

T
o

ta
l E

n
er

g
y 

(e
V

)

Lattice Parameter (Å) 

(b)

 

5.05 5.10 5.15 5.20 5.25 5.30 5.35

-3074.60

-3074.58

-3074.56

-3074.54

-3074.52

-3074.50

T
o

ta
l 

E
n

er
g

y 
(e

V
)

Lattice Parameter (Å) 

(c)

  
5.50 5.55 5.60 5.65 5.70 5.75 5.80

-3839.95

-3839.94

-3839.93

-3839.92

-3839.91

-3839.90

-3839.89

-3839.88

-3839.87

-3839.86

T
o

ta
l E

n
er

g
y 

(e
V

)

Lattice Parameter (Å) 

(d)

 
Fig 2. Total energy vs. lattice parameters of BaLiF3 (a), BaLiCl3 (b), BaLiBr3 (c), and BaLiI3 (d) perovskites 



Indones. J. Chem., 2023, 23 (3), 843 - 862    

 

Redi Kristian Pingak et al.   
 

846 

Table 1. Optimized lattice parameters and energy gaps of cubic BaLiX3 (X = F, Cl, Br, or I) perovskites using the GGA 
functional 

Compounds 
Optimized lattice parameters (Å) Energy gap (eV) 

This work Literature This work Literature 
BaLiF3 4.04 GGA: 4.05 [10]; 4.04 

[12]; 4.04 [15]; 4.04 [16]; 
4.03 [39] 
Exp.: 3.996 [11] 

6.62 (Γ→Γ) 
6.73 (R→Γ) 
6.77 (M→Γ) 
7.03 (X→Γ) 

GGA (Γ→Γ): 6.66 [10];  
6.8 [15]; 6.72 [16] 
Exp. (Γ→Γ): 9.8 [40] 

BaLiCl3 4.90 - 4.37 (Γ→Γ) 
4.29 (R→Γ) 
4.36 (M→Γ) 
4.74 (X→Γ) 

- 

BaLiBr3 5.21 - 3.62 (Γ→Γ) 
3.50 (R→Γ) 
3.57 (M→Γ) 
4.00 (X→Γ) 

- 

BaLiI3 5.66 - 2.77 (Γ→Γ) 
2.58 (R→Γ) 
2.67 (M→Γ) 
3.15 (X→Γ) 

- 

Table 2. Structural parameters of cubic BaLiX3 (X = F, Cl, Br, or I) using the GGA functional 

Compound V (a.u)3 B (GPa) B’ E0 (Ry)  Total mass 
(a.m.u.) 

Density 
(g/cm3) 

BaLiF3 466.52021 67.90  4.69 -231.409 201.2632 5.049 
BaLiCl3 795.00231 33.86 4.54 -185.434 250.6180 3.530 
BaLiBr3 954.66886 27.14 4.53 -225.978 383.9680 4.505 
BaLiI3 1227.40669 20.67 4.25 -282.230 524.9800 4.791 

 
For instance, the experimental value of the lattice 

parameter of CsPbCl3 is 5.61 Å [60], slightly lower than 
that of CsPbBr3 (5.87 Å) [43] and CsPbI3 (6.29 Å) [61]. 
This verification by the experimental studies implies the 
accuracy of the DFT calculation. 

Other computed structural parameters of the BaLiX3 
(X = F, Cl, Br, or I) perovskites, including their volume 
(V), bulk modulus (B), pressure derivative (B’), total 
energy (E0), total mass and density are depicted in Table 
2. 

The computed value of the bulk modulus (B) of 
BaLiF3 in this study (67.90 GPa) as a result of fitting Eq. 
(1), as shown in Table 2, is in excellent agreement with a 
value of 64.45 GPa [10], 66.46 GPa [14], and 65.7 GPa 
[15]. Likewise, the derivative of the bulk modulus 
concerning pressure (B’) obtained in this study (4.69) is 

approximately the same as that reported by Korba et al. 
[10] (4.60), Mubarak and Mousa [14] (5.17), and Mousa 
et al. [15] (5.20). The other structural properties in Table 
2, especially those of BaLiCl3, BaLiBr3, and BaLiI3 
perovskites, are presented for the first time in this study. 

The formation energy ΔEf of the compounds has 
been calculated using Eq. (2) to investigate the chemical 
and thermodynamic stability of the perovskites. 

       tot 3
f

E BaLiX E Ba E Li 3E X
E

N
  

   (2) 

where Etot (BaLiX3) is the unit cell total energy of the 
BaLiX3 perovskites, E(Ba), E(Li), and E(X) are the energy 
of Ba, Li, and X (X = F, Cl, Br, or I) atoms, respectively, 
and N is the number of atoms in the unit cell. The 
calculated values of the formation energy are −3.96, 
−3.21, −2.27, and −1.60 eV/atom for BaLiF3, BaLiCl3, 



Indones. J. Chem., 2023, 23 (3), 843 - 862    

 

Redi Kristian Pingak et al.   
 

847 

BaLiBr3, and BaLiI3, respectively. The negative values of 
the formation energy of all the studied perovskites 
indicate that they are thermodynamically and chemically 
stable and, therefore, can be experimentally synthesized. 
BaLiF3 has been experimentally observed [11,40]. By 
assessing the formation energy of the compounds, we 
observe that the substitution of F with Cl, Br, or I increases 
the formation energy. This finding indicates a slight 
reduction in the chemical stability of the compounds 
following the halogen replacement. This decrease can be 
partly attributed to the decrease in the ionic character of 
the compounds, as the order of the halogen replacement 
was from F to I, as discussed in the following section. 

Electronic Properties 

The optimized lattice parameters obtained were 
then used to calculate other properties of the compounds, 
including the electronic properties. In this section, the  
 

electronic properties: Density of States (DOS), band 
diagram and charge density are presented and discussed. 

The energy band diagrams and the total density of 
states of the compounds are plotted in Fig. 3, whereas 
the values of their band gap energies are summarized in 
Table 1. From columns 4 and 5 of Table 1, it is evident 
that the band gap of BaLiF3 obtained in the present work 
agrees with that obtained using the GGA functional 
reported in [10,15-16]. It is also worth noting that the 
experimental band gap is underestimated in the present 
study and those using the GGA, as expected. 

Table 1 also reveals that the band gap of the 
materials is tuned to lower values as Cl, Br, and I replace 
F. This is generally true for ABX3 perovskites. Moreover, 
some recent studies also reported the same phenomenon 
for double perovskites of the form of A2B′B″X6 (X = Cl, 
Br, or I), such as Rb2SnX6 [62], Cs2InBiX6 [63-64], 
Cs2AgCrX6 [65], Rb2AlInX6 [66], Cs2KTlX6 [67],  
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Fig 3. Energy band diagram and DOS of the cubic BaLiF3 (a), BaLiCl3 (b), BaLiBr3 (c), and BaLiI3 (d) perovskites 
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Cs2AgBiX6 [68], K2ScAgX6 [69], (CsMA)NaSbX6 [70], 
Cs2ScAgX6 [71], Cs2NaBiX6 [72], Rb2InBiX6 [73], and 
Rb2AgInX6 [74]. Some new double perovskites of the form 
A2BX6 (X = Cl, Br, or I) also possess the corresponding 
tunable energy gap due to changing halogens. These 
include Cs2PtX6 [75], Ga2TiX6 [76], Cs2PdX6 [77], Tl2PtX6 
[78], Cs2TeX6 [79], and Tl2TiX6 [80]. 

It is important to note that when F is replaced by Cl, 
Br, or I in BaLiX3, the lattice parameters of the compounds 
are inversely proportional to their band gap energies 
(Table 1). As seen from Table 1, the lattice constants of 
the compounds increase while their energy gaps decrease 
with the ion replacement. This fact is due to the increase 
in the bond length of the compound following the 
increase in its lattice parameter, which causes the valence 
electrons within the compounds to be less bound to their 
parent atoms. Therefore, less energy is required to move 
them freely as conduction electrons, decreasing the 
compounds’ energy gap. This phenomenon has also been 
observed in many other perovskites and double 
perovskites, in which the halide ion is substituted by its 
counterparts [41-59,62-80]. 

In ionic solids, electrons are firmly bound to their 
parents’ atoms, and therefore relatively large energy is 
required to excite them to the conduction bands of the 
compounds. Consequently, ionic compounds tend to 
have significant band gap energy. In the case of the 
present study, the corresponding compounds have 
significant band gap energy, more significant than 2.5 eV, 
when using the GGA functional. Moreover, as the ionic 
character of the compounds decreases when F is replaced 
by Cl, Br, or I (Fig. 4), the band energy of the compounds 
is expected to decrease, as confirmed by our results. This 
finding demonstrates that the decrease in the ionic 
characters causes the valence electrons to be less bound to 
the nuclei, requiring less energy to be excited to the 
conduction band. 

The general feature of the band diagram and the 
density of states of BaLiF3 (as shown in Fig. 3(a)) is in 
excellent agreement with that reported in Refs [10,13-17]. 
The band diagrams and the density of states of BaLiCl3, 
BaLiBr3, and BaLiI3 perovskites, on the other hand, are  
 

studied for the first time in the present work, where the 
smallest band gap energies of the compounds are found 
to be indirect: 4.29 eV (R→Γ), 3.5 eV (R→Γ), and 
2.58 eV (R→Γ), for the respective compounds. The 
smallest band gap energies of the compounds are in bold 
in Table 1, where band gap energies of (Γ→Γ), (M→Γ), 
and (X→Γ) are also presented for comparison. 

Furthermore, Fig. 3 clearly illustrates that the 
materials have relatively flat band gaps, especially 
valence bands. This is a unique and interesting property 
that might lead to potential applications in other devices, 
including thermoelectric devices [19-20]. More 
importantly, the coexistence of the flat band gaps and the 
high dispersion in the band structure contributes to the 
immense power factor (PF), as the former provides a 
larger thermopower (S). In contrast, the latter provides 
a higher electrical conductivity (σ) [19]. As seen in Fig. 
3, the flat bands are observed in the valence bands of the 
compounds along M, R, and Γ high symmetry points. 
Further investigation on the thermoelectric properties of 
these materials is therefore highly recommended, with 
BaLiI3 predicted to have better thermoelectric properties 
due to its smaller band gap than the other 3 materials. 
The material will be more suitable for thermoelectric 
materials by tuning further its band gap to a lower value, 
such as by applying external pressure. 

To investigate chemical bonds present within the 
perovskites, their electron density in the (110) and (100) 
planes is illustrated in Fig. 4. Fig. 4(a) and 4(b) clearly 
show that the Ba-F and Li-F bonds within BaLiF3 are 
primarily ionic, as seen from nearly spherical electronic 
distribution around the corresponding atoms. This 
finding can be further verified using Eq. (3) [81]. 

 21 20.25 X X%IC 1 e 100  
   
 

 (3) 

where IC stands for Ionic Character while X1 and X2 are 
the electronegativities of atom 1 and atom 2, respectively. 
Using Eq. (3), % ionic character values for Ba-F and Li-F 
bonds are 90.81 and 89.46%, respectively. This finding is 
consistent with the analysis reported by Lv et al. [17]. 

Furthermore, the present study reveals that the 
strength of the Li-X ionic bonds decreases as F is  
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Fig 4. (110) Electron density of BaLiF3 (a), BaLiCl3 (c), BaLiBr3 (e) and BaLiI3 (g) and (100) electron density of BaLiF3 
(b), BaLiCl3 (d), BaLiBr3 (f) and BaLiI3 (h) 
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substituted by Cl, Br, or I. This can be clearly seen from 
their electron charge density in the (110) plane as 
presented in Fig. 4(a, c, e and g), where electron 
distribution around X anions becomes more distorted as 
F is substituted by Cl, Br, or I, respectively. The distortion 
results in the charge density being less spherical, which 
implies a decrease in the ionic character of Li-X bonds for 
the ion replacement. This finding is attributed to the fact 
that the ions are of different sizes, with I− the largest anion, 
followed by Br−, Cl−, and F−. Larger X− anions will be more 
electrically polarized in the presence of the Li+ ion, and 
therefore their charge distribution will be less spherical, 
resulting in more electrons being more localized in the 
regions between Li-X. This is an indication that the 
covalent character of the Li-X bonds increases as X 
becomes more prominent in size. In other words, the 
ionic character of Li-X decreases due to the substitution 
of X with larger anions. Despite the decrease in the ionic 
character, the Li-X (X = F, Cl, Br, and I) bonds are still 
mainly ionic and partly covalent. This character can be 
verified using Eq. (3), from which the ionic character 
percentages of Li-F, Li-Cl, Li-Br, and Li-I bonds are 89.46, 
69.52, 62.47, and 50.62%, respectively. 

To see the character of Ba-X bonds more clearly, 
the electron density of the cubic BaLiF3, BaLiCl3, 
BaLiBr3, and BaLiI3 perovskites in the (100) plane is 
plotted and shown in Fig. 4(b, d, f, and h), respectively. 
It is evident from the figures that the electron 
distribution around the Ba2+ and X− ions (X = F, Cl, Br, 
or I) are almost perfectly spherical. This finding indicates 
that the Ba-X bonds within the cubic BaLiF3, BaLiCl3, 
BaLiBr3, and BaLiI3 perovskites are mostly ionic. Hence, 
the materials can be categorized as ionic crystals. 

Elastic Properties 

The elastic properties of the compounds are 
summarized in Table 3, while the equations used in 
calculating the elastic properties are presented in our 
previous study [82]. 

The mechanical stability of materials is a 
significant property for applying materials in devices. In 
general, the mechanical stability of a compound is 
evaluated using the Born-Huang mechanical stability 
criteria [83]. Materials are mechanically stable if their 
elastic constants satisfy C11 > 0, C44 > 0, (C11-C12) > 0, 
(C11 + 2C12) > 0, and C12 < B < C11. Evaluation of the elastic 

Table 3. Elastic properties of the cubic BaLiX3 (X = F, Cl, Br, or I) perovskites calculated using the GGA functional 

Parameters 
Compounds 

BaLiF3 BaLiCl3 BaLiBr3 BaLiI3 
Elastic Const. C11 (GPa) 118.88 61.02 49.30 37.05 
Elastic Const. C12 (GPa) 42.76 19.68 16.11 12.56 
Elastic Const. C44 (GPa) 43.19 18.66 14.31 10.34 
Bulk modulus B (GPa) 68.14 33.46 27.17 20.72 
Shear modulus G (GPa) 41.06 19.44 15.19 11.06 
Pugh Ratio B/G 1.66 1.72 1.79 1.87 
Anisotropy Factor A 1.14 0.90 0.86 0.84 
Young modulus E (GPa) 102.57 48.85 38.41 28.17 
Poisson Ratio ϑ 0.25 0.26 0.27 0.27 
Kleinman Parameter ζ 0.50 0.47 0.47 0.48 
Cauchy Pressure (C11-C12) 76.12 41.34 33.19 24.49 
Debye Temperature θD (K) 398.25 270.62 199.37 151.88 
Melting Temperature Tm (K) 1255.7 ± 300 913.69 ± 300 844.41 ± 300 772.0 ± 300 
Average sound velocity Vm (m/s) 3164.09 2606.31 2040.65 1690.43 
Longitudinal Sound Velocity Vl (m/s) 3673.34 3078.78 2455.68 2079.83 
Transverse Sound Velocity Vt (m/s) 2851.51 2346.50 1835.98 1519.42 
Lame Const. λ 41.03 21.00 17.75 13.02 
Lame Const. μ 41.03 19.38 15.12 11.09 
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constants and the bulk moduli in Table 3 based on this 
criterion shows that all studied perovskites in the present 
work are mechanically stable. In addition, C11 of the four 
compounds is considerably larger than C12 and C14. This 
large value of C11 is due to the directional Li-X ionic bond 
within the BaLiX3 (X = F, Cl, Br, or I) compounds, as 
discussed in the previous section. 

Another important property related to the elastic 
constants is the bulk modulus (B), representing the 
resistance of a material to applied external pressure. It is 
apparent from Table 3 that the elastic constants and the 
bulk modulus of BaLiF3 are significantly larger than those 
of BaLiCl3, BaLiBr3, and BaLiI3. This finding implies that 
BaLiF3 has the most substantial resistance of all. Similarly, 
BaLiF3 is predicted to have the largest shear modulus 
(41.06 GPa), substantially more significant than the shear 
modulus of BaLiCl3 (19.44 GPa), BaLiBr3 (15.19 GPa), and 
BaLiI3 (11.06 GPa). This fact demonstrates that BaLiF3 has 
stronger shear resistance compared to the other three 
isoelectronic perovskites, although all of them still have 
relatively high shear resistance. In addition, since the 
Young modulus (E) represents the stiffness of materials, 
BaLiF3 is expected to be significantly stiffer than the other 
three compounds due to its highest Young modulus. It is 
also found that for all studied perovskites, the Young 
modulus is larger than the bulk modulus, indicating that 
BaLiX3 perovskites are more resistant to tension than the 
effect of compression. 

Reddy et al. [84] have found a systematic 
relationship between the bulk modulus and the energy 
gap of some materials. The authors reported that the bulk 
modulus is linearly proportional to the band energy of the 
materials, which is consistent with the result in the 
present study. However, it should be noted that this 
relationship does not apply to all materials. For example, 
Li et al. [85] claimed that the trend is not generally true 
for alloys, as the band gap energy in alloy systems varies 
due to the combination of size and chemical effects [86]. 

The Poisson ratio and Pugh’s ratio can be used to 
evaluate the ductility or brittleness of materials. A 
material is ductile if its Poisson ratio is larger than 0.26 
and brittle if it is lower than 0.26 [41]. From Table 3, the 
Poisson ratio of BaLiF3 is 0.25, strongly indicating its 

brittle behavior. This is in excellent accordance with the 
previous studies [16-17]. The ductility and brittleness of 
the compound can be further verified by its Pugh’s ratio 
[87]: materials are ductile if their Pugh’s ratio is larger 
than 1.75. As its Pugh’s ratio is 1.66 (Table 3), it is 
anticipated that BaLiF3 is brittle. 

Interestingly, the Poisson ratio and the Pugh ratio 
of the perovskites are found to increase following the 
replacement of F by Cl, Br, or I, which implies a decrease 
in their brittleness. With the Poisson and Pugh ratios of 
0.26 and 1.72, respectively, BaLiCl3 still possesses brittle 
behavior despite being less brittle than BaLiF3. More 
importantly, it was found that BaLiBr3 and BaLiI3 are 
malleable. The change of behavior from brittle to ductile 
by changing halogens is an essential finding since ductile 
materials can be quickly deposited as high-quality thin 
films for various applications [3,88]. This phenomenon 
is also an alternative way to change the brittle behavior 
of compounds in addition to increasing applied pressure 
[17]. 

Furthermore, the Poisson ratio can be used to study 
the bonding character within solids. A value of Poisson 
ratio close to 0.25 implies that the material is an ionic 
crystal due to the central force within the material 
[17,89]. The computed Poisson ratio values for all 
perovskites in this study range between 0.25 and 0.27, 
indicating that these materials are ionic crystals, 
consistent with our previous discussions regarding the 
electronic density plots. 

The first Lamé’s constant λ measures the 
compressibility of materials, while the second constant μ 
is related to the shear stiffness of materials [90-91]. As 
seen from Table 3, the two constants λ and μ of BaLiF3 
are significantly larger than those of BaLiCl3, BaLiBr3, 
and BaLiI3. This fact has been anticipated since it is well-
known that the two constants are directly proportional 
to the Young modulus. Also, the values of the second 
constant μ resemble those of the shear modulus, which 
was true for many other isoelectronic compounds 
presented in Refs [92-95]. 

The Kleinman parameter ζ represents the internal 
strain of materials [90]. The value of ζ is between 0 and 
1 for solids. ζ = 0 corresponds to minimizing bond 
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bending, while ζ = 1 is related to minimizing bond 
stretching [96]. The computed Kleinman parameter ζ for 
BaLiF3, BaLiCl3, BaLiBr3, and BaLiI3 are 0.50, 0.47, 0.47, 
and 0.48 for the respective perovskites. This fact suggests 
that the bond bending and the bond stretching are equal 
for BaLiF3, while the bond bending within BaLiCl3, 
BaLiBr3, and BaLiI3 compounds are slightly more 
dominant than the bond stretching. 

Table 3 also shows that BaLiF3 has the highest Debye 
temperature θD (398.25 K), significantly higher than 
BaLiCl3 (270.62 K), BaLiBr3 (199.37), and BaLiI3 (151.88 
K). This finding follows that the Debye temperature of 
materials is closely related to their specific heat, melting 
temperature, and elastic constants [91]. 

Some elastic properties of BaLiF3 have been 
investigated both experimentally and theoretically. 
Therefore, a comparison with these previous values is 
necessary. Table 4 depicts the elastic properties of BaLiF3 
along with previously reported values. Overall, the three 
elastic constants, the bulk modulus, and the shear 
modulus of BaLiF3 calculated using GGA functional in the 
present study and other GGA-based theoretical results in 
Table 4 are closer to the corresponding experimental 

values compared with Local Density Approximation 
(LDA)-based theoretical calculation. This does not 
necessarily mean that the GGA function is always more 
accurate than the LDA function in the study of the elastic 
properties of materials, as Råsander and Moram [97] 
showed that the performance of functionals is system-
dependent. The authors evaluated the performance of 
various functionals in predicting the elastic properties of 
some insulators and semiconductors and found that the 
LDA is more accurate for some particular compounds. 

It is important to note that some elastic properties 
of BaLiF3 do not currently have experimental values. 
Therefore, our theoretical results and those in the 
literature are of great importance for further studies on 
this perovskite. Also, as previously mentioned, the 
elastic properties for BaLiCl3, BaLiBr3, and BaLiI3 are 
presented for the first time in this work. The excellent 
agreement between the current theoretical results for 
BaLiF3 and its corresponding experimental values and 
other theoretical results strongly indicates that our 
results for BaLiCl3, BaLiBr3, and BaLiI3 can be 
considered a reliable prediction of the materials' 
properties. 

Table 4. Comparison of elastic properties of the cubic BaLiF3 from the present study using the GGA with other 
theoretical calculations and experiments 

Parameters This work Other theoretical results Experiment 
Elastic Const. C11 (GPa) 118.88 GGA: 149.2 [39], 134.0 [17] 

LDA: 232.3 [39], 163.84 [10] 
130 ± 1 [11] 

 
Elastic Const. C12 (GPa) 42.76 GGA: 33.1 [39], 45.4 [17] 

LDA: 31.2 [39], 50.81 [10] 
46.5 ± 0.5 [11] 

 
Elastic Const. C44 (GPa) 43.19 GGA: 58.0 [39], 46.5 [17] 

LDA: 42.2 [39], 60.02 [10] 
48.7 ± 0.5 [11] 

 
Bulk modulus B (GPa) 68.14 GGA: 74.9 [17], 64.45 [10], 66.46 [14] 

LDA: 88.84 [10] 
79 [11] 

Shear modulus G (GPa) 41.06 GGA: 58.0 [39], 45.6 [17] 
LDA: 65.5 [39] 

45.9 [11] 

Poisson Ratio ϑ 0.25 GGA: 0.25 [17] - 
Pugh Ratio B/G 1.66 GGA: 1.64 [17] - 
Anisotropy Factor A 1.14 GGA: 1.12 [16] - 
Transverse Sound Velocity Vt (m/s) 2851.51 GGA: 2822.93 [16] - 
Longitudinal Sound Velocity Vl (m/s) 3673.34 GGA: 4873.80 [16] - 
Average sound velocity Vm (m/s) 3164.09 GGA: 3133.10 [16] - 
Debye Temperature θD (K) 398.25 GGA: 290.72 [16] - 
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Table 4 indicates that there is a discrepancy between 
the C11 value (118.88 GPa) obtained in this study 
compared to that reported in references [17] (134.0 GPa) 
and [39] (149.2 GPa). The reason for this discrepancy is 
the use of different methods in the calculation despite 
using the GGA functional. In the present study, we used 
the thermo_pw code under Quantum Espresso. At the 
same time, Ref [17] implemented the CASTEP code, and 
Ref [39] used the all-electron linear muffin-tin orbital 
method in the full-potential implementation. Different 
packages imply different computational approaches, and 
therefore different results are expected. However, the 
accuracy of the methods can be evaluated in this case since 
the experimental value of C11 of BaLiF3 is known, i.e., 
130 GPa [11]. The % errors of C11 from the CASTEP code 
(3.07%) are smaller than those from our results using the 
thermo_pw package (8.55%) and the linear muffin-tin 
orbital method used in [39] (14.77%). This trend is also 
observed when evaluating the accuracy of the three 
methods in obtaining some other elastic properties, 
including C12, C44, and the shear modulus (G). These 
findings strongly suggest the CASTEP code used in [17] is 
expected to be more accurate than the thermo_pw code, 
which is also more accurate than the all-electron linear 
muffin-tin orbital method used in Ref [39] when 
calculating elastic properties. 

Optical Properties 

Optical properties of the BaLiX3 (X = F, Cl, Br, or I) 
perovskites were successfully calculated, and the results 
within the photon energy interval 0–20 eV are presented 
and discussed in this section. 

The imaginary part of the dielectric function ε2(ω) 
and the real part of the dielectric function ε2(ω) can be 
calculated using Eq. (4) and Eq. (5), respectively [98-100]. 

    
2 2

C V C V
2 k k K K

0 K,V,C

2e U.r E E E
       

 


 (4)

   2
1 2 2

0

' '21 P d '
'

  
    

  
  (5) 

where e and Ω are the electronic charges and the unit cell 
volume, respectively; ψ୩

 and ψ୩
େ are wave functions at a 

particular k in the valence band and the conduction band, 
respectively; E

େ and E
 represent the energy of electrons 

at a special k in the conduction and the valence bands, 
respectively; Û is the unit vector in the direction of the 
polarization of the incident electric field of the light; δ is 
the delta function to account for the energy and 
momentum conservation during a transition. 

After ε2(ω) and ε1(ω) are obtained, the refractive 
index as a function of photon energy η(ω) and the 
extinction coefficient k(ω) of the perovskites are 
calculated using Eq. (6) and (7), respectively [99]. 
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The computed values of the real part of the 
dielectric function ε1(ω), the imaginary part of the 
dielectric function ε2(ω), the refractive index η(ω), and 
the extinction coefficient k(ω) of the BaLiX3 (X = F, Cl, 
Br, or I) perovskites compounds within 0–20 eV are 
plotted in Fig. 5. 

Fig. 5(a) shows the appearance of the highest peak 
of ε1(ω) for BaLiF3 (5.04) at 8.58 eV, which corresponds 
well with previous studies where the highest peak was 
observed at 8.6 eV [14-15]. Although the numerical 
value of the prominent peak was not explicitly stated in 
[10,16], it can be seen from their curve that the central 
peak was located at about 9 eV. Meanwhile, the static 
dielectric function ε1(0) of BaLiF3 is found to be 2.57 in 
this study, which is also consistent with the previous 
reports, i.e., 2.5 [14], 2.6 [15], and about 1.96 [10,16]. In 
addition, the main feature of ε1(ω) for BaLiF3 obtained 
in this study is in excellent agreement with previous 
studies. 

Fig. 5(a) also presents the real part of the dielectric 
function ε1(ω) of BaLiCl3, BaLiBr3, and BaLiI3, where a 
clear shift of the main peak to lower photon energy and 
an increase in static dielectric function are observed. The 
main peaks for the respective perovskites are observed at 
5.72, 4.84, and 3.74 eV, whereas the static dielectric 
function values ε1(0) were found at 3.35, 3.83, and 4.56. 
It is important to note that the real part of the dielectric 
function ε1(ω) is shifted toward lower photon energies as 
we  move  from  F to Cl, Br, or I,  which  is  also  true  for  
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Fig 5. ε1(ω) (a), ε2(ω) (b), η(ω) (c), and k(ω) (d) of the cubic BaLiX3 (X = F, Cl, Br, or I) 

 
other optical properties presented in Fig. 5(b-d), Fig. 6(a-
c). This trend is in close agreement with the electronic 
band structure of the compounds, as previously discussed, 
where the electronic band gaps of the materials decrease 
when Cl, Br, or I replace F. Additionally, the static 
dielectric function values ε1(0) are inversely proportional 
to the band gap energy of the compounds, which is also 
consistent with the Penn model [101]. Moreover, since a 
material with a larger static dielectric constant generally 
has better optoelectronic properties due to a lower rate of 
charge recombination [100,102-103], BaLiI3 is predicted 
to possess better optoelectronic properties compared to 
BaLiBr3, BaLiCl3, and BaLiF3 perovskites. A similar trend 
was also reported recently [104], where FrGeF3 which has 
a larger static dielectric constant than KGeF3 and RbGeF3, 
was found to demonstrate better optoelectronic 
performance than KGeF3 and RbGeF3. 

Fig. 5(b) presents the imaginary part of the dielectric 
function ε2(ω), which represents the absorption behavior 

of the perovskites and, therefore, should be directly 
related to the band structure. It is evident from Fig. 5(b) 
that the threshold energy for the dielectric function 
ε2(ω), i.e., the energy at which materials start absorbing 
light, shifts towards lower energy as F is replaced by Cl, 
Br, or I. This finding is consistent with the band 
structure and DOS of the materials, as depicted in Fig. 3, 
where the forbidden gap between valence and 
conduction bands of the compounds decreases due to 
the halogen replacement. The prominent absorption 
peaks for the BaLiF3, BaLiCl3, BaLiBr3, and BaLiI3 are at 
9.24, 5.94, 5.06, and 5.94 eV, respectively. More 
importantly, Fig. 5(b) strongly reveals that BaLiCl3, 
BaLiBr3, and BaLiI3 perovskites have a much more 
comprehensive absorption range compared to BaLiF3 
and that BaLiI3 has the widest absorption range within 
0–20 eV, followed by BaLiBr3, BaLiCl3, and BaLiF3. As 
before, the overall feature of the ε2(ω) curve in this study 
agrees very well with previous studies [10,14-16]. 
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As expected, the refractive index of BaLiX3 as a 
function of energy η(ω) (Fig. 5(c)) is very similar in shape 
to ε1(ω) (Fig. 5(a)). The computed static refractive index 
η(0) of BaLiF3 is 1.60, which is in excellent agreement with 
the corresponding predicted value of 1.59 by [14-15], and 
is slightly larger than a value of 1.40 reported by Yalcin et 
al. [16] and Korba et al. [10]. Meanwhile, the computed 
static refractive index η(0) for BaLiCl3, BaLiBr3, and BaLiI3 
are 1.83, 1.96, and 2.14, respectively. Additionally, the 
most significant values of the refractive index of BaLiX3 
(X = F, Cl, Br, or I) are 2.32 (at 8.80 eV), 2.68 (at 5.72 eV), 
2.79 (at 4.84 eV), and 2.88 (at 3.96 eV), respectively. 

As for the extinction coefficient k(ω) (Fig. 5(d)), it is 
well known that the feature of extinction coefficient k(ω) 
should resemble that of ε2(ω), which is also the case in the 
present study. In addition, Eq. (6) clearly indicates that a 
local maximum of k(ω) should correspond to a local 
minimum of ε1(ω). The comparison of Fig. 5(a) and 5(d) 
confirms this. Finally, the most significant values of the 

k(ω) of BaLiX3 (X = F, Cl, Br, and I) within 0–20 eV are 
1.07 (at 9.46 eV), 1.14 (at 9.24 eV), 1.28 (at 8.14 eV), and 
1.69 (at 6.38 eV), respectively. 

The reflectivity R(ω), the absorption coefficient 
α(ω), and the loss function L(ω) of the BaLiX3 
compounds are also essential properties that can be used 
to evaluate the potential of the materials for applications 
in devices. R(ω), L(ω), and α(ω) were calculated using 
Eq. (8-10) [99]. Fig. 6 depicts computed values of R(ω), 
α(ω) and L(ω) of the perovskites. 
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Fig. 6(a) shows that all studied compounds have 
low reflectivity, which is suitable for device applications.  
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Fig 6. R(ω) (a), α(ω) (b), and L(ω) (c) of cubic BaLiX3 (X = F, Cl, Br, and I) 
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Overall, BaLiI3 has the highest reflectivity, respectively 
followed by BaLiBr3, BaLiCl3, and BaLiF3 within 0–15 eV. 
Between 15 and 20 eV, BaLiCl3 is predicted to have 
slightly higher reflectivity than the others. The highest 
reflectivity of BaLiI3 is about 33.14% (at 6.16 eV), followed 
by BaLiBr3: 26.53% (at 5.06 eV), BaLiCl3: 24.02% (at 
5.94 eV), and BaLiF3: 21.10% (at 9.24 eV). The general 
feature of reflectivity in this study matches very well with 
that reported by Mousa et al. [15] and Mubarak and 
Mousa [14]. 

The considerable absorption of BaLiF3 was 
previously predicted by Mousa et al. [15]. This prediction 
is confirmed here, where the absorption coefficient α(ω) 
of BaLiF3 is in the order of 105 cm−1 (Fig. 6(b)). Similar 
absorption behavior is also predicted for BaLiCl3, BaLiBr3, 
and BaLiI3. Another important finding from Fig. 6(b) is 
that BaLiCl3, BaLiBr3, and BaLiI3 perovskites have a much 
broader absorption range compared to BaLiF3, implying 
that they can be applied in a wider range of applications. 

As L(ω) represents an inelastic scattering process, 
Fig. 6(c) shows that inelastic scattering is negligible for 
low photon energy. A comparison of Fig. 6(c) and 6(b) 
suggests that the threshold values of the absorption 
coefficients and the loss function are in good agreement, 
as expected. This finding implies that the scattering 
process becomes more apparent when the materials 
absorb incident light. Above the threshold values, the loss 
function of the BaLiCl3, BaLiBr3, and BaLiI3 materials 
increases up to 20 eV while that of BaLiF3 increases to 
peak at about 13 eV and then decreases. Overall, across 
the whole energy range 0–20 eV, the highest loss function 
is experienced by BaLiI3, followed by BaLiBr3, BaLiCl3, 
and BaLiF3 compounds. 

■ CONCLUSION 

Theoretical DFT predictions of the structural, 
electronic, elastic and optical properties of the BaLiX3 (X 
= F, Cl, Br, or I) perovskites are reported for the first time 
in the present study. The properties of BaLiF3 agreed very 
well with experimental and other theoretical results in the 
literature. The optimized lattice constants of the BaLiX3 
(X = F, Cl, Br, or I) compounds increased when Cl, Br 
replace F or I, while the reverse was true for their 

electronic band gaps. The exceptional optical properties 
of these materials and their mechanical stability suggest 
that they are suitable for various applications. 
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 Abstract: Heavy metal ions have attracted significant concern regarding their toxicity 
in living organisms. Concurrently, the removal of heavy metals by the adsorption method 
is also under the spotlight because it is effective, less cost-demanding, and easy to operate. 
To date, natural zeolites become one of the most used adsorbents for it is low cost, 
abundant in reserve, and has high selectivity towards heavy metal. Zeolites possess 
negatively charged three-dimensional frameworks built by SiO4 and AlO4 tetrahedra, 
which are balanced by counter-cations. The cations within zeolite frameworks can be 
exchanged with the heavy metal cations in an aqueous environment. This review 
comprehensively reports the adsorption capacity of heavy metal ions using pristine and 
modified natural zeolite. The important aspects, including the physicochemical properties 
of pristine and modified natural zeolites, heavy metal ion adsorption isotherms, kinetics, 
and thermodynamics, are discussed in detail. It is imperative to note that the 
physicochemical properties of natural zeolites greatly determine the adsorption 
capability. Furthermore, natural zeolites could be modified with various molecules such 
as surfactants and polymers to improve the adsorption capacity and adsorb heavy metal 
anions. Ultimately, this review is concluded with prospects for future improvement. 

Keywords: adsorption capacity; adsorption isotherm; adsorption kinetics; heavy metal; 
zeolite 

 
■ INTRODUCTION 

Environmental pollution is a problem that always 
appears, even common, in the last decade. This type of 
pollution can come from anywhere, but the most frequent 
and dangerous sources of pollution are organic materials 
and heavy metals from industrial wastewater [1-4]. Heavy 
metals refer to dense metallic elements with high atomic 
weights or atomic numbers, such as Cd, Hg, Pb, As, Cu, 
Cr, Mn, Fe, and Zn, which are toxic at relatively low 
concentrations [5]. The effect of heavy metal intake on the 

human body through water is fatal since it will 
accumulate and may lead to organ failure [1,6]. 
According to WHO, there are limits to those metals in 
the drinking water, i.e., Cd(II): 3 μg L−1, As(V): 10 μg L−1, 
Pb(II): 10 μg L−1, Cr(VI): 50 μg L−1, Mn: 0.4 mg L−1, 
Cu(II): 2 mg L−1, Fe(III): 2 mg L−1, and Zn(II): 3 mg L−1. 

Cd(II), As(V), and Cr(VI) are classified as 
carcinogenic heavy metal ions. Cr is divided into two 
stable species in nature, Cr(III) and Cr(VI), in which the 
latter is a far more dangerous species than the former. 
Even so, the limit of Cr(VI) is higher than Cd(II) and 
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As(V) because it could still be reduced to Cr(III) as long 
as its dose is under the limit [5]. Pb(II) can cause loss of 
intelligence quotient in children, whereas Mn(II) has a 
quite high dose since it is somewhat elusive whether Mn 
has an adverse effect on humans, albeit it has harmful 
effects in rodents and other animals [5]. Unlike other 
heavy metals, Fe and Zn are essential to our bodies. 
Nevertheless, several studies show that Zn and Fe are 
poisonous to animals such as fish, sheep, and even 
humans when it exceeds the limited dose intake [5,7-10]. 

Several strategies have been devoted to removing 
heavy metal ions from the aqueous environment, such as 
ion exchange, neutralization, chelating agent, reverse 
osmosis, and adsorption [2,11-14]. All these methods 
have succeeded in removing heavy metal ions from 
aqueous solutions through the years and have offered 
some advantages and disadvantages. Those advantages 
and disadvantages are the keys for researchers and 
industries to select the preferred method. Neutralization, 
chelating agent, and reverse osmosis are better in terms of 
effectiveness for removing heavy metal ions. Yet, the 
operational cost is very costly, rendering these methods 
unlikely to be applied in many industries. Ion exchange 
and adsorption exhibit a high selectivity to the heavy 
metal ion and a relatively low operational cost. However, 

ion-exchange limits metal concentration in a solution, 
making adsorption generally preferred [2,15]. 

In the adsorption method, there are many types of 
adsorbent, including biosorbent [16], activated carbon 
[17], fly ash [2], clay minerals [18], and zeolite [19-20]. 
As seen in Fig. 1, these materials are used and proven 
successful in removing metal ions from an aqueous 
solution. Biosorbent is a material that utilizes 
microorganisms, such as algae, bacteria, and fungi, dead or 
alive, to adsorb pollutants on their cell wall or to detoxify 
the heavy metal by changing its oxidation number, e.g., 
Cr(VI) to Cr(III) [16,21-23]. However, biosorbent has a 
significant drawback since it needs to be in a well-
controlled environment, such as pH, temperature, and 
solution matrix, to perform the adsorption of heavy metal 
ions [16,21]. Furthermore, the effectiveness of 
adsorption is limited to low heavy metal concentrations 
[23]. Activated carbon is a carbon material with a large 
surface area, great active sites, and a porous structure 
[17]. Nonetheless, even with great active sites, activated 
carbon has a little too low adsorption capacity and 
selectivity toward metal ions [17]. Fly ash is an 
aluminosilicate-based solid waste from a thermal power 
plant [2,24]. It is cheap but needs chemical activation to 
improve its adsorption performance [2]. 

 
Fig 1. Adsorbent materials structure: (a) Activated carbon. Adapted with permission from Ref [25], Copyright 2017 
Sage; (b) Clay. Adapted with permission from Ref [26], Copyright 2018 SCIRP; (c) Biosorbent. Adapted with 
permission from Ref [27], Copyright 2017 Frontiers; (d) Fly ash. Adapted with permission from Ref [2], Copyright 
2019 Elsevier; (e). Zeolite. Adapted with permission from Ref [28], Copyright 2020 MDPI 
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Clay mineral is an aluminosilicate-based layered 
material with an ion exchange capacity and large surface 
area [14,18]. However, due to its swelling properties, it has 
limited adsorption capacity and low selectivity to heavy 
metal ions [14]. Zeolite is a crystalline, aluminosilicate 
material with uniform distribution of micropores 
(<2 nm) and a large surface area [29-31]. The 
microporous and negatively-charged structures render 
the natural zeolite highly effective and efficient for 
removing heavy metal ions. Zeolite can be naturally-
occurred via a hydrothermal-like reaction in the volcanic 
area. Natural zeolite is cheap yet still possesses high 
adsorption capacity. Indonesia has more than 400 million 
tons of natural zeolite reserves [32-33]. Currently, more 
than 250 different zeolite frameworks to date, and each of 
them has been assigned a three-letter code by 
International Zeolite Association (IZA). 

This review comprehensively discussed the 
characteristics of pristine natural zeolite and its 
application as an adsorbent for removing heavy metal 
ions from the aqueous environment. Moreover, several 
routes for modifying the natural zeolites to improve the 
adsorption performance and enable the removal of heavy 
metal anions, e.g., Cr(VI), are also elaborated in detail. 
The heavy metal ions adsorption discussion covers the 
isotherm, kinetics, and thermodynamic studies. 

■ CHARACTERISTICS OF NATURAL AND 
MODIFIED ZEOLITE 

Pristine Natural Zeolite 

Over 50 types of pristine zeolite have been identified 
worldwide, commonly found in volcanic rocks. The 
zeolite structure has a three-dimensional framework 
consisting of SiO4 and AlO4 tetrahedra. The isomorphous 
substitution of SiO4 with AlO4 renders a negative charge 
on the zeolite framework. Hence, counter-cations are 
needed, such as alkaline and alkaline earth metals and 
ammonium, which could be exchanged with the other 
heavy metal ion solution because those cations are weakly 
held [34]. These pristine zeolites have a unique framework 
and structure that are relevant to their adsorption and ion 
exchange capacities. Moreover, pristine zeolites also can be 
used for separation [35] and catalysis [36-41] due to their 

structural cavities, porous acid sites, and input channels 
that can establish molecules like water and other organic 
molecules. According to IZA, there are over 200 types of 
zeolite frameworks, and each type is divided by a three-
letter code [42]. 

The physicochemical properties of pristine zeolite 
determine its structural properties, such as Si/Al ratio, 
mineral composition, exchangeable cation, and surface 
area. Si/Al ratio is essential because it causes zeolites to 
have a negative charge that can attract cations. The lower 
Si/Al ratio is, the higher its negative charge density, 
making it better in selectivity and attracting the metal 
cations [37,43-44]. 

Mineral composition and exchangeable cations are 
the factors that are often not considered. Different 
minerals have distinct properties, making some of the 
zeolites have higher adsorption capacity than others 
while having the same solution matrix [45]. 
Exchangeable cations did play significant roles in the 
adsorption capacity. For example, the more the 
exchangeable cation, the more heavy metal ions can be 
exchanged from the polluted solution [46]. Heavy metal 
ions are regularly in a divalent state, so a divalent ion 
exchanger, such as Mg(II) and Ca(II), is commonly 
better than a monovalent ion exchanger, such as NH4(I), 
H(I), and K(I). In other cases, the surface area also 
played a significant role in the adsorption capabilities of 
the zeolite. The larger the surface area, the more heavy 
metal ion can be adsorbed, giving the zeolite more 
immense sorption capabilities [47]. Therefore, the factors 
governing the adsorption course are complex, and the 
adsorption results between different reports should be 
comprehensively considered before comparison. 

Clinoptilolite is one of the most abundant natural 
zeolites and is commonly utilized by researchers [48-51]. 
The presence of clinoptilolite is distributed worldwide, 
including south-east Asia, South America, Europe, 
Australia, and Africa. Aside from clinoptilolite, other 
natural zeolites are also explored, such as mordenite, 
chabazite, stilbite, and phillipsite. The type and 
composition of pristine natural zeolites are summarized 
in Table 1. As seen, the Si/Al ratio is relatively low, 
ranging  from  around  1 to 6,  which  generates  a  highly  
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Table 1. Type and the composition of pristine zeolite 

Zeolite Zeolite type Si/Al Ratio Major 
cation 

CEC 
(meq g–1) 

SSA 
(m2 g−1) 

Ref. 

Brazilian zeolite Clinoptilolite 4.82 - 1.57 59.63 [48] 

Philippine zeolite Mix of mordenite, clinoptilolite, 
and chabazite 

4.29 Ca; Fe; Mg - 222.63 [44] 

Indonesian zeolite 
Mix of mordenite and clinoptilolite 4.72 K; Ca 43.20 - 

[46] Mix of mordenite and clinoptilolite 5.40 K; Na; Ca; Fe 102.80 - 

Indian zeolite 
Mordenite 3.51 Na; Ca; Mg - - 

[49] Stilbite 2.08 Ca; Na - - 
Heulandite 2.36 Ca; Na - - 

Russian zeolite Clinoptilolite 5.00–6.00 K; Na - - [50] 
Iranian zeolite Clinoptilolite 4.87 K - 60.43 [51] 
Kazakhstan zeolite - 4.59 Ca; Fe; Mg; K - - [52] 
Jordanian zeolite Philipsite 2.96 Fe; Mg; Ca 0.70 41.20 [53] 
Serbian zeolite Clinoptilolite - Ca; Mg 1.38 18.00 [54] 
Slovakian zeolite - 4.95 Ca; Fe - - [55] 

 
negative charge. Thus, natural zeolites are balanced by 
monovalent cations and divalent cations. The cation-
exchange capacity (CEC) and the specific surface area are 
greatly varied due to the difference in crystallinity, 
impurities, and other variables. It should be noted many 
natural zeolites are found in low crystallinity. 

Modified Natural Zeolite 

Pristine natural zeolite’s advantages, including 
abundant reserve, good adsorption, decent cation 
exchange capacity, and low cost, are still deemed 
insufficient since the said advantageous properties could 
be further enhanced. Therefore, researchers have begun 
modifying pristine zeolites by incorporating acid or base, 
polymer, and functional groups for the adsorption of 
heavy metal ions. The modified natural zeolites are also 
applied in other fields, such as catalysis [56] and the 
removal of other inorganic pollutants [57-58]. The vast 
application of the modified pristine natural zeolite does 
not rule out the possibility that a new or already found 
modifier for another field is applicable in heavy metal 
adsorption. 

Yousefi et al. [59] analyzed the clinoptilolite modified 
with Cobalt Hexacyanoferrate nanoparticles to remove 
Cd(III) ions from an aqueous solution. The result indicated 
the Cd(III) ions sorption capacity was improved up to two 
times higher than non-modified clinoptilolite (51 mg g−1). 

Meanwhile, Mirbaloochzehi et al. [60] modified the 
clinoptilolite using a surfactant (Triton X-100) to remove 
heavy metal cations (i.e., Cu(II), Pb(II), Ni(II), Cd(II), 
Fe(II), and Zn(II)) from aqueous solution with cation 
sorption capacity for Pb(II), Cu(II), Cd(II), Ni(II), 
Zn(II), and Fe(II) was 91.34, 85.71, 78.27, 76.18, 67.41 
and 63.45 mg g−1, respectively. Chitosan nanoparticles 
were also investigated as a modifier to the natural zeolite 
to improve the sorption capacity of Pb(II) ions [61]. As 
a result, the adsorption capacity was increased compared 
to the non-modified zeolite from 43.83 to 49.91%. 

Pristine natural zeolite has impurities within its 
inner architecture, often impeding micropores. Hence, 
acid or base is added to eliminate other minerals or 
substances obstructing the pore so that zeolite can 
adsorb more heavy metal ions. Another challenge is that 
pristine zeolite carries a negative charge that cannot 
adsorb heavy metal anions, such as chromate or 
bichromate. Consequently, surface modification is 
necessary to equip the natural zeolite with anion 
adsorption ability. It includes the addition of polymer or 
functional groups to the surface of zeolites. Table 2 
summarizes several modifiers used by the researchers. 

■ ADSORPTION CAPACITY 

Adsorption methods are commonly used by mixing 
solid adsorbent materials into a heavy metal solution. The  
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Table 2. Modifier, textural properties, and cation exchange capacity (CEC) 

Zeolite type Modifier 
Textural properties 

CEC 
(meq g−1) Ref. SSA before 

modification (m2 m−1) 
SSA after 

modification (m2 g−1) 
Iranian zeolite Cobalt hexacyanoferrate - - - [59] 
Iranian zeolite Triton x-100 (surfactant) - - - [60] 
Indonesian zeolite Chitosan - - - [61] 
Iranian zeolite HDTMA 

(Hexadecyltrimethylammonium) 

14.85 9.55 - [62] 
Mexican zeolite 7.73 5.41 - [63] 
Taiwan zeolite 746.00 22.90 1.50 [64] 
Serbian zeolite Alginate Composite - - 1.49 [65] 

Iranian zeolite HDTMA and dithizone 23.19 
HDTMA: 29.72 

HDTMA+ dithizone: 
34.33 

- [66] 

Mexican clinoptilolite 
Metals ion (Fe; Zr; FeZr) 

- - 1.60 ± 0.09 
[68] Mexican mordenite - - 1.80 ± 0.06 

Mexican chabazite - - 2.10 ± 0.05 
Slovakian clinoptilolite NaCl sonication 31.14 37.25 1.58 [69] 
Iranian clinoptilolite Glycine 97.00 41.14 - [70] 

 
mixture is then stirred to maximize the adsorption by 
using a shaker. Then the mixture is separated using 
centrifugation and screening to free the supernatant from 
the adsorbent. Afterward, the supernatant is measured, 
usually by using atomic absorption spectroscopy (AAS) or 
atomic emission spectroscopy (AES), to determine the 
number of heavy metal ions that have been absorbed. 
From these steps, adsorption performance, such as 
adsorption capacity, isotherm, kinetics, and 
thermodynamics, can be determined for modeling the 
adsorption course of adsorption. 

Adsorption Capacity of Pristine Zeolite 

Budianta et al. [46] used two Indonesian natural 
zeolites from Bantengwareng and Tegalrejo, named B and 
T, respectively, with mordenite types of zeolite and other 
mineral impurities, for Pb(II) and Cd(II) ion removal. 
The adsorption capacities of zeolite in B and T for Pb(II) 
adsorption are 416.67 and 384.61 mg g−1, respectively. 
Besides, the adsorption capacity is 277.77 and 
243.91 mg g−1 for Cd(II) removal of B and T samples. It 
was shown that the adsorption capacity of B is higher than 
T regarding the more abundant smectite presence. Hence, 
B has a higher CEC and SSA compared to T. 

Previously, Zanin et al. [48] reported Brazilian zeolite,  

clinoptilolite type, to adsorb Cu(II), Fe(III), and Cr(III), 
rendering the adsorption capacity of 1.845, 1.750, and 
1.661 mg g−1. The results showed that iron is 
preferentially to adsorb at the process, which exhibited 
the selectivity of zeolite to metals. Another natural 
zeolite, i.e., Slovakian zeolite, is reported by Kovacova 
and Pla [55], that used successfully to adsorb Ni(II) ion 
without pre-treatment and achieved an adsorption 
capacity of 17.62 mg g−1. The sorption process was on 
the heterogeneous surface with a concentration of nickel 
solution 50 mg L−1. The Philippine natural zeolite 
(PNZ), a mixture of mordenite, clinoptilolite, and 
chabazite, was used for Zn(II) ion removal in an aqueous 
solution by Gili et al. [44]. The PNZ has rough and 
corrugated surfaces, high surface area, and contains 
natural cations, i.e., Fe, which already filled in the zeolite 
active sites. Hence, it increases the ability to exchange 
cations, rendering the adsorption capacity of 3.8 mg g−1. 

Abd El-Azim and El-Adzim [71] have investigated 
the clinoptilolite zeolite for Cd(II), Fe(III), and Ni(II) 
ion removal without pretreating the zeolite. The result 
exhibited the effectiveness of clinoptilolite, which 
rendered the adsorption capacity 10.000, 9.971, and 
9.901 mg g−1 for Cd(II), Fe(III), and Ni(II), respectively. 
From these results, it is shown that each metal has 
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unique properties which affect the adsorption capacity of 
zeolite. Moreover, clinoptilolite has higher selectivity to 
Cd compared to other heavy metals. Liu et al. [72] also 
used clinoptilolite type zeolite for heavy metals removal, 
i.e., Pb(II), Zn(II), Cd(II), and Cu(II), as depicted in Fig. 
2(a). The desorption capacity of Na(I) does not show the 
distinct difference between Zn-, Cd-, and Cu-Na 
exchange. In contrast, the Pb-Na exchange exhibits a 
much larger desorption capacity (Fig. 2(b)). It is because 
the quantum fluctuation of Pb(II) renders the strong 
polarization occurs. Therefore, Pb(II) can exchange more 
Na(I). 

Belova [50] reported a mix of mordenite and 
clinoptilolite-type Russian zeolite to adsorb Cu(II), Ni(II), 
Co(II), and Fe(II). The adsorption capacity of Russian 
zeolite is increasing as follows Cu(II) > Fe(II) > Ni(II) > 
Co(II). Jorfi et al. [51] used clinoptilolite type Iranian 
zeolite for the adsorption of Cr(VI) and rendering the 
adsorption capacity of 2.69 mg g−1. Mihajlović et al. [54] 
used clinoptilolite to determine its adsorption capacity for 
Pb(II), Cd(II), and Zn(II) ions. The adsorption capacity is 
increasing as follows Pb(II) > Zn(II) > Cd(II). Obaid et al. 
[49] investigated three types of Indian zeolite, which are 
Mordenite, Stilbite, and Heulandite, to determine the 
adsorption capacity for Co(II), Zn(II), and Mn(II). The 
adsorption capacity achieved is Co(II) > Zn(II) > Mn(II). 
Moreover, mordenite exhibited higher extraction 
efficiency than Stilbite and Heulandite. It is noted that the 
extraction of heavy metal is affected by the ion exchange 
and adsorption processes [49]. 

Adsorption Capacity of Modified Natural Zeolite 

Kragović et al. [65] reported the alginate composite 
to modify clinoptilolite type zeolite for the adsorption of 
Pb(II). The adsorption capacity increased from 66 to 
102 mg g−1. Hence it can conclude that the increase in 
sorption intake because of the encapsulation is proven to 
change the CEC of each cation while did not 
significantly impact the total CEC of the zeolite. The 
CEC decreased from 0.23 to 0.15 for Na(I), 0.15 to 0.11 
for K(I), and 0.22 to 0.1 for Mg(II). Meanwhile, CEC for 
Ca(II) is increased from 0.85 to 1.12, making the ion 
exchange of the zeolite more preferable because of the 
same oxidation number of the heavy metals and the 
exchangeable cation. Shirzadi and Nezamzadeh-Ejhieh 
[66] investigated an Iranian clinoptilolite zeolite 
modified by two times using HDTMABr 
(hexadecyltrimethylammonium bromide) and 
dithizone (DT) to improve its removal ability of the 
metal ions by adding a complexation process on top of 
exchanging cation process. The modified zeolite shows 
higher removal efficiencies for Hg(II) and Pb(II) due to 
another phenomenon process besides ion exchange, i.e., 
the process of removing the cations, regarding the 
complexation process of the cations with free electron 
pairs of sulfur or nitrogen atoms in DT. Yulizar et al. [61] 
have modified natural zeolite with chitosan to improve 
its adsorption capacity by adding a functionalized group. 
The modified zeolite shows a material in nano-size scale 
rendering better adsorption ability with an adsorption 
percentage  of 99.68%.  Retnaningrum  and  Wilopo [67] 

 
Fig 2. (a) The adsorption isotherms of heavy metals on clinoptilolite at 298 K. (b) The desorption amount of Na+ from 
clinoptilolite. Adapted with permission from Ref [72], Copyright 2019 Springer 
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used natural zeolite modified as bacterial support 
materials to reduce sulfate and manganese from synthetic 
wastewater. The study reported the efficiency of 
manganese and sulfate removal was up to 23% and 15.4%, 
respectively. 

Triton X-100 modified clinoptilolite type zeolite was 
investigated by Mirbaloochzehi et al. [60] for the 
adsorption of several ions, such as Pb(II), Cu(II), Cd(II), 
Ni(II), Zn(II), and Fe(II) and rendering the adsorption 
capacity of 91.34; 85.71; 78.2; 76.18; 67.41 and 
63.45 mg g−1, respectively. It showed that the adsorption 
capacity using Triton X-100 to modify clinoptilolite 
increased approximately 60–90% more than the 
unmodified clinoptilolite. Nasiri-Ardali and 
Nezamzadeh-Ejhieh [70] pointed out the glycine-
modified zeolite to adsorption of Pb(II). The zeolite is 
divided into two powders of nano-sized particles and 
micro-sized particles named NCP and MCP and then 
modified by glycine. The glycine is attached to the surface 
of the zeolite through an ion exchange process with cation 
from zeolite. Then when the modified NCP and MCP are 
mixed with heavy metal, ion exchange occurs. The glycine 
located on the surface of the zeolite is making a 
complexation process for the heavy metal ion. The 
complexation process can be done because there is an 
amino and carboxylic group in the glycine. Hence, the 
adsorption capacity of MCP and NCP increased from 
87.10 to 123.20 mg g−1 and 96.71 to 183.15 mg g−1. 

Nguyen et al. [69] described the sonication and 
NaCl solution to modify Slovakian clinoptilolite type 
zeolite to improve its adsorption capacity for Cd(II) ion 
removal, and this process is called a sonochemical 
modification. The processes are proven to enhance the 
natural zeolite’s CEC and SSA. Additionally, the 
sonochemical process significantly reduces the zeolite’s 
particle size and size distribution. Hence, the adsorption 
capacity of modified zeolite increases from 17.63 to 
21.47 mg g−1. Velazquez-Peña et al. [68] used metal ions, 
Zr(II), Fe(II), and a combination of both, resulting in a 
new species of zirconium-iron (FeZr) to modify three 
types of Mexican zeolite for As(V) adsorption. Those 
metals ion is used for performing complex with arsenic 
species. The zirconium-modified zeolite is more efficient 

than iron-modified zeolite due to the higher affinity of 
arsenic for zirconium than iron. The adsorption capacity 
of modified zeolite of Fe(II), Zr(II), and Zr-Fe for 
clinoptilolite is 0.025, 0.069, and 0.069, respectively. For 
mordenite, the adsorption capacities are 0.029, 0.079, 
and 0.072. And for chabazite, the adsorption capacities 
are 0.05, 0.089, and 0.121 mg g−1. 

Yousefi et al. [59] have modified clinoptilolite type 
zeolite with cobalt Hexacyanoferrate (CoHCF) to find a 
cheaper adsorbent than activated carbon for the 
adsorption of Cd(II) ion. CoHCF is a complexing agent, 
allowing the zeolite to remove metal ions from the 
solution aside from ion exchange. The modification 
turned out victorious with an adsorption capacity of 
51 mg g−1, twice the amount of adsorption capacity from 
the unmodified zeolite. Puspitasari et al. [20] used 
amidoxime to functionalize Indonesian clinoptilolite 
type zeolite to increase adsorption capacity toward 
Pb(II) ion. The adsorption capacity of the zeolite is 
increased from 52 to 72 mg g−1 compared to the initial 
zeolite. It is due to the chelating functionality of 
amidoxime groups that adds another prowess to the 
zeolite, other than ion exchange, to remove the Pb(II) 
ion. The kinetic study showed that the adsorption rate 
onto the amidoxime-functionalized zeolite was faster 
than the initial zeolite. Notably, the adsorption process 
followed the Langmuir method, and the adsorption 
kinetics is based on a pseudo-second-order model. Its 
added prowess proved successful because the zeolite’s 
adsorption capacity was increased. 

HDTMA is one of the most used and effective 
surfactants to modify zeolite to improve its adsorption 
capacities toward anion metal ions [62-64]. Several 
studies show that the HDTMA is attached to the surface 
of zeolite, therefore decreasing the SSA of zeolite. 
Despite having a decrease in SSA, it appears that 
HDTMA brings a positive charge into the surface of 
zeolite, hence making it can adsorb anion metal [62-64]. 
Dimas Rivera et al. [63] used clinoptilolite type zeolite to 
be modified by the HDTMA to adsorb Cr(VI) anion 
(Fig. 3). Clinoptilolite and clinoptilolite modified 
exhibited an isotherm type IV and flake-shape particles 
morphology (Fig. 3(a) and 3(b)). The adsorption 
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isotherms reveal multilayer adsorption regarding a better 
adjustment to the Freundlich model for clinoptilolite 
modified (R2 = 0.993) (Fig 3(c)). The kinetic studies show 
a better fitting to pseudo-second-order and increased 
adsorption capacity up to 9.83 mg g−1 (Fig. 3(d)). 
HDTMA created the positive exchange sites to the zeolite 
surface, and chromate anions occur mainly by interacting 
with the HDTMA. 

Zekavat et al. [62] used clinoptilolite type zeolite to 
be modified by the HDTMA to adsorb Cu(II) cation and 
Cr(VI) anion. The studies reveal that the zeta potential of 
zeolite surface changes from negative to positive charge, 
making adsorption on anionic metal easily occur. 
However, the modified zeolite is still deemed capable of 
adsorption Cu(II) cation with an adsorption capacity of 

16.98 mg g−1. Thus the sorption of Cu(II) cation on the 
zeolite improves the intake of Cr(VI) anion because It 
increases the positive sites on the zeolite. The adsorption 
capacity for Cr(VI) anion is 27.36 mg g−1. Tran et al. [64] 
reported HDTMA to improve zeolite capability for 
adsorbing both anion and cation from solution by 
making a bilayer on the outside surface area, charge in 
its inner pore. The modified zeolite was then thus 
making it have a positive charge while having a negative 
test for adsorption of Pb(II), Cu(II), and Ni(II) cation, as 
well as Cr(VI) anion. Adsorption capacities of cationic 
metal are decreased when comparing the HDTMA-
modified zeolite to non-modified zeolite. The 
adsorption capacities for Pb(II) cation are reduced from 
159 to 69, 60.1 to 25.6 mg g−1 for Cu(II) cation, and 44 to 

 
Fig 3. (a). Nitrogen adsorption-desorption isotherms of clinoptilolite and HDTMA-modified clinoptilolite. (b). SEM 
images of (i) clinoptilolite and (ii) clinoptilolite modified. (c). Adsorption model for (i) clinoptilolite modified and (ii) 
clinoptilolite. (d). Pseudo-first order and pseudo-second order for (i) clinoptilolite modified and (ii) clinoptilolite. 
Adapted with permission from ref [63], Copyright 2021 Elsevier 
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22.6 mg g−1 for Ni(II) cation. However, the adsorption 
capacity of the Cr(VI) anion is increased from 22.9 to 40.5 
mg g-1. This result agrees with Zekavat et al. [62], in which 
the surface of the zeolite changes from a negative charge 
to a positive charge. It makes the zeolite have a repulsion 
force for the cation and an attraction force for the anion, 
resulting in better anion adsorption capacity than cation 
adsorption capacity. 

■ ADSORPTION KINETIC, THERMODYNAMIC, 
AND ISOTHERM 

As stated before, the determination of adsorption 
kinetic, thermodynamic, and isotherm is used for 
modeling the adsorption processes of the zeolite. 
Adsorption isotherm is used to determine the interactions 
between adsorbate and adsorbent, as well as adsorbent 
characteristics [73]. Some mathematical models can 
determine the adsorption isotherms, viz Langmuir and 
Freundlich and also Temkin and Dubin. The derivation 
of the Langmuir isotherms can be seen in several 
equations below. Suppose the adsorption process takes 
place according to Eq. (1) below, 

A S AS            (1) 
where [A] is the adsorbate, [S] is a nonbonding surface 
(1–θ), while [AS] is a bonding surface (θ), 

 a aV K A 1     (2) 

dV kd   (3) 
Va is the rate of adsorption, and Vd is the desorption rate. 
Therefore during equilibrium, we can write Eqs. (4-11) as 
follow: 

a dV V  (4) 
 aK A 1 kd       (5) 

 
a

d

K
A

1 K


    
 (6) 

 K A 1      (7) 
K A K A           (8) 
K A K A          (9) 

 1 K A K A          (10) 
K A

a K A
   

   
 (11) 

Finally, Eq. (11) could be rewritten into Eq. (12) for 
the adsorption within aqueous solution as follows. 

max L e
e

L e

Q K C
Q

1 K C



 (12) 

whereas Ce is the concentration of adsorbate at 
equilibrium, Qe is the amount of adsorbate per unit of 
adsorbent mass in equilibrium, Qmax is the maximum 
saturated monolayer adsorption capacity of the 
adsorbent, and KL is the Langmuir constant for the 
affinity between adsorbent and adsorbate. The equation 
for Freundlich is given in Eq. (13) as follows. 

e f e
1logQ log K C
n

   (13) 

Kf is the Freundlich isotherm constant, and n 
values vary from zero to one to show the adsorption’s 
surface heterogeneity or intensity. Nevertheless, if the n 
values are unlimited, the Freundlich equation is the 
same as the Langmuir equation. The Langmuir model is 
to determine the adsorption characteristic of the sorbent 
surface as a monolayer. Therefore, the adsorption 
processes are happening on the surface at each zeolite 
pore through ion exchange. While the Freundlich model 
is used to determine the adsorption characteristic of the 
sorbent surface is heterogeneous. Therefore, the 
adsorption processes were more than ion exchange, like 
complexation and sorption at the bilayer of the surface 
of the zeolite [53,55,64,73-74]. 

Thermodynamic studies are used to predict the 
adsorption mechanisms from physical and chemical 
aspects [75]. The Gibbs energy change (ΔG°) can be 
calculated by using Eq. (14): 

CG° RTlnK    (14) 
Meanwhile, the thermodynamic parameters can be 

checked by using the equation that describes the 
relationship of ΔG°, the enthalpy change (ΔH°), and the 
entropy change (ΔS°) can be written in Eq. (15) as 
follows: 

G H T S       (15) 
From the equation above, it can be substituted by 

Van’t Hoff equation, and we can calculate the ΔH° and 
ΔS° from the slope and intercept in the plot of ln KC 
versus 1/T using Eq. (16) as follows: 

C
H 1 SlnK

R T R
   

    (16) 

R is the universal gas constant (8.3144 J mol−1.K−1), and 
T is the temperature (K). 
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Adsorption kinetics is used to determine the 
diffusion of adsorbate in the adsorbent pores and to 
determine the adsorption uptake at a particular 
concentration or pressure within a specific time [73]. The 
two most used for adsorption to determine the adsorption 
kinetic are pseudo-first-order and pseudo-second-order. 
The equations for pseudo-first-order and pseudo-second-
order are expressed in Eqs. (17) and (18) as follows: 

 t
ad

dq
k Qe Qt

dt
   (17) 

 2t
ad

dq
k Qe Qt

dt
   (18) 

whereas Kad is the adsorption kinetics constant, Qe and Qt 
are adsorption capacities at equilibrium and at a 
particular time. The pseudo-first-order indicates that the 
rate change of adsorbate adsorption over time is directly 
proportional to the difference in the saturation 
concentration and the amount of solid adsorption with 
time or is called physisorption, while the pseudo-second-
order indicates the rate of amount adsorbate that has been 
adsorbed by the adsorbent or commonly called as 
chemisorption [19,48]. 

Adsorption Kinetic, Thermodynamic, and 
Isotherm of Pristine Zeolite 

For the adsorption kinetics, Gili et al. [44] used 
intraparticle diffusion, pseudo-first-order, and pseudo-
second-order to describe the adsorption kinetics of 
Ni(II) ion adsorption using mixed zeolite from the 
Philippines. As seen in Fig. 4, all three models had linear 
regression (R2) of the curve < 0.90. However, the 
pseudo-second-order has the biggest R2 at 0.89; thus, the 
adsorption kinetics followed the pseudo-second-order 
equation. This work describes the linear function of the 
kinetic rule to determine the adsorption kinetics. 

Zanin et al. [48] pointed out the non-linear 
pseudo-first-order and pseudo-second-order rules to 
determine the adsorption kinetics of the three metal 
ions. The non-linear form for the adsorption kinetics 
was chosen because it is fitted better than the linear 
form. For the pseudo-second-order, all metal ions 
adsorption shows R2 > 0.90, while for the pseudo-first-
order, the R2 for Fe(III) ion is 0.85 while both Cu(II) and 
Cr(III) ion R2 > 0.95. Therefore, for Fe(III) ion adsorption,  

 
Fig 4. Best fit lines for the linearized kinetic data according to (a) pseudo-first-order, (b) pseudo-second-order and (c) 
intra-particle diffusion kinetic models; and (d) the resulting plots of each model in comparison to the kinetic data. 
Adapted with permission from Ref [44], Copyright 2017 IOP Publishing 
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the adsorption kinetics was best described in pseudo-
second-order, while for Cu(II) and Cr(III) ion adsorption, 
the adsorption kinetics was best described in pseudo-first-
order. Hence, it can be concluded that pseudo-second-
order dominates the kinetic rules for pseudo-second-
order, and chemisorption is more dominant in the 
pristine zeolite. It shows that the interaction between 
sorbent and sorbate in pristine zeolite indicates ion 
exchange between metal ions and substitute metal in the 
sorbent. 

Zanin et al. [48] used Freundlich and Langmuir 
model for all three metals’ adsorption. For Cu(II) ion 
adsorption for the determination of the adsorption 
isotherm. It is worth noting that the Langmuir model was 
not possible because the error is significant. Hence it 
makes the Freundlich model the best fitted for copper ion 
adsorption. The two models provide similar R2 for 
chromium adsorption, 0.96 for Langmuir and 0.93 for 
Freundlich. 

Nevertheless, because Langmuir R2 is higher than 
Freundlich, the Cr(III) ion adsorption isotherm, best 
followed the Langmuir model. Lastly, for Fe(III) ion, the 
R2 was also similar between the two models, 0.98 for 
Freundlich and 0.95 for Langmuir. For the same reason as 
Cr(III) ion adsorption, the Freundlich model was chosen 
for adsorption isotherm of iron(III) ion adsorption 
because R2 is higher than the Langmuir. In agreement 
with Zanin et al. [48], Gili et al. [44] used both Langmuir 
and Freundlich models. The R2 value from the Langmuir 
model was higher (0.99) than the R2 value of Freundlich 
(0.97). Therefore, using Philippine zeolites, the Langmuir 
model was chosen to represent the adsorption isotherm of 
nickel(II) ion adsorption. 

The adsorption of Pb(II) ion using Kazakhstani 
zeolite shows that the Freundlich model gives an 
R2 < 0.900 while the Langmuir model gives an R2 value of 
0.999 [52]. Therefore, the Langmuir model was the most 
fitted for its adsorption isotherm. The adsorption 
isotherm of Cd(II) ion adsorption using phillipsite type 
zeolite shows that using the Freundlich model, the R2 
achieved was 0.80, while for the Langmuir model, the R2 
achieved was 0.94 [53]. The data shows that the Langmuir 
model was best fitted for the zeolite adsorption isotherm. 

Abd El-Azim and Mourad [71] used both Langmuir and 
Freundlich models to describe the adsorption isotherm 
for its three metal ion adsorption. It is shown that the 
Langmuir model has R2 > 0.99 for all of its metal ion 
adsorptions. Freundlich model also give R2 > 0.99 for 
Fe(II) and Ni(II) ion. For Cd(II) ion, the R2 value is 0.69, 
which indicates that for Cd(II) ion adsorption, only the 
Langmuir model was best fitted for its adsorption 
isotherm, whereas for Fe(II) and Ni(II) ion, both 
Langmuir and Freundlich model was best described the 
adsorption isotherm. 

Kovacova and Pla [55] reported both Freundlich 
and Langmuir models to find its adsorption isotherm for 
its Ni(II) ion adsorption. Langmuir and Freundlich’s 
model gives R2 < 0.90, which is relatively low. But, R2 for 
Freundlich is higher (0.83) than the Langmuir (0.73). 
Therefore, in this work, the Freundlich model is better 
to describe the adsorption isotherm than the Langmuir 
model. The determination of the adsorption isotherm of 
Cu(II), Co(II), Ni(II), and Fe(II) ion adsorption was 
conducted using Langmuir and Freundlich model [50]. 
All four metal ions had R2 > 0.95 using the Langmuir 
model, while the Freundlich model only gives Fe(II) and 
Ni(II) ions that had R2 > 0.95 and R2 < 0.90 for Cu(II) 
and Co(II). Thus, the Langmuir model was chosen for 
all four metal adsorption isotherms. Mihajlović et al. 
[54] used three modelings, Freundlich, Langmuir, and 
Dubinin-Radushkevich, to determine the adsorption 
isotherm for Pb(II), Zn(II), and Cd(II) ion adsorption. 
The result exhibited the Langmuir model as an 
adsorption isotherm for all three metal ion adsorption 
because, between the three models, Langmuir had the 
highest R2 or closest to 1. 

While using two or more models to determine the 
adsorption isotherm is common, Budianta et al. [46] and 
Liu et al. [72] only used the Langmuir model to 
determine the adsorption isotherm. Budianta et al. [46] 
use the Langmuir model to determine the adsorption 
isotherm of the two zeolite samples from B and T for 
Pb(II) and Cd(II) metal ions. The result shows that using 
the Langmuir model, the R2 for all adsorption batches is 
> 0.800. Therefore, the Langmuir model is fitted for 
explaining the adsorption isotherm. The difference in 
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the Qmax of both zeolites for two cations can be explained 
because B samples have higher CEC than T samples. 
Hence making the B samples have higher Qmax than the T 
samples. Liu et al. [72] used the Langmuir model to 
describe the adsorption isotherm of Pb(II), Zn(II), Cd(II), 
and Cu(II). All data show R2 > 0.90. Hence the Langmuir 
model effectively depicts the adsorption isotherm. 

Adsorption Kinetic, Thermodynamic, and Isotherm 
of Modified Natural Zeolite 

The pseudo-second-order and the Langmuir model 
are dominant for pristine zeolite because the ion exchange 
situation in the pristine zeolite is mostly occurring. 
However, in modified natural zeolite, the kinetic and 
isotherm will vary with the addition of a modifier. 
Kragović et al. [65] used Freundlich and Langmuir model 
to describe the adsorption isotherm of zeolite-modified 
alginate for Pb(II) ion adsorption. From the model, 
Freundlich has a higher R2 (0.96) than the R2 (0.85) of the 
Langmuir model. Therefore, the adsorption isotherm was 
determined by Freundlich. It shows that the modifier 
successfully modifies the zeolite, making the adsorption 
processes not limited to monolayer, which is correlated 
with the Langmuir model and has a complex mechanism 
and heterogeneous surface, which is correlated with the 
Freundlich model. 

Mirbaloochzehi et al. [60] reported the Langmuir 
and Freundlich model to find the best fit for the 
adsorption isotherm of surfactant-modified zeolite for the 
adsorption of Pb(II), Cu(II), Cd(II), Ni(II), and Zn(II). 

The R2 value of both models was more than 0.98, thus 
making the adsorption isotherm fit both Langmuir and 
Freundlich models. It explained that some of the metal 
ions that got adsorbed by the surfactant and 
complexation method, not only in the surface of the 
zeolite, thus making the modification successful. 

Nasiri-Ardali and Nezamzadeh-Ejhieh [70] 
investigated six different models to determine the 
adsorption isotherm, which are Dubinin-Radushkevish, 
Langmuir, Freundlich, Temkin, Redlich-Peterson and 
Toth model. Among these six models, Langmuir is the 
best fit for the adsorption isotherm of Pb(II) ion 
adsorption, with an R2 value of 0.99, as seen in Fig. 5. 
Adsorption kinetics were studied using both the pseudo-
first order and pseudo-second order. With an R2 value of 
0.99, the adsorption kinetics follows pseudo-second-
order rules. In the adsorption thermodynamics, ΔG of 
the adsorption is negative, which means the reaction is 
performed spontaneously. ΔH of the adsorption is also 
negative, meaning the adsorption process is exothermic. 

Nguyen et al. [69] reported three adsorption 
kinetics models to determine the adsorption’s fittest: 
pseudo-first-order, pseudo-second-order, and Elovich. 
According to the R2 value, the adsorption kinetics is best 
fitted for the pseudo-second-order rule. For adsorption 
isotherm, Langmuir, Freundlich, and Temkin models 
were used. The three models had an R2 value higher than 
0.9, making the three models can be fit to the adsorption 
isotherm. However, the Langmuir model was identical 
to the experimental. Therefore, the adsorption isotherm  

 
Fig 5. (a) Dubinin-Radushkevich and (b) Langmuir (Freundlich, inset) isotherms for Pb (II) removal by NCP-Gly, 
(CPb (II): 80, 100, 500, 800, 1000, 2000, 8000, g L−1, sorbent dosage: 0.15 g L−1, agitation time: 4 h, pH 4). Adapted with 
permission from Ref [70], Copyright 2020 Elsevier 
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is followed the Langmuir model. The adsorption 
thermodynamics show that ΔG is negative while ΔH and 
ΔS are positive. It showed that the adsorption is 
spontaneous (from ΔG), endothermic (from ΔH), and 
increased randomness at the solid/solution interface. 

Velazquez-Peña et al. [68] employed Langmuir, 
Freundlich, and Dubinin-Radushkevich to determine the 
adsorption isotherm. Based on the R2 value from the three 
models, Freundlich had the highest R2 value for each type 
of modified zeolite. The adsorption kinetics was studied 
using pseudo-first order, pseudo-second order, Elovich, 
and intraparticle diffusion. Both pseudo-second-order 
and intraparticle diffusion are best fitted for the 
adsorption kinetics. The pseudo-second-order explained 
the chemisorption mechanism of ion exchange between 
As(V) ion and FeZr− modified zeolite. Meanwhile, intra-
particle diffusion has explained the adsorption of As(V) 
ions through the modified zeolite’s pores, channels, and 
cages. Yousefi et al. [59] also used Langmuir, Freundlich, 
Temkin, and Dubinin-Radushkevich to determine the 
adsorption isotherm. From the R2 value, Langmuir is the 
highest, making it the most fitted for cadmium ion 
adsorption using modified zeolite. The pseudo-second-
order and pseudo-first-order were conducted to find the 
adsorption kinetics. With an R2 value of 0.91, the 
adsorption kinetics follows the pseudo-second-order rule. 

Puspitasari et al. [20] reported Langmuir, 
Freundlich, and Temkin to determine the adsorption 
isotherm. Interestingly, all three of the model give 
R2 > 0.90, with Langmuir having the highest R2 with a 
value of 0.99. Therefore, the Langmuir model was chosen 
to represent the adsorption isotherm of the modified 
zeolite. The pseudo-first-order, pseudo-second-order, 
and intra-particle diffusion are used for adsorption 
kinetics. Among the three rules, the pseudo-second-order 
has the highest R2 with a value of 0.99. Hence, making the 
modified zeolite follow the pseudo-second-order rule. 

Dimas Rivera et al. [63] used pseudo-first-order and 
pseudo-second-order to determine the adsorption kinetics 
for the Cr(VI) anion with the HDTMA modifier. R2 value 
suggests that the adsorption kinetics followed the pseudo-
second-order rule. Langmuir, Freundlich, Sips, and  
 

Dubinin-Radushkevich model was used for adsorption 
isotherm. Between these four models, the R2 value 
determined that the Freundlich model was best fitted for 
the adsorption kinetics of modified clinoptilolite. 
Zekavat et al. [62] determined the adsorption kinetics of 
the adsorption of Cu(II) and Cr(VI) ions using pseudo-
first order and pseudo-second order rules. R2 value tells 
that the adsorption kinetics follow pseudo-second-order 
for both metal adsorptions. The adsorption isotherm 
was determined using Langmuir, Freundlich, and 
Dubinin-Radushkevich. According to the R2 value, the 
highest was the Freundlich model for both metal 
adsorptions. Tran et al. [64] determined the adsorption 
isotherm using Langmuir and Freundlich model for 
each metal ion adsorption. The Langmuir model was 
best fitted for Pb(II) and Cr(VI) ion adsorption. In 
comparison, the Freundlich models were best fitted for 
the adsorption of Cu(II) and Ni(II) ions. 

■ SUMMARY AND PERSPECTIVES 

Due to their physicochemical properties and 
abundance reserve, the pristine and modified natural 
zeolites have been widely used as an adsorbent for heavy 
metals. Clinoptilolite is the most used pristine zeolite by 
the researcher because it is abundant in nature, easy to 
find, and has good adsorption capabilities. Furthermore, 
the structure of clinoptilolite makes it easier to adsorb 
metal ions than any other type. The three prominent 
factors that determine the adsorption capabilities of the 
pristine and modified natural zeolite are the specific 
surface area (SSA), cation exchange capacity (CEC), and 
the pre-treatment before use. If one of the factors has 
been improved, then prosperity will increase. Hence, if 
all factors are taken into account, then the capabilities of 
the zeolite will improve multiple times better than if only 
one factor has been done or improved. 

Moreover, for modified natural zeolite, the 
modifier that is generally used often reduces the SSA of 
the pristine zeolite. Nevertheless, the adsorption 
capacity increases because the modifier added another 
chemical reaction to the zeolite adsorption process. The 
adsorption kinetics for most of the zeolite adsorption  
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Table 4. Summary of adsorption condition 
Metal Ion Pb(II) Zn(II) Cd(II) Ni(II) Cu(II) Fe(II) Cr(VI)* 
Concentration 
range (mg L−1) 

331.20–
33120.00 

189.40–
18940.00 

100.00–400.00 50.00–200.00 50.00–200.00 1.00–100.00 100.00–
1000.00 

Adsorption 
capacity (mg g−1) 

781.87 232.96 384.61 76.18 85.71 9.97 40.50 

Mass of zeolite 
used (g) 

1.00 1.00 10.00 1.00 1.00 0.25-4.00 0.20 

pH 6 6 - 2-8 2-8 2-8 5 
Contact time (h) 48.00 48.00 5.50 0.30-2.00 0.30-2.00 0.08-3.00 48.00 
Zeolite type Clinoptilolite Clinoptilolite Mix Clinoptilolite 

and mordenite 
Clinoptilolite Clinoptilolite Clinoptilolite Clinoptilolite 

Modifier - - - Triton x-100 Triton x-100 - HDTMA 
References [14] [14] [46] [60] [60] [71] [64] 

*in Cr2O72− 
 
processes, pristine and modified alike, follow the pseudo-
second-order rule. The Langmuir model dominates 
isotherm for pristine zeolite. For modified natural zeolite, 
both Langmuir and Freundlich models are frequently 
used. The Langmuir model explains that the adsorption 
happens on the surface of the zeolite pore or monolayer. 
The Freundlich model explained that the adsorption 
happens not only on the surface of the zeolite but also on 
the surface of the modifier attached to the zeolite or 
bilayer. The adsorption processes of pristine and modified 
natural zeolite are spontaneous. Some are endothermic, 
while others are exothermic. Table 4 lists the adsorption 
capacity of metal ions and their tested condition. 

Adsorption using zeolite proved to be successful and 
effective. Nevertheless, the proficiency of adsorbing metal 
anions is relatively low. The drawback of structure zeolite 
makes it hard to attract and adsorb the anionic metal 
phase. The cationic polymer, other than HDTMA with a 
high affinity toward negative ions, can be a solution to 
increase the proficiency of the zeolite to adsorb anionic 
metal. Encapsulating the zeolite surface using inert metal 
can improve the zeolite catalyst proficiency. It also has 
made it possible to increase zeolite selectivity between 
metal ions using the encapsulating method. The metal 
needed for encapsulating the zeolite does not have to be 
inert. The more its affinity toward electrons, the more it 
can attract the anionic metal in an aqueous solution. 

Ultimately, several steps should be noted to obtain 
the optimal zeolite for adsorption processes. First, 
zeolite must have been through some pre-treatment 
before use, e.g., grinding, sieving, and washing using 
deionized or demineralized water. Second, increase the 
CEC and SSA by dealumination processes using an acid 
solution, exposure to excess heat using calcination, or 
washing using alkaline or alkaline earth metal solution. 
Third, the use of a modifier that added another chemical 
reaction that can bind metal ions to the zeolite structure 
other than ion exchange. In addition, it is imperative to 
acquire the equipoise from economic and 
environmental points of view to bring a majestic impact 
not only for the human being but also for all living 
organisms. 
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 Abstract: Zinc Layered hydroxide (ZLH) is a layered material easily synthesized 
with a structure identical to brucite-like material. Due to the exchangeable anions in 
the interlayer compensating for the positive charge of a brucite-type layer, ZLH 
provides a wide application in many fields. This review focuses on the properties and 
method of synthesis of ZLH by giving an overview of intercalated guest anion in the 
interlayer of ZLH. The further discussion involved the application of intercalated 
guest anion in zinc layered hydroxide layer and its properties as a sensitizer, 
controlled release biomedical, and agriculture to provide the scientific community 
for research and development by giving current findings. This brief review also 
presents the success of anion intercalation for controlled release along with the kinetic 
model involved, which increases the bioavailability and effectiveness of the 
nanocomposite on its target. It shows the development of research on ZLH 
nanocomposites toward the sustainability of human life and the environment. This 
study implies that it is a source of knowledge for researchers about zinc-layered 
hydroxide materials involving synthesis methods and their application to produce 
more beneficial nanomaterials. 

Keywords: zinc layered hydroxide; synthesis; intercalation; nanocomposite 

 
■ INTRODUCTION 

Layered metal hydroxides (LMHs) are layered 
materials, including layered hydroxide salts (LHSs, 
Mx

II(OH)2x−myAy
m−·nH2O) and layered double hydroxides 

(LDHs, M1−x
IIM′x III(OH)2(Am−)x/m·nH2O), where typically 

MII = Mg, Fe, Co, Ni, and Zn, M′III = Al, Cr, Fe, Co, and 
In, Am− = Cl−, NO3−, SO4

2−, and CO3
2− [1]. LMH consists 

of two parts: an inorganic layer, such as positively charged 
brucite, and exchangeable anions and water molecules in 

the interlayer, which has attracted attention due to its 
potential applications. Layered hydroxide salts, also 
known as layered single metal hydroxides (LSHs), which 
only consist of one metal on an inorganic layer, have 
shown a huge opportunity in industrial and 
environmental research nowadays [2]. Therefore, this 
article will briefly discuss the properties, method of 
synthesis, and application of one of the compounds of 
LSHs, namely zinc layered hydroxide (ZLH). This 
review aims to give a general overview of ZLH properties 
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due to the variety of intercalated guest anion species 
between the interlayers of the nanocomposite. The 
synthesis method used in the intercalation process via 
guest anions is also listed in this article. This review also 
compiles and updates the application of the ZLH 
nanocomposite, focusing on ZLH as a sensitizer and 
controlled release formulation, along with the kinetic 
model in biomedical and agricultural applications. To our 
knowledge, no review articles have been published on the 
synthesis of ZLH using direct reaction, ion exchange, co-
precipitation, and hydrothermal precipitation methods. 
Therefore, it is hoped that this review will update the 
current discovery of intercalated guest anion in zinc-
layered hydroxide. The positive development of research 
in this field allows for various applications in the future, 
which increases progress in related fields. 

■ PROPERTIES OF ZINC LAYERED HYDROXIDE 

Zinc-layered hydroxide is one of the inorganic 
layered materials that has a layer structure similar to that 
of brucite (Mg(OH)2) and correlates to anionic clay [3]. In 
brucite, Mg is octahedrally coordinated into six hydroxyl 
groups that share an edge to build infinitely large layers 
arranged along the basal direction [4]. Modifying the 
brucite structure may occur through isomorphic 
substitution of intra-layer cations or anions or interlayer 
water molecules for part of the hydroxide groups. In the 
latter case, the charge of the layer was balanced by the 
additional anion present in the second sphere. The 
slightly altered formula for these types of compounds 
called hydroxide salts (LHS) is generally the formula of 
M2+(OH)2−x(Am−)x/m·nH2O where M2+ is the metal cation 
(e. g. Mg2+, Ni2+, Zn2+, Ca2+, Cd2+, Co2+, Cu2+) while Am− is 
the counterions in the interlayer space. Zinc-layered 
hydroxide (ZLH) is a layered hydroxide salt with the 
formula of Zn5(OH)8(NO3)2·2H2O [5]. 

The basic structure of ZLH consists of a brucite type 
where one-quarter of the octahedrally coordinated zinc 
ion sites is empty. The Zn atoms tetrahedral bonded to the 
layer through OH groups, forming the base of a 
tetrahedron. Besides, the coordinated water molecules 
were located at the apex of the tetrahedrons, and the 
nitrate groups occupied the interlayer space of ZLH [5]. 

The nitrate anions are surrounded by water molecules, 
which are not directly bonded to zinc atoms [6]. Nitrate, 
sulfate, phosphate, and chloride anions are also used to 
synthesize ZLH [7]. The lamellar structure is positively 
charged; therefore, the counter anions and water 
molecules were intercalated in the lamellar space to 
neutralize the layer charge [8-9]. 

In contrast to LDH, hydroxide ions are removed 
from the structure instead of metal replacement and 
replaced by water molecules or other types of oxoanions, 
generating materials with anionic exchange capacity 
[10]. Besides that, the water molecules may also be 
incorporated into the interlayer region, culminating in 
enhanced stability [11]. The oxoanions are positioned in 
the second coordination sphere of the metal to stabilize 
the electrostatic charge or by the direct substitution by 
another single-charged anion [4,12-14]. Some active 
agents are occasionally charged with neutral and poorly 
soluble pesticides that are difficult to intercalate in the 
ZLH interlayer. Most literature focuses exclusively on 
anionic pesticides. For charge-neutral and poorly water-
soluble pesticides, their intercalation usually depends on 
anionic surfactants in the gallery, which form a 
hydrophobic region [15-19]. The interlayer space of 
ZLH can adsorb targets such as pesticide molecules due 
to its hydrophobicity and accessibility. 

Liu et al. [20] developed a new method for 
solubilizing chlorpyrifos (CPF) into the interlayer of 
zinc hydroxide nitrate (ZHN) intercalated with dodecyl 
benzene sulfonate (DBS). ZHN is modified with DBS to 
form a hydrophobic region in the ZHN−DBS gallery 
[20-21]. Liu et al. [20] also suggest that DBS is a tilt 
monolayer in the gallery when three oxygen atoms in the 
SO3 group approach the ZHN layer. According to Demel 
et al. [22], the mechanism of synthesis of layered zinc 
hydroxide-dodecyl sulfate (LZH-DS) was described by 
an extra- and intra- lamellar space template model. The 
sodium dodecyl sulfate (SDS) bilayer is an extra-lamellar 
template in which electrostatic interactions occur 
between zinc atoms and sulfate groups. The insertion of 
alcohols that act as active agents into the layered sulfate 
arrangement was assisted by two possible interactions, 
and one of them is a hydrophobic interaction between 
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the dodecyl chain of SDS and the alkyl chain of the 
alcohol. The other interaction is an ion-dipole interaction 
between the hydroxyl group of the alcohol and the sulfate 
group of SDS. Both interactions contribute to the stability 
and packed layered dodecyl sulfate arrangement. 
Therefore, it can conclude that long alkyl chain alcohols 
have enlarged the extra-lamellar templates. Meanwhile, 
short alkyl chain alcohols, such as ethanol and 1-
propanol, are not successfully intercalated into the layered 
dodecyl sulfate arrangement. The small size and low 
stability of ethanol or 1-propanol with an extra-lamellar 
template will result in ethanol or 1-propanol being 
outside the extra-lamellar template resulting in 
encroachment of the adjoining extra-lamellar template. 

The interaction of cationic and anionic surfactants 
will form neutral micelles that permit the anion to be 
intercalated in the interlayer of ZLH. Since there is an 
increased distance between the interlayers of the starting 
material, this method offers particular promise for 
incorporating large anions [23-25]. 

■ SYNTHESIS METHODS OF ZINC LAYERED 
HYDROXIDE 

There are various synthesis methods have been used 
to synthesize ZLH nanocomposite, which an ion-
exchange method [26-28], co-precipitation method [4,18-
20], hydrothermal precipitation methods [12,29-30], and 
direct reaction method [31-33]. Above all, the direct 
reaction method is often chosen in preparing ZLH 
nanocomposites because various anions can be directly 
intercalated alternately between the hydroxylated sheets 
and increase the quantity of the synthesized material 
[26,31-34]. The ion exchange process is not involved in 
this method. The intercalation process of anions into ZLH 
only involves the direct incorporation of ZnO, which is 
used as a starting material [35-37]. The advantage of this 
method is that it is simpler, more environmentally 
friendly, and more economical because it involves fewer 
steps and fewer chemicals compared to other synthesis 
methods of ZLH [3]. The dissociation-deposition 
mechanism was used in the direct reaction method [35], 
which is composed of three stages, as shown in Eq. (1-3) 
[3,35,38-39]: 

Stage 1: The process on the surface of solid particles: 
hydrolysis of ZnO in water to form Zn(OH)2. 

2 2ZnO H O Zn(OH)   (1) 
Stage 2: Dissociation of Zn(OH)2 layer to form Zn2+ ions 
and OH ions. Zn(OH)2 layer dissolves more easily than 
ZnO in acid. 

2
2Zn(OH) Zn 2OH   (2) 

Stage 3: Formation of nanocomposites resulting from 
the reaction of Zn2+ ions with hydroxyl, H2O, and guest 
anions (X−). 

2 2
2 2 x x 2Zn 2OH X H O Zn (OH) (X ) nH O    

     (3) 
The co-precipitation method involves slowly 

adding a cationic salt solution in a known molar ratio to 
an aqueous solution, followed by the simultaneous 
acquisition of an alkaline solution. The pH value is 
controlled to produce a mixed hydroxide precipitate. In 
contrast, ion exchange is a method that is applied for the 
intercalation of ZLHs with anions of different natures. 
Diffusion of anions into the interlayer is the rate-
determining step in the reaction; therefore, the exchange 
reaction is performed by alternating stirring the ZLH 
precursor in an excess solution. Ultrasound methods are 
encouraged to speed up the exchange reaction [28,38,40-
42]. Based on Hashim et al. [33], ZLH nanocomposite 
prepared by the co-precipitation method showed less 
thermal stability and crystallinity than ZLH 
nanocomposite synthesis using the ion exchange 
method. 

Meanwhile, the BET analysis found that the co-
precipitation method produced a higher surface area 
nanocomposite than the ion exchange method. The ion 
exchange method is useful when the co-precipitation 
method is inapplicable due to unstable metal cations or 
anions in an alkaline solution or when intercalated with 
a bigger size anion [43]. Hydrothermal and microwave 
treatments are another method used to synthesize ZLH 
nanocomposite. This method has been used to improve 
the crystallinity and other properties of ZLHs [12,29,44-
46]. Compared to other methods, the advantage of the 
hydrothermal synthesis method for ZLH 
nanocomposite is that it can produce unstable 
nanomaterials at high temperatures. In this method,  
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ZLH nanocomposites can form in a wide temperature 
range, from room to very high temperatures. Apart from 
that, the morphology of the nanocomposite can be 
controlled by controlling the vapor pressure of the main 
composition in the reaction [30]. Fig. 1 shows the 
schematic structure of ZLH nanocomposite synthesis 
using the four methods discussed above. The list of 
methods and intercalated anions has been summarized in 
Table 1. 

■ APPLICATION OF ZINC-LAYERED 
HYDROXIDE 

The potential for ZLH inorganic hybridization has 
been extensively explored and studied recently. The 
ability to tune a material’s performance involves tailoring 
the material’s physicochemical properties to lead to the 
application, elaboration, and relating of novel concepts; 
therefore, it will open the door to new ideas for a new 

world in materials science. For example, the rapid 
development of industry has led to increased waste 
disposal, such as solid waste or wastewater containing 
heavy metals [66-68]. The ZLH-based material 
nanocomposites have been reported to contribute to 
wastewater treatment, especially in removing heavy 
metals, through their ability to absorb them [66]. It has 
the advantages of good selectivity, high efficiency, high 
adsorption capacity, and no secondary pollution, as well 
as being a low-cost material [69,72]. ZLH 
nanocomposite material is one of the ultrafine and tiny 
powders with a diameter below 100 nm. The nanometer 
scale particle size of the ZLH material will cause changes 
in the surface characteristics and crystal structure due to 
quantum effects, surface effects, and interface effects 
[71,73-75]. This condition causes the particles to become 
smaller while the particle surface area, surface energy, 
surface binding energy, and the number of surface atoms  

 
Fig 1. Schematic view ZLH nanocomposite general structure with anions intercalated in the interlayer structure 
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Table 1. List of methods and intercalated anions that have been intercalated into the interlayer of ZLH 
Methods Guest anions Ref. 

Co-precipitation Valeric acid [47] 
 Oxalatooxoniobate complex ion [4] 
 3(4-methoxyphenyl) propionic acid [42] 
 Indigo carmine ion [48] 
 Sodium salicylate ion [20] 
 Sodium heptanoate ion [49] 
 Porphyrin ion [50] 
 Methyl orange, orange II ion [51] 
 Aspartic acid [52] 
 Nitrate, phosphate anions [53] 
 Triarylmethane dyes [18] 
 4-aminobenzoic acid [54] 

Direct reaction Chloroacetic acid [33] 
 3-(4-methoxyphenyl) propionic acid [32] 
 2-(2,4-dichlorophenoxy) butyric acid [55] 
 4-chloro-2-methylphenoxy acetic acid [56] 
 Hippuric acid [36] 
 Cinnamic acid [3] 
 Para-aminosalicylic acid [57] 
 Protocatechuate ion [38] 
 Salicylic acid [39] 
 Cinnamic acid [58] 
 Ferulic acid [59] 

Ion exchange 3-(4-methoxyphenyl)propionic acid [42] 
 Hippuric acid [36] 
 Caffeic acid [27] 
 Ciprofloxacin ion [60] 
 2-(2,4-dichlorophenoxy)butyric acid [55] 
 2-aminobenzoate [61] 
 2-Methyl-4-chlorophenoxyacetic acid [34] 
 Curcumin anion [62] 
 Diclofenac ion [5] 
 Molybdate anion [63] 
 β-glucan ion [64] 
 Amoxicillin trihydrate [65] 

Hydrothermal precipitation Hexamethylenetetramine [12] 
 2-Methyl-4-chlorophenoxyacetic acid [34] 

 
increase rapidly, surface atoms lack contiguousness, 
leading to unsaturated properties. Indirectly, it will 
stabilize and combine with other atoms [76-77]. It is also 
supported by the strong adsorption capacity of this 
material due to the basic structure of nanomaterials that 
can reach equilibrium quickly. Therefore, ZLH 

nanocomposites have been used to isolate and enrich 
ideal materials used to analyze trace elements [70]. Some 
researchers have conducted studies to evaluate the 
performance of ZLH in removing heavy metals from 
wastewater, such as de Oliveira and Wypych [66]. They 
used zinc hydroxide nitrate layered (ZnHN) to 
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determine the effectiveness of ZnHN on the removal of 
chromate ions from the solution. The results show that 
the retention capacity of ZnHN is higher compared to the 
theoretical value because the presence of CrO4

2− acts to 
destroy the structure of the material. The chromate 
removal capacity in the experiment showed a value of 
210.1 mg CrO4

2−/g material. 
XRD analysis before and after chromate removal of 

ZnHN shows that the layered material has changed into a 
new compound, mainly amorphous. The removal of 
heavy metals from wastewater using ZLH was also done 
by Jia et al. [70]. Mine wastewater containing Pb2+ was 
treated using nanometer-layered zinc hydroxide, 
involving several parameters such as pH, temperature, 
coexisting ions, initial concentration, and time on the 
performance of the layered material. The results show that 
the metal ion removal efficiency is higher than 85%, while 
the concentration of Pb2+ in the permeation liquid shows 
permeation lower than 0.5 mg/L. The pH results show 
that the pH value influences the adsorption rate, and the 
temperature has the maximum impact on the adsorption 
of Pb2+ ions. Studies show that the adsorption of 
nanoparticles is due to nanoparticles that have surface 
hydroxyl groups. Hydroxyl groups on the surface of 
nanoparticles allow bonds to be formed with various 
cations and fulfill the characteristics of ion or organic 
substance adsorbents. In addition, the large surface area 
of the nanoparticles also produces unsaturated bonds, 
which in turn cause the formation of charges on the 
surface of the nanoparticles. Therefore, ions of different 
charges are attracted to the surface of the substrate to 
balance its surface charge [78]. Rhodamine B is one of the 
water-tracer fluorescent substances widely used as a dye 
in the textile industry and a substance in the food 
industry. Studies show that rhodamine B is a carcinogenic 
substance for humans and animals. Prolonged exposure 
to this substance can irritate the eyes, skin, and respiratory 
tract [79-82]. 

Thao et al. [83] have developed the reaction of zinc 
hydroxide-layered Ti-doped nanomaterials as a catalyst 
for decomposing rhodamine B in water under visible light 
irradiation. The synthesis involves the substitution of Zn2+ 
ions for Ti4+ on the ZLH layer to form a heterogeneous 

catalyst material containing Ti, which gives variation to 
the solid composition and creates a lot of OH on the 
hydroxide layer. Zn-based modification as a catalyst 
material with photocatalytic properties broadens the 
potential of ZLH to accommodate the difference in 
cation size and valence for guest anion intercalation in 
the interlayer domain. 

■ SENSITIZERS 

Organic sensitizers with strong UV absorption 
properties have frequently been intercalated into the 
interlayer of ZLH to convert light energy into excited 
states [3,23,84]. It is reasonable that the final properties 
of inorganic-organic functional hybrids depend on the 
interaction between the host layer, which is an inorganic 
matrix, and the guest anions that cause interaction and 
influence the distribution, orientation, the electronic 
properties of the guest anions [50,85] and control the 
chemical composition, mesomorphology, and 
micromorphology of layered material [86]. Much 
research has been done to study these hybrid materials’ 
spectral, photochemical, and photophysical properties 
due to the stability and interlayer protection of the 
inorganic host structure [87-90]. At the same time, the 
chromophore species has an optical function such as 
color [91], thermochromicity [92], luminescence [93-
94], formation of singlet oxygen [95], nonlinear optical 
properties, photo-oxidation [96], or UV absorption [97]. 
This study is important for developing layered materials 
for energy storage and conversion, photocatalysis, 
sunscreens, and even devices for sensing or 
photochemistry. Demel et al. [50] have reported that a 
solid-state O2(1 Δg) sensor was developed based on an 
anionic porphyrin-intercalated layered zinc hydroxide 
(LZH) hybrid. The newly discovered layered material 
has an inorganic host layer that provides stability and 
protection to photo-functional guest species. From the 
results, both new layered materials, LZH-PdTPPS and 
LZH-PdTPPC, show strong signals of photo-produced 
O2(1 Δg). The obtained O2(1 Δg) luminescence intensity 
decays monoexponentially, which gives an effective 
O2(1 Δg) lifetime of 30 and 41 μs, respectively, in an 
oxygen atmosphere for LZH-PdTPPS and LZH-
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PdTPPC. The hybrid material shows good potential as an 
O2(1 Δg) producer and extends the life of O2(1 Δg). It 
shows that the host LZH is a potential material that can be 
used as an ion porphyrin carrier. 

■ CONTROLLED RELEASE FORMULATION IN 
BIOMEDICAL 

A slow-release drug delivery system is one example 
of applying ZLH materials in biomedicine. Most drugs are 
difficult to dissolve in water, making delivering the dose 
to the target area challenging to achieve and less effective. 
In addition to that, there are unwanted side effects [98-
101]. Therefore, the drug delivery system using ZLH 
material is one of the alternative methods as a drug 
delivery vector that effectively controls the release rate of 
drug molecules to maintain drug molecules in vivo 
proportional to time. [57,102-105]. Table 2 shows the 
biomolecules that have been intercalated into the 
interlayer of ZLH and the kinetic model of the respective 
controlled release system. 

A kinetic model has been used to explain the process 
that occurs to study the release behavior of substances in 
a specific medium. It involves mathematical formulas to 
determine the quantitative analysis value obtained for the 
release rate and to explain the process involved easily. The 
chosen mathematical model will help optimize 
therapeutic device design by informing the effectiveness 
of different release models [2,106-109]. Furthermore, the 
kinetic model output data can be used for several 

approaches in sustained release or stimulus-responsive 
systems [109]. Engineers, pharmacists, and researchers 
are pouring out ideas together to produce new and 
potentially efficient products in various fields by using 
controlled-release formulations. Mathematical modeling 
is helpful in proving the prediction of the kinetic release 
model before the product is used or implemented on the 
actual target, which involves the measurement of certain 
physical parameters, such as drug diffusion coefficients, 
as well as the use of models that will be selected based on 
experimental output data [110-111]. Therefore, the 
mathematical modeling developed needs to be 
understood by focusing on all the factors that affect the 
kinetics and has a very important value in optimizing the 
mathematical formulation used [2,113-114]. The model 
can be simply a mathematical metaphor for many 
aspects of reality involved in identifying the set of 
phenomena governing release kinetics [111,114-116]. 
UV radiation consists of UV A, B, and C in the 
electromagnetic spectrum’s wavelength range between 
200–400 nm. The ozone layer absorbs UV B and UV C 
radiation, while UV A radiation that reaches the ground 
will affect human health. Recently, sunscreen 
formulations made from organic and inorganic 
compounds have been widely produced to prevent or 
minimize the effects of being exposed to UV rays 
[25,117]. Mohsin et al. [3] have intercalated cinnamate 
acid (CA), which is an efficient UV A and UV B absorber 
anion, into the  interlayer of ZLH.  The result shows that  

Table 2. List of active agents in the interlayer of ZLH nanocomposite and kinetic model in biomedical applications 
Active agent Kinetic model Researcher 
Cinnamate ion Pseudo-second order [3] 
Indole-3-acetic acid Modified Freundlich model [102] 
Hippuric acid First-order: pH 7.4 [36] 
 Pseudo-second-order: Na2CO3  
 Bhaskar equation: pH 4.8  
Ciprofloxacin ion Modified Freundlich model [60] 
Ellagic acid Pseudo-second-order [35] 
4-amino salicylic acid Pseudo-second-order [57] 
Protocatechuic acid Pseudo-second-order [38] 
Cetirizine ion Pseudo-second-order [103] 
Gallic acid Elovich and Freundlich models [2] 
Ferulic ion Pseudo-second-order [59] 
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the UV–Vis spectrum of the intercalated material has 
excellent UV A and UV B absorption abilities. The 
retention of the cinnamate ion in the interlayer of ZLH in 
selected media shows slow release over an extended 
period for sunscreen usage. The MTT assay on human 
dermal 47 fibroblasts (HDF) cells for intercalated 
compounds shows the cytotoxicity of ZLH-CA to be 
concentration-dependent overall and less toxic than its 
precursor, ZnO. Biswick et al. [27] also intercalate an 
active agent, caffeic acid, into ZLH nanocomposite as 
sunscreen material. Caffeic acid was chosen due to its high 
potential as a material for cosmetic applications and its 
low stability against UV and oxygen irradiation [117-
119]. The finding of slow release for caffeic acid-zinc basic 
salt (CA-ZBS) shows a fast release in the first 20 min, 
which is due to small amounts of anions adsorbed on the 
surface of the inorganic matrix and to anions intercalated 
close to the edges of the crystals, followed by slow release 
with time. The slow release of the caffeic ion from the 
inorganic matrix is due to the strong covalent bonding 
interaction between the carboxylate group of the anions 
and the matrix cation. This observation is supported by 
the FTIR spectrum of the CA-ZBS nanocomposite, where 
the Δν value for the caffeate anion in sodium caffeate is 
higher than that of CA-ZBS. A novel nanocomposite with 
the guest molecule protocatechuic acid that acts as an 
anticancer agent has been synthesized by Barahuie et al. 
[38]. The cytotoxicity test of the nanocomposite for all 
cancer cells showed an increase compared to the free form 
of the guest anion. In vitro tests of this nanocomposite 
show that it is an effective anticancer agent, suitable for 
use as a controlled-release formulation of protocatechuic 
acid, and has good potential as a chemotherapeutic drug 
for human cancer [120-122]. A pseudo-second-order 
kinetic model governed the release study of protocatechuic 
acid from the interlayer of ZLH nanocomposite into the 
phosphate-buffered saline solution. Similar research was 
done by Saifullah et al. [123], who found that anti-
tuberculosis drugs in zinc hydroxide-4-aminosalicylate 
(4-ASA-ZLH) nanocomposite gave minimal drug side 
effects and protected the drug from enzymatic 
degradation. It also increases the therapeutic efficacy by 
delivering the drug at the target site. The release rate of 4-

amino salicylic acid from nanocomposite depends on 
pH, and the release mechanism of 4-amino salicylic acid 
occurs through both the dissolution of ZLH layers and 
diffusion [124]. Abdul Latip et al. [60] have also used 
PBS at pH 7.4 as a medium for the controlled release of 
the ciprofloxacin (CFX) ion. The release study of CFX 
release data was fitted with the Freundlich model, 
followed by the parabolic diffusion model. Sustained 
release of CFX from the interlayer of ZLH increases the 
antiproliferative effect. It is due to the strong interaction 
that occurs between ZLH and CFX, which will facilitate 
cell uptake and protect guest ions from degradation, 
causing a slow release of CFX and “killing” A549 cells. 
The unique properties of ZLH have revolutionized it as 
a nano vehicle in medical science, especially in drug 
delivery. ZLH, with drug intercalation between the 
spaces in its layer, has improved chemical and thermal 
stability, cell targeting, drug solubility, reduced side 
effects, and increased drug resistance to disease, further 
increasing the drug’s plasma half-life [38]. Overall, 
layered zinc hydroxide shows effective potential as a 
nanocarrier for drugs with efficient delivery and 
improving the therapeutic efficiency of drugs in treating 
different diseases. 

■ CONTROLLED RELEASE FORMULATION IN 
AGRICULTURE 

Special attention has also been focused on 
controlled-release formulations of pesticides using 
layered materials in agriculture. There are many new 
nanocomposites involving pesticides that have been 
intercalated into interlayer of ZLH such as 
cetyltrimethylammonium bromide [125], chloroacetic 
acid [33], valeric acid [47], propoxur [41], isoprocarb 
[126], thiacloprid [28], 2-methyl-4-chlorophenoxyacetic 
acid [34], 2-(2,4-dichlorophenoxy) butyric acid [55], 
and 4-chlorophenoxyacetic acid [127]. The successful 
intercalation process of pesticides into the interlayer of 
ZLH was due to positively charged ZLH layers that 
promote the attraction force between the guest anion 
pesticides and the host. Most researchers only use one 
type of guest anion in the intercalation process into the 
ZLH interlayer. However, Hussein et al. [128] have 
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successfully intercalated two different guest anions 
simultaneously into the ZLH interlayer, namely 4-(2,4-
dichlorophenoxy) butyrate (DPBA) and 2-(3-
chlorophenoxy) propionate (CPPA), using direct reaction 
method. The release study for both anions showed that 
the release rate depended on the guest anion size and the 
interaction between the hydroxide layer and CPPA, 
DPBA anions. This finding indicates that zinc-layered 
hydroxide is a versatile use material that can 
simultaneously intercalate more than one guest anion. 
ZLH, as a controlled release agent, acts as a host and 
delivery system that protects the active agent from 
degradation and increases the stability of the chemical 
while also preventing loss through leaching or 
evaporation, thereby increasing the duration of activity of 
the active agent. 

Furthermore, ZLH also prevents active agents 
from being directly exposed to humans or the 
environment, which will reduce application and 
promote a safer environment [47]. To this end, 
controlled-release formulations encourage the effective 
use of agrochemical herbicides and produce new 
products that can be used in the agricultural sector 
[2,129]. Therefore, it can limit the amount available for 
unwanted processes and reduce the presence of 
agricultural chemicals in soil and surface water [32]. The 
use of mathematical modeling is beneficial in cases 
where the prediction of release kinetics is controlled 
before it is realized in a real system [130-131]. It directly 
collects measurements of important physical 
parameters, such as diffusion coefficients, and model 
matching  to  experimental  output  data.  Therefore,  the  

Table 3. List of pesticide anions that intercalated into the interlayer of ZLH and its kinetic model 
Pesticides Kinetic models Researcher 
2,4-dichlorophenoxy acetic acid Pseudo-second-order [31] 
Valeric acid Pseudo-second-order [47] 
Hexenoic acid Pseudo-second-order [135] 
Cloprop Parabolic diffusion [32] 
4-chlorophenoxyacetic acid Pseudo-second-order [127] 

Chlorpyrifos 
pseudo-second-order (ZHN−DBS−CPF) 

[20] parabolic diffusion (ZHN−TX-10−CPF) 
Cetyltrimethylammonium bromide  [125] 
Chloroacetic acid  [33] 

3-(4-methoxyphenyl) propionic acid Pseudo-second-order (phosphate medium) [32] The first order (sulfate and chloride medium) 
(2-(2,4-dichlorophenoxy)butyric acid  [55] 
4-(2,4-dichlorophenoxy) butyric acid and 
2-(3-chlorophenoxy) propionic acid 

Pseudo-second-order [128] 

4-chlorophenoxy acetic acid Pseudo-second-order [127] 
Nitrate anion Pseudo-second-order [53] Phosphate anion 

Isoprocarb 
The first order (phosphate solution) 

[126] Pseudo-second order (sulfate and chloride solutions) 

Thiacloprid 
First-order kinetics (phosphate solution) 

[28] Parabolic diffusion kinetics (sodium sulfate and sodium 
chloride solutions) 

Imidacloprid Pseudo-second-order [136] 

Bispyribac 
Pseudo-second-order (phosphate and sulfate solutions) 

[137] Parabolic diffusion (chloride solutions) 
Fluazinam Pseudo-second-order [138] 
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mathematical modeling developed needs to be understood 
to see the factors that influence the kinetics of pesticide 
release [132-134]. It has important value in optimizing the 
formulation process. The list of pesticides intercalated 
into ZLH and its kinetic model are presented in Table 3. 

■ CONCLUSION 

The zinc layered hydroxide intercalated with anion 
can be synthesized using four methods such as co-
precipitation, direct reaction, ion exchange, and 
hydrothermal. Each method is chosen due to the difficulty 
of the intercalation process. Among them, the co-
precipitation method was found to be the most popular 
choice to be used due to the simple and lower cost of 
synthesizing ZLH nanocomposite. This intercalated 
nanocomposite has shown great potential as a sensitizer 
due to the stabilization and protection layer, which gives 
effective life to the guest anion. While the controlled 
release formulation of ZLH nanocomposite for biomedical 
and agriculture enables it to produce material that has 
better efficacy and is safe for humans and the environment. 
It can also reduce overall costs by eliminating the time and 
cost of repeated and redundant applications. Therefore, 
knowledge and awareness about the application of 
nanocomposites in agriculture and biomedicine need to 
be expanded to fully utilize this technology fully, thereby 
increasing the income of related sectors. This knowledge 
will indirectly also help researchers diversify ZLH 
nanocomposite applications in the future. 
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