
 

 



Indones. J. Chem., 2023, 23 (2), 285 - 297    

 

Ahmad Suseno et al. 
 

285 

Activity and Selectivity of Mesoporous Silica Catalyst for Hydrocracking Process 
of Used Palm Oil into Biogasoline 

Ahmad Suseno1, Karna Wijaya2*, Edy Heraldy3, Lukman Hakim4, 
Wahyu Dita Saputri5, and Gunawan Gunawan1 
1Department of Chemistry, Faculty of Sciences and Mathematics, Diponegoro University, 
Jl. Prof. H. Soedarto, S.H., Tembalang, Semarang 50275, Indonesia 
2Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Gadjah Mada, 
Sekip Utara, Yogyakarta 55281, Indonesia 
3Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Sebelas Maret, 
Jl. Ir. Sutami 36A, Surakarta 57126, Indonesia 
4Department of Chemistry, Faculty of Mathematics and Natural Sciences, Brawijaya University, 
Jl. Veteran, Malang 65145, Indonesia 
5Research Center for Quantum Physics, National Research and Innovation Agency (BRIN), 
Habibie Science and Technology Complex (Puspiptek), Serpong 15314, South Tangerang, Indonesia 

* Corresponding author: 

email: karnawijaya@ugm.ac.id 

Received: November 15, 2021 
Accepted: February 22, 2023 

DOI: 10.22146/ijc.70460 

 Abstract: Research on the synthesis of mesoporous silica catalyst, as well as its activity 
and selectivity in the hydrocracking of used palm oil, has been carried out. The research 
involved the preparation of mesoporous silica catalyst by varying the volume ratio of 
TEOS:CTAB at 2:1, 4:1, and 8:1, then calcined at 500 °C. Synthesis success was confirmed 
by FTIR, XRD, SEM-EDX, GSA, and hydrocracking selectivity by GC-MS analysis. The 
results showed that the more TEOS added, the silica bond composition, crystallinity, pore 
size, and product selectivity increased. The best catalyst performance was obtained from 
a TEOS:CTAB ratio of 8:1 at a calcination temperature of 500 °C (MCT81-500), which 
indicated the presence of Si-OH and Si-O-Si groups with a Si percentage of 45.31%, pore 
size diameter of 31.912 nm, and a total pore volume of 0.040 cc/g. In addition, the 
application of MCT81-500 in the hydrocracking process of used palm oil can produce a 
bio-gasoline (C5-C12) and kerosene (C12-C15) of 92.24 and 7.76 wt.%, respectively. This 
study shows that mesoporous silica has good potential for catalytic activity to convert used 
cooking oil waste into an environmentally friendly energy source. 
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■ INTRODUCTION 

For several years, fossil fuels have been widely used 
in various aspects of life. However, this fuel is non-
renewable and will eventually run out. Various studies on 
alternative fuel sources to overcome the problem of fossil 
fuels have been carried out [1]. Biogasoline is like fossil 
fuels in terms of functionality and clean combustion [2-
3]. Used palm oil is an alternative source of biogasoline. 
Used palm oil is produced mostly by households, the food 
industry, and fast-food restaurants. Used palm oil consists 

of long hydrocarbon chains, such as fatty acids, 
triglycerides, and their derivatives which can be converted 
into biogasoline. Therefore, the hydrocracking process 
is very necessary for converting used palm oil into fuel 
[4-5]. 

Mesoporous silica nanoparticles have attracted 
attention in various applications such as separation [6], 
catalysis [7], chemical sensing [8], and biomedicine [9]. 
Mesoporous silica has been synthesized in many 
previous studies showing various shapes or 
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morphologies, including monoliths, spheres, rods, films, 
and fibers [10-18]. They display promising functions for 
catalytic, electronic, separation, electrochemical, and 
optical applications [19-20]. In addition, the development 
of nanostructured materials is increasingly attracting 
interest in various application fields, including catalysis 
and adsorption. Thermal and hydrothermal stabilities are 
also important parameters to be considered when 
designing materials for heterogeneous catalytic reaction 
applications. The type of heterogeneous catalyst currently 
being studied is a silica-based catalyst. This type of 
catalyst has some advantages, namely surface reactivity, 
good chemical and thermal resistance and acidity, which 
is easily modified by the hydrocracking process [21]. 

Hydrocracking is one of the important processes in 
petroleum processing. In the hydrocracking process, 
hydrocarbon compounds break down into small-chain 
hydrocarbons such as gasoline, diesel, and kerosene 
fractions [22-23]. Development with the addition of a 
catalyst can speed up the hydrocracking process. Based on 
previous studies, it is known that hydrocracking catalysts 
with mesoporous dimension silica can increase the liquid 
yield [24]. Silica-based catalysts have surface reactive 
properties, good thermal, chemical, and acid resistance, 
and are easy to modify [25]. The nature of the silica 
catalyst is determined by several synthesis parameters, 
such as calcination temperature, solution pH, method of 
preparation, and precursor concentration [26]. In 
addition, a modification that can be made to increase the 
reactivity of silica is by forming mesopores. A pore is 
considered a mesopore when it has a pore size of 2 to 
50 nm [27]. Mesoporous materials are very encouraging 
for hydrocracking processes due to their large surface 
area, thermal, chemical, and mechanical stability, regular 
pore distribution, and high adsorption capacity [24,28]. 
So, the development of mesoporous silica synthesis 
becomes important. 

Mesoporous silica synthesis requires a silica source 
and a template. The most used silica sources are tetraethyl 
orthosilicate (TEOS) or sodium silicate, while cationic 
organic compounds such as cetyltrimethylammonium 
bromide (CTAB) are used as molds [29-30]. The type of 
template and the ratio of precursors used determine the 

size and distribution of mesoporous silica materials 
[24,31] as catalysts for hydrocracking [32-36]. 
Therefore, this study observed the activity and selectivity 
of mesoporous silica catalysts for the hydrocracking 
process of used palm oil into biogasoline. The effect of 
TEOS:CTAB composition variations were observed by 
characterization with FTIR, XRD, SEM-EDX, GSA, and 
hydrocracking selectivity with GC-MS to obtain the 
optimum catalyst performance ratio. In addition, this 
research is also expected to be a solution to the potential 
use of used cooking oil that is not utilized as an 
environmentally friendly energy source. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study consisted of 
CTAB, TEOS, ammonium hydroxide (NH4OH), and 
sodium hydroxide (NaOH) obtained from E. Merck. 
Palm oil was purchased from a traditional market in 
Semarang, Central Java. Hydrogen and nitrogen gases 
were obtained from PT. Samator Gas (Semarang, 
Central Java). 

Instrumentation 

The equipment and instruments used in this study 
included laboratory glassware, magnetic stirrers, ovens 
(Kirin), filter paper (Whatman no. 42), Gas Sorption 
Analyzers (GSA, Quantachrome Nova 1200e), Scanning 
Electron Microscope (SEM, Phenom ProX G6 desktop), 
X-ray Diffractometer (XRD, X'Pert3 Powder), Fourier 
Transform Infra-Red Spectrometer (FTIR, PerkinElmer 
Spectrum 100), and Gas Chromatography-Mass 
Spectrometry (GC-MS, GC-2010 Shimadzu). 

Procedure 

Preparation 
An outline of the production scheme for 

mesoporous silica (MCT) as a catalyst for hydrocracking 
palm oil is shown in Fig. 1. Synthesis of mesoporous 
silica was performed by mixing 0.8018 g CTAB and 2, 4 
and 8 mL TEOS separately. Then, the synthesis results 
are labeled as MCT21-500, MCT41-500, and MCT81-
500. The mixture was stirred for 15 min. Then 5 mL of 
2 M NaOH solution was added dropwise and continued  
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Fig 1. Schematic illustration for the synthesis of MCT catalyst for hydrocracking palm oil 

 
with stirring for 3 h at 80 °C. The solids obtained were 
filtered and washed with distilled water at neutral pH 
conditions. After that, drying was done at 150 °C for 2 h 
and followed by grinding and sifting at a size of 200 mesh. 
The final step was the calcination process in an open 
stainless reactor at 500 °C for 4 h in an inert N2 
atmosphere at 2 °C/min and then let it cool down to reach 
room temperature. 

Characterization 
The synthesis success of the mesoporous silica 

catalyst was analyzed by FTIR to confirm the functional 
groups, and the diffraction patterns were measured using 
the X'Pert3 Powder XRD in continuous scanning mode 
with a scan range of 1–10° and a scanning interval of 0.02°. 
In addition, morphology and pore size observations were 
carried out by using SEM and gas sorption analyzers while 
GC-MS was used to determine the effectiveness and 
composition of hydrocracking products. 

Catalytic activity 
The catalyst activity was observed in the 

hydrocracking process of used palm oil samples in a flex-
bed microreactor system, as shown in Fig. 2. The catalyst 
was fed into the microreactor system with a weight ratio 
of catalyst/used palm oil of 1:100 (w/w). The used oil sample 

 
Fig 2. Schematic of a hydrocracking microreactor 

was put into the chamber feed and then heated until it 
evaporated. Simultaneously, the catalyst reactor was 
heated at 500 °C. Then H2 gas was flowed into the feed 
chamber at a speed of 20 mL/min. Oil vapor entered the 
catalyst reactor containing mesoporous silica catalyst 
(MCT21-500, MCT41-500, and MCT81-500), and a 
hydrocracking reaction occurred. Furthermore, the 
product was cooled in a cool trap and collected in a 
container. Finally, the products obtained were analyzed 
using GC-MS. The chromatogram showed the relative 
percentage for each compound contained in the liquid 
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product. The selectivity of the catalyst in the 
hydrocracking reaction was measured from the peak area 
of the GC-MS chromatogram of each fraction. The 
conversion of feed to yield was calculated by using the 
following equations [32]: 

LP

F

W
Liquid yield(wt.%) 100%

W
   

 R UC FC

F

W W W
Solid yield(wt.%) 100%

W
 

   

Gas product(wt.%) 100% wt.%(liquid solid)    

x y

Selectivity  of  liquid yield
% area GCMS fraction C C

                       100%
% total area GCMS


 

 

where, WLP: weight of liquid product, WF: weight of feed, 
WR: weight of residue, WFC: weight of fresh catalyst, and 
WUC: weight of used catalyst 

■ RESULTS AND DISCUSSION 

The results of the infrared analysis of mesoporous 
silica material (MCT81-500) are shown in the spectra of 
Fig. 3. This analysis was carried out to determine the 
absorption resulted by the synthesized mesoporous silica 
and to observe changes in absorption after the adsorption 
of ammonia by mesoporous silica catalysts with a volume 
ratio of TEOS:CTAB = 8:1. Fig. 3(a) shows the initial 
spectra consisting of absorption of functional groups 
from Si–O–Si bending vibrations, symmetric Si–O–Si 
stretching vibrations, Si–OH stretching vibrations, 
asymmetric Si–O–Si stretching vibrations, H–O–H 
bending vibrations, Brønsted acid sites, and O–H 
stretching vibrations were observed to occur at 
wavenumbers 455, 794–802, 956–964, 1082–1087, 1635–
1640 and 3465–3434 cm−1, respectively. Then in Fig. 3(b) 
a new absorption peak appears at 1388 cm−1, which shows 
an ammonia adsorption vibration band indicating the 
presence of Lewis acid and a combination of all acid sites. 
Ammonia is adsorbed on top of the sample at Lewis acid 
sites forming ammonium ions in the silica structure. The 
results of this study indicate that the adsorption of 
ammonia by MCT81-500 was carried out successfully 
through the acidic active site. 

MCT catalyst crystallinity was analyzed by XRD to 
produce a diffractogram as shown in Fig. 4. The analysis 

was carried out at 2θ = 2–15° with MCT samples of 
CTAB:TEOS variations (2:1; 4:1; and 8:1). The 
diffractograms of all samples after calcination showed 
indexable peaks at 100, at angles 2θ 2.61°, 3.02°, and 2.67° 
for MCT21-500, MCT41-500, and MCT81-500 
materials, respectively. 

The results showed that the CTAB:TEOS ratio 
variation produced a different crystallinity from the 
MCT81-500 sample, which resulted the highest 
crystallinity degree. Peak intensity increases with 
increasing silica content or TEOS/matrix ratio. The results 
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Fig 3. FTIR spectra of MCT81-500: (a) before and (b) 
after adsorption of ammonia 
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Fig 4. XRD patterns of the mesoporous silica materials: 
(a) MCT21-500, (b) MCT41-500, and (c) MCT81-500 
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Fig 5. SEM images of (a) MCT21-500, (b) MCT41-500, and (c) MCT81-500 

 
reflect that the composition of the precursor and 
surfactant significantly affects the morphology and 
crystallinity of the resulting mesoporous silica. These 
results also show whether the addition of a suitable matrix 
can improve the intensity of silica crystallinity based on 
SEM analysis. 

Characterization of the catalyst morphology to 
determine the surface topography was carried out by SEM 
while the elemental composition on the surface of the 
catalyst was carried out by EDX. The SEM results in Fig. 
5 illustrate that the variations in the TEOS:CTAB ratio 
affect many properties, such as pore size, surface area, and 
morphology. SEM images of the samples also show non-
uniform particle sizes. This shows that CTAB as a 
mesoporous matrix agent has a wide range of molecular 
weight distribution. As shown in Fig. 5(a), (b), and (c), the 
surface morphology of the silica samples tends to be 
round and most of the particles tend to form bonds or 
large spherical particle pieces which are commonly 
known as clustering. 

The results of the EDX analysis showed that the 
elemental content in Table 1 concluded that higher 
crystallinity was associated with an increase in silicate 
content. These results also conclude that higher 
crystallinity is consistent with higher silica 

concentrations. Where in this result, the highest 
crystallinity structure was obtained from the synthesis of 
hierarchical mesoporous silica with a ratio of 8:1. 

In the EDX analysis, the elements silica (Si), 
oxygen (O), carbon (C), and nitrogen (N) appear. 
Specifically, O and Si elements show the formation of 
silanol (Si–OH) and siloxane (Si–O–Si) groups. in 
addition, the appearance of certain carbon content in the 
MCT81-500 material confirms the XRD peak 
(2θ = 2.61°) shown in Fig. 4. 

Analysis of catalyst properties such as average 
diameter, pore distribution, total pore volume, and 
specific surface area was carried out by GSA. The results 
of the porous properties of the mesoporous silica catalyst 
are presented in Table 2. 

The GSA analysis showed that the largest average 
pore radius was obtained with the MCT81-500 sample. 
This indicates that a larger radius of porous silica can be 

Table 1. Elemental analysis results measured using EDX 

Sample 
Content (%) 

Si O N C 
MCT21-500 27.50 64.24 8.26 - 
MCT41-500 35.76 55.83 8.41 - 
MCT81-500 45.31 41.11 6.02 7.75 

Table 2. Pore properties of the mesoporous silica catalysts 

Sample Specific surface area 
(m2/g) 

Total pore volume 
(cc/g) 

Average pore diameter 
(nm) 

MCT21-500 324.254 0.109 31.484 
MCT41-500 382.514 0.199 31.892 
MCT81-500 292.294 0.040 31.912 
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achieved by adding a minimal proportion of CTAB, 
especially in TEOS (silicon) precursors with a mold ratio 
of 8:1. However, other parameters such as specific surface 
area and total pore volume of MCT81-500 catalyst were 
the lowest. The increase and decrease in surface area are 
followed by the pore diameter. The pore diameter shows 
the highest pore distribution. The increased pore size does 
not slow down the process of diffusion of triglycerides 
into the catalyst. This ensures an optimal cracking process. 

The adsorption isotherm of mesoporous silica is 
shown in Fig. 6. The isotherm pattern of mesoporous 
silica follows the type IV adsorption pattern. The type IV 
isotherm diagram shows four types of hysteresis loops 
which describe the mesoporous character of the intrinsic 
pore dimensions of the material [37-38]. To see the pore 
state more accurately, it is necessary to analyze the pore 
distribution curve in the material. The pore radius 
distribution data is shown in Fig. 7. The data shows the 
pore distribution according to mesoporous materials 
which have a sensitivity range of 2 to 50 nm. 

The catalytic activity of MCT21-500, MCT41-500, 
and MCT81-500 was observed in the hydrocracking 
process of used palm oil. The product composition was 
analyzed by GC-MS to obtain a chromatogram like the 
example shown in Fig. 8. Fig. 8 shows the chromatogram 
of hydrocracking products with MCT81-500 catalyst, 
which produces different peaks according to their 
respective retention times.  Hydrocracking products are 
differentiated  due to  differences in  boiling  points  based 
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Fig 6. Adsorption-desorption isotherm curves of the 
mesoporous silica materials 
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Fig 7. Pore radius size distribution of the mesoporous 
silica materials 

 
Fig 8. GC-MS chromatogram of hydrocracking product with MCT81-500 
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on differences in the content of carbon chains, as 
summarized in Table 3. 

GC-MS data  for liquid  products  from  the cracking  

process are divided into several fractions, including 
biogasoline (C5-C12), kerosene (C12-C15), diesel (C16-C18), 
and wax fractions (> C18). The percentage of each product 

Table 3. Chemical composition of hydrocracking product with MCT81-500 
Chemical compound Fraction R. Time Area (%) Height (%) A/H 
n-Heptane C7 1.41 0.66 1.20 0.71 
1-n-Heptene C7 1.46 0.99 1.50 0.85 
n-Octane C8 1.54 6.37 9.89 0.84 
1-Octene (CAS) Caprylene C8 1.64 7.50 11.18 0.87 
2-Octene, (Z)- (CAS) (Z)-2-Octene C8 1.68 2.41 2.96 1.06 
2-Octene (CAS) Oct-2-ene C8 1.72 1.34 1.50 1.15 
n-Nonane C9 1.80 12.01 15.44 1.01 
3-Propylcyclopentene,  C5 1.88 0.50 0.25 2.61 
(Z)-Cycloheptene C7 1.92 0.38 0.43 1.16 
n-Non-1-ene C9 1.99 13.40 14.74 1.18 
2-Nonene C9 2.07 1.92 1.86 1.34 
Propylcyclohexane C6 2.24 1.61 0.98 2.14 
1-Ethylcyclohexene C6 2.28 1.13 0.86 1.69 
Decane C10 2.33 4.98 5.49 1.18 
7-Methyl-bicyclo[2,2,1]heptane C8 2.37 0.80 0.66 1.57 
9,12,15-Octadecatrienal C20 2.40 0.28 0.28 1.31 
Bis(cyclopent-2-enyl) C11 2.47 0.68 0.63 1.40 
3,10-Dioxa-tricyclo C12 2.49 0.44 0.44 1.31 
trans-1-Ethenyl-2-methylcyclohexane C6 2.53 0.28 0.20 1.82 
Cyclopentane C5 2.59 0.95 0.53 2.32 
1-Decene C10 2.71 10.16 7.91 1.66 
Cyclooctene C8 2.75 10.14 8.52 1.54 
cis-3-Decene C10 2.86 2.04 1.87 1.42 
Pentalene C8 2.97 2.49 1.46 2.22 
4,5-Nonadiene C9 3.07 0.63 0.27 3.02 
n-Butylcyclohexane C6 3.16 0.79 0.37 2.77 
Hexanal C6 3.21 0.77 0.37 2.71 
Undecane C11 3.37 1.77 1.31 1.75 
Cyclodecene C10 3.44 0.43 0.26 2.16 
4-Cyclopropylcyclohexene C9 3.47 0.47 0.32 1.88 
6-Methyl-bicyclo[4.2.0]octan-7-ol C9 3.59 1.10 0.55 2.58 
Ethylbenzene C6 3.90 0.79 0.26 3.93 
1-Dodecene C12 4.12 3.48 2.19 2.06 
2-Undecene C11 4.42 2.69 1.40 2.50 
1-Butylcyclohexane C6 4.57 0.67 0.35 2.48 
1-Undecene C11 4.68 1.16 0.69 2.20 
1,2-Dimethylbenzene, (CAS) o-Xylene C6 5.14 0.55 0.29 2.45 
Propylbenzene (CAS) n-Propylbenzene C6 5.77 0.27 0.14 2.39 
3-Methylcyclohex-3-en-1-one C7 12.23 0.57 0.25 2.93 
Pentadecane C15 17.69 0.18 0.08 2.86 
Benzaldehyde C7 18.18 0.24 0.12 2.49 
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fraction is calculated from the resulting peak area to 
obtain the data summarized in Fig. 9. 

Based on Fig. 9, the percentage of the product 
fraction from the thermal and hydrocracking processes 
with a catalyst shows significantly different results. The 
thermal cracking performed showed that the biogasoline 
and kerosene fractions obtained were relatively low. On 
the other hand, the selectivity of catalysts MCT21-500, 
MCT41-500, and MCT81-500 in hydrocracking palm oil 
resulted in a dominant gasoline fraction of 76.81, 83.54, 
and 92.24 wt.%, respectively. This is indicated that 
mesoporous silica catalysts can capture the free fatty acid 
(FFA) as well as it can make cracking into shorter 
hydrocarbons, as shown in Fig. 10. Based on GC-MS 
analysis, the resulting molecules are hydrocarbons and 
oxygenated compounds containing fatty acids and 
alcohols. This fact confirms that the mechanism of the 
cracking reaction of palm oil includes the hydrogenation 
of triglycerides into fatty acids, hydrogenation of fatty 
acids into aldehydes and alcohols, and deoxygenation of 
fatty acids through decarbonylation, decarboxylation, and 
hydrodeoxygenation reactions [35,39-40]. 

Hydrocarbon molecules can be formed directly  
 

from fatty acids through decarboxylation by releasing 
carbon dioxide molecules (CO2) to produce alkanes 
(saturated hydrocarbons) and decarbonylation by 
releasing carbon monoxide (CO) and water (H2O) to 
produce alkenes (unsaturated hydrocarbons). Both of 
these reactions mostly occur in Lewis acid sites [41], 
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Fig 10. Mechanism of hydrocracking of palm oil with MCT catalyst 
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with the hydrocarbons formed being C15 (kerosene group) 
and C17 (diesel group). 

On the other hand, hydrocarbons below C15 and 
oxygenated compounds are formed by hydrocracking 
reactions with the hydrogenation of hydrogen gas 
activated by Lewis acid sites [42]. The reactions mostly 
take place at Brønsted acid sites. In this study, this 
hydrogenation mechanism dominates the reaction as 
evidenced by the GC-MS results produced in Fig. 8. It is 
suggested that alcohol molecules are formed through the 
hydrogenation of fatty acids into aldehydes and then 
converted into alcohols through further hydrogenation of 
aldehydes. In addition, the hydrogenation reaction is 
more detailed theoretically, as shown in Fig. 11 [43]. In 
heterogeneous catalysts, the hydrogen forms surface 
hydrides (M–H) from which the hydrogen can be 
transferred to the chemically adsorbed substrate. H2 
undergoes heterolytic association to form H+H− [44]. In 
heterogeneous catalysts, hydrogen forms surface hydrides 
(M-H) from which hydrogens can be transferred to the 
chemisorbed substrate. Hydrogen gas is activated by 
Lewis acid sites to produce alkanes (or hydrogen) and 
carbenium ions n-CiH2i [42]. While Bronsted acid plays a 
role in cracking carbon chains so that a reaction 
mechanism occurs, forming the hydrocarbons below C15 
and oxygenated compounds by hydrocracking reactions, 
protonated to the secondary alkyl carbenium ions (n-
CiH2i+1

+) [43]. The mesoporous silica catalyst protonates 
the alkane chains to produce a transition state of 

carbonium ions which collapse to give alkanes (or 
hydrogen) and the carbenium ions n-CiH2i dissociate 
from the Lewis acid site and diffuse to the Brønsted acid 
site where they are protonated into secondary alkyl 
carbenium ions, n-CiH2i+1

+. Carbenium ion is a reactive 
intermediate that can undergo several conversions, such 
as rearrangement of the framework and breaking of the 
C-C bond. The β-scission fragment is a smaller alkyl 
carbenium ion and an alkene. In the case of β-slicing n-
CiH2i+1

+, a primary carbenium ion is formed, which is 
energetically unfavorable. Therefore, the n-alkyl 
carbenium ion undergoes an exclusively skeletal 
rearrangement, in which a single branched alkyl 
carbenium ion, iso-CiH2i+1

+, is formed. If there is an 
efficient desorption mechanism from the acid site, 
single-branched alkenes, iso-CiH2i, are released and 
diffuse to the Lewis acid site where they are 
hydrogenated to become single-branched alkanes, iso-
CiH2i+2. These are prime products that are observed with 
low conversions [43]. 

Thus, the type of catalyst in the hydrocracking of 
used palm oil can affect the selectivity of liquid products 
to the gasoline fraction that is produced. The results 
showed that the use of mesoporous silica in the catalytic 
activity test increased the amount of product from the 
gasoline fraction (C5-C12). The percentage of product 
using mesoporous silica catalyst MCT81-500 showed an 
increase in the product of the gasoline fraction 
associated with an increase in crystallinity and a decrease  

 
Fig 11. Mechanism of hydrogenation reaction on hydrocracking by MCT catalyst 
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in matrix content in the synthesis of this material. Based 
on this description, MCT81-500 with an H2 gas flow rate 
of 20 mL/min, a catalyst/feed ratio of 1:100, and a time of 
1 h was found to be the most optimal to produce the best 
gasoline fraction. MCT81-500 material has been 
successfully used as a catalyst for the process of 
hydrocracking palm oil into biogasoline. 

The concentration of TEOS used affects the amount 
of silica yield obtained. The greater the amount of TEOS 
used, the greater the silica product obtained. This result is 
in accordance with reference [45], where TEOS 
concentration strongly influences the formation of a 
mesoporous material network. A higher amount of TEOS 
showed an irregular mesostructured, while a lower 
amount was insufficient to form a mesoporous structure 
[46]. The particle size increased with an increasing 
number of TEOS. Table 2 shows an increase in the pore 
diameter of the MCT81-500 sample, thereby increasing 
the availability of the active surface, allowing an increase 
in the ability of mesoporous silica for hydrocracking used 
palm oil into the biogasoline. This is shown by the catalyst 
with a larger average pore diameter in Table 2, which has 
a higher absorbed volume intensity in Fig. 6. This results 
in an increasing number of active catalyst surface sites 
that play a role in the hydrogenation process in 
hydrocracking. The more hydrogenation processes in 
hydrocracking that occur, as shown in Fig. 10 and 11, the 
more gasoline products will be produced compared to 
other products. This is because of the reasons explained 
in the reaction mechanism that products with molecules 
below C15, especially gasoline and oxygenated 
compounds, are formed more in the hydrogenation 
process through the Lewis acid site and Bronsted acid site. 
In addition, the larger pore volume does not impede the 
diffusion process, so the hydrogenation reaction runs 
faster. Thus, the gasoline product will be dominant with a 
large porous catalyst and more surface-active sites in the 
hydrogenation reaction. 

In addition, by looking at the hydrocracking 
mechanism involving Lewis acid sites and Brønsted acid 
sites on the catalyst, further studies related to acidity and 
the effect of pH on the optimal performance of 
hydrocracking reactions become important parameter 

studies. Higher catalyst acidity will show better potential 
for use as a catalyst that requires an acidic site, such as 
hydrocracking [35]. The presence of H+ will help the 
process of protonation of n-alkanes to become the 
secondary alkyl carbenium ions (n-CiH2i+1

+) so that more 
product conversions can be produced. 

■ CONCLUSION 

Synthesis of mesoporous silica catalyst and its 
activity and selectivity in the hydrocracking of used palm 
oil has been carried out. The use of CTAB as a matrix in 
the production of mesoporous silica has been 
successfully achieved, as evidenced by the crystallinity, 
and increase in the pore size distribution of silica in the 
meso dimension. This study showed that the highest 
selectivity for the biogasoline fraction (92.24 wt.%) was 
produced by the MCT81-500 catalyst at an H2 gas flow 
rate of 20 mL/min with a catalyst/feed ratio of 1:100 
(w/w) for 1 h. Material MCT81-500 was successfully 
used as a catalyst in the process of hydrocracking palm 
oil into hydrocarbons (biogasoline). 
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This supplementary data is a part of a paper entitled “Effect of Acetic Acid and/or Sodium Hydroxide 

Treatment towards Characters of Wonosari Natural Zeolite for Hydrotreatment of Castor Oil into Biofuel”. 

Table S1. Products distribution based on GC-MS in Fig.S1 

Fraction Ret. Time 
(min.) 

Predicted compound Molecular 
mass (g/mol) 

Gasoline (C4-C12) 

2.28 Butane (C4) 58.12 
2.72 Hexene (C6) 84.16 
2.79 Hexane (C6) 86.18 
3.90 Heptene (C7) 98.18 
4.05 Heptane (C7) 100.20 
6.90 Octane (C8) 114.23 

14.14 Octadiene (C8) 110.20 
10.42 Undecene (C11)  156.31 
14.30 Nonene (C9) 126.24 
34.35 Dodecene (C12) 168.20 
34.49 Dodecane (C12) 170.30 

Diesel (C13-C22) 
40.79 Undecenoic acid (C19) 184.20 
36.58 Octadecanoic acid (C18) 248.50 

Others 

2.93 Cyclopropane  42.08 
3.07 Acetic acid 60.05 
3.49 Benzene 78.11 
5.85 Toluene 92.14 

10.75 Cyanic acid 43.02 
11.29 Heptanal 116.80 
24.43 Hydroperoxide 34.01 
24.51 Naphthalene 128.10 
27.05 Silane 32.12 
27.17 Heptanoic acid 130.10 
27.40 Cyclopentaneundecanoic acid 254.40 
28.71 Bromo heptane 179.10 
29.40 Pentanoyl chloride  120.50 
29.60 2-Nonenal 140.20 
31.81 1,2,5,6-Diepoxycyclooctane  140.80 
35.49 Cyclopropanepentanoic acid 310.00 
35.94 13-Docosenoic acid 352.00 
36.58 1-Nitro-2-octanone 173.00 
41.87 Oleic acid 282.20 
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Fig S1. GC-MS chromatogram of liquid product of hydrotreament of castor oil using ZAA catalyst 
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 Abstract: Natural zeolite (ZA) obtained from Wonosari, Indonesia, was treated with 
acetic acid (ZAA) or NaOH (ZAB), and the combination of both treatments (ZAAB) in 
order to increase the Si/Al ratio and catalytic performance on hydrotreatment of castor 
oil. The Si/Al ratio of ZA increased after the combination of acetic acid and NaOH 
treatment. The change of the Si/Al ratio was observed in the FTIR spectra as the shifting 
of internal asymmetric stretching vibration of T−O−T at 1032-1100 cm−1. The XRD 
profile of ZA was maintained after being subjected to treatments, and ZAB exhibited the 
lowest crystallinity. The surface area of the ZA after treatment is in the order ZAA < ZA < 
ZAAB < ZAB. The ZAB catalyst having the highest surface area (19.144 m2 g−1) showed 
the highest catalytic activity on the hydrotreatment of castor oil with a liquid fraction of 
55.1 wt.% and selectivity towards the hydrocarbon compounds of 22.40 wt.%. 

Keywords: acetic acid; natural zeolite; sodium hydroxide; hydrotreatment 

 
■ INTRODUCTION 

The usage of fossil fuels presents two significant 
difficulties. The first is its quick decline in value and rising 
prices. The second is its environmental impact due to the 
toxic gases (COX, SOX, and NOX) created during the 
combustion of conventional fuels and other air pollutants. 
These led to various negative environmental, ecosystem, 
human health consequences, and their significant 
contribution to the greenhouse effect [1]. As a result, 
numerous researchers have begun investigating 
alternative energy sources with manageable 
environmental implications. Biofuel was once regarded as 
one of the considerable substitutes for conventional diesel 
fuel [2]. Biofuel is a non-toxic, environmentally benign, 
and biodegradable fuel [3]. Furthermore, it is compatible 
with current engines without modification [4]. 

Non-edible biofuel feedstocks are receiving global 
attention due to their widespread distribution. 
Additionally, they can alleviate food competition, are 
environmentally friendly, provide valuable products 
(glycerol), and are more cost-effective as a feedstock than 
edible oils [5]. Second-generation biodiesel is considered 

to be oil derived from non-edible plants. Some of the 
potential non-edible oil-producing plants are Jatropha 
curcas L. (jatropha), Thespesia populnea L. (milo), 
Pongamia pinnata (Karanja or honge), Moringa oleifera 
(drumstick tree), Calophyllum inophyllum L. (undi), 
Croton megalocarpus (croton), and Ricinus communis L. 
(castor) [6]. 

Natural zeolites are utilized in a variety of 
processes that result in the production of chemicals, 
fuels, and other commodities. Designing zeolite catalysts 
with better selectivity, lower operating temperatures, 
and increased stability is vital. Optimizing the porosity 
structure in enhanced zeolite catalysts enhances mass 
transfer and active site design. Sites that are unattractive 
and take away from the benefits of active sites must be 
eliminated or prohibited [7]. On the other hand, natural 
zeolite requires a precise acid and alkali treatment to 
maintain the silicon-aluminum ratio and specific surface 
area [8]. 

Acid treatments, in general, can remove impurities 
such as SiO2, Al2O3, and Fe2O3 from the zeolite's surface 
and pores. Simultaneously, the acid solution dissolves 
amorphous materials within the pores and exchanges 
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large cations for small protons via ion exchange, 
increasing the pore size, specific surface area, and 
adsorption capacity. Additionally, acid treatment 
modifies the surface properties of the zeolite molecular 
sieve, optimizing the mordenite material's qualities. 
Meanwhile, alkali treatment is a widely used technique for 
partially dissolving the zeolite structure due to silicon 
extraction. At a somewhat higher reaction temperature, 
catalytic cracking might be employed to get a high yield of 
hydrocarbon biofuel from vegetable oil [9-10]. Catalytic 
cracking is a simple and cost-effective method of 
converting vegetable oil to hydrocarbon biofuel [11]. 

One option to use the higher biofuel content in 
diesel fuel is to use hydrotreated vegetable oils. This would 
provide another way to accomplish our CO2 reduction 
goal in the future [12]. There may be economic 
implications associated with efforts to reduce 
environmental pollution. Economic growth and carbon 
emissions are positively related, which indicates that 
reducing emissions could hinder economic growth. 
Additionally, pollution control measures may require 
increased production costs, which could also slow 
economic growth. Biofuels are renewable in comparison 
to fossil fuels. The topic of biofuels is still in its early stages 
in terms of technological progress [13]. 

Hydrotreating and hydrotreatment are both 
examples of hydroprocessing. Because it eliminates 
heteroatoms and saturates C–C bonds while retaining 
carbon atom count, hydrotreating is preferred for diesel 
range fuel. Hydrocracking (a severe form of 
hydroprocessing) induces the breakdown of C–C bonds 
to produce gasoline-range fuels [14]. Hydroprocessing is 
a procedure that is frequently used in refineries and 
vegetable oil upgrading to remove oxygen via the addition 
of H2 [15]. The choice of a hydrotreating catalyst is 
essential in determining the yield and quality of 
hydrotreating products. Hydrotreating catalysts are often 
composed of essential metals such as Mo, Co, and Ni as 
active metals and are supported by alumina or silica-
alumina [16]. Kristiani et al. [17] reported converting 
ethanol to gasoline utilizing a natural catalyst supported 
by different transition metals, including Ni, Co, Cu, and 
Zn. Their catalytic activity was evaluated for ethanol to 

gasoline conversion and demonstrated a high 
conversion rate of up to 80–90%. The addition of Ni, Ni-
Mo, Co, and Co-Mo metals was loaded into the activated 
natural zeolite to increase the activity and selectivity for 
the hydrocracking process [18]. As Sun et al. [19] stated, 
the development of zeolite-supported metal catalysts has 
promoted the progress of heterogeneous catalysis, which 
exhibited excellent performance in much catalytic 
activity. 

Numerous studies have employed catalysts 
impregnated with metals. However, these metals can be 
wasteful and expensive. Additionally, impregnation of 
the metal might result in blockage (closing of pores), 
resulting in lower catalytic activity. Typically for zeolite 
treatment by employing a strong acid such as (HCl, 
HNO3, and H2SO4), as performed by Trisunaryanti et al. 
[20], mordenite's Si/Al ratio increased as a result of 
HNO3 acid treatment, and the treatments did not cause 
damage to the crystalline structure of the mordenite. 

Another study by Anggoro et al. [21] employed the 
strong acid H2SO4 to treat zeolite Y. However, the 
treatment using strong acid is not environmentally 
friendly. As a result, this research employs acetic acid, a 
more environmentally friendly organic acid, as 
previously done by Chung [22]. In this research, the 
natural zeolite was treated with acetic acid and sodium 
hydroxide to improve the natural zeolite character. 

Base treatment with NaOH is the common method 
applied to zeolite treatment [23]. Base treatment of 
zeolites with intermediate Al contents involves the 
selective extraction of silicon atoms resulting in a 
decrease of the Si/Al ratio or increase (case of low Si/Al 
ratio) and a significant loss of material at high base 
concentration [24]. Numerous investigations have 
demonstrated that activating natural zeolites with 
NaOH can increase crystallinity and the Si/Al ratio in 
catalysts at low concentrations such as 0.2 M [25]. The 
presence of the weak, medium and strong acid sites in 
zeolite altered the Si/Al ratio, which depends on the 
NaOH solution concentration and the zeolite 
composition [26]. The originality of this research is the 
treatment of natural zeolite with a weak organic acid 
(acetic acid) and base treatments (sodium hydroxide), 
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which has not been conducted previously and extensively. 
The catalyst activity in hydrotreatment with castor oil was 
then determined. 

■ EXPERIMENTAL SECTION 

Materials 

Natural zeolite was obtained from Wonosari, 
Yogyakarta Special Region, Indonesia. The glacial acetic 
acid (CH3COOH), sodium hydroxide (NaOH), Whatman 
filter paper No. 42, and universal pH paper were acquired 
from Merck. Co. Castor oil was purchased from CV 
Fruitanol Yogyakarta. The distilled and demineralized 
water was supplied by CV. Progo Mulyo. While the H2, 
and N2 gas were supplied from PT. Samator Gas Industri. 

Instrumentation 

The metal contents in the zeolite samples were 
characterized using X-Ray Fluorescence (XRF, RIGAKU-
NEXQC+QuanTEZ). The change in the Si-O-Al 
functional group was determined using Fourier-Transform 
Infrared spectrometer (FTIR, Thermo Nicolet Avatar 360 
IR) at the wavenumber range of 400–4000 cm−1 using KBr 
pellet. X-Ray Diffraction (XRD, D2 Phaser diffractometer) 
using monochromatic Cu Kα source with a 2θ scan range 
of 3–80° and a scan speed of 3°/min. A surface Area 
Analyzer (SAA, JWGB meso 112) was conducted to 
obtain the porosity properties of the samples. The liquid 
product was analyzed using Gas Chromatography-Mass 
Spectrometry (GC-MS, Shimadzu QP2010S). 

Procedure 

Acetic acid treatment on natural zeolite (ZA) 
Natural zeolite (denoted as ZA) was heated under 

stirring in 6 M CH3COOH solution (ZA: acetic acid ratio 
of 1:5 (w/v)) for 10 h at 75–80 °C. Afterward, the mixture 
was filtered and washed using aquadest until pH neutral 
was achieved and dried at 110 °C for overnight to obtain 
ZAA. The ZA and ZAA were characterized using XRF, 
XRD, FTIR, and SAA. 

Sodium hydroxide treatment on ZA and ZAA 
ZA was heated under stirring in 0.1 M NaOH 

solution with ZA volume ratio towards sodium hydroxide 
of 1:5 at 75 °C for 30 min, continued with aging for 30 min. 

The mixture was then washed by aquadest until neutral 
and dried at 110 °C for 24 h, to produce ZAB. The ZAA 
was also treated using the same procedure as mentioned 
to obtain ZAAB. The ZAB and ZAAB were characterized 
using XRF, XRD, FTIR, and SAA. 

Catalytic activity test of catalysts 
The catalytic activity of catalysts (ZA, ZAA, ZAB, 

and ZAAB) was tested on the hydrotreatment process of 
castor oil. A sufficient amount of catalyst and feed was 
put into a bed in a stainless steel reactor (i.d = 2.0 cm, 
o.d = 2.2 cm, l = 30 cm). The catalyst/feed weight ratio 
was 1/100 wt.%. The hydrotreatment process was carried 
out at 450 °C for 2 h under H2 gas with a flow rate of 
10 mL/min. The product obtained from the reaction was 
flown into a condenser, where it was allowed to cool 
down using an ice bath in a flask. The percentage (%) of 
each product yield was determined gravimetrically using 
Eq. (1-3). 

weight of liquid productLiquid product (wt.%) 100%
weight of initial feed

   (1) 

Coke (%) =
Catalyst weight differences before and after reaction 100%

weight of initial feed


 (2) 

*

*
1 0

Weight of remained feedResidue (wt.%) 100%
weight of inital feed

W W

 

 

 (3) 

where, W0 = the weight of empty feed part, W1 = the 
weight of the feed part after the catalytic process. 
Total conversion (wt.%) 100 residue (wt.%)   (4) 

The liquid products were analyzed by using GC-
MS to determine gasoline and diesel fraction. Gasoline 
fraction was hydrocarbon compounds consisting of 
carbon numbers between C4 to C12, while diesel fraction 
consisted of those with hydrocarbon chains between C13 
to C22. The selectivity of these products was calculated by 
using Eq. (5-7). 

4 12

Gasoline fraction (wt.%) =
Area GC of C  to C  compounds Liquid product (wt.%)

Total area GC


 (5) 

13 22

Diesel fraction (wt.%)
Area GC of C  to C  compounds

Liquid product (wt.%)
Total area GC




 (6) 

Other compounds (wt.%) =
Area GC of nonhydrocarbon compounds Liquid product (wt.%)

Total area GC


(7) 
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■ RESULTS AND DISCUSSION 

The Effect of Acetic Acid and NaOH Treatment 
towards Characters of Zeolite 

Table 1 shows the results of the XRF analysis, which 
revealed that the ZA contains metal impurities such as Ca 
5.80% and Fe 5.01%. Following acetic acid treatment, 
contaminants were still present and slightly increased; 
this could have occurred as a result of the dealumination 
process, which also removed some of the contaminants. 
The dealumination process removed metal contaminants 
such as Ca and Fe and removed Al, which was further 
proved by the slight increase in the Si/Al ratio from 7.30 
to 7.85 for the ZA and ZAA, respectively. This result 
confirmed that the acetic acid successfully removed 
aluminum atoms, as previously reported by others 
[22,27]. The breakage of Al caused the removal of Al–O 
bonds which were more accessible than the Si–O bonds, 
whereas the dissociation energy of the Al–O bond 
(116 kcal/mol) is lower than the Si–O bond 
(190 kcal/mol). Notably, the Si/Al ratio change after acetic 
acid treatment was insignificant because acetic acid is 
weak. The strength of acetic acid can be seen from its 
dissociation constant, which has a Ka value of 1.7 × 10−5. 
The greater the Ka value, the easier CH3COO− and H+ to 
dissociate. In this case, the CH3COO−'s ability to bind to 
Al3+ was not strong, which caused the removal of non-
framework aluminum atoms rather than the Al 
framework (FAL). When aluminum is removed, the 
zeolite structure is frequently disrupted, resulting in 
octahedral coordinated extra framework aluminum 
(EFAL) within the pores [28]. The dealumination process 
begins with the cleavage of O–Al–O bonds, then the 
atoms leave atomic gaps, and silanol nests and refills 
empty spaces by Si atoms. 

The ZA and ZAB have the content of silicon which 
slightly decreased from 77.41 to 68.56, and for ZAA and 
ZAAB, 77.09 to 74.64. This result proved that NaOH 
treatment successfully removed the silicon content from 
the framework. However, it is noticeable that Si/Al ratio 
slightly changes even after the NaOH treatment (ZAB and 
ZAAB samples), and the result is not greater than 25. This 
finding suggests  that some aluminum  content might also  

Table 1. Metal compositions and Si/Al ratio of zeolite 
Compositions 

(%) 
ZA ZAA ZAB ZAAB 

Al 10.5 9.82 9.43 9.79 
Si 77.4 77.0 68.5 74.6 
Ca 5.80 6.58 8.95 8.29 
Fe 5.01 5.27 7.60 5.74 
Ni 0.07 0.09 0.13 0.11 
Cu 0.04 0.04 0.06 0.06 
Zn 0.03 0.04 0.07 0.06 

Si/Al Ratio 7.30 7.85 7.26 7.61 

remove from the framework during NaOH treatment. 
The silicon and aluminum are close when the Si/Al ratio 
is low. Aluminum is removed along with silicon due to 
aluminum's amphoteric properties [29]. 

FTIR Characterization 

Zeolite materials incorporate the network between 
tetrahedral [SiO4]2− and [AlO4]5−, which are detectable in 
the FTIR characterization's energy range. Moreover, the 
FTIR characterization could be employed to identify the 
Brønsted and Lewis acid sites that arise from the natural 
zeolite and its modification. Overall, the bands observed 
in the range of 445–464 cm−1 indicate the bending 
vibration of T−O−T groups (T = Si or Al atoms) in the 
zeolite. The vibration of T−O−T groups also appears at 
a wavenumber of 794 cm−1 attributing to the symmetric 
stretching vibration. The bands around 1032−1100 cm−1 
assigned to the internal asymmetric stretching vibration 
of T−O−T groups could be used to observe the change 
in the Si/Al ratio of zeolite due to the continued removal 
of aluminum and silicon's removal [30]. Additionally, 
the bands assigned to the OH groups attached to the Al 
or Si observe at 3451–3457 and 3600–3650 cm−1. 

Fig. 1 presents the FTIR spectra of the natural 
zeolite before and after being subjected to the acid and 
NaOH treatment. The significant change after both 
treatments is the Si/Al ratio of zeolites observed in the 
FTIR as the shifting of the internal asymmetric 
stretching vibration of T−O−T. Fig. 1 observed that the 
bands at 1032–1100 cm−1 shifted, indicating the change 
in the Si/Al ratio of ZA after the acid and NaOH 
treatment. The acid treatment caused the bands to change  
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Fig 1. FTIR spectra of natural zeolite after the acid and 
NaOH treatment: (a) ZA, (b) ZAA, (c) ZAB, and (d) ZAAB 

to a higher wavenumber from 1043 to 1047 cm−1, 
contributing to the increasing Si/Al ratio. On the other 
hand, the NaOH treatment on both ZA and ZAA induced 
the shifting of internal asymmetric stretching vibration of 
T−O−T to lower wavenumber from 1043 to 1032 cm−1 
and from 1047 to 1032 cm−1, respectively. This result 
further validated that the NaOH treatment decreased the 
Si/Al ratio of zeolite. 

The Effect of Acetic Acid and NaOH on Crystallinity 

Natural zeolite usually contains many natural 
zeolites, such as Analcime, Clinoptilolite, Faujasite, 
Mordenite, and many more, which are greatly influenced 

by zeolite's origin. Therefore, XRD characterization is 
needed to determine the kind of zeolite presented in the 
natural zeolite. Fig. 2(a) depicts the XRD profile of 
natural zeolite (ZA) obtained from Wonosari, Special 
Region of Yogyakarta, Indonesia. The XRD profile of the 
ZA indicated that it consists of mordenite and 
clinoptilolite as its primary structure. The mordenite 
peaks appeared at 2θ of 13.48°, 19.62°, 22.26°, 25.68, 
26.24°, 27.62°, and 30.9° (JCPDS: 068448) and 
clinoptilolite profile presented at 2θ of 11.14°, 14.92°, 
20.41°, 23.16°, and 32.15° (JCPDS: 251349). This result 
is in good agreement with the previous report on the use 
of zeolite obtained from the Special Region of 
Yogyakarta and the surrounding area [31-32]. Table 1 
provides the chemical analysis by using XRF. It is 
noticed that ZA contains impurities atoms such as Fe, 
Ni, Cu, and Zn with a total of 5.15%. These atoms 
originated from the impurities mineral in ZA, such as 
pyrite (FeS2). Other impurities compound found in the 
ZA is Albite (NaAlSiO3), quartz (SiO2), gibbsite 
(Al(OH)3), and muscovite (KAl2Si3O10(OH)2) with a 
total composition of less than 20%. 

Employing acetic acid in the dealumination 
preserve the crystallinity of the treated zeolite [22,27]. It 
can be clearly observed that after the treatment using 
acetic acid, the intensity of some peaks in the ZAA (Fig. 
1(b)) increased, explaining that acetic acid treatment not 
only eliminates the aluminum atoms but also eliminates 
some impurities. On the other hand, NaOH treatment on 
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Fig 2. XRD spectra of (a) ZA, (b) ZAA, (c) ZAB, and (d) ZAAB (M = Mordenite, Cp = Clinoptilolite) 
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the ZA to obtain ZAB (Fig. 1(c)) caused a decrease in the 
crystallinity of Zeolite. It assumed that NaOH not only 
removes the silicon atoms but also aluminum atoms from 
the zeolite framework. It was proved by the ZAB's Si/Al 
ratio, which did not change much after the alkaline 
treatment (Table 1). The combination of the acid-alkaline 
treatment on the ZA (ZAAB) did not cause a significant 
decrease in the crystallinity of zeolite (Fig. 1(d)). 

Adsorption Isotherm Curve 

Fig. 3 shows the adsorption isotherm plot of the ZA 
before and after acid-alkaline treatment (ZAA, ZAB, and 
ZAAB). This type of plot can be considered a type IV 
isotherm typical for mesoporous materials, which have 
flat slits between two crystalline planes. The ZA is 
naturally a mesoporous material based on the isotherm 
plot and porous properties listed in Table 2. As shown in 
Fig. 3, even after the acid-alkaline treatment on ZA, the 
hysteresis type of treated ZA did not change. As indicated 
by the Si/Al ratio of the treated ZA (see Table 1), it 
suggested that the treatment condition is suitable for 
modifying the Si/Al ratio while maintaining the other 
properties. These phenomena are also supported by the 
XRD profile of ZAA, ZAB, and ZAAB, which have not 
significantly changed. Notably, from Fig. 3, the ZAA has 
low-pressure hysteresis while maintaining the hysteresis 
type. It may indicate the increased complexity of zeolite 
channels after acid treatment. 

Fig. 4 present the range of pore distribution of 
zeolites between 2–20 nm, indicating that the pore ranges 
from the material were mesoporous. The specific surface 
area was determined on a sorption analyzer using the BET 
method. The specific surface area was determined to see 
the improved character of the catalysts after the zeolite 
was treated by acid and alkaline as well as metals 
impregnation, the sizes of pores can influence the order 
and the energy of activation of the catalytic reaction, and 
so it is essential to know the total specific surface area and 
the total pore volume are distributed in pores of the 
catalysts [33]. 

Table 2 lists zeolites' surface area, pore volume, and 
diameter change after acid-alkaline treatment. 
Interestingly, the surface area and total pore volume of ZA 

after acid treatment (ZAA) decreased greatly from 
12.542 to 4.058 m2 g−1 and 0.06 to 0.04 cm3 g−1, 
respectively. During the acetic acid treatment, the acetic 
acid disrupts the Al atoms and some impurities in the 
ZA, as shown in Table 1. As a result, ZAA exhibited the 
highest Si/Al ratio and lowest surface area. On the 
contrary, the alkaline treatment on the ZA caused an 
increase in the surface area. Eventually, the ZAB 
possessed the lowest average pore diameter among 
others. NaOH treatment might eliminate the impurities 
in the zeolite channel while preserving the zeolite network, 
as indicated by the slight modification in the Si/Al ratio 
(see Table 1). It can also be explained that both aluminum 
and silicon atoms are extracted during the NaOH 
treatment [34]. 
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Fig 3. Nitrogen adsorption/desorption isotherms of 
natural zeolite (ZA) after being subjected to acetic acid 
and alkaline treatment 

Table 2. Surface parameters of catalysts 

Catalyst Surface area 
(m2 g−1) 

Total pore volume 
(cm3 g−1)b 

D 
(nm)b 

ZA 12.542 0.06 19.24 
ZAA 4.058 0.04 35.71 
ZAB 19.144 0.11 17.02 
ZAAB 13.144 0.06 22.70 

aSurface area determined by using BET theory. bTotal pore volume 
(at P/P0 = 0.99), and average pore volume determined by using BJH 
theory 
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Fig 4. Pore size distribution of (a) ZA, (b) ZAB, (c) ZAA, and (d) ZAAB 

 
It is well known that a catalyst possessing a high 

surface area is desirable to obtain high catalytic activity 
due to the accessibility of the active catalytic site. There is 
a limited number of reports on the application of acetic 
acid in acid treatment. Chung [22] reported that acetic 
acid treatment on the Mordenite increased the surface 
area and the alkylation reaction of cumene and 2-
propanol. Moreover, it also overcomes the diffusion 
limitation of the Mordenite as a catalyst. Yusniyanti et al. 
[35] revealed that a combination of acetic acid and NaOH 
treatment on Mordenite caused the increment of its 
catalytic activity towards the hydrotreatment of bio-oil 
obtained from cellulose. Both report the positive effect on 
the application of zeolite catalyst after the acid or acid-
alkaline treatment. As revealed in Table 1 and 2, the Si/Al 
ratio and surface area of zeolite changed upon the acid 
and the combination of acid-alkaline treatment. 
Therefore, treated zeolite is expected to exhibit better 
catalytic performance than natural zeolite. 

Catalytic Activity and Selectivity of ZA, ZAA, ZAB, 
and ZAAB Catalysts in Hydrotreatment of Castor Oil 

Castor oil has high linoleic acid content and the 
potential to be used as feed to obtain biofuel. The 
hydrotreatment process is needed to turn castor oil into 
valuable biofuel. Here, the prepared catalysts (ZA, ZAA, 
ZAB, and ZAAB) were tested on the hydrotreatment of 
castor oil to evaluate the effect of the acetic acid, and 
NaOH treatment on the ZA and the results are shown in 
Table 3. The liquid product from the hydrocracking 
process was analyzed using GC-MS to determine the 
plausible compound (Fig. S1 and Table S1). The GC-MS 
results showed a small distribution of hydrocarbons from 
the radical cracking mechanism, and the liquid product 
still contained a lot of oxygenated compounds. Table 3 
shows that all the catalysts exhibit high conversion of 
castor oil, around 98–99%. The aspect of choosing the 
best catalyst is the liquid production percentage. 
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Table 3. Products distribution of hydrotreatment of castor oil 

Catalyst Conv. 
(wt.%) 

Gas 
(wt.%) 

Liquid fraction (wt.%) Coke 
(wt.%) 

Residue 
(wt.%) Gasoline Diesel Others Total 

ZA 99.7 45.0 11.6 1.5 40.7 53.9 0.8 0.3 
ZAB 97.8 41.4 19.5 2.9 32.6 55.1 1.3 2.2 
ZAA 99.8 58.0 13.1 6.8 21.6 41.6 0.2 0.2 
ZAAB 98.6 42.0 18.6 1.0 35.1 54.8 1.8 1.4 

 
As presented in Table 3, the catalysts show different 

performances in terms of liquid production. The acetic 
acid treatment on ZA (ZAA) caused a decrease in catalytic 
activity, which exhibited the most inadequate liquid 
production (41.6%), suggesting due to a decrease in the 
surface area after the acid treatment. Although the ZAA 
catalyst that only underwent acid treatment exhibited the 
lowest catalytic activity due to the low surface area, the 
ZAA catalyst produces the least amount of coke and high 
selectivity to the diesel fraction contributing to its big pore 
diameter. It indicated that acid treatment on the ZA has a 
positive effect on lowering the coke production in the 
catalyst, which could slow down the deactivation of the 
catalyst. Further treatment of the ZAA with the NaOH 
(ZAAB) recovers the surface area and catalytic activity. 
The liquid production increased from 41.6 to 54.8%, with 
18.6% selectivity towards the gasoline fraction. 

Interestingly, the ZAB catalyst, which resulted from 
the NaOH treatment on ZA, showed the highest liquid 
production (55.1%) with 19.5% selectivity towards the 
gasoline fraction, contributing to increased catalyst surface 
area. Because active sites were created on the surface of 
the catalysts, increasing the surface area of the catalysts 
increases the availability of active sites, resulting in 
increased catalytic activity. As shown in Table 2, the ZAB 
exhibits the highest surface among others. The surface 
area of the catalyst is in the order (from the lowest to the 
highest): ZAA < ZAAB < ZA < ZAB, and the catalytic 
activity is in the order: ZAA <ZA < ZAAB < ZAB. 

Correlation between Specific Surface Area towards 
the Activity of the Catalysts 

The correlation between the specific surface area of 
catalysts and the number of liquid products produced is 
shown in Fig. 5. The amount of liquid product made was 
also used to determine the catalyst's activity. Fig. 5 offered  
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Fig 5. Correlation between the specific surface area of 
catalysts and the amount of liquid product 

that the number of liquid products produced increases 
as the specific surface area of the catalyst increases. 
Increases in a catalyst's specific surface area can improve 
active sites' availability. Catalytic reactions rely heavily 
on active sites [36]. The ZAB exhibited the highest 
catalytic activity, attributed to its large specific surface 
area. Due to its low specific surface area, the ZAA 
showed the most insufficient catalytic activity. This 
conclusion is consistent with the research from [37], 
which indicates that a catalyst with a high specific 
surface area has a greater chance of exhibiting good 
catalytic activity during the hydrocracking process. 

■ CONCLUSION 

In this study, the preparation of heterogeneous 
catalysts has successfully been carried out. The acetic 
acid and sodium hydroxide treatment was treated on 
Wonosari natural zeolite and denoted as ZAA, ZAB, and 
ZAAB. The acid treatment towards zeolite increased 
Si/Al ratio from 7.30 to 7.85, respectively. Sodium 
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hydroxide treatment decreased Si/Al ratio from 7.30 to 
7.26 and after acid-sodium hydroxide treatment from 
7.85 to 7.61, respectively. The ZA, ZAB, ZAA, and ZAAB 
catalysts produced liquid products of 53.9, 55.1, 41.6, and 
54.8 wt.%, respectively. The ZAB had the highest liquid 
product with selectivity towards hydrocarbon 
compounds of 22.4 wt.%. The higher specific surface area 
increased the activity and selectivity of the catalyst 
towards liquid production and hydrocarbon compounds 
in the hydrotreatment process of castor oil. The ZAB 
catalyst showed the highest surface area. 
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 Abstract: This work aimed to synthesize, characterize and evaluate the thermal stability 
of new sulfur and selenium organochalcogenide derivatives and to test the cytotoxic activity 
against breast adenocarcinoma cell line (MCF-7) through conducting MTT assay and 
AO/EB dual staining-technique. Two series of ten organo-chalcogen compounds: 4-
(substituted)phenylthiomorpholine-3,5-dione and 4-(substituted)phenylselenomorpholine-
3,5-dione were prepared by the reaction of Na2S·3H2O and NaHSe with N-
(substituted)phenyl-2-chloro-N-(2-chloroacetyl)acetamide, respectively, under nitrogen 
atmosphere to give the corresponding cyclic chalcogenide ligands. All new compounds 
were characterized by melting point, FTIR, elemental analysis, UV-Visible, 1H-NMR and 
13C-NMR. Meanwhile, TG/DTA analysis of some of these ligands was conducted to 
evaluate the thermal stability, kinetic, and characteristic thermodynamic parameters. 
Absorption spectroscopy was used to investigate these compounds with human DNA. The 
experimental results investigated a hypochromic effect via intercalation binding mode. 
The role of the prepared ligands in breast cell lines has been investigated by conducting 
MTT assay via spectroscopic techniques on HBL100 and MCF-7, normal and cancer 
breast cell lines, respectively. Cell death was seen after AO/EB dye staining method 
employing the fluorescence microscopy technique. The results revealed that these 
compounds possess cytotoxic activity on the MCF-7 and HBL-100 cell lines at a fixed 
concentration. 

Keywords: chalcogenide; phenylacetamide; seleno-morpholine; heterocyclic chalcogenide; 
thio-morpholine 

 
■ INTRODUCTION 

Materials containing organochalcogens or 
coordination compounds with chalcogen bond(s) have 
been extensively investigated due to their unique properties, 
such as electric and thermal conductivities, molecular self-
assemblies, nanotube formation, ion exchange capacity, 
non-linear optics, photoelectro-chemical behavior, and 
drug delivery [1-2]. 

Sulfur (S) and selenium (Se) compounds present 
several applications in a great variety of fields. The 
anticancer activity of these compounds was considered 
the most important application due to the burden, costs, 
and mortality rates caused by cancer disease [3-4]. 

Se is a crucial trace element [5-6] that is naturally 
occurring with both nutritional and toxicological 
properties. Se is non-toxic to humans in low 
concentrations, but it plays a significant role in human’s 
health in addition to regulating many critical functions 
involving cells; therefore, an adduct that releases 
selenium to the biological system at a steading rate act as 
an effective pharmaceutical agent [7-10]. This is 
mediated by incorporating it into selenoproteins. 
Apparently, the effectiveness of Se adducts as an anti-
infective or antioxidant agent depends on the 
bioavailability of Se at the site of action [11]. The use of 
Se in medicinal chemistry is helpful to care for many 
kinds of illness due to compatibility with the biological 
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system either directly or indirectly [7] e.g., Se 
supplements are given to repay its deficiency, while 
selenium sulfide is used in shampoos for the treatment of 
dandruff [12-13]. Moreover, through extensive 
experimental evidence in vitro, animal, and prospective 
studies, it emerged that the supplementation of Se reduces 
the incidence of different cancer types [14]. 

Natural heterocyclic five-membered ring compounds 
thiazolin-4-carboxylic acid (a derivative of formyl-
cysteine), thiazolidine-4-carboxylic acid (thioproline), 2-
amino-2-thiazoline-4-carboxylic acid (ATCA), and 2-
amino-3-methyl-5-sulfanylimidazol-4-yl propanoic acid 
(ovothiol A) [15]. All these compounds demonstrated to 
possess different and, in some cases convergent biological 
activities such as oxygen and nitrogen-free radical 
scavenging capacity, detoxification of cyanide, and 
antioxidant activity [16]. 

Morpholine and thiomorpholine are organic 
heterocyclic compounds which have several practical 
applications as they are the most favorable organic solvent 
due to their low cost and can be considered good bases 
[17]. A large number of heterocyclic bases, such as 
thiomorpholine and their derivatives, have been reported 
[18] due to their thermal stability and bioinorganic 
applications such as antimalarial and antioxidant. 

Our interest in this area is focused on the 
investigation of the thermal stability of the newly 
chalcogen ligands and on preparing compounds that may 
have an ability of cell-growth inhibition or have a selective 
or directed action on cancerous cells and to study the 
compound-DNA interactions of these chalcogen ligands 
by various techniques. 

■ EXPERIMENTAL SECTION 

Materials 

All chemicals and solvents used were of analytical 
grade supplied by Sigma-Aldrich, Fluka, Merck, BDH, 
and SCH companies and were used as such without 
further purifications. Sodium carbonate, chloroacetyl 
chloride, sodium borohydride, and MTT stain were 
obtained from Sigma-Aldrich company. Dichloromethane 
was obtained from Fluka, USA. Dimethyl sulfoxide, 
sodium chloride, sodium hydroxide, and potassium 

hydroxide were obtained from Merck company. 
Selenium powder and chloroform were obtained from 
BDH. Absolute ethanol, acetone, and ethyl acetate were 
obtained from SCH. Normal (HBL-100) and cancer cell 
lines (MCF-7) were obtained from the IRAQ Biotech 
Cell Bank Unit in Basra and maintained in RPMI-1640 
supplemented with 10% Fetal bovine, 100 units/mL 
penicillin, and 100 μg/mL streptomycin. Cells were 
passaged using Trypsin-EDTA reseeded at 70% 
confluence twice to third a week and incubated at 37 °C 
and 5% CO2; the CO2 incubator was obtained from 
Cypress Diagnostics (Belgium). 

Instrumentation 

The melting points of all prepared compounds 
were determined by a Buchi 510 melting point 
apparatus. FTIR (Fourier transform Infrared) spectra 
were recorded using an FTIR-8400S Shimadzu 
Spectrophotometer in the range (4000–400) cm−1 in KBr 
disk. Elemental analysis (C, H, N, S) was performed by 
using the EuroFA-Vector-EA-3000 Elemental Analyzer 
Apparatus. 1H and 13C-NMR spectra were recorded on a 
Bruker DRX 500 MHz and 125 MHz, respectively, using 
CD3OD and DMSO-d6 as internal standards (Central 
Laboratory, University of Tehran, Iran). UV-Vis spectra 
for ligands were measured on a Shimadzu 1800 UV-Vis 
spectrophotometer. The thermal analysis was carried out 
by NETZSCH STA449 F3 Jupiterg-Thermal analyzer. 

Procedure 

General procedure for the synthesis of compound (4) 
2-Chloro-(substituted)phenyl acetamide. A mixture 
of aryl amine compounds (4 mmol) and sodium 
carbonate (4.24 g; 4 mmol) in 70 mL of acetone was 
stirred for 30 min. Then, chloroacetyl chloride (6.5 mL; 
8 mmol) was added dropwise. The reaction was stirred 
at room temperature for 2 h, filtered, and then the excess 
solvent was removed under a vacuum. To the filtrate, 
30 mL of distilled water was added, and then the resulting 
solid was filtered, dried, and crystallized from ethanol/ 
water (ratio 80:20) mixture [18-19] (see Scheme 1). 
N-phenyl-2-chloro-N-(2-chloroacetyl) acetamide as 
compound (4a). Follow the general procedure of 2-
chloro-(substituted)phenyl acetamide(4)  using aniline(1)  
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Scheme 1. Synthesis of N-aryl-2-chloro-N-(2-chloroacetyl)acetamide and their derivatives 

 
(3.72 g; 4 mmol), sodium carbonate (4.24 g; 4 mmol) in 
70 mL of acetone and chloroacetyl chloride (6.5 mL; 
8 mmol). The silvery precipitate was obtained in 80% 
yield, m.p. 127–129 °C, IR νcm−1 (KBr): 1674 (C=O 
amide), 559 (C-Cl). 
N-o-chlorophenyl-2-chloro-N-(2-chloroacetyl) 
acetamide as compound (4b). Follow the general 
procedure of 2-chloro-(substituted)phenyl acetamide (4) 
using o-chloroaniline (5.14 g; 4 mmol), sodium carbonate 
(4.24 g; 4 mmol) in 70 mL .of acetone and chloroacetyl 
chloride (6.5 mL; 8 mmol). The white precipitate was 
obtained in 78% yield, m.p. 71–73 °C, IR νcm−1 (KBr): 
1674 (C=O amide), 570 (C-Cl). 
N-p-bromophenyl-2-chloro-N-(2-chloroacetyl) 
acetamide as compound (4c). Follow the general 
procedure of 2-chloro-(substituted)phenyl acetamide (4) 
using p-bromoaniline (6.88 g; 4 mmol), sodium carbonate 
(4.24 g; 4 mmol) in 70 mL of acetone and chloroacetyl 
chloride (6.5 mL; 8 mmol). A chalky white precipitate was 
obtained in 75% yield, m.p. 191–193 °C, IR νcm−1 (KBr): 
1670 (C=O amide), 567 (C-Cl). 
N-p-chlorophenyl-2-chloro-N-(2-chloroacetyl) 
acetamide as compound (4d). Follow the general 
procedure of 2-chloro-(substituted)phenyl acetamide (4) 
using p-chloroaniline (5.14 g; 4 mmol), sodium carbonate 
(4.24 g; 4 mmol) in 70 mL of acetone and chloroacetyl 
chloride (6.5 mL; 8 mmol). The white cotton precipitate 
was obtained in 82% yield, m.p. 177–179 °C, IR νcm−1 
(KBr): 1670 (C=O amide), 567 (C-Cl). 
N-benzyl-2-chloro-N-(2-chloroacetyl) acetamide as 
compound (5a). Follow the general procedure of 2-

chloro-(substituted)phenyl acetamide (4) using 
benzylamine (2) (3.55 g; 3.3 mmol), sodium carbonate 
(4.24 g; 4 mmol) in 70 mL of acetone and chloroacetyl 
chloride (6.5 mL; 8 mmol). The white transparent 
precipitate was obtained in 85%, yield m.p. 99–102 °C, 
IR νcm−1 (KBr): 1651 (C=O amide), 590 (C-Cl). 

General procedure for the synthesis of compound (6) 
4-(Substituted)phenylthiomorpholine-3,5-dione. 
An aqueous solution of Na2S·3H2O (0.32 g; 2.00 mmol) 
was added to a solution of compound 4 (2.00 mmol) in 
20 mL of ethanol under a nitrogen atmosphere. After 
about 30 min, a pale-yellow solution formed and filtered, 
then 50 mL of distilled H2O was added, and the resulting 
solution was extracted with CH2Cl2 (30 mL) three times. 
The solvent was evaporated to a minimum amount; a 
pale-yellow precipitate was collected, then dried and 
recrystallized from ethanol (see Scheme 2). 
4-Phenylthiomorpholine-3,5-dione as compound 
(6a). Follow the general procedure of 4-(substituted) 
phenylthiomorpholine-3,5-dione (6) using an aqueous 
solution of Na2S·3H2O (0.32 g; 2.00 mmol) and 
compound 4a (0.49 g; 2.00 mmol). White, yield: 83%, 
m.p. 172–174 °C, IR νcm−1 (KBr): 1651 (C=O amide), 
752 (C-S), 1554 (C=C), 2914 (C-Hal), 3198 (C-Har), 3479 
(C-OH), UV-Vis λ nm: 216 band I, 240 band II, 252 
band III, Anal. Calculated for C10H9NO2S: C, 57.95; H, 
4.34; N, 6.76. Found: C, 56.79; H, 4.32; N, 6.74. 
4-o-Chlorophenylthiomorpholine-3,5-dione as 
compound (6b). Follow the general procedure of 4-
(substituted)phenylthiomorpholine-3,5-dione (6) using  
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Scheme 2. Synthesis of chalcogenides (6a-8d and 9) derivatives from N-aryl-2-chloro-N-(2-chloroacetyl) acetamide  
 
an aqueous solution of Na2S·3H2O (0.32 g; 2.00 mmol) 
and compound 4b (0.56 g; 2.00 mmol). White, yield: 68%, 
m.p. 135–137 °C, IR νcm−1 (KBr): 1651 (C=O amide), 756 
(C-S), 1531 (C=C), 2947 (C-Hal), 3036 (C-Har), 3452 (C-
OH), 1H-NMR spectra (ppm) DMSO-d6 solvent: 2.55 
(1H3, s); 3.60 (4H1, s); 7.19–7.15 (1H7, t, Ar); 7.32–7.29 
(1H8, t, Ar); 7.49–7.47 (1H9, d, Ar); 7.79–7.77 (1H6, d, Ar), 
UV-Vis λ nm: 216 band I, 240 band II, 257 band III, Anal. 
Calculated for o-ClC10H8NO2S: C, 49.48; H, 3.29; N, 5.77. 
Found: C, 49.50; H, 3.21; N, 5.78. 
4-p-Bromophenylthiomorpholine-3,5-dione as 
compound (6c). Follow the general procedure of 4-
(substituted)phenylthiomorpholine-3,5-dione (6) using 
an aqueous solution of Na2S·3H2O (0.32 g; 2.00 mmol) 
and compound 4c (0.65 g; 2.00 mmol). White, yield: 82%, 
m.p. 212–215 °C, IR νcm−1 (KBr): 1662 (C=O amide), 732 
(C-S), 1543 (C=C), 2928 (C-Hal), 3037 (C-Har), 3502 (C-
OH), 1H and 13C-NMR spectra (ppm) DMSO-d6 solvent: 
2.51 (1H3, s); 3.37 (4H1, s); 7.49–7.46 (1H6 1H8, d, Ar); 

7.58–7.55 (1H5 1H9, d, Ar); 10.32 (OH, s) and 36.57 
(2C1); 155.41 (C7); 121.57 (C6, C8); 132.00 (C5, C9); 138.83 
(C4); 168.18 (C2, C3), respectively, UV-Vis λ nm: 227 
band I, 240 band II, 258 band III, Anal. Calculated for p-
BrC10H8NO2S: C, 41.81; H, 2.78; N, 4.87. Found: C, 
41.77; H, 2.80; N, 4.85. 
4-p-Chlorophenylthiomorpholine-3,5-dione as 
compound (6d). Follow the general procedure of 4-
(substituted)phenylthiomorpholine-3,5-dione (6) using 
an aqueous solution of Na2S·3H2O (0.32 g; 2.00 mmol) 
and compound 4d (0.56 g; 2.00 mmol). White, yield: 80%, 
m.p. 183–185 °C, IR νcm−1 (KBr): 1662 (C=O amide), 
740 (C-S), 1546 (C=C), 2935 (C-Hal), 3063 (C-Har), 3479 
(C-OH), 1H and 13C-NMR spectra (ppm) DMSO-d6 
solvent: 2.44 (1H3, s); 3.52 (4H1, s); 7.38–7.35 (1H5 1H9, 
d, Ar); 7.64–7.61 (1H6 1H8, d, Ar); 10.36 (OH, s) and 
38.71 (2C1); 123.36 (C6, C8); 129.58 (C4); 131.28 (C5, C9); 
140.58 (C7); 170.34 (C2, C3), respectively, UV-Vis λ nm: 
227 band I, 240 band II, 258 band III, Anal. Calculated 
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for p-BrC10H8NO2S: C, 49.48; H, 3.29; N, 5.77. Found: C, 
49.51; H, 3.81; N, 5.76. 
4-Benzylthiomorpholine-3,5-dione as compound 
(7a). Follow the general procedure of 4-(substituted) 
phenylthiomorpholine-3,5-dione (6) using an aqueous 
solution of Na2S·3H2O (0.32 g; 2.00 mmol) and 
compound 5a (0.52 g; 2.00 mmol). Pale-yellow, yield: 79%, 
m.p. 155–158 °C, IR νcm−1 (KBr): 1647 (C=O amide), 736 
(C-S), 1535 (C=C), 2916 (C-Hal), 3032 (C-Har), 3425 (C-
OH), UV-Vis λ nm: 227 band I, 237 band II, 251 band III, 
Anal. Calculated for C11H11NO2S: C, 59.71; H, 5.01; N, 
6.33. Found: C, 59.73; H, 5.11; N, 6.28. 

General procedure for the synthesis of compound (8) 
4-(Substituted)phenylselenomorpholine-3,5-dione. 
To a suspended solution of Se powder (0.14 g; 1.8 mmol) 
in 25 mL of H2O has added a solution of NaBH4 (0.118 g; 
3.1 mmol) in 25 mL of H2O under an argon atmosphere. 
A vigorous reaction occurs with the evolution of hydrogen 
gas. Se powder was consumed in less than 10 min, and a 
colorless solution of sodium hydrogen selenide NaHSe 
was formed [7]. To the resulting solution was added a 
solution of compound 4 (1.8 mmol) in 20 mL of ethanol 
under an argon atmosphere. After about 30 min, a colored 
precipitate was formed, collected by filtration and washed 
several times with ethanol, dried, and then Recrystallized 
from ethanol [20] (Scheme 2). 
4-Phenylselenomorpholine-3,5-dione as compound 
(8a). Follow the general procedure of 4-(substituted) 
phenylselenomorpholine-3,5-dione (8) using a colorless 
solution of sodium hydrogen selenide NaHSe (prepared 
from the reduction of selenium with sodium borohydride) 
and a solution of compound 4a (0.48 g; 1.8 mmol) under 
argon atmosphere. Violet, yield: 83%, m.p. 172–174 °C, IR 
νcm−1 (KBr): 1647 (C=O amide), 497 (C-Se), 1554 (C=C), 
2943 (C-Hal), 3144 (C-Har), 3290 (C-OH), UV-Vis λ nm: 
216 band I, 240 band II, 252 band III, Anal. Calculated for 
C10H9NO2Se: C, 47.25; H, 3.54; N, 5.51. Found: C, 47.22; 
H, 3.59; N, 5.49. 
4-o-Chlorophenylselenomorpholine-3,5-dione as 
compound (8b). Follow the general procedure of 4-
(substituted)phenylselenomorpholine-3,5-dione (8) using 
a colorless solution of sodium hydrogen selenide NaHSe 
(prepared from the reduction of selenium with sodium 

borohydride) and a solution of compound 4b (0.50 g; 
1.8 mmol) under argon atmosphere. Pale gray, yield: 
80%, m.p. 121–123 °C, IR νcm−1 (KBr): 1654 (C=O 
amide), 486 (C-Se), 1531 (C=C), 2952 (C-Hal), 3252 (C-
Har), 3448 (C-OH), 1H-NMR spectra (ppm) DMSO-d6 
solvent: 3.31 (1H3, s); 3.63 (4H1, s); 7.21–7.17 (1H7, t, Ar); 
7.34–7.31 (1H8, t, Ar); 7.51–7.49 (1H9, d, Ar); 7.81–7.79 
(1H6, d, Ar); 9.70 (OH, s), UV-Vis λ nm: 216 band I, 240 
band II, 257 band III, Anal. Calculated for o-
ClC10H8NO2Se: C, 41.46; H, 2.76; N, 4.83. Found: C, 
41.44; H, 2.75; N, 4.80. 
4-p-Bromophenylselenomorpholine-3,5-dione as 
compound (8c). Follow the general procedure of 4-
(substituted)phenylselenomorpholine-3,5-dione (8) 
using a colorless solution of sodium hydrogen selenide 
NaHSe (prepared from the reduction of selenium with 
sodium borohydride) and a solution of compound 4c 
(0.58 g; 1.8 mmol) under argon atmosphere. Pale gray, 
yield: 80%, m.p. 201–203 °C, IR νcm−1 (KBr): 1658 (C=O 
amide), 501 (C-Se), 1539 (C=C), 2939 (C-Hal), 3117 (C-
Har), 3275 (C-OH), 1H and 13C-NMR spectra (ppm) 
DMSO-d6 solvent: 2.51 (1H3, s); 3.37 (4H1, s); 7.49–7.46 
(1H6 1H8, d, Ar); 7.58–7.55 (1H5 1H9, d, Ar); 10.32 (OH, 
s) and 3.33 (1H3, s); 4.26 (4H1, s); 7.52–7.47 (1H6 1H8, d, 
Ar); 7.57–7.53 (1H5 1H9, d, Ar); 10.27 (OH, s), 
respectively, UV-Vis λ nm: 240 band I, 258 band II, 271 
band III, Anal. Calculated for p-BrC10H8NO2Se: C, 35.94; 
H, 2.39; N, 4.19. Found: C, 35.89; H, 2.37; N, 4.21. 
4-p-Chlorophenylselenomorpholine-3,5-dione as 
compound (8d). Follow the general procedure of 4-
(substituted)phenylselenomorpholine-3,5-dione (8) using 
a colorless solution of sodium hydrogen selenide NaHSe 
(prepared from a reduction of selenium with sodium 
borohydride) and a solution of compound 4d (0.50 g; 
1.8 mmol) under argon atmosphere. Pale pink, yield: 
79%, m.p. 197–198 °C, IR νcm−1 (KBr): 1658 (C=O 
amide), 505 (C-Se), 1543 (C=C), 2939 (C-Hal), 3190 (C-
Har), 3279 (C-OH), 1H and 13C-NMR spectra (ppm) 
DMSO-d6 solvent: 3.55 (1H3, s); 4.27 (4H1, s); 7.39–7.35 
(1H5 1H9, d, t, Ar); 7.62–7.59 (1H6 1H8, d, Ar); 10.28 
(OH, s) and 29.57 (2C1); 121.10 (C7); 127.13 (C6, C8); 
129.13 (C5, C9); 138.46 (C4); 169.23 (C2, C3), respectively, 
UV-Vis λ nm: 216 band I, 240 band II, 258 band III, 
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Anal. Calculated for p-ClC10H8NO2Se: C, 41.46; H, 2.76; 
N, 4.83. Found: C, 41.40; H, 2.66; N, 4.83. 
4-Benzylselenomorpholine-3,5-dione as compound 
(9a). Follow the general procedure of 4-(substituted) 
phenylselenomorpholine-3,5-dione (8) using a colorless 
solution of sodium hydrogen selenide NaHSe (prepared 
from a reduction of selenium with sodium borohydride) 
and a solution of compound 5a (0.46 g; 1.8 mmol) under 
argon atmosphere. Pale violet, yield: 83%, m.p. 132–
134 °C, IR νcm−1 (KBr): 1647 (C=O amide), 493 (C-Se), 
1550 (C=C), 2920 (C-Hal), 3059 (C-Har), 3271 (C-OH), 
UV-Vis λ nm: 216 band I, 240 band II, 252 band III, Anal. 
Calculated for C11H11NO2Se: C, 47.25; H, 3.54; N, 5.51. 
Found: C, 47.22; H, 3.59; N, 5.49. 

Biological evaluation 
Cytotoxicity is one of the most important indicators 

of biological evaluation test that use tissue cells (normal 
and cancer cell line); HBL-100 and MCF-7, respectively. 
The MTT assay is typically performed after the insoluble 
formazan produced is then solubilized by organic solvent 
such as DMSO (positive control), while serum-free media 
is considered as negative control. 

Cytotoxicity measurement 
To determine the cytotoxic effect of organo-chalcogen 

compounds; 4-(substituted)phenylthiomorpholine-3,5-
dione (6a–6d, 7a) and 4-(substituted)phenylseleno 
morpholine-3,5-dione (8a–8d, 9a), the 3-(4,5-
dimethylthiazole)-2,5-diphenyltetrazolium bromide 
(MTT) assay was used by reseeded [20] and then 
incubated at 37 °C and 5% CO2. Cells were placed in 96-
well micro assay culture plates (1 × 104) cells/well. After 
24 h or a confluent monolayer was achieved, cells were 
treated with the tested compounds (I–X) (6a–8d, 9a), 
which dissolved in DMSO at a concentration of 
1000 μg/mL. Suspended cell with complete media 10% 
reseeded in 96-well plate 100 μL (1 × 104) cells/well, 
incubated at 37 °C and 100% humidity 5% CO2. Untreated 
cells serve as a control group. 

Cell viability was measured after 72 h of treatment 
by removing the medium, adding 28 μL of 2 mg/mL 
solution of MTT, and incubating the cells for 2 h at 37 °C. 
After removing the MTT solution, the crystals remaining 

in the wells were solubilized by the addition of 100 μL of 
DMSO and followed by 37 °C incubation for 15 min 
with shaking [21]. The optical density of each well was 
measured on a microplate reader at 620 nm (test 
wavelength). The assay was performed in triplicate to 
obtain mean values and the inhibition rate of cell 
growth. The percentage of cytotoxicity was calculated 
according to Eq. (1) 

BPR
A 100




 (1) 

where PR represents the proliferation rate, B represents 
the absorbance of compound-treated wells and A 
represents absorbance for a non-treated control group. 
Therefore, the inhibition rate (IR) was calculated using 
Eq. (2) [22]. 
IR 100 PR   (2) 

Apoptosis studies with AO/EB staining method 
Dual acridine orange/ethidium bromide (AO/EB) 

fluorescent staining, visualized under a fluorescent 
microscope , was employed to identify apoptosis-
associated changes in cells during the process of 
apoptosis [23]. Dual fluorescent staining solution (1 μL) 
containing (5 mg/mL) acridine orange (AO) and (1 μL) 
containing (3 mg/mL) ethidium bromide (EB) was 
added to each 1 mL of phosphate buffer saline (PBS) and 
mixed well, then stored at room temperature and make 
fresh every few weeks before using. AO/EB stained 
MCF-7 cells. Cell death can occur in several modes when 
the cells are exposed to cytotoxic agents. 

DNA binding experiments 
The human-DNA interactive studies of compound 

8a were carried out in 5 mmol/L Tris-HCl and 5 mmol/L 
NaCl buffer (10 mM, pH = 7.2) which was prepared in 
deionized water. The 50 μM DNA stock in the buffer gave 
a ratio of UV absorbance at 260 and 280 nm of about > 
1.86 indicating that the human DNA that was used for 
absorption titration was sufficiently free from protein [24]. 

The concentration of DNA per nucleotide was 
determined by using the molar absorption coefficient 
ε260 = 6600 M−1 cm−1. The resulting DNA stock solution 
was kept at 4 °C and used within 24 h. A solution of 4-
phenylselenomorpholine-3,5-dione (ligand 8a) with  
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constant concentration 5 × 10−5 M, was prepared in 10% 
DMSO with 90% Tris-HCl buffer. Upon addition of varying 
concentrations of DNA stock solution (20–120 μM over 
20 μM increments the resultant solutions) were incubated 
at 25 °C for 15 min before recording UV spectra [25]. The 
intrinsic binding constant (kb) was determined by fitting 
the titration data into the following Eq. (3) [26] 

 a f b f b b f

DNA DNA 1
k

       
        

 (3) 

where εa, εf and εb are apparent, free, and bound ligand 
extinction coefficients, respectively. The εf was determined 
from a calibration curve of an isolated ligand following 
Beer’s law. The εa matches the extinction coefficient of the 
particular absorption band at the specified DNA 
concentration (corresponding to Aobs/[complex], εb is 
equated to the extinction coefficient of a fully bound 
ligand to DNA. The plot of ([DNA])/(εa − εb) versus 
[DNA], produces a slop 1/(εa − εf) and a Y-intercept of 
1/kb(εb − εf). The ratio of slope to the Y-intercept is 
expected to be the intrinsic binding constant (kb). 

■ RESULTS AND DISCUSSION 

Thermogravimetric Study 

The thermo-analytical methods (TG/DTA) were 
used in this work to evaluate the thermal stability, kinetic, 
and thermodynamic characteristic parameters. The thermal 
decomposition of some prepared ligands was done from 
ambient temperature to 800 °C under an argon atmosphere 
using α-Al2O3 as a reference. Kinetic parameters like 
frequency factor; Z; and activation energy, Ea of four 
chalcogen ligands were calculated from the Arrhenius 
plot of the rate of decomposition; Eq. (4-6) lnk versus I/Ts 
Ea was calculated from the slope and Z defined from the 
obtained intercept. The low value of Z indicates that the 

decomposition process was slow in nature [27]. The 
temperature of half weight loss (T50%), which represents 
the temperature at which the sample loses half of its total 
weight, has been appointed. The thermodynamic 
parameters (entropy ΔS*, enthalpy ΔH* and free energy 
ΔG*) of the decomposing process were calculated by 
analyzing the TG curves mathematically using the 
Freeman-Carroll equation [28]. These calculations are 
dependent on the peak temperature Ts in order to get the 
highest rate of process Table 1. The negative value of ΔS* 
indicates that the decomposition reactions proceed 
spontaneously and indicates that the activated ligands 
have more ordered structures than the reactants [29]. 
The thermal decomposition process of some of these 
ligands has one decomposition temperature (7a), while 
the others have two (8d, 6d) or three (6a) decomposition 
temperatures (Fig. 2). The thermogram results show that 
the order of relative thermal stability of these ligands is 
7a > 8d > 6d > 6a according to the decomposition 
temperature, while according to the crucial kinetic 
standards, the Ea values of these ligands take the order of 
7a < 6d < 8d < 6a, which mostly differ from those 
defined by the thermal stability. 

*

b s

ZhS 2.303log R
k T

 
   

 
 (4) 

*
a sH E RT    (5) 

* * *G H T S     (6) 

In Vitro Cytotoxicity MTT Test 

To assess the cytotoxic activity of the ten ligands 
(6a–8d), the cell viability was determined by the MTT test, 
a colorimetric assay determined by the mitochondrial-
dependent reduction of soluble yellow tetrazolium salt 
to blue formazan crystals [30-31]. The data received from 

Table 1. Thermal stability and thermodynamic parameters of prepared compounds 

Compd Wt Ts [K] 
Temp. of 
50 wt.% 
loss (°C) 

Rate of 
decomp. 

Char. content 
800 °C, (%) 

Activation 
energy (Ea) 

Temp. range 
(°C) Z ΔH* 

(KJ/mol) 
ΔS* 

(J/mol k) 
ΔG* 

(KJ/mol) 

6a 1.069 538.99 381.25 2.8 5.80 15.83 69–244 0.0012 11.35 −9.490 026.8 
7a 2.163 578.33 246.00 3.4 15.0 14.07 67–172 0.0080 09.27 −275.7 168.7 
6d  3.634 544.37 306.25 2.7 24.6 15.04 56–231 0.0003 10.51 −163.5 099.5 
8d 1.568 550.91 321.50 3.4 8.20 15.63 125–250 0.0010 11.05 −324.6 289.5 
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this assay was analyzed by subtraction of the blank control 
absorbance value from all the other values. The DMSO-
solvent control value is set to 100% viability, as no growth-
inhibiting compound was added [32]. Fig. 3 shows the 
vitality of the cell line MCF-7 and normal breast cell line 
(HBL-100) when exposed to one concentration 1000 μg/mL 
for each one of the ten ligands (6a–8d) prepared. This 
concentration causes growth inhibition of normal and 
human MCF-7 breast cancer cells. The highest rate of vital 
percentage was 72.4% of p-chlorophenylthiomorpholine-
3,5-dione (6d) ligand, while the lowest rate of vital 
percentage was 32% of 4-phenylselenomorpholine-3,5-
dione (8a) ligand. While the normal cell line HBL-100, 
exposed to 4-phenylselenomorpholine-3,5-dione (8a) 
ligand and benzylselenomorpholine-3,5-dione (9a) ligand 
at the same concentration 1000 μg/mL for 72 h. The results 
showed that the vitality of the normal breast cell line was 
affected by these two ligands, 8a and 9a, and the rate of 
vital percentage was 30.9 and 39.3%, respectively. The 
percentage of cell viability was plotted against the 
concentration of compound added to the medium (Fig. 1). 

AO/EB Staining and Programmed Cell Death 

The AO/EB dye was employed to stain MCF-7 
breast cancer cells that examine by fluorescence 
microscopic before and after treatment with compounds 
 

8a and 8c. Thus, this assay was conducted to diagnose 
stages of programmed cell death. Cells that have 
undergone apoptosis are non-viable and emit red 
fluorescence upon binding of AO/EB to ssDNA or RNA, 
as the red blocks indicate the advanced stages of cell 
death. The viable cells colored green refer to the 
combined dye to dsDNA, while lumpy chromatin 
formed in yellow indicates the early stages of nucleus 
fragmentation and the appearance of cell death bodies 
[17]. 

Fig. 2 explores the microscopic fluorescence 
images of MCF-7 breast cancer cell line untreated (Fig. 
2(a)) and treated AO/EB stained cells with compounds 
(8a) and (8c), Fig. 2(b) and 2(c), respectively. The 
untreated cells appear unaffected, showing a single 
integral monolayer of healthy and highly organized 
structure as they emit green fluorescence with AO/EB at 
magnification 10×. The MCF-7 cell line grill with 
AO/EB dye treated with compounds (8a), Fig. 2(b), and 
(8c), Fig. 2(c) appeared affected as they lost their normal 
characteristics. Thus, the appearance of the yellow-
colored nucleus fragments indicates the early stages of 
programmed cell death showing large areas lacking cells 
at magnification 40× (Fig. 2(d) and 2(e)). The emergence 
of the large spaces devoid of cells in Fig. 2(e) reveals 
clearly that (8c) is more effective than compound (8a). 

 
Fig 1. Percentage of cell viability in the cell line of (a) Breast cancer type (MCF-7) vs one concentration 1000 μg/mL 
for each one of the five (11–15) 4-(substutited)phenylselenomorpholine ligands (8a–8d), and of another five (16-20) 
4-(substutited)phenylthiomorpholine ligands (6a–6d), (b) Normal breast cell line (HBL-100) vs one concentration 
1000 μg/mL for each one of the two ligands (1 and 2) 4-phenylselenomorpholine ligand (8a) and 4-
benzylselenomorpholine ligand (9a), respectively added to the medium 
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Fig 2. MCF-7 cell line dye AO/EB stain, (a) Untreated cells look unaffected, forming a monolayer strain green with 
AO/EB at magnification 10×, (b) Cells treated with compound (8a) appear affected as colored in yellow AO/EB at 
magnification 10×, (c) Cells treated with compound (8c); losing of normal characteristics refers to one of the early 
stages of cell death, AO/EB at magnification 10×. (d) and (e) images of (8a) and (8c) at magnification 40× 

 
Fig 3. Overlay UV-Vis spectra of 4-phenylselenomorpholine, ligand (8a), in the absence and presence of increasing 
amounts of human-DNA. Arrow indicates that absorbance changes upon increasing DNA concentrations. Inset: Plot 
of [DNA]/(εa − εf) × 108 vs [DNA] × 105 and the linear fit for the titration 
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DNA-Binding 

Absorption studies: the binding of prepared ligands 
to the helix has been characterized through the 
measurement of absorbance and the significant shift of 
maxima as a function of an added amount of DNA (20–
120 μM) to a fixed ligands concentration (3.0 × 10−4 μM). 
For ligand 8a (Fig. 3), the broadband at 260 nm was 
monitored as it has been noticed that an increase in the 
amount of DNA led to decreasing in molar absorptivity 
beside an 8–10 nm red shift i.e., a hypochromic shift 
indicating intercalative interaction of compound 8a with 
DNA. The intrinsic binding constant was found to be kb = 
3.60 × 106 M−1 suggesting moderate intercalative 
interaction, compared to classical intercalators (kb ~106) 
function of added DNA. The isosbestic point at 290 nm 
confirms the bonding of ligands with DNA [33-34]. 

■ CONCLUSION 

According to the decomposition temperature of the 
newly chalcogen ligands in the current study, the 
thermogram results show that the relative thermal 
stability of these ligands takes this order 7a > 8d > 6d > 6a 
while their activation energies Ea take another order 7a < 
6d < 8d < 6a differs completely from that sequence. The 
results of absorption studies show that the absorption 
intensity decreased (hypochromic) evidently after the 
addition of DNA, which indicates that the interaction 
between DNA and ligand 8a occurred. The intrinsic 
binding constant (kb = 3.42 × 106 M−1) is roughly 
comparable to other intercalators’ interactions. 
According to the toxicity by new ligands through the 
MTT-assay to both normal and cancerous lines, they have 
no selective or directed action on cancerous cells. 
Nevertheless, this method does not provide any 
information regarding the cell death mechanism, the 
phase in the cell cycle that is affected by the drug and its 
possible biological target. AO/EB assay and cell cycle 
analysis were conducted to diagnose stages of 
programmed cell death. It can be concluded that the low 
viability percentage of compounds 8a and 8c (Fig. 3), 
besides the cytofluorimetric inconclusive results, may 
indicate that these prepared compounds may have the 
ability of cell-growth inhibition. More studies need to be 

subjected to confirm this conclusion, such as the 
employment of variable concentrations of these 
compounds and increasing the time of exposure. 
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 Abstract: The bioactive compounds naturally present in plants have great importance 
due to their biological characteristics. These substances could lose their active 
characteristics since they are highly unstable. Microencapsulation is one of the techniques 
to improve stability and protect these compounds. In this work, Ruellia tuberosa L. 
ethanolic extracts microcapsules were prepared using a freeze-drying method by varying 
pH, alginate concentration, and stirring time. The encapsulation efficiency (EE), 
characteristics, alpha-amylase inhibition activity, and release behavior of the 
microcapsules were investigated. The results highlighted that the highest encapsulation 
efficiency for the microcapsules was obtained at pH 6, alginate concentration of 1% (w/v), 
and 30 min of stirring time (51.63% EE). The microcapsules mostly had spherical shapes 
with a mean diameter of 197.53 μm. The alpha-amylase inhibition assay from 
microcapsules resulted in the IC50 value of 46.66 ± 0.13 μg/mL, demonstrating high 
biological activity. The bioactive substances from microcapsules were released during 
intervals of 30–120 min at pH values of 1.2 and 7.4. Only 3.51% of the bioactive 
substances were released at pH 1.2 after 120 min, compared to 55.78% at pH 7.4. Overall, 
this work confirms the possibility of developing plant extracts with preserved biological 
activity using the produced microcapsules. 

Keywords: alginate; alpha-amylase; freeze drying; microencapsulation; Ruellia 
tuberosa L. 

 
■ INTRODUCTION 

Discovering bioactive compounds in natural 
materials can support the expansion of their functional 
value in both disease prevention and treatment. Indonesia 
has a wide variety of plants and has been represented as 
one of the best producers of medicinal plants. Along with 
the times, the use of medicinal plants in the treatment of 
disease increased due to their fewer side effects [1-2]. 
Ruellia tuberosa Linn is a herbaceous plant of the 
Acanthaceae family from Central America and has widely 
spread in Southeast Asia countries, such as Indonesia. 
Based on the previous study, the leaves of this plant had 
anti-inflammatory activity; the roots and stems can be 
used as a disinfectant; the flower parts were used in the 

treatment of wounds [3]. This plant had also been 
proven to have antioxidant, anti-microbial, anti-cancer, 
and antidiabetic activities [4]. 

Several previous studies stated that the 
hydroethanolic extract of R. tuberosa L. contained 
several secondary metabolites compounds, such as 
flavonoids, phenolic compounds, ascorbic acid, and 
steroids [3-5]. Flavonoids can demonstrate antidiabetic 
activity through their function as antioxidants. The 
presence of hydroxyl groups (O-H) and conjugated 
double bonds in the structure of flavonoids produced 
antioxidant activity [6]. However, bioactive compounds 
like flavonoids are sensitive to environmental conditions 
such as pH or temperature and have low bioavailability 
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[7]. The poor bioavailability may affect the number of 
bioactive compounds that can attain the circulatory 
system. Hence, the microencapsulation method was 
required to protect these compounds [8]. 
Microencapsulation is the shielding process of small 
particles using a polymer. This method resulted in 
microcapsules with a size range of 2–2000 μm [9-10]. The 
primary purpose of microencapsulation is to avoid the 
degradation or inactivation of the active compounds due 
to the unstable environmental conditions [9]. 

Ionotropic gelation is one of the techniques in the 
encapsulating process based on the electrostatic 
interaction between two ionic species, where one of them 
is a polymer. The bioactive compounds from natural 
materials may be trapped between the polymer chains and 
form microcapsule beads [11-12]. A common polymer 
used in the microencapsulation process is sodium alginate 
due to its ability to form a very versatile, biocompatible, 
and non-toxic matrix to encapsulate the compounds [13]. 
Furthermore, the calcium chloride addition as a cross-
linker plays a role in forming alginate beads due to the 
exchange of sodium ions with calcium cations. The 
resulting cross-linked beads were beneficial for the 
controlled release of bioactive molecules [14]. Drying is a 
necessary process to obtain microcapsules. One of the 
drying techniques that are generally used is freeze-drying. 
This technique may prevent the substances inside the 
dried microcapsules from degradation due to high 
temperatures [15-16]. Numerous factors, including pH of 
medium, coating material concentration, and stirring 
time contribute to the properties of microcapsules. 
Carboxylate groups in sodium alginate structure can be 
readily dissociated and form ionic bonds in an acid 
solution. The coating materials concentration and stirring 
time may affect the size of the microcapsules. In addition, 
smaller microcapsules may generate greater efficiency 
[17-18]. 

Due to the antidiabetic activity of R. tuberosa L. 
extracts, the inhibition against alpha-amylase can be 
conducted to determine their biological activities. Alpha-
amylase is one of the targeted enzymes for type 2 diabetes 
mellitus (DM) treatment. The alpha-amylase enzyme 
(E.C.3.2.1.1) is a hydrolase class enzyme catalyzing the 

hydrolysis of α-1,4-glycosidic bonds of amylum to 
produce glucose and maltose [19]. Theoretically, 
inhibition of the alpha-amylase is expected to slow down 
the hydrolysis of carbohydrates and the formation of 
glucose, so this may automatically reduce the post-
prandial glucose levels [20]. Moreover, the resistance of 
microcapsules in carrying the bioactive compound must 
be done through a microcapsule release test [21]. The 
release of microcapsules is carried out by evaluating the 
amount of released active compounds at very acidic (pH 
1–3) and physiological conditions (pH 7.4) [22]. In this 
analysis, the zero-order release kinetic model is used to 
determine the relationship between the release time and 
percentage of microcapsules. The zero-order kinetic 
model is effectively considered for the sustained released 
samples [23-24]. 

This study was aimed to examine the process of 
microencapsulation using the freeze-drying technique. 
Calcium chloride, which serves as a cross-linker, and 
sodium alginate polymer constructed the shielding 
components. In order to find the ideal microcapsule 
conditions, a number of variables were examined, 
including pH, sodium alginate content, and stirring 
time. Additionally, an alpha-amylase inhibition 
experiment was performed on microcapsules under the 
optimum conditions to determine their effectiveness in 
treating type 2 diabetes mellitus. 

■ EXPERIMENTAL SECTION 

Materials 

The materials were acquired from Merck: sodium 
alginate (≥ 99%, molecular biology grade), calcium 
chloride (CaCl2), aluminum chloride (AlCl3), alpha-
amylase enzyme originated from Aspergillus oryzae 
(≥ 150 units/mg protein), D-(+) glucose (analytical 
standard), glacial acetic acid (pharmaceutical primary 
standard), soluble starch (from potato, ACS grade), 
sodium hydroxide (≥ 98%, pellets, anhydrous), 
potassium sodium tartrate tetrahydrate (≥ 99%), sodium 
acetate (anhydrous, ≥ 99%), 3,5-dinitrosalicylic acid 
(DNS) reagent (≥ 98%, HPLC grade), acarbose (≥ 95%), 
release mediums (simulated gastric fluid (SGF) and 
simulated intestinal fluid (SIF)). The R. tuberosa L. root 
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powder was purchased with a letter confirming the 
species from UPT Materia Medica Batu in East Java. 

Instrumentation 

The instrumentations used in this study were UV-
Vis spectrophotometer (Shimadzu), Fourier transform 
infrared spectrometer (FTIR, Shimadzu Prestige 21), 
particle size analyzer (PSA, CILAS 1090), and scanning 
electron microscope (SEM, TM 3000 Hitachi). 

Procedure 

Preparation of R. tuberosa L. extract 
A total of 250 g of R. tuberosa L. root powder was 

macerated using 96% ethyl alcohol for 3 × 24 h, in the 
volume ratio of 4:1 with the dried weight. The resulting 
extracts were filtrated and evaporated using a rotary 
evaporator (120 rpm; 50 °C) to acquire the concentrated 
extracts. For subsequent analysis, the concentrated 
extracts were stored at a low temperature of 4 °C. 

Microencapsulation of R. tuberosa L. extracts 
The 2% sodium alginate (w/v) solution was prepared 

in 10 mL of 1% acetate buffer (v/v, pH variations of 4, 5, 
6, and 7). Then, 0.5 g extracts of R. tuberosa L. were 
dissolved with 1 mL of 96% ethyl alcohol. The mixture 
was gradually added to the sodium alginate solution. The 
mixture was stirred using a magnetic stirrer at a speed of 
300 rpm until. After that, the mixture was added dropwise 
using a syringe to 40 mL of calcium chloride solution 
(0.1 M) and stirred again with a magnetic stirrer for 
30 min. The forming alginate beads were washed using 
distilled water to remove unreacted calcium chloride 
(CaCl2) from the surface of the beads. Then, the beads 
were freeze-dried for 6 h with a temperature of -55 °C and 
air pressure of -60 mmHg until they changed to 
microcapsules powder. 

The same process was repeated under different 
conditions with the following sodium alginate 
concentration of 1; 1.5; 2; and 2.5% (w/v). The initial pH 
contributing to the optimum percentage of encapsulation 
efficiency was used, which was also conducted in other 
conditions. Lastly, the influence of stirring time was 
established using the same steps with different stirring 
times at 15, 30, 45, and 60 min. The highest percentage of 

encapsulation efficiency (%EE) was used to estimate the 
optimum conditions of microcapsules. 

Encapsulation efficiency 
The encapsulation efficiency expressed the 

percentage of encapsulated active ingredients in the 
polymer solution. This value denoted the effectiveness of 
shielding materials in trapping the extract [24]. The 
encapsulation efficiency was determined using the Eq. 
(1). 
Encapsulation efficiency(%)

Total flavonoid content in microcapsules 100%
Total flavonoid content in extracts

 
 (1) 

The colorimetric technique with aluminum 
chloride reagent was used to determine the total 
flavonoid content in samples. The extract and 
microcapsule of R. tuberosa L. were prepared by 
dissolving 5 mg samples in 3 mL methanol, incubating 
at 40 °C for 45 min, and centrifuging at 1,000 rpm for 
2 min. An amount of 0.6 mL of prepared solution was 
combined with 0.6 mL of 2% of AlCl3. The combined 
solution was then incubated for 23 min at room 
temperature. UV-Vis spectrophotometer was used to 
measure the absorbance of solution at a wavelength of 
420 nm. According to the quercetin standard curve plot 
(y = 0.0469x + 0.0138, R2 = 0.9977), the amount of total 
flavonoid content in each sample was determined and 
reported as mg quercetin equivalent (QE)/g. All the 
determinations were completed in triplicate. 

Alpha-amylase inhibition assay 
All samples, including extracts and microcapsules 

of R. tuberosa L., and the positive control acarbose, were 
made in numerous concentrations (20–100 μg/mL). 
Then, 250 μL of each sample was added to 250 μL alpha-
amylase enzyme solution (10 U/mL), which was then 
incubated for 30 min at 37 °C. The mixture was then 
mixed with 250 μL of 1% soluble starch solution (w/v) 
and incubated at 25 °C for 10 min. Furthermore, 500 μL 
of DNS reagent was included, and the entire mixture was 
heated to a temperature of boiling water and incubated 
for 5 min until the color changed into reddish brown. 
The solution was then mixed with 5 mL of distilled water 
after the solution had been cooled down under running  
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water. Lastly, a UV-Vis spectrophotometer operating at a 
wavelength of 480 nm was used to test the absorbance of 
solution. The assays were carried out in triplicates. Eq. (2) 
was used to determine the alpha-amylase inhibitory 
activity: 
Percentage of enzyme inhibition (%)

Absorbance of control Absorbance of sample = 100%
Absorbance of control




 (2) 

The results were represented by the IC50 value, 
which can be defined as the level of inhibition needed to 
block 50% of the activity of the alpha-amylase enzyme. 
Plotting a linear regression equation between sample 
concentration and enzyme percent inhibition was carried 
out to determine the IC50 value. 

In vitro release study 
The in vitro release of extracts from microcapsules 

matrix was performed in the release medium consisting 
of simulated gastric fluid (SGF) and simulated intestinal 
fluid (SIF) with pH of 1.2 and 7.4, respectively. The release 
medium was prepared, and the microcapsules were 
added. Next, the mixture was constantly stirred at 
100 rpm and placed in the water bath at 37 °C. A total of 
10 mL of the solution was sampled at the intervals of 30, 
60, 90, and 120 min, and then analyzed using a UV-Vis 
spectrophotometer at the wavelength of 420 nm. By using 
the quercetin standard curve, the concentration of the 
substance released from the microcapsules was 
determined as a total flavonoid content. Eq. (3) was used 
to express the outcome as a percentage of release (%). 
Percentage of release %)

Total flavonoid content release
         from microcapsule

Total flavonoid content of microcapsules
%

               in o

=

p

s

timum condition

100  (3) 

FTIR, particle size distribution, and SEM analyses 
A dried sample that had been compressed into a KBr 

pellet was used for the FTIR measurement, which was 
conducted in the 4000–400 cm−1 wavenumber region 
using an FTIR Shimadzu Type IR Prestige-21. A CILAS 
1090 PSA was used to analyze the distribution and size of 
microcapsules. An SEM TM 3000 Hitachi was used to 
examine the microcapsule's surface morphology and form 
at magnifications ranging from 4,000× to 12,000×. 

Data analysis 
The mean ± standard deviation was used to express 

the results. A software, Statistical Package for The Social 
Science (SPSS) v.26, was used to conduct the statistical 
analysis. The one-way analysis of variance (ANOVA) 
and Tukey's HSD test was then used to assess the true 
difference from each variation. The differences were 
deemed statistically significant at p < 0.05. 

■ RESULTS AND DISCUSSION 

The dried microcapsules from R. tuberosa L. 
extracts were prepared using the freeze-drying technique. 
The optimization was carried out to determine the best 
conditions leading to the formation of microcapsules 
with a high percentage of encapsulation efficiency. Table 
1–3 expresses the percentage of encapsulation efficiency 
from microcapsules set up at diverse pH, sodium 
alginate concentrations, and stirring times. The highest 
encapsulation efficiency has resulted in R. tuberosa L.  

Table 1. Effect of pH on the encapsulation efficiency of 
R. tuberosa L. 

pH* Encapsulation efficiency (%)** 
4 33.72 ± 0.26b 
5 41.73 ± 0.25c 
6 46.21 ± 0.32d 
7 30.56 ± 0.24a 

*Microcapsules were prepared using 2% (w/v) of sodium 
alginates for 30 min stirring time; **Different notations, 
using the One-Way ANOVA test with a level of 
confidence α = 5%, indicate significant differences 
between conditions 

Table 2. Effect of sodium alginate concentration on the 
encapsulation efficiency of R. tuberosa L. 

Concentration of 
sodium alginate (%w/v)* 

Encapsulation efficiency 
(%)** 

1 51.53 ± 0.15d 
1.5 44.93 ± 0.18c 
2 37.84 ± 0.12b 
2.5 32.46 ± 0.26a 

*Microcapsules were prepared at optimum pH 6 for 30 min 
stirring time; **Different notations, using the One-Way ANOVA 
test with a level of confidence α = 5%, indicate significant 
differences between conditions 
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Table 3. Effect of stirring time on the encapsulation 
efficiency of R. tuberosa L. 

Stirring time (min)* Encapsulation efficiency (%)** 
15 50.92 ± 0.15c 
30 51.63 ± 0.09d 
45 49.79 ± 0.09b 
60 42.17 ± 0.2a 

*Microcapsules were prepared at optimum pH 6 using the 
optimum concentration of sodium alginate of 1% (w/v); 
**Different notations, using the One-Way ANOVA test with a 
level of confidence α = 5%, indicate significant differences 
between conditions 

microcapsules set in pH 6, 1% (w/v) sodium alginate, and 
30 min stirring time, with 51.63% encapsulation efficiency. 

The microcapsules prepared at pH 6 showed the 
highest encapsulation efficiency. Sodium alginate can 
dissolve in acidic pH due to the pKa values of mannuronic 
and guluronic acid residues around 3.38–3.65 [25]. 
Moreover, in acidic solutions, the repulsion force among 
groups in sodium alginate decreased, so the gel strength 
tended to increase [26]. At weaker acidic pH (~6), sodium 
alginate dissociates easier and breaks the bond between 
the sodium (Na+) ion and carboxylate ion (COO−) of 
mannuronic or guluronic acid. As a result, the divalent 
ion Ca2+ of cross-linker CaCl2 displaces Na+ ions and 
forms ionic bonds with carboxylate ions. Thus, the 
increasing ionic bonds might strengthen the matrix, 
escalate the amount of encapsulated bioactive ingredients, 
and result in the greatest encapsulation efficiency [26-27]. 
The results agreed with previous research [28], which 
stated that a higher pH solution would produce less 
protonated forms. The protonation of the carboxylate 
anions can interrupt the coordination with calcium 
cations and reduce the existing sites for cross-linking. 

In this research, the optimum condition of 
microcapsules was acquired at a sodium alginate  
 

concentration of 1% (w/v). The higher sodium alginate 
concentration produced a lower encapsulation 
efficiency, as shown in Table 2. Similar results were 
informed by Wibowo et al. [29], in which encapsulation 
efficiency decreased with the enhancement of sodium 
alginate concentration. A lower concentration of 
sodium alginate generated a larger pore size of the beads. 
In contrast, the pore size of the beads decreased with the 
increase in sodium alginate concentration. Therefore, 
enhancing sodium alginate concentration might inhibit 
the entrance of bioactive compounds into the beads and 
lead to lower encapsulation efficiency. 

The stirring time was also a parameter investigated 
in this study. The short stirring time resulted in particle 
aggregates and less discreet microcapsules, whereas the 
longer time resulted in particles with fragile and 
breakable properties [30-31]. Table 3 shows that the 
stirring time of 30 min gave the maximum encapsulation 
efficiency. This results were similar to earlier research 
[30], which explained that smaller microcapsules 
formed at a stirring time of 30 min with the increased 
size distribution. As a result, the larger particle surface 
area was developed and facilitated the adsorption of 
extracts into the polymer matrix. 

The antidiabetic activity of a sample can be 
determined by an alpha-amylase inhibition assay. The 
samples used in this assay were the ethanolic extract of 
R. tuberosa L., microcapsules prepared under the 
optimum conditions, and acarbose. Based on Table 4, all 
samples displayed a high alpha-amylase enzyme 
inhibition, as seen from the low IC50 values. The 
microcapsules had a higher IC50 value 
(46.66 ± 0.13 μg/mL) than R. tuberosa L. ethanolic 
extract (33.77 ± 0.87 μg/mL). A higher IC50 value 
corresponds to weaker inhibition activity against the  
 

Table 4. The IC50 value of R. tuberosa L. ethanolic extracts, microcapsules, and acarbose on alpha-amylase inhibition 
assay 

Sample IC50 values (μg/mL)* 
R. tuberosa L. ethanolic extract 33.77 ± 0.87b 
Microcapsules prepared at the optimum conditions 46.66 ± 0.13c 
Acarbose 24.31 ± 0.40a 

*Different notations, using the One-Way ANOVA test with a level of confidence α = 5%, indicate 
significant differences between conditions 
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alpha-amylase enzyme. In the microcapsule sample, the 
bioactive compounds cannot be entirely released. Some 
compounds were still restrained in a polymer matrix, 
resulting in a lower ability to inhibit enzyme activity [32]. 
The fundamental goal of microencapsulation is not to 
increase the antidiabetic activity of the sample but to 
enhance the protection and avoid the degradation of 
bioactive ingredients. Besides, the encapsulating samples 
can manage the release of bioactive compounds [33]. 
Hence, the microcapsule of R. tuberosa L. extracts had the 
potential role of an antidiabetic source due to the presence 
of flavonoid compounds [11]. Flavonoids can form a 
covalent bond with the alpha-amylase enzyme and change 
their activity due to the capability to establish quinones or 
lactones that react with nucleophilic groups on the 
enzyme [34]. 

Acarbose, as a positive control, had the lowest IC50 
value of 24.31 ± 0.40 μg/mL, which denoted the most 
vigorous inhibitory activity against the alpha-amylase. 
Acarbose is a synthetic drug for DM type 2 treatment. 
This drug has a similar structure to oligosaccharides and 
acts as a competitive inhibitor of the alpha-amylase [35]. 
According to [34], acarbose produced maximum 
inhibition against alpha-amylase by suspending the 
digestion of carbohydrates and delaying glucose 
absorption. Moreover, although the ethanolic extract of R. 
tuberosa L. contains various bioactive compounds [3-5], 
not all of these compounds could inhibit alpha-amylase 
[36]. 

Among all the in vitro assays for microparticles, the 
release study is one of the essential parameters. Through 
this assay, the assessment of the safety, efficiency, and 

quality of the microcapsules can be found [37]. In this 
study, the microcapsules were dissolved in two 
mediums, SGF at pH 1.2 and SIF at pH 7.4. The 
dissolution was carried out continuously in different 
time variations [38]. 

The whole drug release process was affected by 
both the physical and mechanical properties of the gel 
shielding around the microcapsules [39]. Based on the 
release profile in Fig. 1, the release of microcapsules at 
pH 1.2 was lower than that at pH 7.4. At pH 1.2, the 
curve gradually increased at a 30–90 min of release time 
with a release value of around 1.1 to 3.2%, but then it 
reached a plateau of about 3.2 to 3.5% in the remaining 
time. The sodium alginate comprises mannuronic and 
guluronic acid with pKa values of 3.38 and 3.65, 
respectively. An intermolecular hydrogen bonding 
system could stabilize alginate beads in the medium with 
a pH below these pKa values. As a consequence, the 
swelling ratio of the alginate particles reduces in the 
gastric environment, so the encapsulated drug will be 
difficult to reach out from the network [25,40]. 

The low-release profile of microcapsules in pH 1.2 
is also proven by the SEM image in Fig. 2(c). The image 
of released microcapsules in an acidic medium produced 
ruptured and folded spherical shapes. The shapes 
indicating that the coating matrix experienced erosion, 
and the microcapsules were partially bursting, resulting 
in a low percentage of drug release [41]. 

In contrast, at pH 7.4, the release value significantly 
increased and reached the maximum value of 55.8% at 
120 min. This was due to the increase of negatively 
charged of  carboxylate ions  because of  a higher level of 

 
Fig 1. The released profile of microcapsules of R. tuberosa L. extract prepared in pH 6, 1% (w/v) sodium alginate, and 
30 min stirring time at: (a) pH 1.2; (b) 7.4 
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Fig 2. The SEM images of (a) R. tuberosa L. ethanolic extract; (b) microcapsules of R. tuberosa L. prepared in pH 6, 1% 
(m/v) sodium alginate concentration, and 30 min stirring time; (c) microcapsules released in pH 1.2; (d) microcapsules 
released in pH 7.4. The magnifications were 7,000× for (a) and (b), and 9,000× for (c) and (d) 
 
ionization. These carboxylate ions might repel each other 
and cause the disaggregating of the alginate-CaCl2 matrix 
structure, then lead to swollen microcapsules [42]. This 
result was also supported by the SEM image in Fig. 2(d) 
showing a flatter morphological surface than the previous 
one. The more released compounds might increase the 
intensity of matrix erosion, and the microcapsules might 
break more easily. The similar results have also been 
informed that bioactive ingredients were released more 
easily in the alkaline condition than in acidic pH [25]. 

Characterization with SEM was carried out to 
confirm the surface morphology of the samples. 
According to Fig. 2(a-b), there were difference between 
SEM images of extracts and microcapsules. The 
microcapsules showed an irregular shape with a few 
spherical, followed by the uniform distribution of 
wrinkled surfaces. This result was in agreement with a 
previous study that reported freeze-dried samples did not 
have a specific shape [43]. The irregularities of the surface 
and the existence of wrinkles might be allied with the low 
drying temperatures. The forming ice crystals during the 
freeze-drying step also established the cavities [43-44]. 

The FTIR analysis identified functional groups in 
R. tuberosa L. extracts and microcapsules. Fig. 3 shows 
the FTIR spectra, while the assignments of the 
absorption functional groups are listed in Table 5. Based 
on Fig. 3(a), the extract of R. tuberosa L. denoted the 
stretching vibrations of the hydroxyl (O-H) group at 
3354 cm−1. Then, the characteristic peaks of methine C-
H stretching were observed at 2926 and 2855 cm−1. 
Moreover, the absorption at 1608 cm−1 was interpreted 
as ketone C=O stretching, whereas peaks at 1450 and 
1168 cm−1 showed the stretching vibrations of aromatic 
C=C and vinyl ether C-O-C, respectively [45]. These 
absorptions suggested that R. tuberosa L. contained 
flavonoid compounds [46-47]. 

The FTIR spectra of microcapsules of R. tuberosa L. 
(Fig. 3(b)) showed broader and higher intensity band at 
3448 cm−1coming the stretching vibrations of the O-H 
group. This peak corresponded to the sum of the peaks 
from coating materials, namely sodium alginate and CaCl2 
[48]. Then, the same absorption from the vibration of C-
H methine, C=O ketone, C=C aromatic, and C-O-C vinyl 
ether groups also resulted in peaks 2–6 [45]. In addition,  
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Fig 3. FTIR spectra of (a) R. tuberosa L. extract; (b) microcapsules of R. tuberosa L. extracts prepared in pH 6, 1% (w/v) 
sodium alginate, and 30 min stirring time 

Table 5. Assignment of FTIR spectra 
Peak 

number 
Wavelength (cm−1) Functional groups 

R. tuberosa L. extracts 
[43-45] 

Microcapsules of R. tuberosa L. extracts 
[43-46] 

1 3354 3448 O-H alcohol 
2 2926 2925 C-H methine 
3 2855 2853 C-H methine 
4 1608 1609 C=O ketone 
5 1450  1429 C=C aromatic 
6 1168  1252 C-O-C vinyl ether 
7  1036  C-O-C aliphatic ether 

 
Fig 4. Particle size distribution from microcapsules of R. tuberosa L. extracts set in pH 6, 1% (w/v) sodium alginate, 
and 30 min stirring time. The mean diameter was 197.53 μm 
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the new absorption (peak 7) at 1036 cm−1represented the 
presence of C-O-C aliphatic ether coming from sodium 
alginate [48]. 

In this work, the size of the microcapsules was also 
evaluated. The properties of powder samples majorly 
depend on the sizes of the particles. The PSA is the 
standard instrument in the sizing test. This instrument 
was objected to determine particle size and hydrodynamic 
diameter of the microcapsules [49]. The microcapsules 
formed in this study had a mean diameter of 197.53 m, 
which was in the range of microparticle size, as shown in 
Fig. 4. This outcome satisfied the criteria for extrusion 
and freeze-drying-produced particles with a size range of 
15–3500 m. Extrusion is a technique that relies on the 
interaction of a multivalent ion with a polysaccharide gel 
[50-51]. 

■ CONCLUSION 

This study has carried out the microencapsulation 
of R. tuberosa L. extracts using the freeze-drying method 
with sodium alginate and CaCl2 as shielding materials. 
The optimum conditions of microcapsules were pH 6, 
sodium alginate concentration of 1% (w/v), and 30 min of 
stirring time. The alpha-amylase was inhibited by the 
microcapsules with an IC50 value of 46.66 ± 0.13 μg/mL. 
The in vitro release assay presented that the microcapsule 
of R. tuberosa L. extract was released more readily at pH 
7.4 than at pH 1.2. The morphological surface analysis by 
SEM indicated an irregular shape with a few spherical 
followed by the uniform distribution of wrinkling; hence 
the PSA result stated that the microcapsules had micro-
sized particles with a mean diameter of 197.53 μm. 
Moreover, the FTIR analysis demonstrated that the cross-
linking between sodium alginate and CaCl2 has been 
obtained. Microencapsulation of plant extracts can be one 
of the strategies for natural product enhancement with 
preserved biological functions. 
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 Abstract: In this work, a refluxing method is used to prepare nanoparticles of zinc oxide 
(ZnO NPS) and zinc oxide /silver chloride nanocomposites (ZnO/AgCl NCS). The 
structural properties of nanocrystals are studied by Atomic Force Microscope (AFM), X-
Ray Diffraction (XRD), and Field Emission Scanning Electron Microscopy (FE-SEM) to 
determine the average crystal size, morphology, particle size and average grain size of 
nanocrystals. The results of anticancer efficiency of ZnO NPs and ZnO/AgCl NCs show 
cytotoxic activity against five human cancer cells, namely hepatocellular carcinoma, 
rhabdomyosarcoma (RD), colorectal carcinoma (HCT116), mammary gland (MCF-7), 
and epidermoid carcinoma (Hep2) compared against doxorubicin. The anticancer 
mechanism of pure and nanocomposites ZnO are suggested according to the release of 
Zn+2 and the production of reactive oxidation species (ROS) and the effect of these species 
on cancer inhibition. 

Keywords: ZnO nanoparticles; the anticancer activity of nanoparticles; ZnO/AgCl 
nanocomposites 

 
■ INTRODUCTION 

Doxorubicin is one of the most important 
anticancer (cytotoxic or antineoplastic) drugs used in 
high doses, but these drugs have had severe side effects. 
So, another drug with the same high activity and safety 
should be used. Nano-medicine techniques have paved 
the way for new targeted cancer therapies by allowing 
therapeutic compounds to be encapsulated in 
nanomaterials and selectively delivered to cancers by 
active uptake mechanisms and passive permeation. 
Resistance, to treatment, is one of the most important 
obstacles to conventional treatment [1]. Nanomedicine is 
the most important application of nanotechnology in 
medical problems because nanostructures of different 
shapes exhibit new and greatly enhanced physical, 
biological and chemical properties as well as distinct 
phenomena and functions [2-3]. Nano-systems were used 
to treat cancer by different nanotechnologies as shown in 
Fig. 1. 

 

 
Fig 1. The schematic diagram represents various 
nanotechnologies that use nano-systems to treat cancer 
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Zinc oxide nanoparticles (ZnO NPs) have 
remarkable properties due to their ability the treatment of 
different kinds of cancers because of their 
biodegradability, biocompatibility [4], and unique 
physical and chemical features [5-6]. ZnO NPs have been 
exploited in preclinical and biomedical research, 
including drug delivery and cellular imaging [7-8]. ZnO 
absorbs UV rays at wavelengths ranging between 350–
380 nm to produce reactive oxidation species (ROS) [9-
10] so this semiconductor was modified by loading noble 
metals such as Ag on the surface of ZnO nanostructures 
to improve the image stability, it promotes efficiency in 
separating electron and hole pairs for photo-generation 
and expands light absorption of the visible region [11]. 
ROS plays an important role mechanism of ZnO NPs 
cytotoxicity through oxidative stress [12]. 

The aim of this study is to use pure and loaded ZnO 
NPs as anticancer materials as a new biomedical drug [4] 
instead of doxorubicin to decrease the dangerous side 
effect of this drug on the human body. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were zinc acetate 
dihydrate (Zn(CH3COO)2·2H2O)) (99% purity, Sigma 
Aldrich (USA), silver nitrate (AgNO3), zinc nitrate 
tetrahydrate (Zn(NO3)2·4H2O) (98% purity 
HANNOVER), and sodium chloride are produced from 
HANNOVER. While high-quality absolute ethanol and 
sodium hydroxide (99% purity Merck) is obtained from 
Germany. 

Instrumentation 

The instrumentations used in this study were X-Ray 
Diffraction Spectroscopy (D5000 XRD6000, Shimadzu, 
Japan), Filed Emission Scanning Electron Microscopy 
(INSPECT S50 FEL (USA)), and Atomic Force 
Microscopy (Sartorius Arium 611). 

Procedure 

ZnO NPs preparation 
One pot refluxing method was used in the 

preparation of ZnO NPs. A 22 g of zinc acetate was 
dissolved in 600 mL of absolute ethanol. The solution was 

heated it to 60 °C for 30 min. The second solution was 
prepared by dissolving 25.2 g of oxalic acid in 400 mL of 
absolute ethanol then heated to 50 °C and then mixed 
with the above solution under constant stirring for 4 h. 
After that, the thick solution was dried at 80 °C 
overnight to produce a white powder of ZnO NPs [13]. 

Modification of ZnO NPs 
Oleic acid was used as a coupling agent to modify 

the surface of nanoparticles to make the surface of ZnO 
NPs more hydrophobic dispersed in the organic area. 
This modification consists of dissolving 9 mL of oleic 
acid in 300 mL o-xylene to produce a solution of oleic 
acid. Then, recently 6 g of synthesized nanoparticles 
were added to the oleic acid solution. Then the reaction 
was allowed under stirring at 50 °C for 1 h. Then, 
nanoparticles were centrifuged for 15 min at 15000 rpm 
and washed with toluene, to remove un-reacted 
coupling agents. Finally, ZnO NPs were dried for one 
night at room temperature [14]. 

ZnO/AgCl nanocomposites preparation 
ZnO/AgCl NCs were prepared by dissolving 

2.110 g of AgNO3 and 5.220 g of Zn(NO3)2·4H2O in 
50 mL of deionized water under constant stirring at 
room temperature. After that, an aqueous solution of 
NaOH (5 M) was added dropwise until the pH of the 
solution reached 10. After that, 1.450 g of NaCl was 
dissolved in 20 mL of deionized water. An aqueous 
solution of NaCl was added to the above solution. The 
suspension was refluxed for 3 h at about 90 °C. The 
solution was centrifuged to separate the grey precipitate. 
This precipitate was washed twice with deionized water 
and absolute ethanol. After that, the grey precipitate was 
dried at 600 °C overnight. Then ceramic slurry was used 
for crushing nanocomposites powder. The final 
nanocomposites were produced by calcination of the 
grey powder at 2000 °C for 1 h [15] (see Fig. 2). The 
reactions to obtain ZnO/AgCl NCs are written as 
follows: 

 
 

3 2 32

3 22

Zn NO 4H O AgNO 3NaOH
                     Zn OH AgOH 3NaNO 4H O

  

   
 (1) 

AgOH NaCl AgCl NaOH    (2) 

  reflexing
22Zn OH AgCl AgCl / ZnO H O    (3) 
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Fig 2. The schematic diagram for the steps for synthesizing AgCl/ZnO nanocomposites 

 
Fig 3. XRD patterns for ZnO NPs and AgCl/ZnO nanocomposites 

 
Antioxidant assays by ABTS 

ABTS method was used to determine antioxidant 
efficiency. This method consisted of adding 2 mL of ABTS 
solution (60 μM) to 3 mL MnO2 suspension (25 mg/mL), 
in a phosphate buffer solution of (pH 7, 0.1 M). The 
mixture solution was shaken and filtered. Then the 
absorbance of the ABTS radical solution was measured at 
734 nm. After that, spectroscopic grade MeOH:phosphate 
buffer (1:1) was added to 50 μL of 2 μm solutions of the 
AgCl/ZnO NCs. The absorbance was adjusted, and the 
inhibition percentage was determined by the reduction in 
color intensity [16]. A blank sample consists of 
MeOH/phosphate buffer (1:1) instead of tested 
nanocomposites. ABTS inhibition of each sample was 
estimated by the following equation. 

  control test

control

Abs Abs
ABTS % inhibition 100

Abs


   (4) 

■ RESULTS AND DISCUSSION 

XRD Analysis 

Fig. 3(a) appears diffraction peaks of nacked ZnO 
at 2θ values 31.83°, 34.48°, 36.30°, 47.80°, 56.66°, 63.38°, 
and 68.48° which indicated hexagonal wurtzite structure 
of ZnO crystalline [17] (JCPDS 36-1451). Fig. 3(b) 
illustrated additional peaks at 2θ of 27.6°, 46.32°, 54.95°, 
57.55°, 66.92°, 74.51°, and 76.71° indicating the presence 
of Ag2Cl NPs on the surface of ZnO nanoparticles [18]. 
Average size crystal (L) in nm were estimated by 
Scherrer's formula [19] 
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kL
cos



 

 (5) 

where k is the Scherrer’s constant (0.94), λ is the 
wavelength of the X-ray radiation (0.15406 nm for Cukα), 
β is the full width of half-maximum (FWHM) intensity 
expressed in radians, and θ is a diffraction (Bragg) angle. 
The average crystallite sizes were estimated to be about 
30.164  and 33.077 nm for pure ZnO NPs and ZnO/AgCl 
NCs, respectively. 

FE-SEM 

FE-SEM was applied to observe the morphological 
properties and particle size of the prepared nanoparticles 
[20]. Fig. 4 shows FE-SEM images of the ZnO NPs and 
ZnO/AgCl NCs. The results of FE-SEM analysis show 
ZnO NPs have an individual sheets structure with particle 
size ranging between 18–41 nm. As shown in Fig. 4(a), 
SEM images of ZnO/AgCl NCs show a nanorod structure 
and the nanorods’ diameter was ranged from 15–52 nm 
as appeared in Fig. 4(b). 

AFM 

Fig. 5 and 6 illustrate the average diameters for both 
prepared samples are bigger than the values present for 
the size of the crystals indicating that each particle 
consists of several crystals (multi crystals) [21]. 

Anticancer Activity 

Cytotoxic efficiency of ZnO-NPs and ZnO/AgCl 
NCs was evaluated and compared against doxorubicin. 
The results of the cytotoxicity assessment of ZnO NPs 
and ZnO/AgCl NCs, against five human cancer cells 
Mammary gland (MCF-7), Hepatocellular carcinoma 
(HepG2), Colorectal carcinoma (HCT116),  
 

 
Fig 5. AFM cross-section analysis of ZnO NRs 

 
Fig 6. AFM cross-section analysis of ZnO/AgCl NCs 

 
Fig 4. SEM images of (a) ZnO NPs and (b) ZnO-AgCl NCs nanocomposites 
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Epidermoid Carcinoma (Hep2), and Rhabdomyosarcoma 
(RD) are summarized in Table 1. 

The results indicate that the in vitro cytotoxicity of 
IC50 (μg) to all kinds of human cancer cells was moderate 
for pure ZnO NPs, while in the presence of ZnO/AgCl 
NCs the in vitro cytotoxicity of IC50 (μg) to HCT116, 
Hep2, MCF-7, and HepG2 were strong, and RD was 
moderate. Fig. 7–9 explain the relative viability of cancer 
cells percentage (%) with various concentrations of 
doxorubicin, pure ZnO NPs, and ZnO/AgCl NCs. The 

results indicate that these percentages decreased with 
increasing of nanoparticles as a result of increasing 
interaction between prepared nanoparticles and cancer 
cells [22]. 

The mechanism of cytotoxicity from ZnO NPs and 
ZnO/AgCl NCs was based on the reactive oxidation 
species ROS (O2

•−, OH•, H2O2) generation through 
oxidative stress [23]. It is believed that intracellular 
oxidation species can connect the chain of 
mitochondrial electron transport, and it is suggested that 

Table 1. In vitro IC50 of ZnO NPs and ZnO/AgCl NCs against human tumor cells HepG2, HCT116, MCF-7, RD, and 
Hep2 compared to doxorubicin 

Compounds 
In vitro cytotoxicity IC50 (μg) 

HepG2 HCT116 MCF-7 RD Hep2 
DOX 4.50 ± 0.2 5.23 ± 0.3 4.17 ± 0.2 6.10 ± 0.4 8.54 ± 0.6 
ZnO 33.23 ± 3.2 37.09 ± 3.8 29.50 ± 2.7 47.08 ± 4.1 20.53 ± 2.3 
ZnO/AgCl� 10.92 ± 1.3 11.15 ± 1.2 19.25 ± 1.9 24.93 ± 2.5 17.38 ± 1.4 

IC50 (μg): 1–10 (very strong), 11–20 (strong), 21–50 (moderate), 51–100 (weak) and above 100 (non-cytotoxic) 

 
Fig 7. Relative viability of cells cancer (%) against the doxorubicin concentration (μM) 

 
Fig 8. Relative viability of cells cancer (%) against the ZnO oxide nanoparticles concentration (μM) 
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Fig 9. Relative viability of cells cancer (%) against the ZnO/AgCl nanocomposites concentration (μM) 

 
Fig 10. Schematic diagram of the possible mechanism for anticancer activity of ZnO NPs 

 
the anticancer agents can attack cancer cells and damage 
the chain of electron transport due to the release of ROS 
intracellular [24]. Mitochondrial was damaged due to 
elevated levels of ROS then the balance of protein 

activities was lost, ultimately leading to apoptosis [25]. 
Dissolution of ZnO NPs causes increasing in 
intracellular levels of dissolved Zn2+ and enhancing ROS 
production. These ROS disrupted the mitochondrial 
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membrane and caused the death of cancer cells via an 
apoptotic signaling pathway [26]. 

The results of Table 1 show increasing in anticancer 
activity by using ZnO/AgCl NCs as compared to pure 
ZnO NPs. This remark can be interpreted as the coupling 
of ZnO NPs with AgCl can reduce the band gap energy of 
ZnO (3.2 eV) and extend the excitation process from UV 
to the visible region [27]. Reducing the energy of band gap 
nanoparticles causes enhances the ability of these 
nanoparticles to generate oxidation species which leads to 
harm to the components of cancer cells [28]. A possible 
mechanism of ZnO NPs anticancer activity was illustrated 
in Fig. 10. 

■ CONCLUSION 

Pure ZnO NPs and ZnO/AgCl NCs were prepared. 
The structural properties of nanoparticles were 
investigated through XRD, FE-SEM, and AFM. Five 
human cancer cells (HCT116, HepG2, Hep-2, RD, and 
MCF-7) were used to examine anticancer activity for 
prepared samples. The previous studies were increasing 
anticancer potential by using ZnO/AgCl NCs as 
compared to pure ZnO NRs due to decreasing band gap 
energy of nanocomposites which lead to elevated levels of 
ROS and oxidative stress. Elevated ROS causes harm to 
the mitochondrial membrane and the destruction of 
cellular components such as DNA, lipids, proteins, and 
damage cells. The results show the anticancer activity of 
ZnO/AgCl NCs was increased as compared to naked ZnO 
NRs of cytotoxicity. The main mechanism of ZnO NPs 
and ZnO/AgCl NCs cytotoxicity results from ROS 
generation and release of Zn2+ and Ag1+ ions. Another 
mechanism suggested the formation of electrostatic forces 
on the surface of nanoparticles and the layered membrane 
of the cancer cell. 
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Fig S1. (a) 1H-NMR spectra of α-(2-Salsayl)-N-phenyl Nitrone (L), (b) 13C-NMR spectra of α-(2-Salsayl)-N-phenyl 
Nitrone (L) 
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Fig S2. UV-Vis spectra of (a) L, (b) Complex 1, and (c) Complex 2 
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Fig S3. Infrared spectrum of (a) L, (b) Complex 1, and (c) Complex 2 
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Fig S4. TGA/DTG of (a) Complex 1 and (b) Complex 2 
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Fig S5. Antibacterial activity of 100 μg/mL concentration of L on E. coli 

 
Fig S6. Antibacterial activity of 100 μg/mL concentration of (a) Co(III) and (b) Cr(III) complexes on E. coli 

 
Fig S7. Antibacterial activity of 100 μg/mL concentration of (a) Co(III) and (b) Cr(III) complexes by sonochemical on 
E. coli 
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Fig S8. Antibacterial activity of 100 μg/mL concentration of L on S. epidermis 

 
Fig S9. Antibacterial activity of 100 μg/mL concentration of (a) Co(III) and (b) Cr(III) complexes on S. epidermis 

 
Fig S10. Antibacterial activity of 100 μg/mL concentration of (a) Co(III) and (b) Cr(III) complexes by sonochemical 
on S. epidermis 
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 Abstract: This paper describes the synthesis of two complexes from the ligand α-(2-
Salsayl)-N-phenyl nitrone with CoCl2 and CrCl2. The ligand was characterized by several 
spectroscopic techniques (ultraviolet/visible (UV/Vis), nuclear magnetic resonance (1H-
NMR and 13C-NMR), Fourier-transform infrared spectroscopy (FTIR), and mass 
spectrometry (MS). While infrared, ultraviolet-visible (UV-Vis), thermal analysis, and 
job method studies were used to reveal the structure of the complexes. The synthesized 
complexes were then synthesized by the sonochemical method, and the copper and 
chromium oxide nanoparticles were produced using the thermal decomposition method. 
Scanning electron microscopy (SEM), Energy dispersive X-ray spectroscopy (EDX), and 
X-ray diffraction (XRD) characterization confirmed the formation of Co3O4 and Cr2O3 
nanoparticles. Antimicrobial studies of the complexes against some microorganisms, such 
as Staphylococcus epidermis and Escherichia coli, utilizing the disk diffusion method, 
revealed the antibacterial activity of the complexes. 

Keywords: nitrones; complex; nanoparticles; biological activity 

 
■ INTRODUCTION 

Nitrone is an amine that contains N-oxide. Nitrone 
derivatives preserve biological activity and are useful in 
pharmaceutical applications in which they are used as 
anti-microbial [1], electron spin spin-trapping [2-3], 
antioxidant [4-5], blood-brain barrier opening [6], and 
anti-cancer agents [7]. The nitrone group forms the 
electron density on the oxygen atom that assists the 
process of coordination bonding with metals to form a 
stable coordination complex [8]. Major factors affecting 
the coordination are the metal ion and its charge, radius, 
and position in the periodic table, the ligands, and the 
mole ratio of metal-ligand; these factors affect the stability 
of the complex [9-10]. Many studies have reported the 
formation of coordination complexes that include nitrone 
compounds as ligands. These ligands react with metals 
from transition elements, such as Zn(II), Cu(Ⅱ), Ni(Ⅱ), 
Cd(II), Co(Ⅱ), and Cr(III) to form complexes that reveal 
high biological activity against inflammation and fungi 
[8,11-12]. Recently, several papers have reported exploiting 
compounds as capping agents for the synthesis of metal 

oxide nanoparticles via numerous approaches [13]. This 
research presents ways to control sizes and shapes using 
different methods, such as microwave and hydrothermal 
synthesis [14], thermal decomposition methods [15], 
and chemical precipitation [16]. The thermal 
decomposition of transition metal complexes is fast, 
practicable, economical, and solvent- and surfactant-
free, resulting in precise particle size, purity, and precise 
process conditions [17]. This work describes the reflex 
and sonochemical synthesis of two new complexes of 
Cr(III) and Co(ⅡI) in coordination with α-(2-Salsayl)-
N-phenyl nitrone as the ligand after which the prepared 
metal oxide nanoparticles were prepared using the 
thermal decomposition method, physical properties 
were studied. Furthermore, the study of the ligand and 
the complexes' biological activity against Staphylococcus 
epidermis and Escherichia coli were examined (Fig. 1). 

■ EXPERIMENTAL SECTION 

Materials 

Reagents and solvents were obtained from Fluka or  
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Fig 1. Schematic template of complexes and nanoparticles 

 
Aldrich and were used as supplied. They included N-
phenylhydroxylamine (95%), salicylaldehyde (98%), 
Cobalt chloride (CoCl2·6H2O) (97%), Chromium chloride 
(CrCl2·6H2O) (98%), ethanol (95%), chloroform (99%), 
and n-hexane (95%). 

Instrumentation 

Ultraviolet/visible (UV/Vis) spectra were 
characterized using PD-303 UV-Vis Spectrophotometer, 
and infrared (IR) spectra were recorded on a Fourier 
transform infrared spectrometer (FTIR-8400S, Shimadzu) 
at wavelengths ranging from 600 to 3800 cm−1. Thermo 
Scientific™ FD1530M Muffle for furnace, Thermal analyses 
were performed using TG 209 F1 Libra. Nuclear magnetic 
resonance (1H and 13C-NMR) spectra were analyzed on a 
BRUCKER-400 MHz DMSO-d6 solution using 
tetramethylsilane (TMS) as a reference. X-ray diffraction 
(XRD) characterization was achieved using a Philips PW 
1730/10 X-Ray Diffractometer. Scanning electron 
microscopy (SEM) was done with a Nova NanoSEM 230. 

Procedure 

Synthesis of α-(2-salsayl)-N-phenyl nitrone (L) [18] 
A hot solution of 0.098 g (0.09 mmol) N-

phenylhydroxylamine in 5 mL ethanol was added to a hot 
solution of 0.099 g (0.09 mmol) salicylaldehyde with 
continuous stirring, after which the solution was refluxed 
for 1 h until the disappearance of reactants as verified by 
thin layer chromatography. The yellow crystals were 

recrystallized using a mixture of 3:7 ratio chloroform to 
n-hexane, and the yield was 88% with a melting point 
(m.p.) of 116 °C. 

Synthesis of dichlorobis(2-hydroxyphenyl)-N-
phenylmethanimine oxide)cobalt(III) (1) 

A solution containing 0.0426 g (2.00 mmol) of L in 
20 mL methanol was added to 0.230 g (1.00 mmol) 
CoCl2·6H2O in methanol (20 mL), after which the 
mixture was refluxed with a stirrer until the 
disappearance of reactants as verified by thin layer 
chromatography for 3 h. After cooling, a yellowish-
green precipitate was washed with cyclohexane three 
times. The yield was 93%, and the m.p. was 265 °C. 

Synthesis of dichlorobis(2-hydroxyphenyl)-N-
phenylmethanimine oxide)chromium(III) (2) 

A solution containing 0.0426 g (2.00 mmol) of L in 
20 mL methanol was added into 0.0237 g (1.00 mmol) 
CrCl2·6H2O in methanol (20 mL), after which the 
mixture was refluxed with a stirrer until the 
disappearance of reactants as verified by thin-layer 
chromatography for 3 h. After cooling, the dark 
yellowish-green precipitate was washed with 
cyclohexane three times. The yield was 80%, and the 
m.p. of 250 °C. 

Synthesis of complexes (1) and (2) via the 
sonochemical method 

Solutions (1 L each) containing 0.170 g (0.01 mmol) 
in methanol (10 mL) were added to CoCl2·6H2O 0.090 g 
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(0.04 mmol) or CrCl2·6H2O 0.106 g (0.04 mmol). A 
methanol solution was added dropwise for 1 h in a 480 W 
(60 kHz) sonicator. The precipitate was filtered and 
washed with ethanol, followed by diethyl ether, dried, and 
saved under a vacuum desiccator. 

Synthesis of metal oxide nanoparticles 
Cr2O3 and Co3O4 nanoparticles were prepared via 

the thermal decomposition method [17]. The 
sonochemical method was applied to synthesize The 
complexes and was grounded to acquire a homogeneous 
powder, and afterward, the Cr(III) complex was heated at 
530 °C, and the Co(III) complex was heated at 750 °C for 
2 h in a muffle furnace. The resulting compound was 
washed with methanol 5 mL three times to remove any 
contamination. 

■ RESULTS AND DISCUSSION 

The 1H-NMR spectra of L exhibited a singlet signal 
at 12.5 ppm that could be attributed to the hydroxide 
group proton (OH). A single signal for all spectra 
appeared at 8.95 ppm related to the proton of the nitrone 
group (-HC=NO). Moreover, the L exhibited multiple 
signals ranging from 7.9 to 6.9 ppm, ascribed to the 
phenyl ring’s protons. Depending on integration and 
position, they could be explained as; 6.9 ppm related to 
the H3 and H5 due to the electron donating group (-OH), 
7.5 ppm to the H6, 7.58 ppm to the H4, H10 and H12, 
7.6 ppm to the H11, and 7.9 ppm attributed to the H9 and 
H13, (Fig. S1(a)). 

The 13C-NMR spectral data were recorded to 
provide additional confirmation for the ligand and 
exhibited a band at 146.40 ppm that was attributed to the 
C-OH group; in addition, a band at 159.33 ppm related to 
the carbon resonance of the C=NO group and another 
band at 117 to 137 ppm, which was attributed to the 
aromatic carbon resonance (Ar-C). Moreover, the 

spectrum shows an exceptional band for the carbon 
resonance of the C-NO group at 140.50 ppm (Fig. S1(b)). 

The electronic spectrum of a methanol solution of 
L exhibits three bands at 335 nm (visible region) that 
could be ascribed to the π→π* transitions of the nitrone 
group, and at 302 nm and 351 nm, the bands were 
ascribed to the π→π* electronic transitions of the 
aromatic system. The electronic spectrum of a methanol 
solution of complex 1 displayed a hypsochromic shift at 
349 nm and an electronic band at 532 nm that could be 
attributed to a d-d transition. Comparable results appear 
for complex 2, hypsochromic shift at 325 nm for both 
complexes with a decrease in intensity. Moreover, 
complexes 2 and 3 exhibited d-d electronic transitions at 
696 and 541 nm, respectively, verifying the coordination 
of the complex (Fig. S2). 

IR spectra (400–4000 cm−1) of L and complexes 1 
and 2 were recorded, and a character assessment of the 
infrared spectra bands of the synthesized parent ligand 
with that of complexes is presented. The ligand exhibited 
significant spectra in the regions 1570, 1600, and 
1174 cm−1 that could be ascribed to the ν(C=C), ν(C=N), 
and ν(N→O), respectively [19]. Moreover, a strong band 
at 3450 cm−1 was assigned to ν(O-H). 

The (N→O) and ν(C=N) bands of the complexes 
were found to be shifted to higher values compared with 
that of the parent ligand, recommending the 
involvement of the oxygen of the nitrone group in the 
complex [8]. Table 1 summarizes the most important 
spectra of the L and its complexity (Fig. S3). 

Thermogravimetric analysis (TGA) curves and the 
consistent differential thermogravimetric analysis 
(DTG) curves for the synthesized complex in an 
atmosphere of nitrogen are presented in Fig. S4. A small 
weight loss occurred at 56.9 °C and 98.1 °C for Cr(III) 
and Co(III)  complexes,  respectively.  These peaks could  

Table 1. Infrared (IR) spectra for the ligand and the complexes 
Compound Ar(C-H) Al(C-H) C=N C=C N-O O-H 
L 3082 2950 1600 1570 1174 3450 

L-Co 3234 2858 1620 1601 1240 3394 
L-Cr 3064 2956 1606 1571 1176 3405 
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be attributed to the dehydration of water adsorbed by the 
complexes, whereas no indication of peaks in DTG at a 
range around 105–145 °C, which are related to 
coordinated water molecules, could be found; thus, the 
complexes are not coordinated with water [20]. The 
complexes then undergo the decomposition of related 
ligands in two or three stages. Furthermore, the 
complexes show high stability reaching up to ≈800 °C, 
and the total weight loss and the residue for the Co(III) 
and Cr(III) complexes were 97.72%/3.94 mg and 
97.5%/3.50 mg, respectively. The residue can be explained 
by considering that the weight was either metal or metal 
oxide, which is an indication of complex formation. 

To determine the mole ratio of the ligand to the 
metal, the method of continuous variation method was 
selected. A series of solutions were prepared in which the 
total mole fraction amount of the metal ions and the 
ligand were equal for all solutions. The absorbance of the 
solutions was then measured against methanol as a blank. 
When the difference between the observed absorbance 
was plotted against the mole fraction of solutions, a 
complex containing two moles of L to one mole of metal 
for Co(III) and Cr(III) was detected. 

The synthesized Co3O4 and Cr2O3 nanoparticles' 
crystal phases and crystallinity were studied. The XRD 
patterns displayed the reflection planes as exhibited in 
Fig. 2 and Table 3, a highly ordered cubic Co3O4 NPs was 
formed after calcination at 750 °C. This result proves the 

purity of phase formation and the crystal structure of the 
nano-metal oxide products. The annealed sample shows 
well-resolved Bragg peaks of the XRD pattern, which are 
in good correspondence with the cubic structure of the 
Co3O4 NPs. (Eq. (1)) estimated the Debye–Scherrer 
approximation of the average crystalline size assessment 
of the samples. 

KD
cos



 

 (1) 

for which D represents the crystalline size, θ represents 
the Bragg diffraction angle, K is the Scherrer constant, λ 
is the wavelength (0.15406 nm), and β represents the 
width  of the  XRD  peak  at half  maximum  height.  The  
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Fig 2. X-ray diffraction (XRD) patterns of the cubic 
Co3O4 nanoparticles 

Table 2. The absorbance of the metal complex solutions with L using the continuous variation method 
 Vm/Vt 1/10 2/10 3/10 4/10 5/10 
Co(III) complex Xvm 0.10 0.20 0.30 0.40 0.50 
 ABS 0.94 0.81 0.73 0.55 0.35 
Cr(III) complex Xvm 0.1 0.2 0.3 0.4 0.5 
 ABS 0.55 0.48 0.45 0.33 0.24 

Table 3. X-ray diffraction analysis of Co3O4 nanoparticles shows estimated crystalline size for five intense peaks 
Position 

2θ (°) 
Height 

(cts) 
FWHM left 

2θ (°) 
d-spacing 

(Å) 
Relative 

intensity (%) 
Tip width Crystalline 

size (D) value 
31.4560 331.60 0.1968 2.84404 42.28 0.2362 41.26 
37.0465 784.32 0.2460 2.42670 100.00 0.2952 35.37 
44.9908 236.31 0.2952 2.01495 30.13 0.3542 27.70 
59.5440 338.98 0.1968 1.55259 43.22 0.2362 41.26 
65.5217 548.48 0.1968 1.42467 69.93 0.2362 41.26 
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Co3O4 NPs' average crystalline size was found to be 
36.89 nm. 

Fig. 3 shows the X-ray diffraction of prepared Cr2O3. 
Table 4 shows the reflection plane patterns, which imply 
the existence of the rhombohedral structure. In addition, 
no peaks could be detected due to any other material or 
phase, thus proving a high degree of purity of the 
synthesized sample after calcination at 750 °C. The 
broadening of the XRD lines, as seen in Fig. 3, reflects the 
nano-particle nature of the sample. 

The sharpness of the peaks indicates good crystal 
growth of the oxide nanoparticles. The average particle 
size (D) of the particles was calculated from the intensity 
peaks operating the Debye–Scherrer equation, as depicted 
in Table 4. The calculated average crystalline size for 
Cr2O3 NPs is 30.55 nm. 

Fig. 4 illustrates a scanning electron microscopy 
(SEM) image of prepared Co(III) and Cr(III) complexes 
utilizing the sonochemical method. The graph indicates a 
high degree of agglomeration among fine particles, mostly 
of nanoscale size, the diameter of the Co(III) complex was 

mostly between 50 and 80 nm, and the size of the Cr(III) 
complex was close to 112–27 nm. 

Fig. 5(a) exhibits an SEM image of the Co3O4 NPs. 
The Co3O4 NPs crystallinity was determined, and grains 
of the Co3O4 NPs presented a closely consistent 
morphology with approximately 80 nm average diameter. 
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Fig 3. XRD patterns of the rhombohedral Cr2O3 
nanoparticles 

Table 4. The XRD analysis of Cr2O3 nanoparticles shows the estimated crystalline size for six intense peaks 
Position 

2θ (°) 
Height 

(cts) 
FWHM left 

2θ (°) 
d-spacing 

(Å) 
Relative 

intensity (%) 
Tip width Crystalline 

size (D) value 
24.5397 501.62 0.1968 3.62767 43.72 0.2362 41.26 
33.6627 882.13 0.2952 2.66249 76.89 0.3542 27.70 
36.2684 1147.27 0.2460 2.47696 100.00 0.2952 35.37 
41.6022 369.99 0.2952 2.17089 32.25 0.3542 23.58 
50.3359 379.96 0.3444 1.81280 33.12 0.4133 14.14 
63.4590 269.07 0.1968 1.46591 23.45 0.2362 41.26 

 
Fig 4. SEM micrograph of (a) Co(III) and (b) Cr(III) complexes prepared via the sonochemical method 
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Fig 5. SEM micrograph of (a) Co3O4 and (b) Cr2O3 nanoparticles 

Table 5. Antibacterial activity of different concentrations against Escherichia coli and Staphylococcus epidermis 

No. Compound Concentration 
(mg/mL) 

Inhibition zone (mm) 
S. epidermis E. coli 

1 Ampicillin 10 29 21 
2 Gentamycin 10 19 18 

L1 50 22 18 
3  25 21 12 

10 13 0 
4 Co(III) CR 50 16 25 

25 15 20 
10 14 19 

5 Cr(III) CR 50 25 22 
25 22 20 
10 21 18 

 Co(III) NC 50 36 21 
25 24 15 
10 16 14 

 Cr(III) NC 50 35 18 
25 20 18 
10 22 15 

CR: complex made by reflux, NC: complex made by sonochemical 
 
In addition, Fig. 5(b) illustrates an SEM image of the 
Cr2O3 nanoparticles. The grains of Cr2O3 NPs consisted of 
an average diameter of approximately 50 nm, indicating a 
uniform morphology. 

The crystalline size differs from the particle size in 
this work since the particle characterized by XRD was a 
crystallized size, a crystal particle termed a primary 
particle, while the particles analyzed by SEM are typically 
particles consisting of more than primary particles. 

In vitro, antibacterial activity for the Nitrone base 
ligand and complexes against E. coli and S. epidermis 
using the diffusion method were studied. This test was 
assessed depending on inhibition formed around the 
paper disks on the seeded agar plates by calculating the 
size basis of the zone appearing. Ampicillin and 
gentamycin were used as standards, Fig. S5–S10 shows 
the inhibition zone diameter of E. coli and S. epidermis 
by the ligand and complexes. 
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The results are embedded in Table 5. Evaluating the 
biological activity of the complex with the standard, the 
biological activity of the metal complexes was imminent 
to that of the standard. Besides, Co(III) and Cr(III) 
complexes synthesized by the sonochemical method 
affected the E. coli and S. epidermis to inhibit to the 
greatest degree. 

■ CONCLUSION 

In this paper, cobalt(III) and chromium(III) 
complexes from α-(2-Salsayl)-N-phenyl Nitrone were 
synthesized using the reflux and sonochemical methods 
and then characterized. Pure Co3O4 and Cr2O3 
nanoparticles with cubic and rhombohedral structures, 
respectively, were well prepared via the decomposition of 
the complex under a muffle furnace. The thermal 
decomposition method is simple, practicable, and 
appropriate for producing high-purity products for metal 
oxide nanoparticles. The complexes synthesized via the 
two methods were selected for antibacterial activity 
against E. coli and S. epidermis, which are considered 
clinically important bacteria, and the complexes 
demonstrated high antibacterial activity against these 
types of bacteria. 
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 Abstract: Carvedilol (CVD) is a non-selective β-blocker. CVD is included in BCS class 
II. It has low water solubility. In this research, solid dispersion was used to increase the 
solubility and dissolution profile of CVD. In silico study using the ligand-ligand docking 
method. The preparation of solid dispersion using the kneading method with a weight 
ratio of 1:1, 1:2, 1:3, and 1:4, evaluation of solid dispersion includes solubility and 
dissolution. The best solid dispersion was characterized using FTIR, DSC, and PXRD. In 
silico study showed complexes CVD-SA, CVD-GG, CVD-XG and CVD-LBG have a 
hydrogen interaction. SA and XG were chosen as carriers in solid dispersion. CVD solid 
dispersion showed increased solubility in all samples, with the highest increase at 90.63 
times at CVD: XG (1:4). The results of the dissolution profile obtained at 60 min are 64.95 
± 0.45% at pure CVD, 83.32 ± 1.19% at CVD:SA (1:4), and 72.56 ± 3.62% at CVD: XG 
(1:4). The FTIR spectrum indicates an interaction between CVD and SA. The 
thermogram indicated the amorphous drug, and the diffractogram showed a decrease in 
crystallinity. Solid dispersion is proven to increase the solubility and dissolution profile of 
CVD. Solid dispersion CVD: SA (1:4) showed the highest solubility and dissolution profile. 

Keywords: carvedilol; BCS class II; solid dispersion 

 
■ INTRODUCTION 

Oral administration is the most common and 
convenient method of drug administration. The drug 
concentration in the blood must be reached for oral drugs 
to work effectively. The drug concentration depends on 
its bioavailability, which is strongly influenced by the rate 
and extent of drug absorption [1-2]. More than 70% of 
active pharmaceutical ingredients in formulation 
development have solid hydrophobic characteristics. As a 
result, inadequate bioavailability is a significant difficulty 
in the design of oral dosage forms. When it comes to 
poorly soluble drugs in water, substantial doses are 
frequently required to achieve therapeutic plasma 
concentrations following oral administration [3]. 

Cardiovascular disease is the leading cause of death 
globally. In 2019, an estimated 17.9 million individuals died 

 
Fig 1. Chemical structure of carvedilol (CVD) [5] 

from cardiovascular disease. And it is estimated that 
around 1.28 billion adults aged 30–79 years worldwide 
suffer from hypertension. Carvedilol (CVD) is a non-
selective beta blocker with alpha-1 receptor blocking 
activity commonly used to treat cardiovascular diseases 
such as hypertension, ischemic heart disease, post-
myocardial infarction, left ventricular dysfunction, and 
congestive heart failure [4]. The carvedilol structure 
(Fig. 1) shows various functional groups as donor and 
acceptor proton. With such a structure, CVD has several 
issues with its pharmaceutical formulations. 
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CVD has a minimal bioavailability of about 25–30% 
due to its practically insoluble solubility in water 
(10.42 mg/L) and exhibits a pH-dependent solubility and 
its dissolution limits absorption from the gastrointestinal 
tract. CVD undergoes extensive first-line metabolism, 
contributing to its low bioavailability [2]. CVD is 
classified as BCS class II by the Biopharmaceutics 
Classification System (BCS) because it has a high 
membrane permeability but poor solubility [6]. 

There have been several studies conducted to 
increase the solubility and bioavailability of CVD, some of 
which are micronization techniques, complex inclusion 
techniques [7–8], carbon dioxide supercritical techniques 
[9], hydrotropic techniques [10], nanotechnology [11], 
but these techniques are still inefficient in overcoming the 
problem of CVD solubility so that other efforts need to be 
made, including the solid dispersion approach. Solid 
dispersions are solid products in which the hydrophobic 
drug is dispersed in a hydrophilic polymer, which might 
be in an amorphous and molecularly microcrystalline 
form. The characteristics of the solid dispersion 
formulation are influenced by these hydrophilic 
polymers, also known as carriers. Due to the ease of 
preparation, optimization, and reproducibility of the 
production procedure, the solid dispersion technique is 
an excellent way to enhance solubility [7]. 

Determination of polymers as carriers in solid 
dispersions can be done by conducting in-silico studies. 
This computational technique is used to see the 
interactions between the drug and each candidate 
polymer. Using natural polymers as carriers in solid 
dispersions is an excellent choice to increase solubility 
because natural polymers are low in toxicity, 
biocompatible, biodegradable, and widely available. 
Natural polymers that can be used are sodium alginate 
(SA), guar gum (GG), xanthan gum (XG), and locust bean 
gum (LBG) [11-13]. 

SA is a hydrophilic polymer extracted from brown 
seaweed cell walls. As a hydrophilic polysaccharide, SA 
can improve the wettability of poorly soluble 
pharmaceuticals in water, reducing agglomeration and 
increasing surface area [14]. It has been demonstrated  
 

that SA, a carrier of telmisartan's solid dispersion (an 
antihypertensive and member of BCS class II), can boost 
solubility up to 16.7 times more than pure telmisartan. 
Additionally, SA works well as an anti-plasticizer to 
avoid the recrystallization of drugs [11]. 

GG and XG have been shown to increase the 
dissolution of solid dispersion of valsartan 
(antihypertensive and belongs to BCS class II) up to 4.62 
times compared to pure valsartan [15]. The solid 
dispersion of domperidone (an antiemetic and belongs 
to BCS class II drugs) using modified locust bean gum 
(MLBG) as a carrier showed an increase in solubility up 
to 12.62 times compared to pure drugs. The ability of 
MLBG to increase drug wettability and reduce drug 
particle size in solid dispersion leads to increased drug 
dissolution and results in increased drug bioavailability 
[16]. Therefore, SA, GG, XG, and LBG polymers allow 
an increase in the solubility of CVD through the solid 
dispersion method. Although it has been reported to 
increase the solubility of CVD using some of the 
techniques previously mentioned, it is still not efficient 
to increase the solubility of CVD, so in this study, an 
increase in the solubility of CVD was carried out 
utilizing the solid dispersion techniques with selected 
polymers based on the results of in silico studies. So far, 
there have not been many developed. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were Hydrochloric 
acid (Merck), potassium bromide (Merck), carvedilol 
(Kalbe), ethanol (Merck), sodium alginate (Kimica), and 
xanthan gum (Qingdao ICD Biochemistry). 

Instrumentation 

The instrumentations used in this study were UV- 
Vis spectrophotometer (Specord 205 Analytical Jena), 
USP dissolution apparatus type 2 (SotaX AT7 Smart 
dissolution tester), Fourier-Transformed Infrared 
Spectrophotometer (FTIR) (Specord 100), Differential 
Scanning Calorimetry (DSC) (Linseis PTA ST 1600), 
and X-ray diffractometer (PanAnaltycal). 



Indones. J. Chem., 2023, 23 (2), 349 - 357    

 

Iyan Sopyan et al.   
 

351 

Procedure 

In silico simulation 
2D structures of CVD and polymer were drawn 

using ChemDraw. Ligand preparation was performed 
using AutoDockTools, and ligand-ligand docking was 
performed using the Vina Wizard on PyRX. Observation 
of interactions formed between drugs and polymers was 
carried out using AutoDockTools [17]. 

Solid dispersion preparation 
The solid dispersion was prepared by kneading 

method with the ratio of drug and polymer w/w 1:1, 1:2, 
1:3, and 1:4. The drug and polymer are mixed with a 
sufficient amount of methanol to form a paste. The mixture 
was dried at 40 °C in an oven, then ground into a fine 
powder and sieved using a mesh no. 80. A physical mixture 
of CVD and polymer was also prepared in a ratio of 1:4 [15]. 

Saturated solubility test 
Pure CVD and solid dispersion in excess were each 

dissolved in 10 mL of distilled water and stirred for 24 h 
at room temperature (25 °C). Then, filtered using 
Whatman paper No. 42 and analyzed using a UV-Vis 
spectrophotometer at 286 nm [18]. 

Dissolution test 
The dissolution test was carried out using USP 

apparatus II (paddle method) using HCl pH 1.45 (900 mL), 
a speed of 50 rpm at 37 °C. Pure CVD and solid dispersion 
were weighed as much as 25 mg or the equivalent amount 
of solid dispersion. The test sample was put into the 
media, and 10 ml of the sample solution was taken at 
certain time intervals, 10, 20, 30, 40, 50, and 60 min and 
was refilled with the same amount using new media. The 
samples were then analyzed using a UV-Vis 
spectrophotometer at a wavelength of 286 nm [19]. 

Fourier transform infrared (FTIR) 
The readings of the FTIR spectra on samples of pure 

CVD, polymer, physical mixture, and CVD solid 
dispersion were carried out separately using an FTIR 
spectrophotometer. FTIR spectrum readings are seen in 
the 4000–400 cm−1 at a resolution of 4 cm−1 [20]. 

Differential scanning calorimetry (DSC) 
The phase transitions of pure CVD, physical mixture,  

 

and CVD solid dispersion were analyzed using the DSC 
method. Approximately 2 mg of the sample is heated over 
a temperature range of 25–180 °C at a rate of 10 °C /min 
under a nitrogen atmosphere (50 mL/min) [21-22]. 

Powder X-ray diffraction (PXRD) 
The diffractogram pattern of pure CVD, physical 

mixture and solid dispersion of CVD was performed 
using an X-ray diffractometer with copper Kα radiation 
(wavelength = 1.54060), a voltage of 40 kV and a current 
of 20 mA. 100-200 mg samples were scanned in the range 
of 5–60° (2θ) at a speed of 0.02°/sec [20]. 

■ RESULTS AND DISCUSSION 

In Silico Simulation 

In silico studies between drugs and polymers were 
conducted to examine possible interactions. The 
polymers used include sodium alginate (SA), Xanthan 
Gum (XG), Guar Gum (GG), and Locust Bean Gum 
(LBG). These polymers have a hydroxyl group (-O-H) in 
their chemical structure, making it possible to form 
hydrogen bonds with CVDs having hydroxyl (-O-H) 
and amine (-N-H) groups. The results of the in-silico 
study can be seen in Table 1. Hydrogen bonding has an 
essential role in influencing the physicochemical 
properties of an active pharmaceutical ingredient, one of 
which is solubility and dissolution rate [23]. The binding 
energy or also known as binding affinity indicates the 
ability of the drug to bind to the receptor (in this case, 
the drug and the polymer). The bond affinity between 
the drug and the polymer increases when the bond 
energy value decreases and vice versa [24]. 

Hydrogen bonds are included in polar 
interactions, so they have a high water-attracting ability. 
Therefore, it is expected that the presence of hydrogen 
bonds can increase the contact between the drug and 
water, increasing the solubility of the drug. Two 
polymers were selected for solid dispersion; considering 
the convenience and availability of resources, the 
polymer chosen was the one that formed the most and 
the fewest hydrogen bonds. For the creation of CVD 
solid dispersions, SA and XG were chosen as the 
polymers. 
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Table 1. Results of in silico studies of drugs and polymers 

Compound Complex structure Interaction Binding energy 
(kcal/mol) 

Carvedilol-Sodium 
Alginate (CVD-SA) 

O

O-

O
H

H
O

OH
H

H

H

H
O

H

O H

Na+

H

H

H
H

H
H

H

H
N
H

H
H

H

H

O
H

OH

NH

O HH
H

H

H

H

H

O

 

2 hydrogen bonds, 
5 hydrophobic 
interactions 

-2.4 

Carvedilol-Xanthan 
Gum (CVD-XG) 

 

1 hydrogen bond,  
2 hydrophobic 
interactions,  
π-π interactions 

-2.6 

Carvedilol-Guar Gum 
(CVD-GG) 

 

2 hydrogen bonds, 
4 hydrophobic 
interactions,  
π-π interactions 

-2.9 

Carvedilol-Locust Bean 
Gum (CVD-LBG) 

 

1 hydrogen bond, 2 
hydrophobic 
interactions,  
π-π interactions 

-2.9 
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Saturated Solubility Test Results 

The solubility test was carried out in aqueous media 
for 24 h at room temperature to reach saturation, and the 
solubility results can be seen in Fig. 2. The saturated 
solubility of CVD in water was 2.46 ± 0.03 mg/L. An 
increase in the saturated solubility of CVD was observed 
in all variations of solid dispersion with both SA and XG 
polymers. The solid dispersion with SA polymer showed 
an increase in saturated solubility from the highest at 
CVD:SA (1:4) of 27.48 ± 1.59 mg/L (11.17 times), CVD:SA 
(1: 3) of 25.40 ± 0.34 mg/L (10.32 times), CVD:SA (1:2) of 
17.39 ± 0.13 mg/L (7.07 times), and CVD:SA (1:1) of 
12.34 ± 0.14 mg/L (5.01 times). This finding shows that the 
greater the number of polymers used, the higher the 
solubility increase. This fact can be related to the 
hydrogen bonds formed between CVD and polymer 
caused by the addition of polymer ratio. The tendency of 
increasing solubility, which increases with the high ratio 
between drug and polymer, has also occurred in several 
previous studies [25-26]. 

The solid dispersion with XG polymer showed an 
increase in saturated solubility from the highest at CVD: 
XG (1:4) of 222.95 ± 3.53 mg/L (90.63 times), CVD:XG 
(1:1) of 168.40 ± 5.69 mg/L (68.46 times), CVD:XG (1:3) 
of 165.48 ± 5.62 mg/L (67.27 times), and CVD:XG (1:2) of 
150.11 ± 0.70 mg/L (61.02 times). 

The increase in solubility of the solid dispersion can 
occur because the drug is dispersed molecularly in the 

hydrophilic polymer. The decrease in particle size also 
facilitates the formation of new surfaces, thereby causing 
an increase in the effective surface area. This new surface 
allows for an increase in wettability so that the solubility 
of the drug increases [24,27]. 

Statistical tests were also carried out and showed a 
significance value of 0.000 (p < 0.05), so it can be said 
that there was a significant difference between the 
solubility of pure CVD and CVD solid dispersion. Two 
solid dispersions with the highest increase in solubility 
of each polymer were then continued for dissolution 
test, solid dispersion CVD:SA (1:3), CVD:SA (1:4), 
CVD-XG (1:1), and CVD-XG (1:4). 

Dissolution Test Results 

The dissolution test results can be seen in Fig. 3. At 
60 min, the pure CVD that can be dissolved is 
64.95 ± 0.45%. The solid dispersion CVD:SA (1:4) and 
CVD:XG (1:4) showed an increase in the dissolution 
profile at 60 min, respectively, which was 83.32 ± 1.19% 
and 72.56 ± 3.62%. Several mechanisms can cause the 
increase in the dissolution profile in the solid dispersion 
system due to a decrease in the particle size of the drug, 
the drug being in an amorphous state, the particles in the 
solid dispersion having high porosity, and particles with 
increased wettability. 

The statistical test results showed a significance 
value of 0.448 (p > 0.05), so it can be said that there was 
no significant difference between pure CVD dissolution 

 
Fig 2. Graph of pure CVD and CVD solid dispersion saturated solubility test 
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Fig 3. Graph of pure CVD and CVD solid dissolution test results 

 
and CVD solid dispersion. Therefore, one solid dispersion 
variation with the highest dissolution profile at 60 min 
was selected for the characterization, namely CVD:SA 
(1:4) solid dispersion. 

Fourier Transform Infrared (FTIR) 

The results of the characterization using FTIR can 
be seen in Fig. 4. In the pure CVD IR spectrum, it can be 
seen that there are two N-H groups with stretching 
vibrations at 3342 and 3305 cm−1 and stretching vibration 
of an O-H group at 3343 cm−1. Other peaks were also 
observed at wavenumbers 2923 cm−1 (C-H stretch), 
1214 cm−1 and 1257 cm−1 (C-O), and 1592 cm−1 (C=C) [28]. 

The FTIR results on the SA polymer showed a peak 
at a wavenumber of 1419 cm−1 caused by the presence of 
a carboxylate group. The absence of a peak associated with 
the COOH group at 1700 cm−1 indicates that the carboxylic 
acid is converted to a carboxylic acid in the presence of 
sodium (COO-Na). The broad peak at wave number 
3415 cm−1 indicates the presence of an O-H stretch. The 
peak formed at 1363 cm−1 indicates the presence of 
carbonyl (-C=O) starching [21,29]. 

The FTIR spectra of the physical mixture (PM) and 
CVD:SA (1:4) solid dispersion (SD) present overlapping 
characteristics of the drug and carrier at a lower intensity, 
indicating an interaction between CVD and SA and 
showing that the drug is evenly dispersed in the polymer 
[23,28]. Peaks of SA dominated the spectrum of the 
physical mixture and solid dispersion, but peaks of pure 
CVD were  still found.  A shift  in the  wavenumber  of the  
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Fig 4. FTIR spectrum overlay of pure CVD, SA, CVD:SA 
physical mixture (PM), and CVD:SA solid dispersion 
(SD) 

C-O functional group in solid dispersion was also 
observed, namely from 1257 (pure CVD) to 1251 cm−1; 
this is following the results of in silico studies where 
there is the formation of hydrogen bonds on the O atom 
in fragment 2-methoxyphenyl of CVD. 

Differential Scanning Calorimetry (DSC) 

Characterization with DSC aims to assess the 
physical state of the drug and see the phase transition of 
CVD, physical mixture, and solid dispersion of CVD. 
The thermogram of each sample can be seen in Fig. 5. 

The thermogram results of CVD showed a single 
and sharp maximum endothermic peak at a temperature  
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Fig 5. Thermogram overlay of pure CVD, CVD:SA 
physical mixture (PM), and CVD:SA solid dispersion (SD) 

of 111.76 °C, which is close to the melting point of CVD 
form II, which is at 114 °C, indicates that CVD is 
crystalline [29]. In the thermogram of the physical 
mixture and solid dispersion CVD:SA (1:4), sharp 
endothermic peaks of the pure drug were still observed. 
However, the reduced intensity of the endothermic peak 
on the thermogram of the physical mixture and solid 
dispersion indicates the amorphous state of the drug [2,7]. 

Melting point and enthalpy decreases also occur in 
pure CVD, physical mixtures and solid dispersions of 
CVD:SA (1:4) (Table 2). The shift in the relative energy 
needed to break bonds between solute molecules can be 
linked to this decreasing trend, meaning that the higher 
the solubility, the less energy is needed to break the solute 
bonds as the enthalpy value decreases. 

Powder X-Ray Diffraction (PXRD) 

Characterization with PXRD aims to identify the 
crystalline phase and see changes in the state of drug 
molecules. The diffractogram of pure CVD, physical 
mixture, and solid dispersion of CVD:SA (1:4) can be seen 

in Fig. 6. The characterization results show that the pure 
CVD used in the test has a degree of crystallinity of 
90.7%. The 2θ characteristics observed in the pure CVD 
diffractogram pattern are 5.77°, 11.59°, 12.94°, 14.74°, 
16.42°, 17.47°, 18.37 °, 24.25°, 26.15°, 29.37° according to 
the CVD diffractogram pattern form II [29]. 

The diffractogram of the physical mixture and 
solid dispersion shows the formation of a diffractogram 
halo. However, the 2θ characteristic of CVD can still be 
observed as less than pure CVD. A decrease in the 
intensity of the diffractogram was also observed, both of 
which indicate that the crystallinity of the pure drug has 
decreased and shows the amorphous nature of the drug 
[11]. The formation of the amorphous phase is also 
supported by the calculation results, which show the 
degree of crystallinity in the CVD:SA (1:4) physical 
mixture is 37.5% and the CVD:SA (1:4) solid dispersion 
is 34.8%. 

Compared to crystalline compounds, which tend to 
be more rigid in structure, amorphous compounds have  
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Fig 6. Diffractogram overlay of pure CVD, CVD:SA 
physical mixture (PM) and CVD:SA solid dispersion (SD) 

Table 2. DSC characterization results 

No Sample 
Melting point (°C) Enthalpy 

(J/g) Onset Endset Maximum peak 
1 Pure CVD 108.91 114.64 111.76 -60.69 
2 CVD:SA (1:4) physical mixture 108.82 114.06 111.52 -14.89 
3 CVD:SA (1:4) solid dispersion 108.25 113.21 110.87 -8.35 
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a more irregular molecular arrangement and more 
excellent intermolecular interactions, resulting in faster 
solubility and dissolution rates. Furthermore, this 
amorphous state has the benefit of improved wettability 
and smaller particle size, which can increase solubility. 

■ CONCLUSION 

Based on the in silico study results, there was an 
interaction between CVD and each candidate polymer. 
Sodium alginate (SA) and xanthan gum (XG) were 
selected as carriers in solid dispersion. The results of the 
in silico study showed that there were two hydrogen bonds 
and five hydrophobic interactions in the CVD-SA 
complex, and one hydrogen bond, two hydrophobic 
interactions, and π-π interactions in the CVD-XG 
complex. The results of the saturation solubility test and 
the dissolution rate of CVD increased; solid dispersion 
CVD:SA (1:4) showed the best results, namely an increase 
of 11.17 times in the saturated solubility test and an 
increase in the dissolution profile from 64.95 to 83.32%. 
Changes in the physicochemical properties of the 
CVD:SA (1:4) solid dispersion also occurred, which can 
be seen from the characterization results. The decrease in 
intensity and shift in wavenumber in the FTIR spectrum 
indicates an interaction between CVD and SA. The 
reduced intensity of the endothermic peak on the DSC 
thermogram indicates the amorphous state of the drug, 
and this is also supported by the PXRD results, which 
show a decrease in the crystallinity of the drug. 
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 Abstract: Hydroxyapatite is an inorganic material that is commonly used as a re-
mineralizing agent. Adding natural ingredients such as green betel leaf can increase the 
antibacterial properties due to the presence of phenolic compounds, flavonoids, and 
tannins. This study aims to determine the physical and chemical characteristics of the 
formulation of hydroxyapatite-betel leaf extract and the antibacterial activity against 
Streptococcus mutans. To characterize the combination of hydroxyapatite-betel leaf 
extract, XRD, PSA and FTIR analyses were performed. Particle size analysis showed the 
smallest results in the variation of betel 0.3 g, which is 690.08 nm. FTIR characterization 
showed the presence of OH, PO4

3− and CO3
2− functional groups from hydroxyapatite and 

C=O derived from betel leaf extract. In addition, in vitro and in vivo analyses were 
performed to assess the antibacterial activity of this formulation. The in vitro 
antibacterial activity test against S. mutans showed strong inhibitory activity. Our 
finding suggests that the formulation has the potential to be used as a medication or 
prevention agent for dental caries. 

Keywords: hydroxyapatite; betel leaf; Streptococcus mutans 

 
■ INTRODUCTION 

Dental caries is one of the most common oral health 
problems in society which is caused by the interaction 
between teeth, microbial biofilms, and acids from food 
residues [1]. Another cause of dental caries is the 
formation of plaque on the teeth, a structured and 
organized multi-species biofilm caused by the presence of 
complex microbes that grow, survive, and colonize the 
tooth surface, such as Streptococcus mutans [2-5]. S. 
mutans bacteria play a role in synthesizing extracellular 
polymers of glucan from glucose by releasing 
glucosyltransferase to produce glucan from sucrose [6]. 
Glucans can promote the development of tooth surface 
biofilms by acting as binding intermediaries for other oral 
bacteria [7]. One of the factors that can increase the 
glucan synthesis ability of S. mutans is the sucrose-

dependent adhesion which causes the formation of 
plaque ecology and triggers dental caries [8]. Caries 
prevention can be done in various ways, one of which is 
the application of hydroxyapatite (HAp) as a 
remineralization agent [9]. 

HAp is the main inorganic mineral of bones and 
teeth with the shape of calcium phosphate crystals [10]. 
HAp is widely used in the medical field because of its 
biocompatibility, bioactivity, osteoconductivity, non-
toxic, and non-immunogenic properties [11-12]. HAp 
can assist in the remineralization process of teeth, 
especially in dental caries caused by S. mutans bacteria, 
by acting as a source of calcium and phosphate ions [13]. 
Precursors that can be used to synthesize HAp include 
eggshells, clamshells, limestone, and beef bones [14-17]. 

Betel leaves (Piper betle L.) is a glabrous climbing 
vine that belongs to the Piperaceae family and can be 
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found in countries throughout Asia. It has been used for 
thousands of years in traditional medicine as a stimulant, 
antifungal, antioxidant, and antimicrobial agent due to its 
high phytochemical concentration [18]. Furthermore, it 
has bioactivity potential due to metabolite compounds 
such as phenols, flavonoids, and tannins that act as 
antibacterial agents [19]. A previous study has shown that 
betel leaf extract can inhibit gram-positive bacteria 
Staphylococcus aureus and gram-negative bacteria 
Pseudomonas aeruginosa [20]. Combining HAp with betel 
leaf extract can significantly increase antibacterial and 
antimicrobial properties against S. aureus [21]. 

In this study, we aim to determine the physical and 
chemical characteristics of the HAp-betel leaf extract 
formulation and its antibacterial activity against S. 
mutans in vitro. To address this, a formulation of HAp-
betel leaf extract in liquid and gel preparations was carried 
out, which is expected to prevent tooth decay without any 
toxic effects. 

■ EXPERIMENTAL SECTION 

Materials 

Green betel leaves (Piper betle L.) were obtained 
from the Jombang area. Phosphoric acid (85% H3PO4) 
and aquadest were purchased from PT. Brataco. 
Hydroxyapatite was synthesized from beef bone, 
according to [22]. Propylene glycol, NA, and NB medium 
were purchased from Merck, while gentamicin, saline, 
and Na-CMC were from PT. Gunacipta Multirasa. 
Streptococcus mutans (ATCC 35668) bacteria used in in 
vitro study were performed from the Microbiology Lab, 
Faculty of Medicine, Airlangga University. Winstar rats 
(Rattus norvegicus) used in in vivo study were performed 
by the Faculty of Veterinary, Airlangga University. 

Instrumentation 

The functional groups of liquid and gel samples 
were analyzed using a Perkin-Elmer Spectrum Two™ IR 
spectrometer for frequencies ranging from 400 to 
4000 cm−1. The particle size analysis of the formulations 
was analyzed using the Zetasizer Malvern series particle 
size analyzer. The diameter of the inhibition zone for the 
antibacterial activity test was measured using a digital 

caliper with the Sigmat Vernier Caliper with an accuracy 
of ± 0.2 mm. 

Procedure 

Hydroxyapatite synthesis-green betel leaf extract 
The thick extract of green betel leaf obtained from 

the maceration of fresh green betel leaf with distilled 
water was weighed as much as 0.1; 0.3; 0.5; 0.7; and 1 g. 
Then put into a beaker, added 2 mL of 1% HAp solution 
made of 0.2 g of HAp dissolved in 20 mL of H3PO4 and 
stirred until homogeneous [22]. The functional groups 
of liquid and gel samples were analyzed using a IR 
spectrometer. 

Hydroxyapatite gel-green betel leaf extract 
A total of 30 mL of distilled water was put into a 

beaker and then heated at 100 °C on a stirrer until it 
boiled. Then, 5 mL of propylene glycol and 50 mL 
mixture of HAp-green betel leaf extract were then added 
while stirring with a magnetic stirrer. In order to form 
gel consistency, 0.4 g of Na-CMC was stirred with a 
magnetic stirrer while heated [23]. X-Ray Diffraction 
(XRD) analysis was performed using the XRD Phillips 
PW-1170 Diffractometer (Cu-Kα = 1.5404 Å). Next, 
particle size analysis of the formulations was analyzed 
using the Zetasizer Malvern series particle size analyzer. 
The material in the form of powder is weighed 
approximately 0.01 g then put into the beaker and mixed 
with 1 mL dispersant (Tween 20) while stirring 
thoroughly. Aquadest was added up to 10 mL and stirred 
until dissolved. Next, the sample was ultrasonicated for 
5 s, put into a 1 mL cuvette then measured in diameter 
distribution using PSA. 

Anti-bacterial activity test 
Antibacterial activity was tested by the disc 

diffusion method. NA medium (Merck) was heated by 
autoclaving for 15 min at 120 °C. Next, 1 mL of 
suspension of S. mutans bacteria was taken, which had 
been inoculated on NB media (Merck) under sterile 
conditions and put into a petri dish. Solid media were 
made by pouring 5 mL of NA medium under slightly hot 
conditions into the petri dish. Furthermore, the petri 
dish is shaken slowly until the suspension of S. mutans 
bacteria, and NA media is homogeneous. Liquid and gel 
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formulation of HAp-green betel leaf extract with 
variations in the composition of green betel leaf extract 
0.1; 0.3; 0.5; 0.7; and 1 g, positive control, negative control 
and blank dish was prepared. Next, the blank dish is 
dipped into the sample to be tested. Then put 3 blank 
dishes that had been dipped in samples into a petri dish 
containing NA media and S. mutans bacteria which 
started to solidify. Samples were then incubated at 37 °C 
for 24 h. After incubation, the petri dish was removed 
from the incubator, and the clear zone around the blank 
dish was measured using a digital caliper (Sigmat Vernier 
Caliper) [24]. The diameter of the inhibition zone for the 
antibacterial activity test was measured using a digital 
caliper with the Sigmat Vernier Caliper with an accuracy 
of ± 0.2 mm. 

Spreadability test 
A total of 0.5 g of HAp gel formulation-betel leaf 

extract was placed in the center of the glass and then 
covered with another glass. The measurement of 
dispersion is based on the diameter of the distribution of 
the preparation horizontally and vertically, with the 
addition of a load of 50 g to a total weight of 150 g [25]. 

Adhesion test 
A total of 0.25 g of the HAp-betel leaf extract gel 

formulation was placed on a glass slide and then covered 
with another glass slide until it was completely covered. 
Next, a load weighing 1000 g is placed on top of the slide 
for 5 min. To remove the glass object from the gel 
attachment, a load weighing 80 g is used. The time needed 
for two glass slides is separated [26]. 

In vivo testing on rats 
Rats. Male Wistar rats aged 10 weeks with an average 
weight of 150–200 g were used as experimental animals. 
The rats have received an animal certificate from the 
Animal Husbandry Service and were handled in 
accordance with the care guidelines of an in vivo ethical 
clearance research issued by the Faculty of Medicine, 
Universitas Airlangga (Decision no: 262/EC/KEPK/ 
FKUA/2021). Rats were placed in polypropylene cages at 
a controlled temperature of 25 ± 5 °C and were 
acclimatized for 7 days before the experiment was carried 
out [27]. 

Test animal treatment 
A total of 9 male Wistar rats were divided into 3 

groups, each consisting of 3 rats. Each group of Wistar 
rats was infected with 0.1 mL (106 cfu/mL) of S. mutans 
suspension intraperitoneally. After 24 h, rats were 
injected with the positive control, negative control, and 
formulation of HAp gel-green betel leaf extract in each 
group. The positive control group was injected with 
0.1 mL of gentamicin, while the negative control group 
was injected with 0.4 mL of saline solution. The 
treatment group was injected with 1 mL of HAp-green 
betel leaf extract via intraperitoneal. The injection was 
done intraperitoneally for 3 d. After 24 h, the specimen 
was removed from the intraperitoneal fluid. Then the 
intraperitoneal was diluted using NaCl to 104 cfu/mL to 
be tested for its antibacterial activity [28]. Next, 1 mL of 
diluted intraperitoneal fluid was cultured on NA media 
with the pouring agar method into a sterile petri dish 
and then added 15 mL of NA agar medium at 40–45 °C. 
After it solidified, plates were incubated at 37 °C for 
24 h. Then, bacterial colonies were counted using the 
total plate count (TPC) method [24,29]. 

■ RESULTS AND DISCUSSION 

Hydroxyapatite-Betel Leaf Extract Formulation 
Characterization 

HAp-betel leaf extract formulation is characterized 
by conducting several analyses, such as XRD, PSA, and 
FTIR. To determine the physical characteristics, 
including chemical composition, crystallographic 
structure, and physical properties, XRD was performed. 
The results analysis shows that HAp calcined from 
bovine bones has similarities with HAp from the Tissue 
Bank, which has been applied in the medical field at Dr. 
Soetomo Hospital. Both HAps are dominated by the 
HAp phase, with the highest peak being at an angle of 
2θ = 31.8023°, which corresponds to JCPDS data 
number 09-0432. HAp (Ca10(PO4)6(OH)2) appears with 
a relative intensity of 100% (Fig. 1). Other phases formed 
in the two HAps are A-type carbonate apatite (AKA) 
and B-type carbonate apatite (AKB). AKA 
(Ca10(PO4)6CO3) is formed because carbonate ions 
replace OH- ions in the HAp structure, while AKB 
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(Ca10(PO4)3(CO3)(OH)2) is formed because carbonate 
ions replace PO4

−3 ions in the HAp structure. AKA 
appears at an angle of 2θ = 26.0214° and 32.2708° 
corresponding to JCPDS data number 35-0180. AKA 
appeared with relative intensities of 40.69 and 63.24%, 
respectively. AKB appears at 2θ = 28.234°; this 
corresponds to JCPDS data number 19-0272. AKB 
appeared with a relative intensity of 7.54%. In this study, 
the AKA phase is more dominant when compared to the 
AKB phase because HAp compounds are produced from 
the calcination process at high temperatures, namely 
900 °C. However, if the synthesis of HAp is carried out at 
low temperatures (60–100 °C), the AKB phase will 
dominate more. A combination of carbonates is not 
harmful because it is also found in human bones as 
carbonate apatite [30]. 

To determine the particle size and distribution of 
liquid and gel formulations of HAp-green betel leaf 
extract samples, PSA was conducted. The results show the 
average particle size in the variation of the addition of 
betel extract are 0.1; 0.3; 0.5; 0.7; and 1 g are 5956.00; 
690.08; 306300; 5042.40; and 5832.20 nm, respectively 
(Fig. 2). 

Based on the results, the formulation of HAp and 
green betel leaf extract with 0.3 g of betel can be 
categorized in the nanoparticle group, while the variation 
of betel extract is 0.1, 0.5, 0.7, and 1 g is excluded. 
Nanoparticles are materials with a particle size of less than 
1 mm [31]. Variations that have not been optimal in nano 
size are probably due to particle agglomeration. Thus, the 
particles grow bigger and easily detached. The larger the 
particle size, the greater the polarity and affinity [32]. The 
smaller the particle size, the larger the surface area, 
allowing for higher contact with microorganisms' cell 
walls [33]. Therefore, based on our results, further 
optimization is needed to prevent the agglomeration of 
HAp. 

The determination of the functional groups in the 
sample was qualitatively analyzed using FTIR. Previously, 
we analyzed HAp calcined from bovine bones compared 
to HAp from the Tissue Bank. It can be seen that HAp 
calcined from bovine bones is similar to HAp from the 
Tissue Bank; this is evidenced by the typical functional 

groups belonging to HAp that appear at almost the same 
wavenumber (Fig. 3(a1)). HAp from the analyzed bovine 
bone showed an absorption band of the OH− group at 
wavenumber 3572.68; 1993.09; and 602.51 cm−1, while 
HAp from the Network Bank showed absorption bands 
from the OH- group at wavenumber 3570.76; 2016.24; 
and 604.44 cm−1. It can be seen that the spectra of the 
OH− group look uncharacteristically pointed, which is 
seen to be this ramp because the OH- group of HAp 
binds to the metal Ca2+ (Fig. 3(a2)). The PO4

3− the group  
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Fig 1. Results of the XRD spectrum (a) beef bone 
hydroxyapatite; (b) standard hydroxyapatite from the 
Tissue Bank (Dr. Soetomo Hospital) 
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Fig 2. Graph of PSA analysis of the formulation of HAp-
betel leaf extract 
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Fig 3. Results of the FTIR spectrum. (a) hydroxyapatite from beef bone (1) and Tissue bank (2); (b) HAp-betel leaf 
extract formulation in gel (1) and liquid sample (2) 
 
has 4 vibration modes, namely stretching symmetry 
vibration (ν1) with a wavenumber of about 956 cm−1, 
bending symmetry vibration (ν2) with a wavenumber of 
about 430–460 cm−1, stretching asymmetry vibration (ν3) 
with a wavenumber of about 1040–1090 cm−1, bending 
asymmetric vibration (ν4) with a wavenumber of about 
571–610 cm−1. Calcined HAp from bovine bones showed 
an absorption band of the carbonate group (CO3

2−) at a 
wavenumber of about 1400 cm−1. The presence of a 
carbonate group in the resulting HAp is caused by direct 
contact between HAp samples and carbon dioxide (CO2) 
in the air. 

Meanwhile, the results of the FTIR analysis for the 
liquid sample (Fig. 3(b2)) showed peaks at a wavenumber 
of 3325.44, 1634.72, 1156.81, and 1075.29 cm−1 indicating 
the presence of a hydroxyl group (OH), a carbonyl group 
(C=O) and a carbonate group (CO3

2−) and a phosphate 
group (PO4

3−), respectively. 
In the gel sample (Fig. 3(b1)), the hydroxyl (OH) 

group was detected at a wavenumber of 3279.84 cm−1, 
which was also previously observed by Liu et al. [34]. The 
carbonyl group (C=O) was seen at a wave of 1639.49 cm−1, 
indicating the presence of one of the functional groups of 
the metabolite compounds contained in the betel leaf. The 
carbonate group (CO3

2−) was detected at a wavenumber of 
1136.83 cm−1. This finding is in line with the previous 
finding, which states that the carbonate group in human 
bone is detected at a wavenumber of ~1100.00 cm−1 [35]. 

The detected carbonate group comes from CO2 in the 
air, which reacts with calcium to form a bond so that a 
calcium carbonate phase appears during synthesis [36]. 
Furthermore, the phosphate group (PO4

3−) was detected 
at a wave of 1078.69 cm−1. Mondal et al. support the 
detection of phosphate groups, which states that 
wavenumbers between 1000–1100 cm−1 indicate the 
presence of a phosphate group with a stretching 
vibration pattern [37]. 

The OH, PO4
3− and CO3

2− functional groups are 
functional groups derived from HAp, but the C=O 
group is a functional group derived from green betel leaf 
extract [38]. The existence of a shifting wavenumber 
indicates that there has been a bond between HAp and 
the metabolite compounds present in the green betel leaf 
extract (Table 1). 

Next, the gel preparation spreadability test was 
carried out to determine the ability of the formulation of 
HAp-green betel leaf extract gel to spread when applied 
to the teeth (Table 2). Dispersibility is an important 
characteristic in formulations, as it affects the transfer of 
the active ingredient to the target area at the correct 
dose, ease of use, the pressure required to exit the 
package, and acceptance by the consumer. The dispersion 
is related to water; the more water content, the wider the 
dispersion [39]. The results of the tests showed that the 
increase in the spreading area was accompanied by 
adding a given load (Table 3). The formula found the best 
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Table 1. Wavenumber data from FTIR 
Functional 

groups 
HAp wavenumber (cm−1) 

Beef bone Tissue bank Liquid sample Gel sample 
OH 604.44 602.51 3325.44 3279.84 
 2016.24 1993.09 -  
 3570.76 3572.68 -  
C=O - - 1634.72 1639.49 
CO3

2− 1414.49 1420.27 1156.81 1136.83 
 1462.70 1460.78   
PO4

3− 961.25 961.25 1075.29 1078.69 
 471.36 473.29   
 1048.04 1049.97   
 1090.47 1092.40   
 571.65 571.65   
 961.25 961.25   

 
Table 2. Test results of HAp gel-betel leaf extract 
spreadability 

Sample Horizontal (cm) Vertical (cm) Average 
Betel 0.1 g 7.77 8.23 8.00 
Betel 0.3 g 8.54 8.28 8.41 
Betel 0.5 g 8.82 9.12 8.97 
Betel 0.7 g 8.53 8.67 8.60 
Betel 1 g 8.84 8.82 8.83 

Table 3. The results of the stickiness test of the HAp gel-
betel leaf extract 

Sample Adhesion (s) 
Betel 0.1 g 1.83 
Betel 0.3 g 1.03 
Betel 0.5 g 0.78 
Betel 0.7 g 1.07 
Betel 1 g 0.88 

results by adding 0.1 g of betel leaf because it has a 
spreading power close to the dispersion scale that meets 
the standards. Good dispersion will provide the speed of 
contact between the gel and the teeth. The viscosity value 
of the preparation influences the difference in dispersion. 
It has a low viscosity value (watery) which results in the 
dispersion diameter becoming large because it is easier to 
flow. While for preparations that have a high viscosity 
value, the resulting dispersion diameter is small [40]. 
Preparations that are too spread or difficult to spread will 
reduce the comfort and effectiveness of use, while 

preparations that are too dilute will cause reduced 
adhesion. Therefore, the contact time of active 
substances with the application site will reduce [41]. 
Many factors affect the dispersion, one of which is the 
amount and strength of the gel matrix. The dispersion 
will decrease along with the more and the strength of the 
gel matrix. In this case, what affects the formation of the 
gel matrix is the gelling agent, therefore, the 
concentration of the gelling agent can increase and 
strengthen the gel matrix [42]. 

To determine the adhesion time of the 
hydroxyapatite gel formulation-green betel leaf extract 
to the tooth surface adhesive test was performed. Hence, 
it will suggest whether the active substances in the 
preparation were absorbed. The general characteristic of 
gel preparations is the ability to adhere to the surface of 
the application for a long time. The longer the 
preparation time can be attached, and the additive can 
be in contact with the application, the antibacterial effect 
is expected to be optimal [43]. The data suggest that the 
differences in the stickiness of each formulation are due 
to differences in the composition of the green betel leaf 
extract, which affects the viscosity and spreadability 
(Table 4). Adhesion to toothpaste is related to the 
absorption of the active substance into the teeth. Based 
on the tested samples, the formula with the addition of 
0.1; 0.3; and 0.7 betel leaf extract meet the standard of 
adhesion test, which is above 1 s. Adhesion of semi-solid  
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Table 4. Inhibition zone of HAp-betel leaf extract formulation 
Sample Clear zone diameter (mm) Average 
Liquid betel 0.1 g 22.6 22.5 20.1 21.73 ± 9.58 
Liquid betel 0.3 g 17.3 16.1 16.6 16.67 ± 14.27 
Liquid betel 0.5 g 18.4 18.9 18.2 18.50 ± 8.39 
Liquid betel 0.7 g 20.0 20.6 17.8 19.47 ± 11.22 
Liquid betel 1 g 18.4 18.9 20.5 19.27 ± 2.19 
Gel betel 0.1 g 12.7 12.6 11.2 12.17 ± 20.07 
Gel betel 0.3 g 13.6 14.8 13.9 14.10 ± 14.59 
Gel betel 0.5 g 9.2 7.7 10.6 9.17 ± 10.48 
Gel betel 0.7 g 12.8 13.3 14.5 13.53 ± 20.58 
Gel betel 1 g 12.7 13.6 12.6 12.97 ± 13.13 
Hydroxyapatite 14.7 11.2 9.1 11.67 ± 19.53 
Aquadest 0 0 0 0 

 
preparations should be more than 1 s [42]. In addition, 
the addition of Na CMC in the gel system in excess can 
interfere with the ionization process of the carboxyl group. 

In Vitro Antibacterial Activity Test 

HAp is widely studied as an excellent candidate for 
bone repair and substitution. Recently, studies conducted 
by Seyedmajidi et al. [44] have shown that HAp has an 
antibacterial activity by killing S. mutans in different 
concentrations. In addition, another study has shown that 
the antimicrobial effect of piper betel leaf extract against 
S. mutans formulation can inhibit the growth of S. 
mutants [45]. To determine the antibacterial activity of 
HAp-betel leaf extract in liquid and gel formulation 
antibacterial activity test was conducted by disc diffusion 
method in vitro. The results showed the ability to inhibit 
the growth of S. mutans, as indicated by forming a clear 
zone around the colony (Fig. 4). The data obtained were 
analyzed by statistical tests, including a normality test, 
one-way ANOVA and a follow-up test using Duncan. 
One way ANOVA test with a confidence level of 5% 
obtained results with a significant level of 0.000 (p < 0.05) 
so that it can be seen that there is a significant difference 
between one data and another. The normality test 
received a significant value of 0.200 (p > 0.05), which 
indicates that the variety of inhibition zones in the HAp-
green betel leaf extract formulation was normally 
distributed. Furthermore, Duncan's test was carried out as 
a follow-up test, which showed that the formulation of 

HAp-green betel leaf extract had an inhibitory effect on 
S. mutans. The clear zone was categorized based on its 
diameter with a range below 5 mm as weak inhibition, 
5–10 mm as moderate inhibition, 10–20 mm as strong 
inhibition, and above 20 mm have very strong resistance 
[38]. In liquid form, betel extract of 0.1 g has the most  
 

 
Fig 4. Clear zone formation of HAp-green betel extract 
against the growth of S. mutans in (a) Liquid 
formulation, (b) gel formulation, (c) 1% hydroxyapatite 
was used as a positive control, and (d) aquadest was used 
as a negative control 
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expansive clear zone with around 21.73 mm, while in gel 
form is 14.10 mm (Table 4). This observation indicates 
that the increasing concentration of betel leaf did not 
dictate the size of clear zone formation. The data suggests 
that there may be an optimum concentration of betel leaf 
that will give the best effects in the growth inhibition of S. 
mutants. 

Overall, the formulation of HAp-green betel leaf 
extract has strong inhibition against S. mutans bacteria. It 
is caused by secondary metabolites activity of green betel 
leaves, such as phenols, flavonoids, and tannins that 
damage the bacterial cell membrane. Phenol compounds 
can denature bacterial cells by disrupting the covalent 
structure of gram-positive bacteria [46-47]. The presence 
of carboxyl groups in aromatic hydrocarbons will form 
complexes with extracellular proteins, which result in the 
loss of the infection ability of bacteria. Flavonoid 
compounds act as antibacterial agents that interfere with 
the potassium concentration of gram-positive bacteria, 
cause the malfunction of the cytoplasmic membrane and 
inhibit the adhesion and biofilm formation [48]. In 
addition, flavonoid compounds can cause damage to the 
phospholipid bilayer and inhibit the respiratory chain or 
ATP synthesis in gram-positive bacteria [49]. Tannins 
work by destroying bacterial cell membranes by 
inactivating the function of genetic material and 
inactivating enzymes. It will inhibit the growth of bacteria 
and inactivate the ability to stick to bacteria [50-51]. 

In Vivo Antibacterial Activity Test 

In vivo test was conducted to determine the 
antibacterial activity of the HAp formulation of green 
betel leaf extract against rats infected with S. mutans 

bacteria. In this test, gentamicin was used as a positive 
control, saline as a negative control, and the sample was 
in the form of a gel formulation of HAp-betel leaf extract 
with variations in the addition of 0.3 g of betel leaf 
extract. 

The results have shown that the number of 
colonies in the gel formulation was greater than that of 
the positive control and negative control (Fig. 5 and 
Table 5). This could be due to the long storage of the 
formulation and dilution needs to be conducted in order 
to get a better analysis of the colony counts. However, 
there were no toxic side effects to the rats after testing, 
and the rats were in good health. 

 
Fig 5. Colony test results (a) saline as negative controls; 
(b) gentamicin as positive controls; (c) hydroxyapatite 
gel formulation-green betel leaf extract 

Table 5. Number of colonies after treatment on rats 

Group 
Number of colonies 

Average 
Rat 1 Rat 2 Rat 3 

Saline (-) 167 96 70 111.00 ± 50.21 
Gentamicin (+) 193 218 75 162.00 ± 76.37 
Betel 0.3 g 313 421 260 331.33 ± 82.05 

*The data were normally distributed with a significant value of 0.200 (p > 0.05). 
Then a one-way ANOVA test was performed with a significant level of 5%, and a 
significant value of 0.021 (p < 0.05) was performed, which indicated that there was 
a difference from one data to another 



Indones. J. Chem., 2023, 23 (2), 358 - 369    

 

Fitriari Izzatunnisa Muhaimin et al.   
 

366 

■ CONCLUSION 

Hydroxyapatite-betel leaf extract formulation 
characterization has shown there is a bond between 
hydroxyapatite and the metabolite compounds present in 
the green betel leaf extract. In addition, the spreadability 
of the formulation also already meets the standard of 
toothpaste. Antibacterial in vitro test suggests that a 
combination of hydroxyapatite and betel leaf extract gives 
high antibacterial activity against S. mutans. Unfortunately, 
our in vivo study failed to validate this due to the possibility 
of improper storage of the formulation. However, it was 
shown that there were no toxic effects of the formulation 
on the test animal, which indicates the safe formulation 
for caries prevention or treatment. Based on our results, 
the hydroxyapatite-betel leaf extract formulation has 
shown its high potential as an ingredient to prevent tooth 
decay and the observed concentration already meets the 
standard even though in vivo study needs to be repeated. 
Furthermore, the potential of this formulation can be 
explored further, especially in the demineralization 
potential with its hydroxyapatite composition. 
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 Abstract: The stability characteristics associated with the shelf life of a biosensor are 
rarely investigated, however, they are important factors for real applications. Stability is 
the variation in the detection signal over a long period of storage. This study aims to 
determine the effect of storage time on the stability of SARS-CoV-2 receptor binding 
domain (RBD) spike protein aptamers related to shelf life and the performance of an 
electrochemical aptasensor on clinical samples. The research method includes a stability 
study conducted using the accelerated stability method based on the Arrhenius equation 
at three variations of temperature and storage time. The electrochemical aptasensor's 
performance was evaluated on clinical samples of 32 nasopharyngeal swabs at biosafety 
level 3 and its potential on clinical saliva samples. The results indicated that the developed 
electrochemical aptasensor was stable for ± 15 days with a shelf life of 18, 17 and 16 days, 
respectively, at 25, 40 and 50 °C. This electrochemical aptasensor has the potential to be 
a Point of Care (POC) device for the clinical detection of SARS-CoV-2 because it can be 
tested on clinical samples of nasopharyngeal swabs and the results show its potential 
application to detect in clinical saliva samples. 

Keywords: stability; aptasensor; SARS-CoV-2 RBD S Protein 

 
■ INTRODUCTION 

In late December 2019, a case caused by an 
unidentified pneumonia outbreak was first reported in 
Wuhan, Hubei Province, China. This disease outbreak 
originated in the Huanan seafood market, which has since 
grown rapidly and begun to spread throughout the world. 
The new coronavirus caused by severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) was later identified 
as the cause of the Coronavirus Disease 2019 (COVID-19) 
outbreak. SARS-CoV-2 is a positive single-strand RNA 
virus with a size of 29.9 kb. SARS-CoV-2 has four 
structural proteins, namely spike protein (S), membrane 
protein (M), envelope protein (E), and nucleocapsid 
protein (N) [1-2]. The S protein consists of two functional 
subunits, namely the S1 subunit, responsible for the 

attachment of the virus to the receptor on the host cell 
surface via the receptor-binding domain (RBD), and S2 
subunit, responsible for the fusion of the viral 
membrane with the host cell to facilitate the entry of the 
virus into the host cell [3-4]. Therefore, SARS-CoV-2 
RBD S protein can be used as the main target for 
diagnosis, treatment, and vaccination [5]. 

Currently, there are several types of methods used 
to detect SARS-CoV-2, namely molecular tests based on 
the detection of viral RNA, antigen tests based on the 
detection of viral proteins, and antibody tests based on 
the detection of specific antibodies against viral proteins. 
Reverse Transcription Polymerase Chain Reaction (RT-
PCR) is the gold standard method for the detection of 
SARS-CoV-2 virus RNA. The main limitations of this 
method are the expensive equipment requirements and 
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the need for highly qualified experts [6]. In the case of the 
molecular approach, a long sample processing time is 
required, which also requires sophisticated and expensive 
facilities. Lateral Flow Immunoassays (LFIAs) provide a 
faster response but it has lower sensitivity [6]. Meanwhile, 
detection methods targeting antibodies based on 
Enzyme-Linked Immunosorbent Assay (ELISA) are not 
suitable for early diagnosis because most patients have 
antibody responses around 7 to 21 days after infection [7-
8]. 

Alternative diagnostic methods for the detection of 
SARS-CoV-2 can be done using a biosensor-based 
approach. Electrochemical biosensors have been widely 
used to detect several biomolecules, such as proteins as the 
biomarker of disease [9-11] or a marker of bacterial [12-
13] or viral infection [14-15]. They have been shown to 
have several advantages, including portability, good 
sensitivity, high specificity, fast response, and ease of use 
[16-18]. Several bioreceptors such as antibodies, 
aptamers, and nucleic acids can be immobilized on the 
electrode surface for detection purposes [15]. 
Electrochemical biosensor methods have also been 
reported to be used for the detection of SARS-CoV-2 
using various bioreceptors, such as antibodies [19-20], 
ssDNA [21-22], antigens [23-25], and aptamers [26-27]. 

In the preliminary research that has been carried 
out, an electrochemical aptasensor method was developed 
using a screen-printed carbon electrode/AuNP to detect 
the SARS-CoV-2 RBD S protein. In the creation of 
disposable electrodes for electrochemical biosensors, 
screen-printed carbon electrodes (SPCE), which 
incorporate three electrodes (WE, RE, and CE) into a 
single design, are frequently employed [28]. AuNPs are 
used to improve the performance of electrochemical 
biosensors by modifying the electrodes with 
nanomaterials, thereby increasing the electroactive 
surface area and increasing electron transfer between the 
electrodes and analytes [14]. Aptamers as bioreceptors for 
detecting SARS-CoV-2 have been reported by Song et al. 
[5] of the SELEX method that can bind to the SARS-CoV-
2 RBD S protein. The RBD S protein of SARS-CoV-2 and 
the aptamer CoV2-RBD form hydrogen bonds with 
amino acids of the SARS-CoV-2 RBD S protein [5]. The 

aptamer was immobilized to the electrode surface by the 
streptavidin-biotin system via the MPA (3-
mercaptopropionic acid) linker [29]. The aptamer will 
then bind to the SARS-CoV-2 RBD S protein, which can 
be detected electrochemically using the K3[Fe(CN)6] 
solution redox system and the differential pulse 
voltammetry electrochemical detection technique. This 
electrochemical aptasensor with the streptavidin-biotin 
system has a low detection limit of 2.6308 ng/mL, a 
quantification limit of 7.9720 ng/mL, an accuracy of 
99.89%, and a precision of 99.61%. Based on the results 
of several analytical parameters that have been obtained, 
this electrochemical aptasensor has the potential to be a 
method of detecting SARS-CoV-2 [14]. 

Biosensors generally consist of three basic 
components, namely bioreceptors, transducers, and 
signal processing systems [30]. Factors that affect 
stability are bioreceptor affinity (level of analyte binding 
to bioreceptors) and bioreceptor degradation over time 
[31]. Usually, bioreceptor limits the shelf life and 
stability of a biosensor [32]. Bioreceptors are quite 
susceptible to environmental changes, which can be 
characterized as a decrease in signaling over time. It is 
therefore very important to test the stability of a 
biosensor, especially for commercial purposes and 
because biosensors are currently being applied to more 
and more diverse applications. Stability characteristics 
related to shelf life are often under-investigated or 
underreported in the literature, even though they are 
important factors. The instability of a biosensor is 
referred to as a decrease in sensitivity over a certain 
period of time. 

SARS-CoV-2 has been detected in various human 
body samples, including saliva, nasopharyngeal swabs, 
and oropharyngeal swabs [33]. A nasopharyngeal swab 
is a commonly used sample to detect respiratory viruses 
such as SARS-CoV-2. Currently, nasopharyngeal swabs 
are used in the RT-PCR method [34]. However, 
nasopharyngeal swab sampling is an invasive technique 
that can cause patients to cough or bleed, increasing the 
risk of transmitting the virus to healthcare workers. The 
use of saliva samples may offer a way to reduce this 
limitation, as sampling can be done individually, thereby 
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reducing the likelihood of exposure to the virus to 
healthcare workers. Thus, saliva samples can also be used 
as an alternative for the detection of SARS-CoV-2 [33-35]. 

Liv [36] studied the interference effect of several 
enzymes, compounds, and ions that can be found in saliva 
on electrochemical immunosensors to detect SARS-CoV-
2 antibodies, namely α-amylase, lipase, Na+, K+, Ca2+, 
Mg2+, H2PO4

−, HPO4
2−, urea, HCO3

−, and NH3. The 
presence of interference in saliva samples is the reason for 
the need for selectivity studies first before electrochemical 
aptasensors are applied to clinical saliva samples. 

In this research, a stability study was conducted as 
proof of the quality of a sensor that will be developed and 
has the potential to become an applicable and commercial 
method. The stability of the biosensor was evaluated by 
comparing the response of peak currents measured on 
different days (1, 15, 30, and 60 days) in temperature 
variations of 25, 40 and 50 °C. The estimation of the shelf 
life of the biosensor can be done by the accelerated stability 
method using the Arrhenius equation. The performance 
of the electrochemical aptasensor was then tested on 
clinical samples of nasopharyngeal swabs and their 
potential against other clinical samples, namely saliva. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were 1-ethyl-3-(3-
dimethyl aminopropyl) carbodiimide (EDC) (Sigma 
Aldrich, Singapore), 3-mercaptopropionic acid (MPA) 
(Sigma Aldrich, Singapore), demineralized water (PT 
Ikapharmindo Putramas, Indonesia), biotinylated 
aptamer (biotin 5'- CAG CAC CGA CCT TGT GCT TTG 
GGA GTG CTG GTC CAA GGG CGT TAA TGG ACA-
3') (Bioneer, Korea), chloroauric acid trihydrate 
(HAuCl4·3H2O) (synthesized by the Chemical Analysis and 
Separation Laboratory, 2018, Indonesia), ethanolamine 
(Merck, Germany), potassium ferricyanide (K3[Fe(CN)6]) 
(Sigma Aldrich, Singapore), potassium chloride (KCl) 
(Merck, Germany), SARS-CoV-2 RBD S protein solution 
(GenScript, USA), trisodium citrate dihydrate 
(Na3C6H5O7·2H2O) (Merck, Germany), N-
hydroxysuccinimide (NHS) (Sigma Aldrich, Singapore), 

phosphate-buffered saline (PBS) pH 7.4 (Merck, 
Germany), and streptavidin (Promega, USA). 

Instrumentation 

The SPCE (GSI Technologies, USA) and 
homemade SPCE were used carbon as a working and 
auxiliary electrode, and Ag/AgCl was used as a reference 
electrode for the electrochemical transducer. The 
electrochemistry measurements were conducted using a 
Zimmer & Peacock potentiostat connected to a 
computer using PSTRACE 5.8 software (Zeamer & 
Peacock, UK). 

Procedure 

SPCE modification with AuNP 
The overall schematic of the electrochemical 

aptasensor method is shown in Fig. 1. The SPCE surface 
was rinsed with demineralized water and dried at room 
temperature. Then, 25 μL of colloidal AuNP solution 
was dropped onto the surface of the SPCE and incubated 
at room temperature for 24 h. The SPCE/AuNP was 
rinsed with demineralized water and dried at room 
temperature before being electrochemically characterized 
by differential pulse voltammetry over a potential range 
of −1.0 to 1.0 V at a scan rate of 0.008 V/s, step potential 
(Estep) 0.004 V with a pulse potential (Epulse) of 0.025 V 
and the pulse time (tpulse) of 0.05 s. 

Fabrication of the electrochemical aptasensor 
The SPCE/AuNP was incubated with 0.01 M MPA 

for 20 min at 25 °C. After that, the SPCE/AuNP/MPA 
were rinsed with ethanol. Then 0.1 M EDC solution and 
0.1 M NHS solution (1:1 v/v) were incubated for 60 min 
at 25 °C, and rinsed with demineralized water. The 
streptavidin solution was incubated overnight at 4 °C on 
the surface of the SPCE/AuNP/MPA/EDC:NHS, and 
then rinsed with PBS solution 0.01 M. Ethanolamine was 
dropped onto the surface of the SPCE/AuNP/MPA/ 
EDC:NHS/streptavidin for 20 min at 25 °C, and then 
rinsed with demineralized water. Furthermore, the 
0.5 μg/mL biotinylated aptamer was immobilized on the 
SPCE/AuNP surface using a streptavidin-biotin system 
for 40 min at 25 °C, and then rinsed with PBS solution 
0.01 M. 
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Fig 1. Schematic of an electrochemical aptasensor for SARS-CoV-2 RBD S protein detection 

 
After the aptamer was successfully immobilized on 

the surface of the SPCE/AuNP electrode with the 
streptavidin-biotin system, the non-specific binding site 
on the electrode surface was incubated using a 1% BSA 
solution for 15 min at 25 °C, and then rinsed with PBS 
solution 0.01 M. After that, a solution of SARS-CoV-2 
RBD S protein with a certain concentration was dropped 
on the electrode and incubated for 60 min at 25 °C. The 
differential pulse voltammetry was then performed using 
a redox system of 10 mM K3[Fe(CN)6] solution in 0.1 M 
KCl over a potential range of −1.0 to 1.0 V at a scan rate 
of 0.008 V/s, Estep 0.004 V with an Epulse of 0.025 V and a 
tpulse of 0.05 s. 

Stability 
Electrochemical aptasensors were stored for 1, 15, 

30, and 60 days at 25, 40 and 50 °C. After the aptasensor 
was stored, BSA (20 μL 1%) was added, and then SARS-
CoV-2 RBD S protein was added with a concentration of 
30 ng/mL. The electrochemical response was measured 
using differential pulse voltammetry on a redox system 
containing 10 mM K3[Fe(CN)6] solution in 0.1 M KCl at 
a potential range of −1.0 to 1.0 V at a scan rate of 
0.008 V/s, Estep 0.004 V with an Epulse of 0.025 V and a tpulse 
of 0.05 s. The stability was evaluated by looking at the peak 
current response at each different temperature and 
storage time. 

Clinical samples analysis 
After the aptamer was successfully immobilized on 

the surface of the SPCE/AuNP electrode with the 
streptavidin-biotin system, the non-specific binding site 
on the electrode surface was incubated using 1% BSA 
solution and incubated for 15 min. A total of 32 clinical 
samples were collected from nasopharyngeal swabs and 
tested using aptasensors at biosafety level 3. As required 
by current law, clinical samples of nasopharyngeal swabs 
were obtained from patients after receiving the explicit 
agreement of the person whose material was being 
obtained. Next, the sample solution was dropped on the 
surface of the electrode and incubated for 60 min. 
Differential pulse voltammetry was used to measure 
current response in a redox system of 10 mM 
K3[Fe(CN)6] solution in 0.1 M KCl over a potential 
range of −1.0 to 1.0 V at a scan rate of 0.008 V/s, Estep 
0.004 V with an Epulse of 0.025 V and a tpulse of 0.05 s. 

Selectivity to interference in saliva samples 
Selectivity was determined by measuring the 

current response of the aptamer as a negative control, 
SARS-CoV-2 RBD S protein as a positive control, and 
Na+, K+, Ca2+, and Mg2+ ions to the electrochemical 
aptasensor. The electrochemical response was measured 
using differential pulse voltammetry with a redox system 
of 10 mM K3[Fe(CN)6] solution in 0.1 M KCl at a  
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potential range of −1.0 to 1.0 V at a scan rate of 0.008 V/s, 
Estep 0.004 V with an Epulse of 0.025 V and a tpulse of 0.05 s, 
and the relative% response was calculated. 

■ RESULTS AND DISCUSSION 

Stability 

Biosensor stability is an important aspect in terms of 
long-term application requirements. To study the stability 
of the aptasensor, the current response of the aptasensor 
to 30 ng/mL SARS-CoV-2 RBD S protein was recorded 
after 1, 15, 30, and 60 days of storage at 25 °C. Higher 
temperatures, such as 40 and 50 °C are also used for tests 
that allow accelerated stability prediction. Fig. 2 shows 
that the current response decreases with increasing 
storage time. Within 15 days, the current response 
decreased at 25, 40 and 50 °C, respectively, 6, 8 and 8% of 
the initial current response. Thirty days later, the sensor 
was re-measured and only maintained at 83, 82 and 82% 
of current response activity, at 25, 40 and 50 °C, 
respectively. Meanwhile, after 60 days, the sensor can only 
maintain current response activity of 60% at 25 °C, 56% at 
40 °C, and 52% at 50 °C. These results indicate that the 
aptasensor is able to detect well up to ± 15 days after 
fabrication. The electrochemical aptasensor that was 
developed was able to produce > 90% current response 

activity on the 15th day compared to 100% of the current 
response activity on the first day, so that the aptasensor 
had good stability up to ± 15 days. 

The determination of shelf-life stability is usually 
estimated by two different stability testing procedures, 
namely the real-time stability test and the accelerated 
stability test. In accelerated stability testing, the product 
is stored under conditions such as high temperatures. 
Temperature is the most commonly used acceleration 
factor for chemicals, pharmaceuticals, and biological 
products because of its relationship with the rate of 
degradation characterized by the Arrhenius equation 
[37]. The accelerated stability method is the 
determination of product shelf life by accelerating 
quality changes in critical parameters. This method uses 
environmental conditions that can accelerate the decline 
in product quality. With this method, product storage 
uses three temperatures that are able to predict shelf life 
at the desired storage temperature [38]. 

Based on the results of the current response in 
Table 1, it is made in graphic form with the x-axis being 
the storage time in days and the y-axis being the current 
response value for the linear equation and the coefficient 
of determination (R2) of order 0. The graph of the 
current response of the order 0 electrochemical aptasensor 

 
Fig 2. Stability of the aptasensor after 1, 15, 30, and 60 days of storage at (a) 25 °C, (b) 40 °C, and (c) 50 °C 
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Table 1. Current response of the electrochemical aptasensor to 30 ng/mL SARS-CoV-2 RBD S Protein recorded after 
1, 15, 30, and 60 days of storage at 25, 40 and 50 °C 

Storage time (day) 
Average current response (μA) 

25 °C 40 °C 50 °C 
Aptamer 6.2820 4.4570 6.1540 

1 3.8050 2.9605 3.9780 
15 4.0250 3.1950 4.1845 
30 4.4480 3.4660 4.5625 
60 5.3280 4.2645 5.7340 

 
can be seen in Fig. 3. In the first order graph, the current 
response value is converted to the form ln before being 
made in the form of a graph with the storage time as 
shown in Fig. 4. From Fig. 3 and 4, it can be seen that the 
largest value of R2 is 0.9957, namely R2 of the current 
response for order 1 at a temperature of 40 °C so the 
estimated shelf-life calculation uses a linear equation plot 
of order 1. The value of k is the slope value, which is 

obtained from the value of b in the equation y = bx + a. 
The value of k is then converted into the form ln k and 
then used to create an Arrhenius graph between ln k and 
1/T. The Arrhenius graph can be seen in Fig. 5. Based on 
the linear regression equation obtained in Fig. 5, the 
Arrhenius equation can be determined as follows: 
y = -328.79x − 4.0318 
ln k = −328.79 (1/T) − 4.0318 

 
Fig 3. Electrochemical aptasensor current response to storage time of order 0 

 
Fig 4. Electrochemical aptasensor current response to storage time of order 1 
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Fig 5. Correlation of ln k to temperature in the Arrhenius equation 

 
If the slope value of the linear regression equation 

for each temperature at order 1 is changed to the ln value 
and plotted with 1/T (units of degrees Kelvin), the 
Arrhenius equation is obtained as shown in Fig. 5. The 
value of the degradation reaction rate constant (k) at each 
storage temperature can be estimated by the Arrhenius 
equation obtained as shown in Table 2. The results of 
determining the shelf life of electrochemical aptasensors 
can be seen in Table 2. The optimum storage of aptasensor 
is at 25 °C, because it has a longer shelf life than other 
storage temperatures. 

The shelf life of the aptasensor at different 
temperatures can also be calculated using the Arrhenius 
equation. The Arrhenius equation obtained is ln k = 
−328.79x − 4.0318, so the shelf life of the product if stored 
at a temperature of 4 °C or 277 °K will produce a value of 
ln k = −5.2188 or k = 0.3051. This means that there will be 
a decrease in the current response of 0.0054 units per day. 
Thus, the estimated storage time (90% activity 
maintained) at 4 °C can be estimated at about 20 days. 

Clinical Samples Analysis 

To assess the feasibility of electrochemical 
aptasensors in detecting SARS-CoV-2 RBD S protein in 
clinical samples, the detection performance was tested 
using clinical samples and compared with the RT-PCR 

method. A total of 32 samples (labeled S1 to S32) were 
collected from nasopharyngeal swabs and tested using 
aptasensors. In the electrochemical aptasensor method, 
if the peak current response is smaller than the peak 
current of the aptamer as a negative control or not much 
different from the peak current response of RBD as a 
positive control, then the sample is positive for COVID-
19. Meanwhile, if the peak current response is greater 
than or equal to the peak current response of the aptamer, 
then the sample is negative for COVID-19. The peak 
current of the aptamer as a negative control is 30.124 μA, 
while the peak current of RBD as a positive control is 
19.857 μA. The RT-PCR method used to diagnose 
COVID-19 provides an overview of the Ct value or Cycle 
threshold, which is the size of the viral load in the 
sample. A low Ct value indicates a high viral load. The 
Ct result is inversely proportional to the amount of viral 
nucleic acid present in the sample. The low Ct value 
indicates that the amplification cycle required to reach the 
threshold is shorter because the nucleic acid contained 
in the sample is high. Of the 32 samples tested, 3 samples 
were confirmed positive for SARS-CoV-2 and 29 samples 
were confirmed negative, as shown in Table 3. Based on 
the results obtained, this developed electrochemical 
aptasensor can be applied to detect SARS-CoV-2 RBD S 
protein in clinical samples of nasopharyngeal swabs. 

Table 2. Determination of shelf life of electrochemical aptasensors 
Temperature (°C) k A0 At ln A0 ln At t (days) 

25 0.0058 100 90 4.6052 4.4998 18 
40 0.0062 100 90 4.6052 4.4998 17 
50 0.0064 100 90 4.6052 4.4998 16 
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Table 3. Application of electrochemical aptasensors to detect SARS-CoV-2 on clinical samples compared with RT-
PCR. S# is the number of clinical samples tested 

Sample 
of patient 

Ct value 
RT-PCR Aptasensor 

ORF1ab N gene E gene 
S1 27.50 22.52 25.55 (+) (+) 20.885 μA 
S2 17.13 14.32 16.64 (+) (+) 20.550 μA 
S3 - - - (-) (-) 
S4 - - - (-) (-) 
S5 - - - (-) (-) 
S6 - - - (-) (-) 
S7 - - - (-) (-) 
S8 - - - (-) (-) 
S9 - - - (-) (-) 

S10 - - - (-) (-) 
S11 - - - (-) (-) 
S12 - - - (-) (-) 
S13 - - - (-) (-) 
S14 - - - (-) (-) 
S15 - - - (-) (-) 
S16 - - - (-) (-) 
S17 - - - (-) (-) 
S18 - - - (-) (-) 
S19 - - - (-) (-) 
S20 - - - (-) (-) 
S21 - - - (-) (-) 
S22 20.31 18.68 20.46 (+) (+) 20,578 μA 
S23 - - - (-) (-) 
S24 - - - (-) (-) 
S25 - - - (-) (-) 
S26 - - - (-) (-) 
S27 - - - (-) (-) 
S28 - - - (-) (-) 
S29 - - - (-) (-) 
S30 - - - (-) (-) 
S31 - - - (-) (-) 
S32 - - - (-) (-) 

 
Selectivity to Interference in Saliva Samples 

Selectivity is a very important characteristic, 
especially in clinical applications where the sample 
matrix, contains many molecules that are very similar to 
the target analyte and compete for binding to bioreceptors 
[39]. Salivary components can be divided into organic and 
inorganic components. However, this level is still low 
compared to the main component of saliva, which is 
water, which is around 99.5% [40-41]. 

Selectivity was determined by the interference ions 
present in saliva, namely Na+, K+, Ca2+, and Mg2+. The 
measured current response was compared with the RBD 
peak response of SARS-CoV-2 S protein as a positive (+) 
control and the aptamer as a negative control (-) as 
shown in Fig. 6. The results obtained indicate that the 
measured ion current response is not much different 
from the aptamer. This indicates that there is no binding 
between the aptamer and the interference ions. 
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Fig 6. Selectivity of electrochemical aptasensor to interference in the form of ions. Current response (a) aptamer, (b) 
SARS-CoV-2 RBD S protein, (c) Na+ ions, (d) K+ ions, (e) Ca2+ ions, (f) Mg2+ ions, and (g) RBD + Na+ + K+ + Ca2+ + 
Mg2+ 
 

As for other components in saliva, namely enzymes, 
such as the results of research by Liv [36]. Interferences in 
saliva samples are α-amylase and lipase enzymes, but due 
to the unavailability of enzyme reagents, the alternative is 
to use individual saliva, because the saliva component 
itself contains the required enzymes. From the results of 
the salivary flow response obtained, when compared with 
the aptamer current response as a negative control (-) and 
SARS-CoV-2 RBD S protein as a positive control (+), the 
salivary flow response was not much different from the 
aptamer current response as shown in Fig. 7. This means 

that there is no interaction between enzyme interference 
in saliva and the aptamer. Meanwhile, when saliva was 
added to SARS-CoV-2 RBD S protein and then tested on 
the aptasensor, the current response obtained was not 
much different from the current response to SARS-
CoV-2 RBD S protein alone. This shows that the 
presence of interference or interference does not affect 
the activity of the aptamer against SARS-CoV-2 RBD S 
protein. 

Aptasensor selectivity testing was also carried out 
on the saliva of other individuals. The results also showed 

 
Fig 7. Selectivity of electrochemical aptasensors in saliva samples. Current response (a) aptamer, (b) SARS-CoV-2 RBD 
S protein, (c) Saliva 1, (d) Saliva 2, (e) Saliva 3, (f) Saliva 1 + RBD, (g) Saliva 1 + RBD, and (h) Saliva 3 + RBD 
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Table 4. Electrochemical aptasensor studies to detect SARS-CoV-2 

Method % Recovery Limit of 
detection, ng/mL 

Ref. 

Two-dimensional (2D) metal–organic framework (MOF)-based 
photoelectrochemical (PEC) aptasensor for SARS-CoV-2 spike 
glycoprotein (S protein) detection 

104–106% 72 [42] 

Electrochemical dual-aptamer biosensor based on the metal-organic 
frameworks MIL-53(Al) decorated with Au@Pt nanoparticles and 
enzymes to determine SARS-CoV-2 nucleocapsid protein (2019-nCoV-
NP) via co-catalysis of the nanomaterials, horseradish peroxidase 
(HRP) and G-quadruplex DNAzyme 

92–110% 0.00833 [43] 

CRISPR-Cas12a-mediated label-free electrochemical aptamer-based 
sensor for SARS-CoV-2 antigen detection 98–105% 0.077 [44] 

Electrochemical aptasensor to detect SARS-CoV-2 S protein RBD as a 
biomarker of COVID-19 disease using a screen-printed carbon 
electrode/AuNP 

95–99% 2.63 This research 

CRISPR/Cas12a-derived electrochemical aptasensor for ultrasensitive 
detection of COVID-19 nucleocapsid protein 

99–101% 0.0165 [45] 

 
that interference in saliva samples did not interfere with 
the binding activity of the aptamer with SARS-CoV-2 
RBD S protein, which means that the developed 
aptasensor can detect SARS-CoV-2 RBD S protein in 
saliva samples non-invasively. Aptamer selectively only 
recognized its target, namely SARS-CoV-2 RBD S protein 
and obtained the percentage selectivity value, which was 
97% for ions, 87% for saliva 1, 82% for saliva 2, and 91% 
for saliva 3. 

The developed aptasensor method was also used to 
determine the amount of SARS-CoV-2 RBD S protein in 
spiked-saliva samples. Saliva samples were taken from 
negative individuals which were then dissolved in PBS 
pH 7.4 0.01 M. The saliva samples were then tested on the 
aptasensor with 100 ng/mL of SARS-CoV-2 RBD S 
protein. The resulting peak current response is entered 
into the equation y = 0.0634x − 0.4449. The % recovery 
values obtained were 99.85% and 95.22%, respectively. 
Thus, the results show that this method also provides 
good accuracy. The quantitative analysis of SARS-CoV-2 
RBD S protein in spiked-saliva samples for the early 
diagnosis of COVID-19 showed reliability and accuracy, 
as shown in Table 4, and the results were comparable to 
those of the electrochemical aptasensor studies to detect 
SARS-CoV-2. The results obtained with this external 

standard calibration curve also illustrate that the 
developed method is not affected by the sample matrix. 

■ CONCLUSION 

The accelerated stability method can be used to 
determine the shelf-life stability of electrochemical 
aptasensors, namely 18 days at 25 °C, 17 days at 40 °C, 
and 16 days at 50 °C. Electrochemical aptasensors can be 
applied to detect SARS-CoV-2 RBD S protein in clinical 
samples of nasopharyngeal swabs. Of the 32 samples 
tested, 3 samples were confirmed positive and 29 
samples were confirmed negative for COVID-19. This 
electrochemical aptasensor also shows the potential to 
detect SARS-CoV-2 RBD S protein in clinical saliva 
samples. 
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 Abstract: In the ozonation process, the phenol degradation in wastewater 
undergoes a low mass transfer mechanism. In this study, ozonized packed bubble 
column reactor was designed and constructed to remove phenol. The reactor’s inner 
diameter and height were 150 and 8 cm, respectively. The packing height was kept 
constant at 1 m in accordance with the reactor hydrodynamics. The gas distributor 
was designed with 55 holes of 0.5 mm. The phenol removal efficiency was evaluated 
at ozone concentrations of 10, 15, and 20 mg/L, contact times of 15, 30, 45, 60, 75, 
90, 105, and 120 min, and phenol concentrations of 3, 6, 9, 12, and 15 mg/L. The 
results indicated that the highest phenol removal efficiency of 100% was achieved at 
30 min in presence of packing. Moreover, the use of packing improved the contact 
between the gas and liquid, which significantly enhanced the phenol degradation. 
Actually, a thin film over a packing surface enhances the mass transfer. Also, it was 
found that the phenol is degraded into CO2 and H2O through a series of reaction 
steps. Additionally, a kinetic study of a first-order reaction provided an efficient 
estimation of reaction parameters with a correlation factor of 0.997. 

Keywords: wastewater treatment; phenol removal; advanced oxidation process; 
ozonation reaction; kinetics study 

 
■ INTRODUCTION 

Most industrial processes, including those at 
chemical plants, in the petrochemicals industry, and in 
petroleum refining processes, discharge wastewater into 
the environment without being treated or reused [1]. 
Thus, these industrial activities continuously create large 
amounts of wastewater at high rates with varying 
quantities of pollutants [2]. Wastewater from petroleum 
refineries contains high levels of harmful materials 
(grease, sulfides, cyanides, suspended solids, heavy 
metals, and phenols) that can be fatal to humans as well as 
cause other environmental problems [3-8]. Phenol and its 
derivatives are usually produced in petroleum refineries 
as a result of operating unit activities. These materials are 
regarded as highly toxic compounds in the petroleum 
industry because they cause pollution in water supplies 
[9-12]. 

The ozonation process is one of the most advanced 
oxidation techniques employed to remove organic 

pollutants from wastewater [10,13]. In the ozonation 
technique, the hydroxyl group and other radicals are 
generated during the oxidation reaction, which provides 
a high removal percentage of organic materials [14-18]. 
Ozone gas is a strong oxidizing agent that is widely 
applied in wastewater treatment to remove 
microorganisms, organic, and inorganic compounds. 
Ozones are utilized in direct and indirect processes, 
which may produce hydroxyl radicals and other 
chemical by-products [19-22]. Furthermore, it is 
important to consider that the ozonation process is 
characterized by a low reaction rate. Accordingly, the 
chemical reaction required a long reaction time to 
degrade hydrocarbons. The limited reaction rate is 
attributed to the low mass transfer mechanism inside 
reactors. Then, the enhancement of the contact area 
between the gas phase (ozone) and the liquid phase 
(polluted wastewater) can improve the reaction rate of 
the ozonation process [6,20]. 
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Moreover, due to the difficulty of degrading phenol 
compounds, many researchers have explored enhanced 
removal techniques depending on the phenol 
concentration, operating conditions, and reactor design 
[23-27]. The efficient removal of phenolic compounds 
from industrial wastewater requires a high-performance 
process with economic feasibility. Different reactor 
designs have been employed to remove phenol from 
wastewater, including a semi-batch reactor [28], fluidized 
bed reactor [29], trickle bed reactor, and bubble column 
reactor [30-33]. 

Karri et al. [34] investigated the removal of phenol 
using a fluidized-bed reactor and activated carbon from 
coconut shells. The authors noted that with a lower 
concentration of activated carbon and shorter contact 
times, about 96% phenol removal was achieved. Annisa et 
al. [35] evaluated the efficiency of ozonation procedures 
in the removal of phenolic compounds in a bubble 
column reactor. They found that at 60 min, the removal 
efficiency for 4-chlorophenol using ozonation was 
62.79%, but for RB-19 dye, it was 99.70%. Yusoff et al. [36] 
studied the performance of a hybrid growth sequencing 
batch reactor under three toxicity conditions by adding 
phenol to activated sludge at full organic loading. The 
authors found that a treatment time of 30 min produced 
a clear reduction in the phenol and chemical oxygen 
demand (COD) by 61 and 52%, respectively. 

Liu et al. [37] applied a fixed-bed reactor for the 
phenol removal process using stainless steel-graphene 
film as a metal-free catalyst. They noted that after a 
working time of 72 h, the catalyst provided full phenol 
removal and an impressive total organic carbon (TOC) 
removal of 80.7–91%. Zheng et al. [38] employed a 
fluidized bed reactor for the phenolic degradation process 
and observed that the activated carbon/lignite showed a 
higher rate of phenolic degradation in comparison with 
activated sludge reactors. The authors indicated that the 
adsorption capacity was 90 and 70% for fluidized and 
activated sludge reactors, respectively. Qin et al. [39] 
studied phenol removal in two stages (fixed-bed reactor 
and heterogeneous Fenton-reaction) using a Cu/Bi-
Ce/Al2O3 catalyst. They noted that the highest phenol 
removal was 32.6% for two-stage operations. Al Ezzi [40] 

used an internal airlift loop reactor to remove phenol, 
with rice husk and granular activated carbon as 
adsorbent materials and hydrogen peroxide as an 
oxidant agent. After 60 min of treatment time, the 
phenol removal was 81 and 83% for the rice husk and 
activated carbon, respectively. 

Hashim et al. [41] and Sang et al. [42] pointed to 
the importance of using packing materials to increase 
the contact between gas and liquid phases. The authors 
used packing materials in the fixed-bed reactor and 
micro-fixed-bed reactor, respectively. They found that 
the diffusion resistance was reduced efficiently when 
packing materials were applied inside the reactors. 
Furthermore, the main reason for using the packing is 
the low solubility of ozone in water. This low solubility 
leads to low mass transfer of ozone from the gas to the 
liquid phase and the high ozone demand for 
contaminants decomposition during ozonation. Then, 
adding packing material to the reactors is an efficient 
method for increasing the residence time, which causes 
the enhancing decomposition of ozone gas in an 
aqueous solution to improve ozone utilization and 
increase the removal efficiency of phenol degradation 
[10,43]. In comparison with other multiphase reactors, 
the bubble column reactor is characterized by having no 
moving parts, low maintenance, and simple operation 
[44] and can be applied in the ozone oxidation process 
with high performance [32,45]. From a reaction kinetics 
point of view, the ozonation reaction is dependent on the 
radical oxidation process. Then, species of reactive 
oxygen contribute significantly to minimizing the 
amount of pollutants in the wastewater [46-48]. 
According to a literature survey, the ozonation reaction 
operates with limited efficiency due to the low mass 
transfer rate between the gas and liquid in the reactor 
and due to the low contact surface area between these 
two substances. Therefore, it is desirable to develop an 
effective operational mechanism using a packed bubble 
column reactor to maximize phenol removal by 
enhancing ozone mass transfer in the reactor. 
Consequently, the ozone concentration and phenol 
degradation mechanism, as well as a kinetic study of 
packed and unpacked bubble columns, was evaluated. 
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■ EXPERIMENTAL SECTION 

Materials 

In the present experimental study, phenol (99.6% 
purity, Gryfskand Co., Poland), potassium iodide (98.2% 
purity), sodium thiosulfate (99.95% purity), and sulfuric 
acid (99.8% purity) were purchased from Sigma-Aldrich 
Company, USA. Also, pure starch was used in the 
experimental work. 

Instrumentation 

The instrumentations used in this study were TOC 
analyzer (TOC-L-CSH E200, Shimadzu, Japan), ozone 
generator type (DNA-Series Company, China), and 
bubble column reactor (locally designed and constructed 
from QF-glass). 

Procedure 

For the starter, the removal of phenol from 
wastewater was achieved using a packed bubble column. 
Fig. 1 illustrates the experimental apparatus of the packed 
bubble column reactor. The experimental operation in 
this reactor was conducted under a semi-batch 
operational mode. The reactor was constructed from QF-
glass, 150 cm in height and 8 cm in diameter. Moreover, 
spherical glass beads with a diameter of 1.5 cm were used 
as packing material over a height of 100 cm inside the 
reactor. Also, gas distribution was designed and 
constructed from stainless steel supported at the reactor 
bottom. The gas distributor had 51 holes, 0.5 mm in 
diameter. Furthermore, an ozone generator with a 
capacity of 3-g/h dose (DNA-Series Company, China) 
was used to allow ozone gas into the bubble column 
reactor at a supply rate of 0 to 20 mg/L. The flow rate of 
ozone gas was controlled with the aid of a sensitive airflow 
meter supported inside the ozone generation system. 
Also, an air compressor was used to combine the water 
and phenol mixing inside the reactor before any run to 
ensure that a uniform mixture was achieved. A calibrated 
gas flow meter was used to control the ozone gas flow 
from the bottom of the reactor. The output ozone gas was 
collected at the reactor top and then passed over a column 
of a 2% solution of potassium iodide (KI) to convert O3 
into O2.  Additionally, the sampling  draw zone  was fitted  

 
Fig 1. Schematic diagram of the experimental bubble 
column reactor apparatus 

15 cm from the reactor top and sent to the TOC analyzer 
to measure the phenol concentration. 

Simulated wastewater was prepared by mixing 
phenol with deionized water at different concentrations: 
3, 6, 9, 12, and 15 mg/L. Dry air was fed to an ozone 
generator to produce ozone gas. The input ozone gas 
used in the treatment of phenol in the reactor ranged 
from 0 to 20 mg/L. The operating temperature was kept 
constant in the bubble column reactor at 25 °C for all 
experimental runs, and the treatment time for each run 
was 15 min. During the course of the test, a 5 mL sample 
of treated wastewater was collected from the sampling 
valve at the reactor top. Additionally, the experimental 
procedure was achieved using two different phenol 
treatment modes in bubble column reactors. The first 
was carried out in a bubble column reactor with ozone 
gas only. The second mode of treatment used ozone in 
the presence of packing (O3/packing). Fig. 2 summarizes 
the two operating modes in the bubble column. At the 
end of each experiment, the phenol concentration was 
measured using a TOC analyzer (TOC-L-CSH E200, 
Shimadzu, Japan). Moreover, the reaction time (or 
contact time) was tested in the present experimental 
work of ozonation reaction at the two modes of 
operation. The contact time represents the accumulative  



Indones. J. Chem., 2023, 23 (2), 383 - 394    

 

Saja Abdulhadi Alattar et al. 
 

386 

 
Fig 2. Modes of the ozonation process in the bubble column reactor in the absence and presence of packing inside the 
reactor 
 
time to achieve phenol degradation. The sample was 
collected from the reactor every 15 min for a period of 2 h 
(15, 30, 45, 60, 75, 90, 105, and 120 min). 

The ozone concentration in the wastewater was 
determined in mg/L using the indigo method [26] as a 
practical calibration. The following steps summarize the 
operating procedure of ozone gas quality evaluation. First, 
the generated ozone gas was passed directly into two 
containers containing a 2% KI solution for 10 min. Next, 
10 mL of H2SO4 of 2 N was added to 200 mL of the KI 
solution. Then, the solution was titrated with sodium 
thiosulfate (Na2S2O3) of 0.005 N till the yellow color of the 
iodine was no longer visible. At this point, two drops of 
starch were added. The titration procedure was continued 
until the blue color was no longer visible. The chemical 
reaction is presented in Eq. (1). Then, the total amount of 
consumed sodium thiosulfate in the titration process was 
estimated using Eq. (2) to calculate the generated ozone 
concentration in mg/L [17,26]. 

3 2 2 2O 2KI H O I 2KOH O      (1) 

   A B N 24
Ozone concentration mg / L

T
  

  (2) 

where A is the amount of sodium thiosulfate used in the 
first container (mL); B is the amount of sodium 

thiosulfate used in the second container (mL); T is the 
ozone period (min); and N is the sodium thiosulfate 
normality. 

■ RESULTS AND DISCUSSION 

Effect of Phenol Concentration 

The use of a bubble column reactor in the phenol 
removal process from wastewater is challenging due to 
the complex hydrodynamic characteristics of such a 
reactor. In addition, petroleum refineries produce 
wastewater with many organic pollutants; the phenol 
effluent from various operating units in the petroleum 
refinery ranges from 2–15 ppm [3,6,8]. The results in 
Fig. 3 show the variation in the phenol removal 
efficiency with the phenol concentration at different 
treatment times, indicating that the phenol removal 
efficiency decreased with increasing phenol 
concentration. For example, at a contact time of 30 min, 
the phenol concentration was 3 mg/L, and the phenol 
removal efficiency was 65.42%. Moreover, the removal 
efficiency of phenol was 52.32 and 38.69% at phenol 
concentrations of 9 and 15 mg/L, respectively. In other 
words, it was found that as the concentration of phenol 
increased in  the wastewater,  it required more treatment  
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Fig 3. Variation in the phenol removal efficiency with the phenol concentration in the presence of ozone gas only in a 
bubble column reactor 
 
time (contact time) in the reactor to obtain a high removal 
rate. 

Furthermore, from the results in Fig. 3, it was noted 
that the contact time plays a major role in determining the 
phenol removal efficiency. As the contact time increased, 
the removal of phenol also increased. These results are 
attributed to the semi-batch operation mode in the bubble 
column, in which the degradation reaction of phenol 
continued with increasing contact time. Cheng et al. [22] 
and Barlak et al. [33] pointed to the importance of 
treatment time to produce higher rates of phenol 
degradation from wastewater. Also, Wang et al. [27] 
showed that the hydrodynamic parameters, such as 

column height, column diameter, gas distributor, bubble 
size, bubble rise velocity, and superficial gas velocity, 
provided optimal operating conditions in the treatment 
of organic pollutants from wastewater using a bubble 
column reactor. 

Effect of Packing on Ozonation Reaction 

Fig. 4 illustrates the results of the phenol treatment 
process in the presence of ozone gas using a packed 
bubble column reactor at different contact times. It 
shows that a dramatically high activity for phenol 
degradation was noted for all tested phenol 
concentrations. For example, at a contact time of 30 min,  

 
Fig 4. Variation in the phenol removal efficiency with the phenol concentration in the presence of ozone gas and 
packing in a bubble column reactor 
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for a phenol concentration of 3 mg/L, the phenol removal 
efficiency value was 74.98%. Moreover, the removal 
efficiency of phenol was 47.01 and 41.22% for phenol 
concentrations of 9 and 15 mg/L, respectively. In 
addition, for a reaction time of 45 min and at a phenol 
concentration of 3 ppm, the results showed a removal of 
100%, while at the highest phenol concentration of 
15 ppm, a phenol removal rate of 100% was achieved at a 
contact time of 105 min. The addition of spherical 
packing to the bubble column reactor significantly 
enhanced the phenol removal efficiency due to the high 
surface area. Accordingly, the available surface area 
improved the mass transfer operation between the gas and 
liquid contact, leading to a high phenol degradation 
performance. 

The comparison of the results shown in Fig. 3 and 4 
indicated that the best removal efficiency of phenol was 
achieved when the reactor used packing material (Fig. 4). 
Then, the use of packing material in the bubble column 
reactor provided a clear increase in the interfacial area 
with low ozone gas rising velocity. Actually, the long 
pathway of ozone gas along the packing height will 
enhance contact time and provide an efficient mass 
transfer mechanism. This enables the enhancement of the 
exposures of ozone in the aqueous solution, which 
improves ozone utilization efficiency and increases 
phenol degradation. The same result was noted by 
Hashim et al. [41] and Sang et al. [42]. 

To understand the activity of the ozonation 
process with a variation in the phenol dose, Fig. 5 
illustrates the effectiveness of phenol removal at 
different phenol concentrations at a contact time of 45 
min. The removal efficiency was 98.43, 77.53, 65.82, 
60.207, and 55.11% at phenol dosages of 3, 6, 9, 12, and 
15 mg/L, respectively. Also, it was found that when the 
phenol concentration increased in the wastewater 
mixture in the packed bubble column reactor, the 
removal efficiency decreased. This behavior is attributed 
to the need for a long contact time to provide an efficient 
phenol degradation process. Additionally, it was 
observed that the phenol dosage is a significant variable 
in the ozonation process performance in the presence or 
absence of packing in a bubble column reactor. These 
results agree with the reported trends [10,22,27]. 

Effect of Ozone Dosage on Phenol Degradation 

The degradation of phenol in a bubble column 
reactor was investigated at various ozone gas 
concentrations (10, 15, and 20 mg/L) in the absence or 
presence of packing inside the reactor. Fig 6 shows the 
effects of the ozone concentration on the phenol removal 
efficiency at a phenol concentration of 3 mg/L and an 
operating temperature of 25 °C. The results indicated 
that the concentration of ozone in the aqueous phase 
had a significant impact on the phenol oxidation rate. As 
shown in Fig. 6, the experiments that used high ozone  
 

 
Fig 5. Effect of phenol dosages on the phenol removal efficiency at a contact time of 45 min using an O3/packing mode 
with an ozone concentration of 20.6 mg /L 
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Fig 6. Influence of the ozone dosage on the phenol degradation process in a bubble column reactor in the presence 
and absence of packing (at 3 mg/L phenol concentration and 45 min of contact time) 

 
Fig 7. Evaluation of the first-order reaction kinetics for the ozonation process 

 
dosage provided fast phenol removal efficiency. For 
example, at an ozone dosage of 10, 15, and 20 mg/L, the 
removal rate was 52.00, 69.30, and 83.60%, respectively, in 
the absence of packing inside the reactor; however, in the 
presence of packing, values of 70.50, 88.00, and 98.75%, 
respectively, were achieved. Also, in their investigations, 
Dehghani et al. [9] and Xiao et al. [19] showed that the 
increase of ozone doze increases the phenol removal 
efficiency. 

Reaction Kinetics Study 

The present work studied the kinetics of the phenol 
degradation process using ozonation technology. The 
evaluation was achieved by applying two reaction orders 
(first- and second-order), depending on the phenol 
reaction mechanism. Accordingly, for each assumed 

reaction order, the reaction rate constant was estimated 
depending on the various phenol concentrations [47]. 
Then, the mass balance equations for phenol at a given 
time of the first- and second-order reactions were 
estimated using Eq. (3) and (4), respectively. 

t
1

0

C
ln k t

C
  (3) 

0
t

0 2

C
C

1 C k t



 (4) 

where Ct is the concentration of phenol at any time (t); 
C0 is the initial concentration of phenol; k1 and k1 are the 
reaction rate constants for the first- and second-order 
reactions, respectively, and t is the reaction time. 

Fig. 7 and 8 show the comparison between the 
theoretical  and  experimental  results  of  the  ozonation  
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Fig 8. Evaluation of the second-order reaction kinetics for the ozonation process 

 
process for the first- and second-order reactions, 
respectively. The correlation factor (R2) was used to 
validate or refute the reaction order assumption. The k1 of 
the first-order reaction was calculated and plotted in Fig. 
7 as the slope of the best-fit line of ln (Ct/C0) vs. time. For 
the second-order reaction model, the best fit of the line 
plot of 1/Ct vs. time provided the required slope, as shown 
in Fig. 8 [46]. Additionally, the use of the packed bubble 
column reactor provided a considerable rise in the k value 
for the ozonation process. These results agree with the 
findings of Barlak et al. [33] and Dai et al. [46]. 

Table 1 shows the results of the calculation process. 
It was found that the highest value of R2 (0.9977) was 
obtained for the assumption of the first-order model with 
a perfect fitting for the kinetic data achieved. The result 
indicated that the presence of packing material in the 
bubble column reactor showed a clear increase in the k1 
value. It was noted that the k1 increased from 0.078 to 
0.096 for the assumption of first-order reaction with R2 
(0.9977). On the other hand, the second-order  
 

assumption provides a low R2 value of (0.9580) in 
comparison with the first assumption. Then, it was 
concluded that the addition of packing material 
improves the phenol degradation in the ozonation 
process. This is attributed to the increased ozone 
concentration in the reaction mixture, which enhances 
the mass transfer rate, contact time, and reaction rate. 

Phenol Degradation Process Mechanism 

Applying the principles of ozone treatment to 
wastewater in petroleum refineries requires a deep 
understanding because ozone gas can play several roles 
in the treatment process. Our understanding of the 
degradation mechanism of phenol allowed the reaction 
paths to operate clearly and safely, which is especially 
important as phenol presents a great danger to human 
health and the environment. Many authors have 
indicated that the degradation of phenol requires many 
stages, which eventually produce carbon dioxide and 
water. These stages depend mainly on the phenol  
 

Table 1. Results of the experimental kinetic data of the phenol ozonation reactions for the first- and second-order 
assumptions 

First-order Assumption 
Type of treatment y = Ln(C0/Ct) and x = t  k1 (1/min) R² 
O3 only y = 0.0386 x – 0.1133 0.0780 0.9726 
O3 in the presence of packing y = 0.0309 x + 0.0010 0.0960 0.9977 

Second-order Assumption 
Type of Treatment y = 1/Ct – 1/C0  and x = t  k2 (1/mg min) R² 
O3 only y = 0.0298 x + 0.1405 0.0081 0.9050 
O3 in the presence of packing y = 0.0166 x + 0.2525 0.0128 0.9580 
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Fig 9. Phenol degradation mechanism by ozone in the 
packed bubble column 

concentration in the wastewater and on the type of reactor 
used [5,22,28]. 

The current research employed a bubble column 
reactor, which is considered one of the most complex 
multiphase reactors due to the high interaction between 
the hydrodynamic properties that determine the reactor’s 
performance. Therefore, the use of a packed bubble 
column provided an efficient contact surface area between 
the ozone gas and the aqueous solution, which included 
phenol. Thus, the mass transfer operation was enhanced 
by using an efficient reaction mechanism. From a diffusion 
point of view, the formation of a thin film over the spherical 
packing in the reactor plays a major role in providing 
efficient mass transfer operation. Actually, this thin film 
is characterized by low resistance to diffusion, and then a 
high phenol degradation process was achieved [21,27]. 
Water and carbon dioxide are the end products of phenol 
degradation via various advanced oxidation stages. Fig. 9 
summarizes the chief stages in the degradation process of 

phenol into different kinds of compounds. The first step 
in the oxidation of phenol results in the formation of 
catechol and hydroquinone, while the next step results 
in the formation of o-benzoquinone and p-
benzoquinone [25,47]. Additionally, the ozone gas that 
rises from the reactor bottom is responsible for the 
breakdown of aromatic compounds into new products 
of organic acids. After that, o-benzoquinone and p-
benzoquinone undergo decomposition, which results in 
the formation of oxalic acid, propionic acid, formic acid, 
and acetic acid. Finally, these acids undergo an oxidation 
process to produce CO2 and H2O [10,18,36]. 

■ CONCLUSION 

The packed bubble column reactor was used 
efficiently in the ozonation process to remove phenol 
from wastewater with a high rate and a low contact time. 
The effectiveness of the phenol and TOC removal was 
achieved at an ozone rate of 3 g/h and a contact time of 
45 min. The results indicated that the use of packing 
inside the reactor greatly enhanced the amount of 
phenol removal and its efficiency. The phenol removal 
efficiency was measured at 99.45 and 81.52% in the 
presence and absence of packing in the reactor, 
respectively. Furthermore, it was found that the presence 
of packing inside the reactor enhanced the mass transfer 
process by improving the contact surface area between 
the gas and liquid in the reactor, increasing the phenol 
removal efficiency. Furthermore, from the two assumed 
kinetic models that describe the phenol reaction’s 
kinetics, it was observed that the first-order assumption 
was optimal, with a R2 of 0.9977 in relation to the 
experimental result. Additionally, a deep understanding 
of the reaction mechanism of phenol degradation was 
achieved, which explained the stages in the 
transformation of phenol into carbon dioxide and water. 
Finally, the use of packing in a bubble column reactor in 
the ozonation process was an effective method for the 
removal of phenol from industrial wastewater with a low 
cost and simple operation. 
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 Abstract: Silver nanoparticles (AgNPs) are fascinating materials for biomedical 
applications thanks to their strong antibacterial activity and biocompatibility. This study 
applied the green synthesis method using 0.5 wt.% Seminyak leaf extract and assisted with 
one min microwave irradiation to enhance AgNPs formation. Extremely small sizes 
AgNPs with an average particle size of 9.1 ± 4.1 nm and spherical shapes were obtained. 
The synthesized AgNPs displayed potent antibacterial activity against Escherichia coli 
and Staphylococcus aureus bacteria with a zone of inhibition of 12.3 ± 0.1 and 13.7 ± 
0.7 mm, respectively. The MTT assay results demonstrated that the cells’ viability of the 
obtained AgNPs was 88.5 ± 7.0 %, implying biocompatibility for biomedical applications. 

Keywords: antibacterial materials; green synthesis; microwave irradiation; Seminyak 
leaf extract; silver nanoparticles 

 
■ INTRODUCTION 

Currently, the demand for anti-infection implants 
has risen over time as an attractive approach to solving the 
implant-related infection problem during implantation. 
Many materials have been attempted to prevent implant-
related infection, including peptides [1], chitosan [2], and 
silver nanoparticles [3]. Among those options, silver 
nanoparticles (AgNPs) emerged as one promising 
material as a filler for anti-infection implants, thanks to 

their potent antibacterial properties and excellent 
biocompatibility [4]. In addition, AgNPs also possess 
high electrical conductivity, making them potentially 
utilized as a filler for electroactive scaffold fabrication 
[3]. However, the utilization of hazardous reducing 
agents such as sodium borohydride (NaBH4) and 
hydrazine (N2H4) during the fabrication of AgNPs has 
raised concerns for biomedical applications because of 
their toxicity [5]. 
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In this context, AgNPs preparation through a green 
synthesis approach using plant extract is an appealing 
strategy because it offers non-toxic, cost-effective, and 
environmentally friendly methods [6]. Extracts from 
plants contain biomolecules such as proteins, amino 
acids, flavonoids, and polyphenols that act as reducing 
agents for AgNPs formation and as capping agents to 
prevent agglomeration of nanoparticles [6]. Various plant 
extracts such as butterfly pea flower extract (Clitoria 
ternatea) [4], Cilembu sweet potato (Ipomoea batatas L. 
var. Rancing) [3], and Ferula ovina Boiss. [7] have been 
explored to produce AgNPs with excellent antibacterial 
activity and extremely small nanoparticle sizes below 17 
nm. Although many plants are already exploited for the 
green synthesis of AgNPs, there are plenty of unexplored 
plants that might offer unique characteristics. One of 
them is the Seminyak (Champeria sp.), an endemic plant 
in Riau province, Indonesia. Seminyak plant, particularly 
the leaf part, is utilized for the local diet and as an 
alternative medicine for headaches and stomachaches 
thanks to its excellent medicinal properties. Moreover, 
Seminyak leaf, as one of the plants from the genus 
Champeria, contains high concentrations of secondary 
metabolites such as flavonoids, phenolic, lutein, phytol, 
and β-carotene, which can be potentially utilized to 
reduce Ag+ to produce AgNPs [8-9]. 

In general, water was used as a solvent in the green 
synthesis approach to extract useful organic compounds 
from plants to avoid the utilization of toxic organic 
solvents. However, the concentration of organic 
compounds in the obtained extract solution is sometimes 
too scarce for AgNPs formation due to its low 
concentration in the original plant or its low solubility in 
water. A higher extract concentration can be used to 
obtain the necessary quantity of reducing agents for 
AgNPs formation, but this strategy might not be 
sustainable. A sustainable and green strategy to combat 
this problem is by combining plant extract with 
microwave irradiation. Microwave irradiation has been 
studied extensively in the synthesis of AgNPs and 
succeeded in providing rapid initial heating, which 
increasing the reaction rate [10]. Francis et al. [11] 
successfully fabricated tiny AgNPs with robust 

antibacterial properties after combining Elephantopus 
scaber leaf extract and 4 min of microwave irradiation. 
In addition, it requires less energy than conventional 
heating methods [12] and is suitable for obtaining 
monodispersed nanoparticles with higher crystallinity in 
a short reaction time [11]. 

In this study, AgNPs were synthesized using 
0.5 wt.% of Seminyak leaf extract and 1 min of microwave 
irradiation time. To the best of our knowledge, the 
utilization of Seminyak leaf extract together with AgNPs 
fabrication strategy to employ low extract concentration 
and short microwave irradiation time has not been 
explored yet. Thus, we expected this work could offer a 
rapid, sustainable, and safe synthesis method in AgNPs 
preparation for biomedical applications. 

■ EXPERIMENTAL SECTION 

Materials 

Silver nitrate (AgNO3), sodium hydroxide 
(NaOH), sodium chloride (NaCl), sodium dodecyl 
sulfate (SDS), and methanol with p.a. grade were 
acquired from Merck, Germany, without further 
modification. Biological reagents such as culture media 
containing Roswell Park Memorial Institute-1640 
(RPMI-1640) 89%, Pen-Strep 1%, Fetal Bovine Serum 
(FBS) 10%, fungizone, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reagent, 
phosphate buffer saline (PBS), ciprofloxacin, Mueller 
Hinton Agar (MHA) media, and Formazans dyes were 
procured from Oxoid. Alcohol 70%, sterile distilled 
water, and demineralized water were purchased from 
Brataco Chemical, Indonesia. Seminyak leaf was 
obtained from the market in Riau, Indonesia. 
Escherichia coli (E. coli, ATCC 25922), Staphylococcus 
aureus (S. aureus, ATCC 25923), and cell line culture 
BHK-21 were supplied by Tropical Diseases Diagnostic 
Center, Universitas Airlangga. 

Instrumentation 

UV-Vis spectrophotometry (Hewlett Packard 
Agilent Technologies, 8453 Series) was carried out to 
confirm the existence of AgNPs in the sample by 
observing their surface plasmon resonance (SPR). The 
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functional groups of the extract and AgNPs were 
investigated by Fourier Transformation Infrared 
Spectroscopy (FTIR, Prestige 21 Shimadzu). X-ray 
diffraction (XRD, Bruker D8 Advance, using Cu Kα, λ = 
1.54 Å) was performed to analyze the phase structure and 
crystallinity of the AgNPs. Dynamic Light Scattering 
(DLS, Beckman Coulter, Delsa Nano C Particle Analyser) 
was carried out to investigate the particle size and 
distribution of AgNPs. The stability of AgNPs was 
measured by Zeta Potential (Zetasizer Nano, Malvern 
Pananalytical Ltd). Morphological and particle size of the 
AgNPs were observed using Transmission Electron 
Microscopy (TEM, Hitachi HT77000 Series). 

Procedure 

Extract preparation 
Seminyak leaf extract (hereinafter denoted as 

extract) was prepared based on the previous procedure 
with slight modifications [13]. Briefly, 1 g of dried leaf 
powders were mixed with 100 mL of demineralized water 
in a glass beaker, then heated and stirred at 100 °C for 
30 min. The mixture was then filtered to ensure that the 
extract was free from any impurities. The extract was 
gradually added with NaOH until the pH of the solution 
reached 8 which is a favorable pH for AgNPs formation 
[3]. 

Fabrication of AgNPs 
Three samples were used in this study, as shown in 

Table 1. Sample A was fabricated by combining 200 mM 
AgNO3 and extract solution in a 1:1 ratio without the 
presence of microwave irradiation. Sample B was 
assembled by 1 min microwave irradiation (Panasonic 
NN GT35 1000 W, Japan) of 100 mM AgNO3 solution 
without the presence of extract. Sample C was synthesized 
by mixing extract solution with 200 mM AgNO3 in a 1:1 
ratio and irradiated by microwave for 1 min. Samples A 
and B were observed after storing the samples for one day 
because of their slow transformation. While sample C was 
observed immediately after irradiation due to its fast 
transformation. 

Biological characterizations of AgNPs 
The antibacterial test was conducted using the disc 

diffusion method  to evaluate the  antibacterial  activity of  

Table 1. Summary of samples in this experiment 
No Sample name AgNO3 Extract Microwave 
1 Extract ×  × 
2 Sample A   × 
3 Sample B  ×  
4 Sample C    

AgNPs against E. coli and S. aureus. The bacteria were 
inoculated on MHA media by streaking the swab three 
times over the entire agar surface. The sample-
impregnated disk was placed on the inoculated MHA 
media and incubated at 37 °C for 24 h. Zone of inhibition 
(ZOI) was determined by measuring the bright zone 
around the disk, which is an indicator of the occurrence 
of antibacterial inhibition, using a caliper. 

The MTT assay was performed to investigate the 
cytotoxicity of the synthesized AgNPs against the BHK-
21 cell line. This experiment was conducted by preparing 
BHK-21 cell culture in a 96-wells microplate with a 
density of 2 × 105 in 100 μL of culture media and splitting 
it in half. Each sample was repeated six times. The 
microplate was incubated for 20 h at 37 °C. Then, the 
microplate was removed from the incubation apparatus, 
added 5 mg/mL MTT reagent in 25 μL of PBS for each 
well, and incubated again for 4 h. Afterward, 50 μL of 
dimethyl sulfoxide (DMSO) solution was added to each 
well and incubated for another 10 min. The 
spectrophotometer was used to calculate the optical 
density value of formazan, which is the reduced form of 
MTT in active cells, at 540 nm [14]. The percentage of 
living cells was calculated using Eq. (1) as follow: 

treatment mediaPercentage of  living cells 100
cell media


 


 

■ RESULTS AND DISCUSSION 

Preliminary Observation of the Samples 

Visual observation results 
Early determination of AgNPs formation in the 

sample can be recognized from the color change of the 
solution to dark brown once the AgNO3 solution is 
mixed with the extract solution [15]. Visual observation 
of the prepared samples can be observed in Fig. 1. The 
appearance of the extract (Fig. 1(a)) was transparent pale 
yellow. This appearance changed to brownish-yellow after 
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Fig 1. Visual observation of (a) extract, (b) sample A, (c) sample B, and (d) sample C 

 
the addition of AgNO3 solution and storing it for one day 
(sample A; Fig 1(b)). 

Meanwhile, the color change was not observed in 
sample B (Fig. 1(c)) suggesting that solely 1 min 
microwave irradiation might not be enough to reduce 
silver ions (Ag+). In addition, the absence of extract in 
sample B leads to the slower formation of AgNPs due to 
the lack of reducing agents in the solution. Interestingly, 
an immediate color transformation from pale yellow to 
dark brown was noticed in sample C (Fig. 1(d)). This 
color switch can be implied as the formation of AgNPs in 
the aqueous solution due to electron energy levels 
alteration and electrons excitation, indicating the 
reduction of Ag+ into Ag0 [16]. The combination between 
extract and quick microwave irradiation might induce the 
fast formation of AgNPs in the sample. Microwave 
irradiation offers rapid initial heating, which directs to 
enhanced reaction kinetics and reaction rates [17]. To 
confirm these findings, further characterization using 
UV-Vis spectrophotometry has been conducted. 

UV-Vis spectrophotometry results 
UV-Vis spectrophotometry was performed to 

investigate the presence of phytoconstituents in the 
extract and to detect the presence of AgNPs in solution 
due to their SPR characteristic, which typically occurred 
at 400 to 500 nm [18]. In Fig. 2, the extract showed two 
peaks at 285 and 324 nm, implying the existence of 
phenolic compounds which are known as active 
components that contributed to reducing Ag+ in AgNPs 
formation [19] and also one of the secondary metabolites 
that existed in Champeria family [8-9]. 
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Fig 2. UV-Vis spectra of extract (green), sample A (red), 
sample B (blue), and sample C (black) 

Characteristics of the AgNPs’ SPR peak were not 
observed in sample A, suggesting Ag+ reduction using 
the extract and AgNPs formation might not occur even 
after one day. In addition, peaks observed from sample 
A indicate similarities with the extract peaks. This might 
be a suggestion that no reduction process occurred in the 
solution. Meanwhile, sample B spectrum only 
demonstrates a sharp peak at 300 nm, which is a 
characteristic of AgNO3 [20]. This result implies that 
1 min microwave irradiation without the presence of 
reducing agents from the extract might not be enough to 
produce AgNPs. Intriguingly, sample C showed the 
presence of a broad peak at 400–700 nm, with the 
highest point at 483 nm, which is correlated with the 
AgNPs’ SPR peak. This phenomenon suggests that the  
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extract can provide the necessary reducing agents while 
the cooperation of microwave irradiation offers uniform 
heating to the sample that will enhance the formation rate 
of AgNPs [21]. It is also noted that peak at 324 nm in sample 
C is not observed, indicating that the phenolic compound 
from the extract acted as a reducing agent and successfully 
reduced Ag+ into Ag0. Further characterizations to 
investigate the presence of AgNPs and their biological 
characteristic was performed on sample C. 

Materials Characterization of Sample C 

Several characterization methods, such as FTIR, 
XRD, TEM, DLS, and zeta potential were performed on 
sample C. The results of these characterizations can be 
seen in Fig. 3, respectively. 

FTIR results 
The comparison of FTIR spectra of sample C and 

extract is presented in Fig. 3(a). It was observed that both 
spectra have similar peaks, implying that the 
phytochemical compounds in the extract might be 
responsible as capping agents to prevent the 
agglomeration of AgNPs. The emergence of notable peaks 
at wavenumber 3425 cm−1 can be designated as the O–H 
stretching group of polyphenols or flavonoids [11]. In 
addition, two peaks were observed at 2918 and 2850 cm−1 
in the extract, which is related to the C–H stretching 
functional group of alkane [22]. Two peaks related to the 
C=O stretching of the amide proteins and flavonoids were 
detected at 1639 and 1409 cm−1 [23]. The peak at 
1159 cm−1 can be ascribed to C–O stretching functional 
groups and the presence of a group of flavonoids and 
terpenoids that are widely found in the leaves [24] and 
also were found in Champeria family [8-9]. 

XRD result 
Fig. 3(b) demonstrated the XRD pattern of sample C 

with five peaks at 2θ values of 38.12°, 44.3°, 64.44°, 77.38°, 
and 81.66° that were designated to lattice planes of (111), 
(200), (220), (311), and (222), respectively. This pattern 
indicates that the synthesized silver metal in sample C was 
comprised of face-centered cubic (FCC) lattice and 
matched with JCPDS No. 00-004-0783 [3]. From this 
XRD pattern, it is clear that the AgNPs formed using the 
extract were in the form of high crystalline [25]. 

Furthermore, the most intense diffraction peak in the 
lattice plane (111) proves that the obtained AgNPs are 
dominant in the (111) direction [26]. 

TEM result 
The TEM image in Fig. 3(c) shows the morphology 

of nanoparticles with a spherical shape that is well 
dispersed in sample C. The particle size of AgNPs was 
also measured using ImageJ and followed the Gaussian 
trend as demonstrated in Fig. 3(d). Moreover, it was 
revealed that the synthesized AgNPs have an average 
particle size of 9.1 ± 4.1 nm, which was comparable with 
our previous AgNPs that were prepared by extract of 
Cilembu sweet potatoes (9.95 ± 3.69 nm) [3], and 
relatively smaller than the previous research using 
another leaf-mediated extract where the average particle 
size was in the range between 12 to 30 nm [27]. This 
phenomenon can be accredited to a high concentration 
of secondary metabolites such as flavonoids, phenolic, 
lutein, phytol, and β-carotene in Seminyak leaf extract, 
leading to rapid reaction times which correspond to 
extensive nucleation sites and smaller nanoparticles. The 
smaller particle size of AgNPs leads to higher 
antibacterial activity and spherical shapes have been 
recognized to exhibit improved antibacterial properties 
because they can provide a larger surface-to-volume 
ratio [28]. 

DLS and zeta potential results 
DLS measurement was conducted to investigate 

the average particle size of the obtained AgNPs and their 
particles distribution. Fig. 3(e) displays that the average 
particle size of the synthesized AgNPs is 145.5 nm with 
a moderate polydispersity index (PI; 0.469). It was 
notable that the DLS tends to generate bigger average 
particles size than the TEM because the former quantifies 
the hydrodynamic diameter, which is the combined 
diameter of the core nanoparticles and the outer capping 
layer [29]. The stability of AgNPs in the sample can be 
predicted by performing zeta potential measurement. 
Fig. 3(f) exhibited that the zeta potential value of the 
synthesized AgNPs was 0.28 mV, which is more neutral 
than our previous AgNPs that were prepared by extract 
of Cilembu sweet potatoes (−41.0 mV) [3]. Since the zeta 
potential value of the synthesized AgNPs was in the range  
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Fig 3. Further characterization results of sample C: (a) FTIR spectra (in comparison with extract, (b) XRD, (c) TEM, 
(d) particle distribution based on TEM image, (e) DLS, and (f) zeta potential results 
 
of 0 ± 3 mV, the synthesized AgNPs are susceptible to 
agglomeration and might form big particles after some 
time [26]. Therefore, it is reasonable that the DLS result  
 

of the obtained AgNPs (145.5 nm, with PI 0.469) is 
relatively bigger and less uniform than the DLS result of 
our previous work (105.5 ± 12.6 nm, with PI 0.29 [3]). 
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Biological Characterization of Sample C 

Antibacterial test results 
Representative images of antibacterial test results of 

samples and a summary of the measured samples’ ZOI 
were shown in Fig. 4 and Table 2 respectively. Antibacterial 
test results showed that ZOI of the extract was not observed 
against E. coli (Fig. 4(a)) and S. aureus (Fig. 4(b)), suggesting 
that the extract did not have any antibacterial activity 
against both bacteria [30]. On the other hand, sample C 
which contains AgNPs showed antibacterial activity 
against E. coli (Fig. 4(c)) and S. aureus (Fig. 4(d)) with ZOI 
of 12.3 ± 0.1 and 13.7 ± 0.7 mm, respectively (Table 2). 
According to the fact that the ZOI of sample C is in the 
range of 10–20 mm, sample C can be considered to have 
strong  antibacterial  activities against  both  bacteria [31].  

 
Fig 4. Antibacterial activity of the extract against (a) E. coli, 
(b) S. aureus; and sample C against (c) E. coli, (d) S. aureus 

Table 2. Summary of the antibacterial test results from the 
disc diffusion method 

No. Sample name Type of bacteria ZOI (mm) 

1 Extract 
E. coli 0 
S. aureus 0 

2 Sample C 
E. coli 12.3 ± 0.1 
S. aureus 13.7 ± 0.7  

Table 3. Cell viability of BHK-21 cells for extract and 
sample C 

No Sample name Cell viability (%) 
1 Control cell 100.0 ± 4.9 
2 Extract 84.4 ± 2.2 
3 Sample C 88.5 ± 7.0 

These strong antibacterial activities of AgNPs in sample 
C could be correlated with their small particle size (9.1 ± 
4.1 nm), providing high numbers of silver atoms on the 
surface and releasing Ag+ to kill bacteria cells [28]. 

MTT assay results 
The cell viability of the extract and AgNPs in 

sample C was determined by MTT assay after 1 day in 
BHK-21 cells culture. Table 3 suggests that both samples 
were non-toxic because the percentage of cell viability is 
above 60% (approximately 84.4% for extract and 88.5% 
for sample C respectively) [32]. Cell viability of AgNPs 
is lower than control cells because AgNPs could induce 
mitochondrial dysfunction by producing reactive 
oxygen species (ROS), causing damage to cell 
membranes, proteins, and DNA leading to cell apoptosis 
[33]. However, in this research both extract and sample 
C were non-toxic. Thus, it can be concluded that the 
obtained AgNPs were biocompatible for biomedical 
applications. 

■ CONCLUSION 

Green synthesis method in AgNPs formation using 
a low concentration of Seminyak leaf extract (0.5 wt.%) 
and incorporation with short microwave irradiation 
time (1 min) led to a rapid synthesis process and 
successfully prepared AgNPs with the extremely small 
size of 9.1 ± 4.1 nm. The synthesized AgNPs demonstrate 
notable antibacterial properties against E. coli and S. 
aureus with ZOI of 12.3 ± 0.1 and 13.7 ± 0.7 mm, 
respectively. The cytotoxicity of AgNPs was very 
minimal on BHK-21 cells, resulting in high cell viability. 
These findings suggest the potential of microwave-
Seminyak-mediated AgNPs for various biomedical 
applications such as drug carriers, promotion of wound 
repair and bone healing, biosensors, and antibacterial 
scaffold. In the future, the stability, and biocompatibility  
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of the AgNPs in the human body should be observed as 
these properties are critical for their prospective 
applications. 
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 Abstract: Electrocatalytic parameters of a Pt/C standard and a sample of terbium(III) 
monoporphyrinato were investigated in different solutions. N electron transfer, Tafel 
slope, Eonset, and overpotential of the catalyst of Pt/C in different solutions were calculated 
and analyzed using a rotating ring disk electrode (RRDE) in 0.5 M H2SO4, 0.1 M HClO4 
and 0.1 M NaOH. In the RRDE measurements, a bipotentiostat at a potential range of 
1.03 to 0.05 V vs RHE (Ering = 1.2 V vs RHE) with a scan rate of 5 mV/s and rotation rates 
of 200, 400, 900, 1600 and 2500 rpm was used. Hereafter, the test of terbium(III) 
monoporphyrinato compound formulated in [Tb(TPP)(cyclen)]Cl (TPP = 5,10,15,20-
tetraphenylporphyrinato; cyclen = 1,4,7,10-tetraazacyclododecane) as a candidate 
material for ORR electrocatalyst was also done. The results showed that the measurement 
of Pt/C standards was satisfactory according to the literature for all parameters with the 
n electron transfer close to 4 in all electrolytes media. [Tb(TPP)(cyclen)]Cl had an n 
electron transfer value of 2.38, suggesting that the [Tb(TPP)(cyclen)]Cl compound has 
less potential for ORR catalysts. 

Keywords: oxygen reduction reaction (ORR); RRDE technique; Pt/C; 
monoporphyrinato 

 
■ INTRODUCTION 

The fuel cell is one of the options to obtain promising 
energy in the future. However, the kinetic sluggishness on 
the cathode and high overpotential is the main problem 
that is mostly found in the fuel cell, especially for oxygen 
reduction reactions (ORR). Therefore, high efficiency is 
required in the oxygen reduction process that occurs on 
the cathode and is inevitable in the polymer electrolyte 
membrane fuel cells (PEMFC). PEMFC affords high 
efficiency of the fuel cell in supplying electricity with nearly 
nonexistent emission [1]. For a PEMFC that uses a Pt 
electrode, the ORR occurred in the cathode and the 
hydrogen oxidation reaction (HOR) occurred in the anode 
[2]. Because the nature of ORR being a kinetically slow 
reaction with high overpotential, an efficient electrocatalyst 

is necessary [3]. However, Pt is still used mostly for ORR 
due to its good catalytic activity compared to other 
materials. A significant portion of the high cost of 
PEMFCs was contributed due to the price of Pt-based 
catalysts [4]. Therefore, it is important to design an 
electrocatalyst that is cheap and efficient for ORR [5]. 

The potential candidate to replace Pt are 
precursors containing nitrogen, carbon, and metals [6]. 
Molecules of N4-metallomacrocyclic have been 
considered as one of the promising compounds for ORR 
since 1964. The advantage of using these materials for 
electrocatalysts is due to the more affordable price 
compared to Pt. Catalytic activity can be modified by 
changing the substitution of the metal center or by the 
structure modification of N4-macrocyclic ligand [7]. 
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Porphyrin, corrole, and phthalocyanine have been 
studied extensively regarding the substituent effect for the 
catalyst of ORR [8]. The use of metals on porphyrin 
(henceforth called metalloporphyrin) showed some 
benefits from the aspect of its coordination. Porphyrin 
affords rigid environments and good stability with the 
metal center in the cavity. Metalloporphyrin is considered 
as a stable complex in acid or base, and is also a redox-
active compound. As a consequence, metalloporphyrin 
can be used for redox activity materials such as in the 
applications for fuel cells. The porphyrin molecule can be 
modified with different substituents on the meso and β 
position to obtain various metalloporphyrin with 
different chemical or physico-chemical properties that 
can also be applied for the ORR catalyst [9]. A 
metalloporphyrin complex with a lanthanide ion as a 
metal center has also contributed to porphyrin chemistry 
since 1974, in which the study of this complex has been 
done in many aspects such as photoluminescence and 
molecular magnetism [10]. 

An electrocatalyst performance should be evaluated 
first before involving the fabrication of the fuel cell in the 
lab using a three-electrode system [11]. Evaluation can be 
done using a rotating disk electrode (RDE) and rotating-
ring-disk electrode (RRDE) as the working electrode in 
the system. The Pt/C electrocatalyst has been used as a 
reference material for evaluating the performance of new 
catalysts, which is dependent on some factors [12]. Here 
we report the determination of the catalytic activity of 
platinum in different electrolyte media, together with an 
investigation of the catalytic performance of lanthanide(III) 
monoporphyrinato complex, namely [Tb(TPP)(cyclen)]Cl 
(Tb = terbium; TPP = 5,10,15,20-tetraphenylporphyrinato; 
cyclen = 1,4,7,10-tetraazacyclododecane; Cl = chloride). 

■ EXPERIMENTAL SECTION 

Materials 

[Tb(TPP)(cyclen)]Cl complex was prepared using 
the previously reported method [10]. The Pt/C (20 wt.% 
Pt), Sulfuric Acid (H2SO4, 97%), perchloric acid (HClO4, 
96%), sodium hydroxide (NaOH), isopropanol (C3H8O) 
and Nafion 5 wt.% were purchased from commercial 
suppliers, E Merk and DuPont. 

Instrumentation 

The RRDE measurements were carried out using 
bipotentiostat Corrtest CS2150 from Corrtest 
Instruments Corp., Ltd. with the current control range: 
± 2 A. The computational chemistry calculations were 
done using Supercomputer System SQUID at the 
Cybermedia Centre, Osaka University. 

Procedure 

The electrocatalytic activities of catalysts were 
studied using RRDE measurement in a three-electrode 
cell. A Pt/GC RRDE (7 mm OD, 5 mm ID Pt ring 
(0.189 cm2) and 4 mm diameter GC (0.126 cm2), Ag/AgCl 
(sat. KCl) and GC plate (10 × 15 mm, 2 mm thickness, 
connected with Au wire) were used as the working, 
reference and counter electrode, respectively. The ink 
catalyst was prepared by mixing 2 mg of catalyst and 
1 mL stock solution (20% isopropanol, 0.02% Nafion 
ionomer), followed by sonification for about 60 min. 
About 10 μL of dispersed ink was drop cast on the 
surface of the GC-electrode disk and then air-dried for 
about 60 min. The RRDE measurements were carried 
out at +1.03 to +0.05 V vs RHE (Ering = 1.2 V vs RHE) with 
the rotating rate of 200, 400, 900, 1600, and 2500 rpm 
and a scan rate of 10 mV s−1 in the 0.1 M KOH solution. 

Computational chemistry calculations was 
performed on the Gaussian 16 package, Rev. C.01. The 
geometry structure of [Tb(TPP)cyclen]+ was taken from 
the experimental structure [10]. The Grimme’s density 
functional theory (DFT-D3) method of B3LYP with the 
energy-consistent pseudopotentials of the Stuttgart 
(Stuttgart RSC 1997 ECP) basis set for terbium ion and 
6-31G** basis set for the other atoms was performed to 
optimize the geometry of structure [13-15]. 

■ RESULTS AND DISCUSSION 

Pt/C test in Various Electrolytes 

The polarization curve was obtained with the 
linear sweep voltammetry (LSV) from RRDE at the 
range of 1.03 to 0.05 V vs RHE with scanning rates of 
5 mV/s and rotation rates of 200, 400, 900, 1600 and 
2500 rpm for Pt/C in various O2 saturated solution of 
H2SO4 0.5 M, HClO4 0.1 M and NaOH 0.1 M. Current 
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obtained from the measurement was normalized with the 
disk surface (Sg) at about 0.126 cm2. The profile of the 
Pt/C voltammetry in the various O2 saturated solution 
(Fig. 1) showed that the current density increased with the 
increase of rotation rate from 200 to 2500 rpm. Table 1 
shows the parameter analyzed from polarization curves at 
2500 rpm. Analysis of the activation area (AR) of the 
polarization curve at 2500 rpm made it possible to obtain 
the parameter of Eonset value. More positive Eonset and E1/2 
means that the electrocatalysis will be more active [16]. 
The Pt/C catalyst in the medium of HClO4 0.1 M and 
NaOH 0.1 M showed more positive Eonset value than in 
H2SO4 0.1 M, indicating that Pt/C was more active in both 
solutions. The controlled region that was measured was in 
the mixed region of diffusion-kinetic (KR) to obtain 
information about E1/2. The E1/2 value was in the same 
correlation with the electrocatalytic activity of Pt/C in 
various electrolyte solutions of NaOH 0.1 M > HClO4 0.1 
> H2SO4 0.5 M. The theory of the overpotential () and 

real overpotential (exp) was calculated from the different 
values of Eeq(exp) and Eonset with Eeq. The difference of both 
overpotentials was used in the calculation of the 
sluggishness of ORR, where Pt/C in HClO4 0.1 M 
solution obtained the best value among other solutions. 

From Eq. (1), the Koutecky-Levich plot is defined 
as a straight line characterized by the slope αK-L = (nexB)−1 
and the intercept βK-L = jk

−1 where j is the measured 
current density, jk is the kinetic current density, jl

film is 
the diffusion-limiting current density in catalyst film, jl

ads 
is the diffusion-limiting current density associated with 
O2 adsorption in the active site, j0 is the current exchange 
density, nex is the exchange number of electrons, Ω is the 
rotation rate, θ and θeq is the degree of coverage of the 
catalyst surface (active sites) by oxygen at potential E, and 
at the equilibrium potential Eeq, η is the overpotential and 
b is the Tafel slope. The plot of Koutecky-Levich for Pt/C 
in various electrolyte solutions at different potentials 
showed  a  good   linearity  of  the   lines  (Fig. 2).   Typical 
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Fig 1. Polarization curve of Pt/C in various electrolyte solutions of (a) H2SO4 0.5 M, (b) HClO4 0.1 M and (c) NaOH 
0.1 M at various rotation rates 
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Table 1. Parameters of the polarization curves for Pt/C in various electrolytes 

Electrolyte Eonset 
(V vs RHE) 

E1/2 

(V vs RHE) 
 

(mV) 
(exp) 

(mV) 
Sluggishness 

(mV) 
0.5 M H2SO4 0.84 0.74 264 348 84 
0.1 M HClO4 0.89 0.78 232 291 59 
0.1 M NaOH 0.89 0.80 167 296 129 
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Fig 2. Koutecky-Levich plot obtained from Fig. 1 for Pt/C in the O2 saturated solution of (a) H2SO4 0.5 M, (b) HClO4 
0.1 M and (c) NaOH 0.1 M at the different potentials 
 
characteristics of first-order kinetics in correlation with 
dissolved O2 in the solution were seen with linearity and 
parallelism of the plots [17]. Kinetic current density (jk) 
was normalized with the mass of Pt/C, which was drop-
casted on the disk surface (20 μg). The value of jk at 0.8 V 
vs RHE for the activation of Pt/C in various electrolytes is 
shown in Table 2. 

 

1
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 (1) 

Fig. 3 shows plots based on Eq. (2), in which jL 
(limiting current density) can be determined from these 
extrapolation plots. The jL value for Pt/C in various 
electrolytes can be seen in Table 2. The jL is always higher 
than j0, independent of the solution used. This indicated 
that electron transfer is the determining stage for the 
reaction rate (rds) [18]. 
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Table 2. ORR kinetic parameter of Pt/C in various solutions 
Electrolyte n jk (mA/cm2mg) 

at 0.8 V vs RHE 
jL 

(mA/cm2) 
B 

(mV/dec) 
j0 

(mA/cm2) 
0.5 M H2SO4 3.95 52.74 62.35 114 5.52 × 10−4 
0.1 M HClO4 3.99 183.02 61.57 112 1.42 × 10−3 
0.1 M NaOH 3.98 132.79 32.03 134 4.92 × 10−3 
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Fig 3. Plot “jk

−1 vs. E” for the determination of the limiting current density (jL) for Pt/C in the electrolyte solution of 
(a) H2SO4 0.5 M, (b) HClO4 0.1 Mand (c) NaOH 0.1 M 
 

Fig. 4 shows the relative Tafel plot of Pt/C in various 
electrolyte solutions. This plot can give information about 
the value of the Tafel slope (b) and exchange current 
density (j0) obtained from Eq. (3) and (4), respectively, as 
seen in Table 2. From this calculation, the b value 
obtained was close to the literature with a high 
overpotential of about 120 mV/dec [19], indicating that 
the first electron reduction occurred as rds at high 
overpotential. Electrocatalytic material with high j0 and 
low b is intended for electrocatalysis of ORR. This means 
that with lower b, the current density increases but with 

smaller overpotential, and it also means that the kinetic 
charge transfer occurred faster. 

Tafel
k

L k

b
jlog

j j


   

  
     

 (3) 

Tafel
L b

Tafel 0 L
0

j
blog j =j 10

j


 

     
 

 (4) 

The polarization curve of RRDE (Fig. 5) showed the 
currents on the disk and ring as well. The ring current 
(IR) was parallel with the number of intermediate species  
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Fig 4. Relative Tafel plot for Pt/C in the solution of (a) H2SO4 0.5 M, (b) HClO4 0.1 M, and (c) NaOH 0.1 M 
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Fig 5. Polarization curves of RRDE for Pt/C in the 
different electrolyte solutions at 2500 rpm 

yielded from the reduction of O2. The smaller ring 
current means that the electron transfer is closer to 4. The 
polarization curve of RRDE can be used to determine the 

electron transfer number (as seen in Fig. 6) at a certain 
potential range with Eq. (5), where N is the collection 
efficiency (42%), ID and IR are disk and ring current, 
respectively. 

D

RD R

D

4N I 4n 4
IN I I 1

N I

  
 

 (5) 

The value of n electron transfer in the electrolyte of 
HClO4 0.1 M was the closest to 4 and also the most stable 
as well, followed by NaOH 0.1 M and H2SO4 0.5 M. The 
result was similar to what Garsany et al. [20] reported. 
They reported that the electrocatalytic properties of Pt in 
the media of H2SO4 is sensible due to its surface in 
adsorbing HSO4

− and SO4
2− and the best performance of 

Pt/C is in the electrolyte of HClO4 0.1 M. The effect of the 
electrocatalyst performance was dependent on the 
electrolyte having interactions that occur between 
oxygen, salt ion, water, and the electrode. Electrolytes with  
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Fig 6. The electron transfer number for Pt/C in the 
different mediums at the potential range 0.8–0.3 V vs RHE 

high O2 saturation, lower viscosity, and weaker 
adsorption species increase the activity of ORR [21]. For 
example, the strongest adsorption is in H2SO4, and the 
weakest adsorption is in the solution of HClO4 [22]. 

Tables 3 to 5 shows the result of the Pt/C test in the 
various electrolytes compared to the literature. The 
resulting test in our study was close to the literature. The 
slight difference between our test and the literature was 
due to a slightly different loading on the GC surface. In 
general, the test of the cell system obtained from this 
study was quite good. Therefore, the system we used is 
quite reliable with good confidence in determining 
unknown electrocatalysts from a sample. 

The Electrocatalytic Performance of 
[Tb(TPP)(cyclen)]Cl 

The measurement of the sample of 
[Tb(TPP)(cyclen)]Cl was conducted using the RRDE 
method at the potential range of 1.03 to 0.05 V vs RHE 
with the scanning rate of 5 mV/s and rotation rate of 200, 
400, 900, 1600 and 2500 rpm to obtain the polarization 
curve in the O2 saturated solution of NaOH 0.1 M. This 
choice of solution was considered due to the best stability 
of the sample in the alkaline media. Besides, in the alkaline 
media, the rate of the oxygen reduction reaction is faster 
[17]. The current obtained from the measurement was 
normalized with a surface (Sg) of about 0.126 cm2. Fig. 7 
shows the voltammetry profile of [Tb(TPP)(cyclen)]Cl in 
O2 saturated electrolyte solution, in which the current 
density increases with the increase of rotation rate from 
200 to 2500 rpm, similar to the Pt/C standard. Table 6 
shows the Eonset, E1/2, ,  (exp), and sluggishness of the 
polarization curve at 2500 rpm of the drop casted sample 
of [Tb(TPP)(cyclen)]Cl. [Tb(TPP)(cyclen)]Cl showed 
lower Eonset and E1/2 values than Pt/C in the electrolyte 
solution. This indicated that [Tb(TPP)(cyclen)]Cl had less 
catalytic activity than Pt/C. Theoretically, the Eonset and 
E1/2 that represent the electrocatalysis activity showed that 
[Tb(TPP)(cyclen)]Cl was 2.16 times slower than Pt/C. 

The linearity of the Koutecky-Levich plot was quite 
good for [Tb(TPP)(cyclen)]Cl (see Fig. 8). Kinetic current 

Table 3. The comparison of the test of Pt/C standard in H2SO4 0.5 M and the literature 
Electrolyte of 
0.5 M H2SO4 

Pt loading 
(μgPt/cm2) 

Eonset 
(V vs RHE) 

E1/2 
(V vs RHE) 

In this study 31.8 0.84 0.74 
Sun et al. [23] 19.4 0.95 0.78 

Table 4. The comparison of the test of Pt/C standard in HClO4 0.1 M and the literature 
Electrolyte of 
0.1 M HClO4 

Pt loading 
(μgPt/cm2) 

Eonset 

(V vs RHE) 
E1/2 

(V vs RHE) 
n, 0.5 V 
vs RHE 

jl
diff (mA/cm2), 

1600 rpm 

In this study 31.8 0.89 0.78 3.99 5.68 
Wu et al. [24] 30 0.86 0.78 3.96 5.37 

Table 5. The comparison of the test of Pt/C standard in NaOH 0.1 M and in the literature 
Electrolyte of 
0.1 M NaOH 

Pt loading 
(μgPt/cm2) 

Eonset 

(V vs RHE) 
E1/2 

(V vs RHE) 
n, 0.7 V 
vs RHE 

jl
diff (mA/cm2), 

1600 rpm 

In this study 31.8 0.89 0.8 3.98 4.39 
Holade et al. [25] 26 1.005 0.85 4 4.7 
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density (jk) was normalized with the mass of 
[Tb(TPP)(cyclen)]Cl that was drop-casted on the surface 
disk (20 μg). The value of jk at 0.8 V vs RHE for the 
catalytic activity of [Tb(TPP)(cyclen)]Cl was about 
0.06 mA/cm2 mg. 

The plot was based on Eq (2) as shown in Fig. 9, in 
which the value of jL was determined from the plot 
extrapolation. The value of jL for [Tb(TPP)(cyclen)]Cl was 
about 0.52 mA/cm2. 

The Relative Tafel plot for [Tb(TPP)(cyclen)]Cl is 
shown in Fig. 10. Information about the value of the Tafel 
slope (b) and exchange current density (j0) could be 
obtained from this plot. The b value obtained was about 
117 mV/dec, close to 120 mV/dec, and the j0 was about 
4.30 × 10−7 mA/cm2. The value of j0 [Tb(TPP)(cyclen)]Cl 
was lower than Pt/C (4.92 × 10−3). This means that with a 
similar overpotential, the increase of the current density 
of [Tb(TPP)(cyclen)]Cl was much lower, and the kinetic 
charge exchange occurred very slowly. 

The polarization curve of RRDE (Fig. 11) showed 
the current on the disk and the ring. The electron number 
at a certain potential range was obtained from the data  
 

of the polarization curve of RRDE using Eq. (5). The 
result of the n electron transfer number is shown in Fig. 
12. [Tb(TPP)(cyclen)]Cl showed a fairly stable n 
electron transfer curve at a certain range of potentials. 
The n electron transfer increased with the decrease of the 
average potential at about 2.38. This result was still an 
inferior value compared to the n-transfer electron ideal, 
such as Pt at about 4. This result also indicated that 
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Fig 7. Polarization curve of [Tb(TPP)(cyclen)]Cl in the 
electrolyte of NaOH 0.1 M in the different rotation rates 

Table 6. Parameter of polarization curve for [Tb(TPP)(cyclen)]Cl and comparison with Pt/C 

Electrocatalyst Eonset 

(V vs RHE) 
E1/2 

(V vs RHE) 
 

(mV) 
(exp) 

(mV) 
Sluggishness 

(mV) 
[Tb(TPP)(cyclen)]Cl 0.62 0.53 283 558 275 
Pt/C 20% 0.89 0.80 167 296 129 
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Fig 8. Koutecky-Levich plot determined from Fig. 7 for 
[Tb(TPP)(cyclen)]Cl in NaOH 0.1 M solution 
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Fig 9. The plot of “jk

−1 vs. E” for the determination of 
limiting current density (jL) for [Tb(TPP)(cyclen)]Cl in 
NaOH 0.1 M solution. 
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the ORR mechanism of [Tb(TPP)(cyclen)]Cl was via the 
(2 + 2) mechanism, where O2 was first reduced to H2O2, 
followed by the reduction of H2O2 to H2O. 

The resume test result of [Tb(TPP)(cyclen)]Cl in the 
NaOH 0.1 M solution is shown in Table 7. The kinetic 
parameter of [Tb(TPP)(cyclen)]Cl was not ideal compared 
to Pt/C. This indicated that [Tb(TPP)(cyclen)]Cl was 
inappropriate material for the electrocatalysis of ORR. 
Some literature reported that this compound was mostly 
used for the magnetism application. 

The catalytic performance of [Tb(TPP)(cyclen)]Cl 
can be explained by its structure energy level. Zhang and 
Xia [26] explained that the separation energy of the 
highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) could be 
used as a simple kinetic stability indicator. The low energy 
band gap of HOMO-LUMO indicated low kinetic 
stability and high chemical reactivity. The low HOMO-
LUMO energetically was advantageous to increase the 
electron for high-lying LUMO and to extract electrons 
from low-lying HOMO. When comparing to the FePc  
 

(Fe-phthalocyanine) from Ma et al. [27], it can be seen 
that FePc owed the lower HOMO-LUMO gap with 
better electrocatalytic performance compared to 
[Tb(TPP)(cyclen)]Cl (Fig. 13). The Eonset and jk are 
shown in Table 8. The lower value of Eonset and jk 
indicated that the electrocatalytic performance of 
[Tb(TPP)(cyclen)]Cl was not better than FePc. 
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Fig 10. Relative Tafel plot for [Tb(TPP)(cyclen)]Cl in 
NaOH 0.1 M solution
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Fig 11. Polarization curve of RRDE for 
[Tb(TPP)(cyclen)]Cl and its comparison to Pt/C in the 
NaOH 0.1 M electrolyte at 2500 rpm  
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Fig 12. The n electron number of [Tb(TPP)(cyclen)]Cl 
and its comparison to Pt/C in NaOH 0.1 M solution at 
potential range of 0.8–0.3 V vs RHE 

Table 7. Kinetic parameter of ORR of [Tb(TPP)(cyclen)]Cl and its comparison towards Pt/C 

Electrocatalyst n jk (mA/cm2mg) 
at 0.8 V vs. RHE 

jL 

(mA/cm2) 
B 

(mV/dec) 
j0 

(mA/cm2) 
[Tb(TPP)(cylene)]Cl 2.38 0.06 0.52 117 4.30 × 10−7 
Pt/C 20% 3.98 132.79 32.03 134 4.92 × 10−3 
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Fig 13. [Tb(TPP)(cyclen)]Cl and FePc energy level 
comparison 

Table 8. Comparison of [Tb(TPP)(cyclen)]Cl and FePc 
 [Tb(TPP)(cyclen)]Cl FePc [27] 
HOMO (eV) -7.44 -5.12 
LUMO (eV) -4.65 -3.71 
HOMO-LUMO gap (eV) 2.79 1.41 
Eonset (V vs RHE) 0.62 0.958 
jk at 0.9 V (mA/cm2) 2.83 × 10-4 1.417 

■ CONCLUSION 

In the different electrolyte solutions, the Pt/C 
standard showed good results with an almost similar 
parameter value according to the literature (n close to 4). 
Meanwhile, the [Tb(TPP)(cyclen)]Cl sample was not a 
superior material for ORR electrocatalysis with an n 
electron transfer number of about 2.38. The result met the 
theoretical calculation of the HOMO-LUMO gap using 
DFT of about 2.79 eV, almost double to FePc (1.41 eV). 
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 Abstract: Synthesis and characterization of copper-and-nitrogen-codoped zirconium 
titanate (Cu-N-ZrTiO4) as a photocatalyst for the degradation of methylene blue (MB) 
have been conducted. The main purpose of this research was to investigate the co-doping 
effect of copper and nitrogen dopants in ZrTiO4 as a photocatalyst for the photodegradation 
of MB. Titanium-(IV) tetraisopropoxide (TTIP) was dissolved into ethanol and mixed 
with aqueous zirconia (ZrO2) suspension containing 10% nitrogen (N) (w/w to Ti) from 
urea and various amount of copper as dopants. The calcination was performed at 
temperatures of 500, 700, and 900 °C. The composites were characterized using Fourier 
transform infrared spectrophotometer (FTIR), X-ray diffractometer (XRD), scanning 
electron microscopy with energy dispersive X-ray (SEM-EDX) mapping, and specular 
reflectance UV-Visible spectrophotometer (SRUV-Vis). The degradation of 4 mg L−1 MB 
solution was conducted for various irradiation times. Characterization shows a 
significant decrease of the ZrTiO4 band gap from 3.09 to 2.65 eV, which was given by the 
composite with the addition of 4% Cu and calcination of 900 °C. Cu-N-ZrTiO4 composite 
can degrade MB solution up to 83% after 120 min under the irradiation of visible light. 

Keywords: band gap; degradation; methylene blue; Cu-N-codoped ZrTiO4 

 
■ INTRODUCTION 

Dyes are one of the larger groups of pollutants in 
wastewater from textiles and other industrial processes 
that can contaminate the environment. Most of the dyes 
have stable aromatic molecular structures, large molecular 
sizes, and are difficult to degrade in nature [1]. One of the 
dyes found in wastewater is methylene blue. Methylene 
blue (C16H18N3SCl) is a cationic heterocyclic aromatic 
compound that is used in the textile industry as a dye, but 
its waste has ecological toxicity and carcinogenicity [2]. 
Several waste decomposition methods have been 
developed, such as ozonation, chlorination, and 
biodegradation. However, these methods have several 
disadvantages, such as high operational costs and the use 
of chemical reagents [3]. Therefore, an alternative method 
is needed for wastewater treatment that can accelerate the 
decomposition of dye waste. The photo-degradation 

method is effective for wastewater treatment because it 
is relatively inexpensive and easy to apply [4]. 

Degradation of dye waste has become a vital 
necessity to solve environmental problems and 
photocatalytic systems have received great attention for 
the removal of contamination [5]. In the photocatalytic 
process, light energy is required for the excitation of the 
photocatalyst. Photocatalyst is a photoactive material 
that uses photons to catalyze a reaction [6]. In 
heterogeneous photocatalysis, the photocatalyst is a 
metal oxide semiconductor with a corresponding band 
gap energy of about 1.7–3.2 eV [7]. Several 
semiconductor materials are currently being developed 
and investigated as photocatalysts, such as Fe2O3 [8], 
CuO [9], ZnO [10], and ZrO2-TiO2 [11]. The mechanism 
of photo-degradation of organic compounds by a 
photocatalyst is presented in Fig. 1. 
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Fig 1. Mechanism of photocatalytic reactions of organic 
compounds [12] 

The reaction can be explained as follows [13]. 
photocatalyst + hν (photon)  h+ (hole) + e− (electron) 
e− + O2  •O2

− 
h+ + OH− •OH 
•O2

− + organic compounds  CO2 + H2O 
Titanium dioxide (TiO2) is widely used in 

photocatalytic reactions because it is non-toxic, stable, 
and has high efficiency in the degradation of organic 
pollutants [14]. The three phases of TiO2 are rutile, 
anatase, and brookite. Rutile is the most stable phase of 
TiO2, anatase is metastable, and brookite will transform to 
rutile at temperatures above 600 °C [15]. The anatase 
phase of TiO2 has a band gap energy of 3.20 eV, while the 
rutile has 3.02 eV. Although the band gap of anatase 
(3.20 eV) is slightly higher than rutile (3.02 eV), it exhibits 
superior photoactivity under UV light irradiation to that 
of rutile [16]. The degradation of methylene blue by 
several photocatalysts has been presented in Table 1. 
Synthesis of TiO2-S has been reported to degrade 
methylene blue up to 69.49% under visible light for 
300 min of irradiation time [17]. The percentage of 
degradation of methylene blue by TiO2 with dopants 
carbon (C) and nitrogen (N) reached 87% under visible 
light irradiation [18]. 

Zirconium dioxide (ZrO2) is a p-type 
semiconductor with a wide band gap in the range of 3.25–
5.00 eV. ZrO2 has low thermal conductivity, corrosive 
resistance, high mechanical, and stable photothermal 
properties [21]. ZrO2 has good stability and easily 
produces holes in the valence band, leading to strong 
interactions with the active component. ZrO2  has  three  

Table 1. Percent degradation of methylene blue by 
several photocatalysts 

Photocatalysts Percent degradation (%) 
TiO2-S 69.49 [17] 
N-codoped TiO2 87.00 [18] 
N-doped TiO2/ZrO2 86.30 [19] 
ZrO2-TiO2 81.20 [20] 

polymorphic phases, including cubic (above 2370 °C), 
tetragonal (1170–2370 °C), and monoclinic (below 
1170 °C) [22]. ZrO2 is active under UV light; therefore, 
it needs to be modified to increase photocatalytic 
activity. The way to increase the photocatalytic activity 
of ZrO2 is to combine it with a TiO2 semiconductor. The 
addition of ZrO2 to TiO2 has been reported to increase 
the stability of anatase more than rutile [23]. ZrO2 has 
been known as a support material for TiO2. The presence 
of Zr4+ in TiO2 will increase the stability of the anatase at 
high temperatures (900 °C) [24]. 

Coupling ZrO2 with TiO2 will give the advantages 
of a large surface area, thermal stability, and resistance 
to heat and corrosion [25]. Zirconium titanate (ZrTiO4) 
modified by the doping method will decrease the band 
gap to visible light. Several studies have reported that 
doping can be done with metals such as Fe [26], Mn [27], 
and Zn [28] and also non-metals such as N [29] and C 
[30]. In this study, copper (Cu) and nitrogen (N) were 
chosen as dopants because they have good charge-carrier 
separation efficiency. Nitrogen (N) is one of the elements 
that is effective in improving the mechanical properties 
and conductivity of metal oxide ions [31]. Several 
methods of preparing ZrTiO4 codoped by Cu-N have 
been reported, such as the template-free hydrothermal 
method [32] and the polymer complex solution method 
[33]. Both methods still use toxic organic solvents, which 
are expensive and not environmentally friendly. 

In this research, copper and nitrogen were 
codoped into ZrTiO4 composite through the simple-
and-environmentally-friendly sol-gel process. The goals 
of this study are to investigate the co-doping effects of 
metal-nonmetal (Cu and N) on ZrTiO4 composite and 
its application as a photocatalyst to degrade methylene 
blue under visible light illumination. Various amounts 
of copper dopant (2, 4, 6, 8, and 10% (w/w to titanium)) 
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were used to study their performance in shifting the 
bandgap of nitrogen-doped ZrTiO4. Variation of 
calcination temperatures (500, 700, and 900 °C) was 
carried out to study the stability of the crystal structure 
and its influence on the photocatalytic activity of the 
composite. Furthermore, photocatalytic evaluation was 
done by applying Cu-N-ZrTiO4 as a photocatalyst to 
degrade methylene blue under visible light irradiation for 
120 min. 

■ EXPERIMENTAL SECTION 

Materials 

Titanium(IV) tetraisopropoxide (TTIP, 97% purity, 
Sigma-Aldrich) was used as a TiO2 precursor, and 
zirconia powder (ZrO2, Jiaozuo Huasu) was used as the 
coupling metal oxide. Copper(II) sulfate pentahydrate 
(CuSO4·5H2O, Merck) and urea (Merck) were used as 
dopant sources. Absolute ethanol (99.5% purity, Merck) 
and demineralized water (Jaya Sentosa) were used as 
solvents. Methylene blue (MB) (Thermo Fisher Scientific 
India Pvt. Ltd.) was used as a dye for the photocatalytic test. 

Instrumentation 

Fourier transform infrared spectroscopy (FTIR) was 
done to observe absorption from the range of 400 to 
4000 cm−1 using the Thermo Nicolet iS10 (Thermo Fisher 
Scientific, USA). X-ray powder diffractometer (XRD) 
PANalytical X’Pert PRO MRD (Liaoning, China, Cu Kα 
radiation λ = 1.54 Å, 40 kV, 30 mA) was used to examine 
the crystalline structure of the materials. The crystal size 
(L) was calculated by the Scherrer equation [34], 

0.9L
B cos





 

where λ is the wavelength of the X-ray, θ is the Bragg 
angle, and B is half the full width of the maximum 
intensity of the peak in radians. The morphology of 
photocatalyst and the presence of copper-nitrogen were 
observed by scanning electron microscope equipped with 
an energy dispersive X-ray spectrometer (SEM-EDX) 
JSM-6510LA (Bridge Tronic Global, USA) and an 
accelerating voltage of 15 kV. The bandgap was 
determined from the absorption spectra obtained using 
specular reflectance UV-Vis spectrometer UV (SR-UV) 

1700 Pharmaspec (Shimadzu, Japan). The band gap 
energy was calculated based on the absorption edge 
cross method of the absorbance spectra using the photon 
energy function [35], 

g
hcE 


 

where Eg is the band gap energy (eV), h is Planck's 
constant (6.62607 × 10−34 J/s), c is the speed of light 
(3 × 108 m), and λ is the edge wavelength (nm). 
Photocatalytic degradation of MB was tested using a 
LIFE MAX 30W/765 PHILIPS TLD lamp. The 
concentration of MB solution after degradation was 
determined by absorption at 664 nm using a Thermo 
Scientific Genesys 50 UV-Vis Spectrophotometer 
(Antylia Scientific, US). 

Procedure 

Synthesis of Cu-N-ZrTiO4 
Copper-and-nitrogen-codoped zirconium titanate 

were prepared by the sol-gel method. Initially, 2.5 mL of 
TTIP was dissolved in 25 mL of absolute ethanol and 
then stirred homogeneously. Amount of 1 g of ZrO2 
powder and 86.8 mg of urea (10% w/w to Ti) were 
dispersed into 10 mL of demineralized water along with 
30.4, 63.5, 95.2, and 127 mg of CuSO4·5H2O. The copper 
concentration was varied with a ratio of 2, 4, 6, 8, and 
10% (w/w to Ti). The mixture was stirred for 30 min. To 
separate the precipitate, the suspension was centrifuged 
at 2000 rpm for 1 h. The precipitate was aged in ambient 
condition for 24 h and then dried at 80 °C for 24 h. 
Finally, the composites were calcined at temperatures of 
500, 700, and 900 °C for 4 h under atmospheric 
conditions. All composites were characterized using 
FTIR, XRD, SEM-EDX, and SRUV-Vis. N-doped 
ZrTiO4 composite without Cu was also prepared as a 
reference. 

Photocatalytic degradation of methylene blue 
Firstly, 15 mg of Cu-N-ZrTiO4 with various 

concentrations of Cu dopant was dispersed in 30 mL of 
4 mg L−1 aqueous MB. Under continuous stirring, the 
mixture was irradiated with a LIFE MAX 30W/765 
PHILIPS TLD lamp for 15, 30, 45, 60, 75, 90, 105, and 
120 min. The solution was centrifuged for 30 min at 
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3000 rpm to separate the photocatalyst. The 
concentration of MB after photocatalytic degradation was 
determined by absorption at 664 nm. Quantitative 
analysis of enhanced photocatalytic decomposition of MB 
was examined by employing a pseudo-first-order kinetic 
model [36]: 

obs
dC k C
dt

   

in which, 
obs 0lnC k t lnC     

where C is the concentration of MB (mg L−1), t is 
irradiation time (min), and kobs is the observed rate 
constant for the photocatalytic decomposition 
(mg L−1 min−1). Plots were given for irradiation time of 0 
to 60 min as the highest photoactivity was observed in this 
time interval. 

■ RESULTS AND DISCUSSION 

FTIR characterization was conducted to determine 
the functional groups in Cu-N-ZrTiO4. FTIR spectra of 
4% Cu-N-ZrTiO4 is shown in Fig. 2. ZrO2 and N-doped 
ZrTiO4 materials were used as references. The broad 
absorption band in the range of 500−600 cm−1 can be 
attributed to the stretching vibrations of Ti−O and Cu−O 
[14]. The peaks at the wavenumber of 512 and 1635 cm−1 
are associated with the Zr−O and Zr−OH vibrational 
bands, respectively, which confirm the presence of ZrO2 
[21]. The absorption band at about 1120 cm−1 increases up 
to 4% Cu co-doping, which could potentially be 
associated with Cu−O−Zr or Cu−O−Ti bonds, or both 
[18]. The peak intensity of ZrO2 at 1600 cm−1, which is 
H−O−H bending [5], indicates a shift in vibration 
absorption to 1570 cm−1 in N-doped ZrTiO4 due to the 
formation of N−Ti−O. 

The absorption band that appears around 3400 cm−1 
in all samples is recognized as the O−H stretching 
vibration of H2O [4]. It comes from the water molecules 
that are adsorbed during the synthesis process. FTIR 
spectra of 4% Cu-N-ZrTiO4 calcined at 700 and 900 °C 
display a weak absorption of Zr–O at 500–600 cm−1. This 
is due to a phase transformation from anatase to rutile 
[17]. Absorption bands at 3300–3400 and 1600 cm−1 
decrease as the calcination temperature increases. The high  
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Fig 2. FTIR spectra of 4% Cu-N-ZrTiO4 composites 
calcined at various temperatures with ZrO2 and N-
doped ZrTiO4 as references 

calcination temperature reduces the water content so 
that the O–H vibration frequency in the material 
decreases [6]. On the contrary, Ti−O−Cu vibration at 
1120 cm−1 decreases as calcination temperature increases 
up to 700 °C and disappears at 900 °C. The high 
calcination temperature causes the sintering of metal 
dopants [9]. 

Diffraction patterns of Cu-N-ZrTiO4 with ZrO2, 
TiO2, ZrTiO4, and N-doped ZrTiO4 as references are 
shown in Fig. 3. The diffraction patterns of ZrO2 and 
TiO2 calcined at 500 °C display the presence of tetragonal 
and anatase phases, respectively. The characteristic peaks 
of ZrO2 tetragonal (JCPDS: 01-088-2390) appeared at 2θ 
= 31° (d101) and 51° (d111). The characteristic peaks of 
TiO2 anatase (JCPDS: 01-084-1286) appeared at 2θ = 25° 
(d101) and 48° (d200). No Cu or CuO patterns were 
observed, even at 10% Cu-N-ZrTiO4. 

The diffraction pattern of Cu-N-ZrTiO4 calcined at 
500 °C has a characteristic low-intensity anatase peak at 
25° (d101). The presence of copper and nitrogen dopants 
inhibits the crystallization of anatase [13], while the 
presence of Zr4+ in the TiO2 system also inhibits the 
transformation of  anatase to rutile [14].  The diffraction  
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Fig 3. X-ray diffraction patterns of various Cu-N-ZrTiO4 
and references 

pattern of ZrTiO4 showed significant changes after 
calcination at higher temperatures. The diffraction 
pattern of 4% Cu-N-ZrTiO4 composite after calcination at 
700 °C showed rutile characteristics at 2θ = 27.5° (d110) 
and 36.1° (d101), while the anatase peak at 2θ = 25° (d101) 
disappeared. Moreover, the diffraction pattern of 4% Cu-
N-ZrTiO4 after calcination at 900 °C exhibits an intense 
rutile pattern (JCPDS: 01-076-1938) at 2θ = at 27° (d110), 
36° (d101), 41° (d111) and 54° (d211), while the tetragonal 
phase transforms to monoclinic (JCPDS: 01-088-2390), 
displaying a pattern at 2θ = 28° (d-111), 31° (d111), 34° (d002) 
and 51° (d220). 

The average crystallite size of Cu-N-ZrTiO4, 
particularly anatase and rutile, at various Cu 
concentrations and calcination temperatures has been 
shown in Table 2. The d101 reflex of the anatase phase and 
the d110 reflex of the rutile phase were chosen to calculate 
the crystallite size [15]. The crystallite size of the 
tetragonal phase shows no difference among Cu-N-
ZrTiO4, except 4% Cu-N-ZrTiO4 after calcination at 
900 °C displays a monoclinic phase. The lower anatase 
crystallite size of all Cu-N-ZrTiO4 compared to that of 
pristine TiO2 indicates the inhibition of anatase 
crystallization by copper, which is doped properly in the 
structure of ZrTiO4. 

SEM-EDX images of ZrO2 and 4% Cu-N-ZrTiO4 
calcined at 500 °C are shown in Fig. 4. The morphology 
of 4% Cu-N-ZrTiO4 appears slightly rougher than the 
ZrO2 reference, while the particle size distribution of Cu-
N-ZrTiO4 is larger than ZrO2. 

The surface elemental compositions of ZrO2 and 
4% Cu-N-ZrTiO4 based on SEM images in Fig. 4 are 
presented in Table 3. The mass percentage of Zr is 
greater than Ti because Zr is a supporting material, so it 
will be more dominant [16]. The low amount of detected 
copper indicates that the Cu dopant was doped on the 
ZrTiO4 surface [23]. 

SRUV-Vis spectra of Cu-N-ZrTiO4 with various 
copper concentrations and calcination temperatures are 
shown in Fig. 5(a). The inflection point (absorption 
edge) of each synthesized photocatalyst is already at a 
wavelength of greater than 400 nm. This is due to the 
 

Table 2. The average crystallite size of various Cu-N-ZrTiO4 
Material Crystal phase L (nm) 
TiO2 500 °C Anatase 49 
ZrTiO4 500 °C Anatase 46 
N-doped ZrTiO4 500 °C Anatase 38 
2% Cu-N-ZrTiO4 500 °C Anatase 36 
4% Cu-N-ZrTiO4 500 °C Anatase 34 

4% Cu-N-ZrTiO4 700 ℃ Anatase 45 
Rutile 48 

4% Cu-N-ZrTiO4 900 °C Rutile 50 
6% Cu-N-ZrTiO4 500 °C Anatase 35 
8% Cu-N-ZrTiO4 500 °C Anatase 36 
10% Cu-N-ZrTiO4 500 °C Anatase 37 
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Fig 4. SEM images of (a) ZrO2 and (b) 4% Cu-N-ZrTiO4 calcined at 500 °C 

Table 3. EDX analysis of ZrO2 and 4% Cu-N-ZrTiO4 calcined at 500 °C 

Material 
% Mass 

Zr O Ti N Cu 
ZrO2 60.46 39.54 - - - 
4% Cu-N-ZrTiO4 500 °C 30.76 38.92 23.96 3.93 2.43 
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Fig 5. (a) UV-Vis absorption spectra and (b) calculated band gap of various Cu-N-ZrTiO4 

 
heterojunction between the valence band and conduction 
band of ZrO2 with TiO2 [24]. The wide bandgap (Eg) of 
ZrO2 mixes with the relatively small Eg of TiO2 until it 
reaches equilibrium, resulting in a ZrTiO4 band gap with 
a slightly smaller Eg [27]. Codoping of both nitrogen and 
copper shifts the absorption edge of the ZrTiO4 composite 
towards the visible light region until it reaches the 
saturation point [31]. If the injected dopants have reached 
the saturation point, the doping effect is reduced [28]. The 
addition of Cu and N dopants succeeded in shifting the 
absorption band towards a longer wavelength from 
401.29 to 467.92 nm, which is in the visible-light region. 

The Eg of the synthesized material is presented in 
Fig. 5(b). The addition of Cu and N dopants into ZrTiO4 
material reduces the Eg from 3.09 to the lowest 2.65 eV. 
The band gap decreases until reaching 4% of Cu co-
doping, then increases with the increasing Cu 
concentration. Excess Cu concentrations above 4% can 
form aggregates and are not evenly distributed in the 
composite [29]. The absorption edges of 4% Cu-N-
ZrTiO4 calcined at 700 and 900 °C are shifted to the 
visible light region, thus resulting low Eg (2.69 and 
2.65 eV, respectively). The calcination temperature 
above 500 °C causes the synthesized material to undergo  
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Fig 6. (a) Photo-degradation of MB over time and (b) observed rate constants of various Cu-N-ZrTiO4 within 60 min 
irradiation 
 
a phase transformation from anatase to rutile, which 
exhibits a lower Eg [14]. 

The photocatalytic activity of Cu-N-ZrTiO4 was 
evaluated by applying the composite to the degradation of 
MB in the dark and visible light using a LIFE MAX 
30W/765 PHILIPS TLD lamp. The percentage of MB 
degraded is shown in Fig. 6(a). In the dark, the percentage 
was very small (under 5%) because there was no photon to 
generate •OH radicals [30]. Under the exposure of light, 
the degradation percentages increased because the photon 
stimulates the photocatalyst to generate •OH radicals 
from water molecules [31]. When the photocatalyst is 
irradiated with high energy, it will produce holes (h+) that 
are strong oxidizing agents to form •OH radicals, and 
these radicals degrade MB into simpler compounds [34]. 

Based on Fig. 6(a), there was a significant increase in 
the percentage of degradation at 15–60 min, while the 
increase in degradation at 75–120 min was less significant. 
Fig. 6(b) presents the observed rate constants of various 
Cu-N-ZrTiO4 from a pseudo-first-order kinetics model 
[36]. The photocatalytic activity of all Cu-N-ZrTiO4 is 
higher than references, i.e., pristine ZrTiO4 and N-doped 
ZrTiO4. The co-doping of Cu improves the photocatalytic 
activity of N-doped ZrTiO4 [23]. The 4% Cu-N-ZrTiO4 
composite calcined at 500 °C has the highest 
photocatalytic activity, while 2% Cu-N-ZrTiO4 calcined at 
500 °C has the lowest photocatalytic activity. The 
increasing amount of Cu above 4% decreases the 
photocatalytic activity of the composite due to 
diminishing doping effect by the saturation of Cu co-

doping. The increasing calcination temperature above 
500 °C also decreases photocatalytic activity of the 
composite due to the formation of rutile phase. 

■ CONCLUSION 

Copper-and-nitrogen-codoped ZrTiO4 
photocatalyst (Cu-N-ZrTiO4) has been successfully 
prepared through the sol-gel process. FTIR analysis 
shows that there is an absorption band at 1200 cm−1 
which relates to the Ti–O–Cu vibration as it intensifies 
at 4% of copper concentration. Co-doping with nitrogen 
and copper, as well as coupling with ZrO2, influence the 
crystallization of anatase and rutile at a higher 
temperature. The absorption band is also shifted 
towards a longer wavelength from 401.29 to 467.92 nm, 
which is responsive to visible light. Cu-N-ZrTiO4 
photocatalyst can degrade 4 mg L−1 MB solution up to 
83% at 120 min of irradiation time. Cu and N co-dopants 
give synergistic effects in improving the photocatalytic 
activity of ZrTiO4, and it is proven to have potential as a 
photocatalyst to decompose dyes under visible light 
irradiation. Further studies regarding the photocatalyst 
stability of the composite are necessary to be conducted. 

■ REFERENCES 

[1] Al-Mamun, M.R., Kader, S., Islam, M.S., and Khan, 
M.Z.H., 2019, Photocatalytic activity improvement 
and application of UV-TiO2 photocatalysis in 
textile wastewater treatment: A review, J. Environ. 
Chem. Eng., 7 (5), 103248. 



Indones. J. Chem., 2023, 23 (2), 416 - 424    

 

Lenny Rahmawati et al.   
 

423 

[2] Hamdy, M.S., Saputera, W.H., Groenen, E.J., and Mul, 
G., 2014, A novel TiO2 composite for photocatalytic 
wastewater treatment, J. Catal., 310, 75–83. 

[3] Zhang, T., Xiang, Y., Su, Y., Zhang, Y., Huang, X., 
and Qian, X., 2022, Anchoring of copper sulfide on 
cellulose fibers with polydopamine for efficient and 
recyclable photocatalytic degradation of organic 
dyes, Ind. Crops Prod., 187, 115357. 

[4] Yan, K., Wu, G., Jarvis, C., Wen, J., and Chen, A., 
2014, Facile synthesis of porous microspheres 
composed of TiO2 nanorods with high photocatalytic 
activity for hydrogen production, Appl. Catal. 
Environ., 148-149, 281–287. 

[5] Yaacob, N., Sean, G.P., Nazri, N.A.M., Ismail, A.F., 
Zainol Abidin, M.N., and Subramaniam, M.N., 2021, 
Simultaneous oily wastewater adsorption and photo-
degradation by ZrO2–TiO2 heterojunction 
photocatalysts, J. Water Process Eng., 39, 101644. 

[6] El-Sharkawy, E., Soliman, A.Y., and Al-Amer, K.M., 
2007, Comparative study for the removal of 
methylene blue via adsorption and photocatalytic 
degradation, J. Colloid Interface Sci., 310 (2), 498–508. 

[7] Chen, D., Jiang, Z., Geng, J., Wang, Q., and Yang, D., 
2017, Carbon and nitrogen co-doped TiO2 with 
enhanced visible-light photocatalytic activity, Ind. 
Eng. Chem. Res., 46 (9), 2741–2746. 

[8] Liu, W.J., Zeng, F.X., Jiang, H., Zhang, X.S., and Li, 
W.W., 2012, Composite Fe2O3 and ZrO2/Al2O3 
photocatalyst: Preparation, characterization, and 
studies on the photocatalytic and chemical stability, 
Chem. Eng. J., 180, 9–18. 

[9] Sharma, A., and Dutta, R.K., 2010, Studies on drastic 
improvement of photocatalytic degradation of acid 
orange-74 dye by TPPO capped CuO nanoparticles 
with suitable electron capturing agents, RSC Adv., 5 
(54), 43815–43823. 

[10] Jing, Y., Yin, H., Li, C., Chen, J., Wu, S., Liu, H., Xie, 
L., Lei, Q., Sun, M., and Yu, S., 2022, Fabrication of 
Pt doped TiO2-ZnO@ZIF-8 core@shell photocatalyst 
with enhanced activity for phenol degradation, 
Environ. Res., 203, 111819. 

[11] Verma, S., Rani, S., Kumar, S., dan Khan, M.A.M., 
2018, Rietveld refinement, micro-structural, optical 

and thermal parameters of zirconium titanate 
composites, Ceram. Int., 44 (2), 1653–1661. 

[12] Liang, Q., Liu, X., Zeng, G., Liu, Z., Tang, L., Shao, 
B., Zeng, Z., Zhang, W., Liu, Y., Cheng, M., Tang, 
W., and Gong, S., 2019, Surfactant-assisted 
synthesis of photocatalysts: Mechanism, synthesis, 
Chem. Eng. J., 372, 429–451. 

[13] Mogal, S.I., Mishra, M., Gandhi, V.G., and Tayade, 
R.J., 2012, Metal doped titanium dioxide: Synthesis 
and effect of metal ions on physico-chemical and 
photocatalytic properties, Mater. Sci. Forum, 734, 
364–378. 

[14] Wang, J., Zhao, Y.F., Wang, T., Li, H., and Li, C., 
2015, Photonic, and photocatalytic behavior of 
TiO2 mediated by Fe, CO, Ni, N doping and co-
doping, Phys. B, 478, 6–11. 

[15] Allen, N.S., Mahdjoub, N., Vishnyakov, V., Kelly, 
P.J., and Kriek, R.J., 2018, The effect of crystalline 
phase (anatase, brookite and rutile) and size on the 
photocatalytic activity of calcined polymorphic 
titanium dioxide (TiO2), Polym. Degrad. Stab., 150, 
31–36. 

[16] Zhang, J., Zhou, P., Liu, J., and Yu, J., 2014, New 
understanding of the difference of photocatalytic 
activity among anatase, rutile and brookite TiO2, 
Phys. Chem. Chem. Phys., 16 (38), 20382–20386. 

[17] Gnanaprakasam, A., Sivakumar, V.M., and 
Thirumarimurugan, M., 2015, Influencing 
parameters in the photocatalytic degradation of 
organic effluent via nanometal oxide catalyst: A 
review, Indian J. Mater. Sci., 2015, 601827. 

[18] Barkul, R.P., Koli, V.B., Shewale, V.B., Patil, M.K., 
and Delekar, S.D., 2016, Visible active 
nanocrystalline N-doped anatase TiO2 particles for 
photocatalytic mineralization studies, Mater. 
Chem. Phys., 173, 42–51. 

[19] Shao, G.N., Imran, S.M., Jeon, S.J., Engole, M., 
Abbas, N., Salman Haider, M., Kang, S.J., and Kim, 
H.T., 2014, Sol-gel synthesis of photoactive 
zirconia-titania from metal salts and investigation 
of their photocatalytic properties in the photo-
degradation of methylene blue, Powder Technol., 
258, 99–109. 



Indones. J. Chem., 2023, 23 (2), 416 - 424    

 

Lenny Rahmawati et al.   
 

424 

[20] Zheng, J., Sun, L., Jiao, C., Shao, Q., Lin, J., Pan, D., 
Naik, N., and Guo, Z., 2021, Hydrothermally 
synthesized Ti/Zr bimetallic MOFs derived N self-
doped TiO2/ZrO2 composite catalysts with enhanced 
photocatalytic degradation of methylene blue, 
Colloids Surf., A, 623, 126629. 

[21] Sherly, E.D., Vijaya, J.J., Selvam, N.C.S., and 
Kennedy, L.J., 2014, Microwave assisted combustion 
synthesis of coupled ZnO-ZrO2 nanoparticles and 
their role in the photocatalytic degradation of 2,4-
dichlorophenol, Ceram. Int., 40 (4), 5681–5691. 

[22] French, R.H., Glass, S.J., Ohuchi, F.S., Xu, Y.N., and 
Ching, W.Y., 1994, Experimental and theoretical 
determination of the electronic structure and optical 
properties of three phases of ZrO2, Phys. Rev. B: 
Condens. Matter Mater. Phys., 49 (8), 5133–5142. 

[23] Piątkowska, A., Janus, M., Szymański, K., and Mozia, 
S., 2021, C-, N- and S-doped TiO2 photocatalysts: A 
review, Catalysts, 11 (1), 144. 

[24] Kumaresan, L., Prabhu, A., Palanichamy, M., 
Arumugam, E., and Murugesan, V., 2014, Synthesis 
and characterization of Zr4+, La3+ and Ce3+ doped 
mesoporous TiO2: Evaluation of their photocatalytic 
activity, J. Hazard. Mater., 186 (2-3), 1183–1192. 

[25] Dutta, H., Nandy, A., and Pradhan, S.K., 2016, 
Microstructure and optical characterizations of 
mechanosynthesized nanocrystalline 
semiconducting ZrTiO4 compound, J. Phys. Chem. 
Solids, 95, 56–64. 

[26] Hayati, R., Kurniawan, R., Prasetyo, N., Sudiono, S., 
and Syoufian, A., 2022, Codoping effect of nitrogen 
(N) to iron (Fe) doped zirconium titanate (ZrTiO4) 
composite toward its visible light responsiveness as 
photocatalysts, Indones. J. Chem., 22 (3), 692–702. 

[27] Muslim, M.I., Kurniawan, R., Pradipta, M.F., 
Trisunaryanti, W., and Syoufian, A., 2021, The 
effects of manganese dopant content and calcination 
temperature on properties of titania-zirconia 
composite, Indones. J. Chem., 21 (4), 882–890. 

[28] Alifi, A., Kurniawan, R., and Syoufian, A., 2020, 
Zinc-doped titania embedded on the surface of 
Zirconia: A potential visible-responsive 

photocatalyst material, Indones, J. Chem., 20 (6), 
1374–1381. 

[29] Kim, J.Y., Kim, C.S., Chang, H.K., and Kim, T.O., 
2011, Synthesis and characterization of N doped 
TiO2/ZrO2 visible light photocatalysts, Adv. Powder 
Technol., 22 (3), 443–448. 

[30] Venkatesan, A., Al-onazi, W.A., Elshikh, M.S., 
Pham, T.H., Suganya, S., Boobas, S., and 
Priyadharsan, A., 2022, Study of synergistic effect of 
cobalt and carbon codoped TiO2 photocatalyst for 
visible light induced degradation of phenol, 
Chemosphere, 305, 135333. 

[31] Kim, C.S., Shin, J.W., Cho, Y.H., Jang, H.D., Byun, 
H.S., and Kim, T.O., 2013, Synthesis and 
characterization of Cu/N-doped mesoporous TiO2 
visible light photocatalysts, Appl. Catal., A, 455, 
211–218. 

[32] Li, D., Qin, Q., Duan, X., Yang, J., Guo, W., and 
Zheng, W., 2013, General one-pot template-free 
hydrothermal method to metal oxide hollow 
spheres and their photocatalytic activities and 
lithium storage properties, ACS Appl. Mater. 
Interfaces, 5 (18), 9095–9100. 

[33] Khan, S., Kim, J., Sotto, A., and van der Bruggen, B., 
2015, Humic acid fouling in a submerged 
photocatalytic membrane reactor with binary TiO2-
ZrO2 particles, J. Ind. Eng. Chem., 21, 779–786. 

[34] Singh, H., Sunaina, S., Yadav, K.K., Bajpai, V.K., 
and Jha, M., 2020, Tuning the bandgap of m-ZrO2 
by incorporation of copper nanoparticles into 
visible region for the treatment of organic 
pollutants, Mater. Res. Bull., 123, 110698. 

[35] Kurniawan, R., Sudiono, S., Trisunaryanti, W., and 
Syoufian, A., 2019, Synthesis of iron-doped 
zirconium titanate as a potential visible-light 
responsive photocatalyst, Indones. J. Chem., 19 (2), 
454–460. 

[36] Syoufian, A., and Nakashima, K., 2008, Degradation 
of methylene blue in aqueous dispersion of hollow 
titania photocatalyst: Study of reaction 
enhancement by various electron scavengers, J. 
Colloid Interface Sci., 317 (2), 507–512. 

 



Indones. J. Chem., 2023, 23 (2), 416 - 424    

 

Lenny Rahmawati et al.   
 

5 

 



Indones. J. Chem., 2023, 23 (2), 425 - 437    

 

Edi Pramono et al. 
 

425 

Polyvinylidene Fluoride (PVDF)/Modified Clay Hybrid Membrane 
for Humic Acid and Methylene Blue Filtration 

Edi Pramono*, Gadis Prihatin Wahyu Sejati, Sayekti Wahyuningsih, and Candra Purnawan 
Department of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Sebelas Maret, 
Jl. Ir. Sutami 36A, Kentingan, Surakarta 57126, Indonesia 

* Corresponding author: 

email: edi.pramono.uns@staff.uns.ac.id 

Received: November 7, 2022 
Accepted: March 11, 2023 

DOI: 10.22146/ijc.78979 

 Abstract: This research studied the impact of silanized clay modification on 
performance and antifouling Poly(vinylidene fluoride) (PVDF) membrane toward humic 
acid and methylene blue filtration. Clay modification was carried out by using 3-
aminopropyltriethoxysilane (APS) to produce modified clay (Clay-APS). Hybrid 
membranes were prepared by phase inversion for humic acid and methylene blue 
filtration. Hybrid membranes were characterized by measuring surface hydrophilicity, 
water flux, rejection, and antifouling properties. Clay and Clay-APS modification 
increased hybrid membrane surface hydrophilicity, as indicated by increasing the β 
fraction and decreasing the water contact angle. The PVDF/Clay and PVDF/Clay-APS 
hybrid membranes showed high permeability and selectivity with the highest water flux 
values of 24.2 L m−2 h−1. The rejections for humic acid and methylene blue were 98.8 and 
99.3%, respectively. The highest antifouling property was obtained from the PVDF/Clay-
APS hybrid membrane, with a flux recovery ratio was 96.0%. The PVDF/Clay hybrid 
membrane performance and antifouling properties showed that the membranes have the 
potential for water treatment. 

Keywords: clay modification; dye filtration; hybrid membrane; polyvinylidene fluoride 

 
■ INTRODUCTION 

About 70% of the earth is water, but only 2.5% is a 
source of pure water and only 1% is fresh water accessible 
and used by 7.6 billion people [1]. Water sources in the 
tropics are mostly peat water, characterized by brownish-
yellow water due to the high concentration of humic acid 
(HA) that cannot be consumed directly [2]. Therefore, 
peat water must be processed into clean water for daily 
needs, especially drinking water. In addition, clean water 
sources have also been significantly reduced with the 
development of industries that produce a lot of waste; as 
a result, more than 2 billion people have difficulty 
accessing clean water [3]. One produced waste is toxic dye 
waste, which can contaminate the soil, sediment, and 
surrounding surface water [4]. Wastewater treatment 
management is needed to balance water availability and 
demand at an affordable cost, which positively impacts 
the environment. Several technologies have been 
developed to address wastewater problems, such as 

adsorption, sedimentation, coagulation, biological 
treatment, photodegradation, and membrane filtration 
[5-6]. Membrane technology is a promising technique 
for removing impurities in water where the filtration 
efficiency is influenced by hydrophilicity properties and 
the porosity of the membrane surface [7]. 

Polymer membranes have greater flexibility, good 
film-forming properties, mechanical strength, chemical 
stability, and high selectivity [8]. In water treatment 
technology, membranes based on hydrophobic 
polymers have been widely applied such as polysulfone, 
poly(vinylidene fluoride) (PVDF), and 
polytetrafluoroethylene [9-10]. Hydrophobic polymers, 
including PVDF, have a disadvantage because the high 
hydrophobic surface properties can interact with 
foulants, causing fouling and reducing membrane 
performance [11]. Fouling mitigation has been 
developed using additives, hydrodynamic optimization, 
and membrane surface modification [12]. One way to 
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increase membrane efficiency and reduce fouling is to add 
hydrophilic compounds to the membrane [13]. 
Antifouling properties are measured as flux recovery ratio 
(FRR). Several previous studies reported that the addition 
of hydrophilic fillers such as PVDF-g-PDMAPMA, 
MWCNTs-OH, and TiO2 could increase membrane FRR 
[14-16]. Another material that has the potential to modify 
PVDF membranes is clay. Various types of clay can be 
found in Indonesia, including bentonite, cloisite, and 
kaolinite [17]. Clay modification of PVDF membranes 
has been reported, such as the use of cloisite and halloysite 
[18-19]. Cosmetic-graded clay has non-toxic properties, 
hydrophilic, is easily obtained, and is inexpensive 
compared to other clays. However, studies on cosmetic 
clay application to PVDF membranes have not been 
reported yet. 

Direct application of inorganic materials such as 
clay has an effect called agglomeration. It is caused by 
differences in surface tension between the polymer and 
fillers [20], the resulting membrane that can be 
inhomogeneous and difficult to cast. Surface modification 
by organosilane modification, such as 3-
aminopropyltriethoxysilane (APS) could increase 
interaction between polymer and clays [21]. Preliminary 
tests of PVDF modification with kaolin clay have been 
carried out and showed an increase in membrane 
hydrophilicity. In this study, organosilane-modified clay 
(Clay-APS) and a PVDF/Clay-APS hybrid membrane 
were developed. The membrane was made using PVDF 
with a different molecular mass from previous studies 
[22]. This research investigated the effect of various 
concentrations of Clay-APS on membrane performance 
toward HA and methylene blue (MB) filtration; and also 
discussed surface characteristics as well as antifouling 
properties. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study include PVDF (Mw 
64.000 g/mol) was purchased from Jiangsu Freechem-
China. N,N-dimethylformamide (DMF), polyethylene 
Glycol 400 (PEG400), hydrochloric Acid (HCl), and MB 

(Mw 319.85 g/mol) were purchased from Merck. APS 
was obtained from Sigma-Aldrich. HA was prepared by 
Edulab Indonesia. Clay cosmetic-based (containing 
kaolinite) was purchased from Cipta Kimia. 

Instrumentation 

The membranes were characterized using 
Attenuated Total Reflection Fourier Transform Infrared 
(ATR-FTIR Agilent 360) and Scanning Electron 
Microscopy (SEM, JEOL Benchtop JCM 7000). The dye 
solution concentration was analyzed using UV-Vis 
spectrophotometer (Hitachi UH5300). 

Procedure 

Modification of clay with APS 
Clay was ground and sieved to size 200 mesh. The 

4 g clay was soaked in 100 mL, HCl 0.1 M for 24 h and 
then dried at room temperature for 24 h. Modification 
of clay with APS followed previous research [23-25]. 
About 4 g of clay was dispersed in 200 mL of ethanol, 
then 4 g of APS, which had been dispersed into 50 mL 
ethanol. The mixture was stirred for 24 h at a 
temperature of 70 °C. The mixture was filtered and dried 
at 60 °C for 12 h. The modification has been successfully 
carried out and confirmed by FTIR spectra peak at 
1568 cm−1, which indicates the presence of an -NH 
group from APS, and at 2936 cm−1 which corresponds to 
a CH2 of organosilane [26]. 

Membranes fabrication 
PVDF and hybrid membranes were fabricated 

using the phase inversion following the previous report 
[27]. The casting solution (Dope) was carried out by 
various concentrations shown in Table 1. Clay or Clay-
APS, PEG, and PVDF were mixed into DMF with a total 
mass of 9 g. The solution was stirred at 60 °C for 24 h. 
The dope was cast on glass with a thickness regulator of 
130 μm and immediately put into a water bath as a 
coagulant bath. The obtained membrane was stored in 
glycerin and washed before being analyzed. 

Characterization 
The membranes were characterized by 

morphology, functional groups, contact angles, and pore  
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Table 1. Composition of 12 g dope solution 
PVDF 
(wt.%) 

PEG 
(wt.%) 

Clay 
(wt.%) 

Clay-APS 
(wt.%) 

Membrane 
code 

18 4 0 0 PVDF 
18 4 1 0 PVDF/ Ka1 
18 4 3 0 PVDF/Ka3 
18 4 5 0 PVDF/Ka5 
18 4 7 0 PVDF/Ka7 
18 4 9 0 PVDF/Ka9 
18 4 0 1 PVDF/Ka-APS1 
18 4 0 3 PVDF/ Ka-APS3 
18 4 0 5 PVDF/Ka-APS5 
18 4 0 7 PVDF/Ka-APS7 
18 4 0 9 PVDF/Ka-APS9 

measurement. Membrane surface and cross-section 
morphology was analyzed by SEM. Functional group 
analysis on PVDF/Clay-APS hybrid membranes was 
carried out using the ATR-FTIR. Membranes were 
scanned 48 times at a range of 400–4000 cm−1 with a 
resolution of 4 cm−1. The membrane polymorphs were 
computed using Eq. (1) [28], 

  AF
A 1.26A


 

 
 (1) 

where F(β) is the relative fraction of the β phase, while Aα 
and Aβ are the absorbances at the peaks of 769 and 
840 cm−1, which correspond to the α and β phases, 
respectively. 

Surface hydrophilicity was determined by 
measuring the membrane's water contact angle (WCA). A 
flat membrane was prepared on the sample holder and the 
water was dropped on the membrane's surface. The water 
drop image was recorded and processed using ImageJ 
software with a contact angle plugin. 

Membrane porosity was analyzed using the 
gravimetric method. The wet membrane (Wb) was 
weighed and dried at 60 °C for 24 h. The dry membrane 
(Wk) was weighed again, and the membrane porosity 
(εሻ was determined through Eq. (2), 

b kW W
(%) 100

A l
 

     
 (2) 

where A is the area of the membrane, l is the thickness of 
the membrane, and ρ is the density of water. 

Membrane performance test 
The measurements were carried out using a 

microfiltration device as a stirred cell with a dead-end 
system. A membrane with a 5 cm diameter was attached 
to the sample holder. The system was operated under a 
transmembrane pressure (TMP) of 2 bar using 200 mL 
water as the feed phase. The membrane was compacted 
for 15 min and calculated the time to obtain 2 mL of 
permeate. The water flux was computed using Eq. (3), 

VJ
A t




 (3) 

where J is the permeate flux (L/m2.h), V is the volume of 
water permeate (L), A is the membrane surface area 
(m2), and t is the measurement time (h). 

The average membrane pore size can be calculated 
using the Geurout–Elford-Ferry formula at Eq. (4) [29], 

 
p

2.9 1.75 8  lm Jw
r

A P
   


 

 (4) 

where ε is membrane porosity (%), ρ is the deionized water 
viscosity at 25 °C (8.9 × 10−4 Pa s), lm is the wet membrane 
thickness, A is effective membranes surface, Jw is pure 
water flux, and ΔP is operating pressure (0.2 MPa). 

The membrane rejection was measured by 
replacing the feed phase with HA and MB with a 
concentration of 100 mg L−1. The structure of HA and 
MB are shown in Fig. 1 and 2 [30]. Permeate and 
retentate concentration was analyzed and the membrane 
rejection R(%) was calculated using Eq. (5). The 
antifouling was analyzed by calculating the value of the 
FRR in the form of a presentation between the 
membrane flux that had been used for filtration and the 
initial water flux. The values obtained from each 
repetition were then averaged. The FRR value is 
determined using Eq. (6). 

p

r

C
R(%) 1 100%

C
 

    
 

 (5) 

where Cp is the concentration of permeate and Cr is the 
retentate concentration. 

n

o

J
FRR 100%

J
   (6) 

where Jn is pure water flux after the rejection test and Jo 
is pure water flux before the rejection measurement. 
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Fig 1. Hypothetic structure of humic acid [30] 

 

 
Fig 2. Chemical structure of methylene blue 

■ RESULTS AND DISCUSSION 

PVDF Membranes Polymorph 

The polymorph of PVDF/Clay and PVDF/Clay-APS 
membranes were characterized by ATR-FTIR and 
presented in Fig. 3. The ATR-FTIR spectra in Fig. 3(a) 
obtained the peaks at 769 and 840 cm−1, corresponding to 
the vibration of C-H and C-F with different 
conformations. The peaks at 769 and 840 cm−1 were 
related to the α and β phases, respectively. The α phase has 

the non-polar TGTG' conformation and the β phase has 
the most polar nature with the TTTT' conformation. Fig. 
3 also shows the change in the value of the β fraction on 
the membrane. Fig. 3(b) showed the β fraction of the 
pristine PVDF membrane of 0.47, and the addition of 
clay and Clay-APS to the PVDF membrane caused 
increasing in the β fraction. The increasing β phase of 
PVDF/Clay membranes is linear with the amount of clay 
added, indicating an increase in the hydrophilicity of the 
membrane because the β phase showed the polar nature 
of the PVDF [31]. The β fraction of PVDF/clay APS 
membranes is relatively constant in Clay-APS 
concentration up to 3%, and it is caused by the existence 
of a silane group from APS that tend to have 
hydrophobic property. 

840 820 800 780 760





A
b

s
o

rb
a

n
c

e
 (

a
.u

.)

Wavenumber (cm-1)

 PVDF/Ka APS 7
 PVDF/Ka APS 3
 PVDF/Ka 7
 PVDF/Ka 3
 PVDF/Ka 0



(a)

  
0 2 4 6 8 10

0.45

0.50

0.55

0.60

0.65

0.70

0.75

F
(

) 

Clay concentration (wt.%)

 PVDF/Clay
 PVDF/Clay-APS

(b)

 
Fig 3. The (a) ATR-FTIR spectra and (b) β fraction of the hybrid membranes 
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Membrane Surface Hydrophilicity 

Membrane surface hydrophilicity was analyzed by 
WCA and given in Fig. 4. The pristine membrane 
obtained a WCA of 85.6°, which indicates that the 
membrane is relatively hydrophilic. Fig. 4 also showed 
decreasing WCA after PVDF/Clay and PVDF/Clay-APS 
modification. A considerable decrease in the contact angle 
occurs after the addition of clay with a concentration of 3 
wt.% where the value is below 75 °C, and it reaches below 
70 °C at the addition of 9 wt.% concentration. The clay 
and Clay-APS modified membranes are more hydrophilic 
due to the existence of Clay and the increasing of β 
fraction. 

The image of water droplets on the membrane at 
various observation times is shown in Fig. 5. The water 
contact angle decreased with aging time, and the 
dimensions of the water droplets presented that there was 
no diameter widening. The dynamic contact angle 
reduction of PVDF/Clay 3% and PVDF/Clay-APS 7% in 
Fig. 6 were observed faster than the pristine membrane 

and almost reached 20 °C for 12 min. The decrease in 
contact angle on the membrane surface can be 
influenced by surface hydrophilicity and pore properties. 
Decreasing the water droplet contact angle without a 
change of diameter indicated that it is dominantly caused  
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Fig 4. WCA of PVDF/Clay and PVDF/Clay-APS hybrid 
membranes 
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Fig 5. Water droplet aging on (a) PVDF;(b) PVDF/Ka 3%; (c) PVDF/Ka 7%; (d) PVDF/Ka-APS; (e) PVDF/Ka-APS 7 
wt.% membrane surface 
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Fig 6. The dynamic water contact angle of hybrid 
membranes 

by the pores in the membrane. The decline of water 
contact angle is in accordance with previous research [32] 
which shows that the pore factor can cause changes in 
contact angle. 

Membrane Porosity 

Membrane porosity measurement was carried out 
using the gravimetric method and data presented in Fig. 
7. The porosity of the pristine PVDF membrane has a high 
value of 80.2% and decreases with clay addition. On the 
other hand, the additional high concentration of clay APS 
increases membrane porosity. Membrane porosity is 
influenced by the presence of PEG as a porogen in dope. 
PEG can increase the number of pores and the pore area 
[33]. PEG, a hydrophilic substance, will be pulled out 
during the phase inversion due to the interaction with the 
water coagulant and leave pores in the membrane. The 
addition of clay can hinder water and PEG during the phase 
inversion [34], which impacts the exchange solvent-non- 
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Fig 7. The porosity of PVDF/Clay and PVDF/Clay-APS 
hybrid membranes 

solvent, resulting in lower porosity of the hybrid 
membrane. There is a probability that the presence of 
APS causes a different trend of porosity values in the 
PVDF/Clay-APS membrane. The existence of APS 
influences the membrane to be more hydrophobic; it 
affects the lower interaction with PEG and causes PEG 
to be easy to release during phase inversion. 

Membrane’s Morphology 

Membrane surface and cross-section morphology 
are shown in Fig. 8. Based on surface morphology, 
PVDF and hybrid membranes had relatively the same 
surface, i.e., dense and rough. The cross-section of the 
membrane showed an asymmetric structure and 
consisted of macro and micropores. As described in the 
previous section, these pores form when PEG is released 
from the polymer component during phase inversion, 
resulting in membrane pores [35]. Fig. 8 shows the micro 
and macropore  dimensions  differences  between PVDF  
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Fig 8. Surface and cross-section image of (a, b) PVDF; (c, d) PVDF/Clay 3%; (e, f) PVDF/Clay-APS 3 wt.% 

 
and hybrid membranes. PVDF membrane produced a 
higher macropore but a smaller micropore on the bottom 
side. PVDF/Clay 3% and PVDF/Clay-APS 3% 
membranes showed a bigger micropore than the PVDF 
membrane. PVDF membrane had the lowest PWF 
because the micropore size was smaller, and PVDF/Clay 
3% membrane had the highest flux due to the existence of 
macropore and high micropore. 

Pure Water Flux and Pore Size of Membranes 

Based on Fig. 9, the pure water flux (PWF) and pore 
size clay-modified membranes decreased with increasing 
clay concentration. This result was in line with the 
porosity data. The PWF increased by 1 and 3 wt.% Clay-
APS addition. It could be due to the effect of APS as a 
modifier on the clay, which can increase the homogeneity 
of the membrane so that the obtained water flux can also 

increase until it reaches a maximum concentration of 
3 wt.%. PVDF/Clay 3% and PVDF/Clay-APS 3% have 
high PWF due to the existence of micropores. It was 
linear with morphology data. In contrast, higher 
concentration addition of Clay-APS decreased PWF. 
Higher clay concentration can induce agglomeration 
[36] and pore filling by clay substrate, making the 
membrane pores denser. 

Performance of PVDF/Clay Membrane for HA 
Filtration 

The membrane's performance on HA was analyzed 
by the water flux and its rejection. Fig. 10 shows that the 
water flux of the pristine PVDF membrane with HA as a 
feed obtained a lower value than pure water flux. The 
presence of HA results in interactions on the surface and 
closure of  pores  in  the  membrane,  which  results  in a  
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Fig 9. The (a) Pure water flux and (b) Average pore size of PVDF/Clay and PVDF/Clay-APS hybrid membranes 

0 2 4 6 8 10
0

5

10

15

20

25

W
a

te
r 

fl
u

x 
(L

m
-2

h
-1

)

Clay (wt.%)

 PVDF/Clay
 PVDF/Clay-APS

(a)

0 2 4 6 8 10
75

80

85

90

95

100

H
u

m
ic

 a
ci

d
 r

e
je

c
ti

o
n

 (
%

)

Clay (wt.%)

 PVDF/Clay
 PVDF/Clay-APS

(b)

 
Fig 10. Performance of: (a) Water permeability and (b) Selectivity of PVDF/Clay and PVDF/Clay-APS membranes on 
HA filtration 
 
decrease in membrane permeability. The PVDF/Ka3 and 
PVDF/KaAPS3 membranes showed the optimum water 
flux, where the flux value almost reaches 20 L m−2 h−1. On 
the other hand, adding a higher clay concentration causes 
the flux value to decrease considerably due to the 
possibility of agglomeration. These results are linear with 
the porosity and pore size of the membrane. 

HA rejection was obtained above 90.0%, which 
indicates that PVDF and PVDF/clays hybrid membranes 
were acceptable for water treatment. The 3 wt.% addition 
increased the membrane rejection and water flux, where 
the %R was up to 98.8%. The membrane rejection  
 

decreased at the clay addition of 5 to 9 wt.%, which could 
be caused by a larger pore size than the HA particle size. 
High clay content resulted in repulsion between the clay 
particles and the polymer and induced larger pores 
formation in the membrane cross-section. The 
PVDF/Clay-APS membrane showed an increase in the 
rejection value with the increase in filler concentration. 
The highest %R was reached at 9 wt.% Clay-APS 
addition of 98.0%. The linear enhancement of rejection 
percentage showed that the modification of Clay-APS in 
the membrane solution had a good effect on the 
membrane homogeneity. 
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Performance of PVDF/Clay Membranes for MB 
Filtration 

The membrane filtration performance was also 
carried out on the filtration of MBdye, and the results 
were presented in Fig. 11. The modification of clay and 
Clay-APS to the PVDF membrane demonstrated a high 
%R of more than 90.0% and increased until %R of 99.1% 
for 3 wt.% addition. The water flux of the PVDF/Clay 
membrane in MB filtration had almost the same pattern 
as the water flux in HA filtration, where the water flux 
decreased. The PVDF/Clay-APS membrane produced a 
lower flux than the PVDF/Clay membrane and obtained 
less than 10 L m−2 h−1. The overall %R value for MB was 
higher than HA. MB particles tend to interact with the 
clay-containing membrane surface so that it will be left in 
the feed phase. 

The PVDF/Clay-APS membrane showed an 
increase in the rejection with increasing filler 
concentration up to 99.3% for PVDF/Clay-APS 3%. 
Membrane rejection PVDF/Clay-APS showed a value that 
tended to be constant at the addition of Clay-APS 
concentration above 3 wt.%, but the PVDF/Clay-APS 9% 
membrane had the highest rejection value of 99.5%. The 
water flux value of the PVDF/Ka-APS membrane was 
lower than clay-modified membranes, which results in a 
higher rejection value because the flux value is inversely 
proportional to the rejection value. The dye filtration was 
influenced by the pores' properties and the membrane's 

interaction with the dye. MB particles in solution can 
form molecular aggregations [37], produce large 
molecular dimensions, and cannot pass through the 
membrane pores. The interaction of negative charge on 
clay and cationic dyes also causes MB to be retained 
longer on the membrane surface, resulting in a high %R. 

Membrane Antifouling Properties 

Antifouling membrane properties were determined 
by calculating the FRR value for both HA and MB, and 
the results are given in Fig. 12. Pristine PVDF membrane 
obtained FRR of less than 80.0% toward HA filtration, 
indicating that water permeation decreased by about 
20.0% after HA filtration. Decreasing water flux after 
feed filtration was related to fouling on the membrane 
surface [38-39]. The FRR value of the PVDF/clay 
membrane increased dramatically with the addition of 
3 wt.%, where the value exceeded 90.0%. Membranes with 
the addition of clay and Clay-APS 3–7 wt.% had FRR 
relatively same, but there was an increase in FRR for Clay 
9% and Clay-APS 9 wt.% contained membranes where 
the value exceeded 95.0% for HA and MB filtration. 

Fig. 12 also revealed that the FRR value of the 
hybrid PVDF membrane for MB filtration was obtained 
lower than the FRR value for HA filtration. The FRR 
value on the membrane increased due to the increase in 
hydrophilicity, which is in accordance with the contact 
angle  data.  Membranes  with  hydrophilic  surfaces  will  
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Fig 11. Performance of (a) water permeability and (b) selectivity of PVDF/Clay and PVDF/Clay-APS membranes on 
MB filtration 
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Fig 12. FRR of (a) HA and (b) MB filtration 

Table 2. Comparative study of modified PVDF membranes for water treatment 

Matrix Type of membrane Pure water flux 
(L m−2 h−1) 

Feed solution 
(Concentration) Rejection (%) FRR (%) References 

PVDF/Clay-APS Micro filtration 24.3 MB (100 mg L−1) 99.3 92.4 This study 
PVDF/Clay Micro filtration 20.8 HA (100 mg L−1) 98.8 92.4 This study 
PVDF/NZP Ultra filtration 730.0 HA (20 mg L−1) 80.0 100.0 [43] 
TP/PEI/PVDF Ultra filtration 140.0 MB (20 mg L−1) 95.2 84.6 [44] 
PVDF/Fe3O4-
HNTs 

Nano filtration 24.2 MB (100 mg L−1) 84.7 - [45] 

PVDF/GO-Ni Ultra filtration 38.4 CR (50 mg L−1) 98.0 - [46] 
 
form a layer of pure water on the surface, which can 
prevent the adsorption and deposition of hydrophobic 
[40]. Antifouling properties were also supported by ATR-
FTIR data which showed an increase in the β phase of the 
hybrid membrane. Based on the "Polar spreads on Polar" 
rule, the wettability of PVDF membranes could change 
according to the polarity of the crystalline phase, which 
affected membrane antifouling properties [41]. 
Conventional PVDF membranes generally contain a lot 
of non-polar phases and induced fouling due to high 
adhesive interactions between the foulant and the 
membrane surface. The presence of clay in the PVDF 
membrane influenced the strong interaction between the 
dye and membrane surface. Generally, clays particle were 
negatively charged and encouraged interactions with 
cationic molecules [42]. These resulted in a lower FRR of 
MB than HA for both PVDF and hybrid membranes. 

PVDF/Clay and PVDF/Clay-APS membrane’s 
performance shows the potential for water treatment 

applications. The results of the water flux, rejection, and 
antifouling of membranes are quite high compared to 
several previous studies on modified PVDF membranes 
for water treatment, as shown in Table 2. The membrane 
flux value is not too high but produces a high rejection, 
which is more than 98.0% for HA. The rejection value of 
the PVDF/Clay-APS membrane on MB dye was 99.0%, 
also quite high compared to the rejection value of other 
modified PVDF membranes. The FRR value produced 
on PVDF/Clay and PVDF/Clay-APS membranes was 
> 90.0%, showing good antifouling properties compared 
with other modified PVDF membranes. 

■ CONCLUSION 

PVDF and clay-modified hybrid membranes were 
successfully fabricated using phase inversion and 
produced asymmetric membranes with micro and 
macropore. Clay and Clay-APS addition could increase 
the membrane surface's hydrophilicity. The presence of 
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clay decreased membrane porosity and reversely for Clay-
APS addition. The membrane's selectivity increased with 
the addition of Clay and Clay-APS. The most effective 
membrane for HA filtration is PVDF/Clay-APS 3% with 
water flux of 18 L m−2 h−1, rejection of 96.0%, and FRR 
above 95.0%. Meanwhile, the most effective membrane 
for MB filtration is PVDF/Clay 3% with a water flux of 
20 L m−2 h−1, rejection of 99.1%, and FRR above 92.0%. 
These indicate that PVDF/Clay and PVDF/Clay-APS 
membranes can be applied in industrial applications, 
especially at HA and dye filtration. 
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 Abstract: This study aimed to investigate the effect of soft template variations on Zinc 
Sulfate Hydrate (Gunningite) synthesis and the maximum adsorption capacity of 
ibuprofen. This study employed the soft template method and hydrothermal at 100 °C, 
followed by calcination at 550 °C. Here, ZnSO4 heptahydrate was used as the precursor 
for different templates. XRD analysis exhibited that the crystal sizes of Gunningite-
F127G, Gunningite-F127, Gunningite-P123G, Gunningite-P123, and Gunningite-G were 
18.35; 25.33; 25.67; 27.30; and 24.24 nm with crystallinity degrees of 36.89; 42.62; 46.83; 
41.27; and 40.62%, respectively. FTIR examination indicated that the five samples 
contained functional groups of OH stretching at 3170 cm–1, Zn-O-Zn at 1637 cm–1, Zn-
S=O symmetric and asymmetric at 900 and 1056 cm–1, and Zn-O at 521 cm–1. 
Furthermore, SEM-EDX investigation revealed that the morphology of all Gunningite 
samples was inhomogeneous due to agglomeration. Besides that, the elemental compositions 
in the samples were dominated by Zn and O elements. The maximum adsorption capacity 
obtained from each sample was 221.1 mg/g (Gunningite-F127G); 226.06 mg/g 
(Gunningite-F127); 234.23 mg/g (Gunningite-P123G); 229.76 mg/g (Gunningite-P123); 
and 222.85 mg/g (Gunningite-G). Moreover, the Gunningite kinetic model of ibuprofen 
adsorption followed Ho and McKay's pseudo-second-order kinetic model. 

Keywords: Gunningite; ibuprofen; P123; F127; gelatin 

 
■ INTRODUCTION 

Pharmaceutical waste in waters derives from factory 
waste and the results of human body excretion. These 
wastes are in the form of beta blockers, non-steroidal anti-
inflammatory drugs (NSAIDs), antibiotics, antiepileptic 
drugs, lipid regulators, and hormones [1]. One of the most 
commonly detected drugs in sewage treatment plants is 
Ibuprofen, with a concentration of 25 mg/L [2]. Ibuprofen 
is a type of drug that is extensively consumed in various 
parts of the world. For example, it has become one of the 
five most consumed drugs in the UK. Ibuprofen is a non-
steroidal anti-inflammatory drug (NSAID), an analgesic, 
and an antipyretic drug used to treat rheumatism, relieve 
pain, and reduce fever. Ibuprofen is soluble in organic 
solvents but insoluble in water. 

Toxicological studies have exposed different 
sensitivities of aquatic organisms to ibuprofen levels. In 

small amounts, ibuprofen can inhibit the reproductive 
capacity of Daphnia Magna. Ibuprofen can inhibit lotus 
growth at levels of 0.4 g/m3, whereas, at 0.2 g/m3 and 0.1 
g/m3, it can affect the estrogen production of aquatic 
organisms and delay the hatching of Japanese yolk eggs, 
respectively [3]. Ibuprofen has been revealed to disrupt 
aquatic ecosystems. Among others, it affects the 
reproduction of invertebrates and vertebrates, fungi, and 
the growth of bacterial species; genetic and systemic 
damage to some shellfish fish species; and cytogenic 
properties in freshwater bivalves [4]. 

Several techniques have been conducted to 
overcome this pharmaceutical waste, one of which is the 
adsorption method. This technique can handle various 
levels of pollutants. In addition, it is also more efficient, 
easy to operate, not affected by toxins, suitable for 
continuous and partial processes, and the adsorbent can 
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be regenerated and used repeatedly [5]. One of the 
potential adsorbents is Gunningite which is a stable 
material containing zinc sulfate and monohydrate. 
Studies concerning Gunningite for ibuprofen adsorption 
are still very rare [6-7]. Materials previously used for the 
adsorption of ibuprofen include material-based carbon 
and silica. However, the stability and affinity of these 
materials were lacking [1,3,8]. The affinity of carbon or 
silica for ibuprofen was low. It can be compared from the 
electronegativities of C (2.5), Si (1.8), and Zn (1.6) [9] 
compared to O (3.5) in the O-H group, which has 
different electronegativities, respectively are 1.0, 1.7 and 
1.9. With a high difference in electronegativity from 
Gunningite when interacting with Ibuprofen, it gives the 
advantage of attracting many ibuprofen molecules during 
the adsorption process. 

Gunningite has been applied as an advanced 
material storage in the electrical field [10-11] and is a 
promising adsorbent for pollutant molecules [6-7]. Many 
technologies have been developed in synthesizing 
material particles, primarily to attain nanometer-sized 
particles, one of which is the dissolving process using 
either the sol-gel, hydrothermal, solvothermal, or self-
assembly methods [12]. The sol-gel method is a promising 
way that needs a soft template as a structure directing 
agent for the main element of the material through 
intermolecular or intramolecular interaction forces. 
However, it generally only involves one template type and 
mainly uses synthetic templates such as Pluronic P123, 
Pluronic F127, or CTAB. On the one hand, the issue of 
environmentally friendly chemistry has occupied an 
important position in this century to color various scopes 
of material synthesis, including replacing synthetic 
template materials with natural materials such as gelatin. 
Even though it is an important issue, research to observe 
differences in the effect of synthetic templates, natural 
templates, or a combination of both on materials is rarely 
carried out. 

Types of synthetic soft templates often employed in 
synthesizing uniform materials include Pluronic F127 
[13], Pluronic P123 [14], CTAB [15], and CTAC [16]. 
Pluronic F127 (MW 12500 g/mol) belongs to the 
biocompatible poloxamers group and is widely used in 

clinics for various purposes. F127 is an amphiphilic 
polymer consisting of two PEO chains as the hydrophilic 
part and one PPO Poly(Propylene Oxide) chain as the 
hydrophobic part. F127 can be employed as a non-ionic 
emulsion surfactant due to its different polarity 
properties. Not only F127, Pluronic P123 or poly(ethylene 
oxide)-poly(propylene oxide)-poly(ethylene oxide) 
(PEO-PPO-PEO), having a molecular weight of 
5750 g/mol, is also a dominant hydrophobic copolymer. 
Pluronic P123 has a relatively low critical micelle 
concentration (CMC) in water at about 0.313 M at 20 °C 
[17]. It is an excellent reason to select P123 as a sensitive 
surfactant to direct material structure in certain pore 
sizes at different temperatures. However, the high cost, 
low sustainability, time consumption, and complicated 
production are the arguments for minimizing or 
removing synthetic surfactants. Nevertheless, this 
matter can be solved by replacing the synthetic template 
with a natural template. 

One of the natural templates is gelatin (MW close 
to 20000 g/mol) which can be obtained from the 
hydrolysis of animal skin, bone, and white fibrous tissue. 
The gelatin sources are sustainable and have an amine 
group as a high-affinity part to interact with other 
elements with lower electronegativity. As shown in 
previous research, the polar and non-polar groups in 
gelatin are an excellent reason to use them as a natural 
template. Based on the description, this work was 
conducted on the effects of soft template variations of 
F127, P123, and gelatin and their combinations to obtain 
Gunningite. After Gunningite had been successfully 
synthesized, further characterization was done to 
determine the crystallinity, morphology, functional 
groups, and adsorption capacity towards Ibuprofen. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were Pluronic 
P123 (EO20PO70EO20) Amphiphilic Block Copolymer 
(MW 5790 g/mol), Pluronic F127 Poly(ethylene glycol)-
block-poly(propylene glycol)-block-poly(ethylene glycol) 
diacrylate (MW 12,500 g/mol), gelatin (pure analysis, 
MW 400 KDa), ethanol, ibuprofen (2-[4-(2-methyl 
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propyl) phenyl]propanoic acid), ZnSO4·7H2O, and n-
hexane that were obtained from Sigma Aldrich and used 
without prior pretreatment. 

Instrumentation 

The characterizations of the synthesized Gunningite 
samples involved several instruments, including X-Ray 
Diffraction (XRD) XRD/MAX-2550 HB/PC (Rigaku Co., 
Tokyo, Japan), Scanning Electron Microscopy (SEM) 
(JEOL JMS-700), and Fourier Transform Infrared (FTIR) 
with spectra recorded with a Bruker Vertex 70 
spectroscope. The SEM-EDX test was performed at a 
voltage of 15.0 kV with a magnification of 10,000×. 
Meanwhile, the FTIR analysis was done at a wavelength of 
500–4000 cm−1. 

Procedure 

Gunningite synthesis process 
Ethanol (190 mL) was dropped with a flow rate of 

3 mL/min into 3.6 g of F127/1.7 g of P123 with a burette 
at room temperature while it was stirred. The Erlenmeyer 
was kept from the air during the dripping process by 
covering it with plastic wrap. After the process was 
finished (± 4–5 d), 0.0346 g of 0.1% gelatin was added. 
Then, the mixture was stirred for 60 min. Next, 55.39 g of 
ZnSO4 heptahydrate were added and stirred for 24 h in a 
closed state with plastic wrap so that no air entered. 
Afterward, the sample was put into a hydrothermal 
reactor and heated at 100 °C for 24 h. Then, the sample 
was left to cool. The white solid was filtered through a 
Buchner filter and washed with distilled water until it 
obtained a pH of 7. The solid was heated in an oven at 
100 °C for ± 5 h. Then, it was calcined in a furnace at 
550 °C for 12 h. The synthesized sample in the form of a 

white solid was stored in a closed, clear bottle (vial). The 
samples synthesized in this study were five types labeled 
in Table 1. 

Characterization 
Gunningite with various soft templates was 

characterized using Fourier transform infrared 
spectrophotometer (FTIR, Shimadzu 2100)- with a KBr 
pellet at a spectral resolution of 4 cm−1, operated from 
400–4000 cm−1 to analyze the functional group of the 
sample. Then, X-ray diffraction (XRD) (XRD-MAX-
2550-Rigaku Co., Tokyo, Japan with 40 kV, 30 mA) at a 
range of 2θ = 5 to 80° was performed to observe the 
crystallinity of the Gunningite. Scanning electron 
microscope (SEM, (JEOL JMS-700) coated by Pd/Au 
was employed to investigate the phase structure 
morphology of Gunningite. 

Ibuprofen adsorption process 
Ibuprofen was dissolved with hexane as a solvent 

to obtain 100 mL of ibuprofen with an initial 
concentration of 100 mg/L. Then, 50 mL of ibuprofen 
solution was taken and put in a beaker. Next, 0.02 g of 
gunningite was added to the beaker containing 
ibuprofen while it was stirred for 50 min at room 
temperature and closed. Afterward, 3 mL of the sample 
solution was taken every 5 min and analyzed by UV-Vis 
spectroscopy (model U-2000, Hitachi, Japan) at 272 nm 
wavelength. 

■ RESULTS AND DISCUSSION 

XRD analysis was performed to gain information 
about the atomic size of crystalline and non-crystalline 
materials and determine the crystal structure and the 
orientation of the polycrystalline solid or powder sample. 

Table 1. The type of samples synthesized in this study 

Sample 
Template 

Pluronic F127 Pluronic P123 Gelatin 
Gunningite-F127G √ - √ 
Gunningite-F127 √ - - 
Gunningite-P123G - √ √ 
Gunningite-P123 - √ - 
Gunningite-G - - √ 

 



Indones. J. Chem., 2023, 23 (2), 438 - 448    

 

Maria Ulfa and Windi Aprliani 
 

441 

Fig. 1 presents the diffraction patterns of Gunningite 
with variations of soft templates. It exhibits that all 
samples matched the Gunningite standard (JCPDS-96-
900-9374). It indicated that all Gunningite samples had 
been successfully synthesized with ZnSO4·H2O as the ideal 
formula. It is in line with previous research [6,18]. 
Furthermore, the peaks of the diffractogram could be 
exploited to estimate the crystal size using the Debye-
Scherrer equation. The results demonstrated that the 
crystal sizes of Gunningite-F127G, Gunningite-F127, 
Gunningite-P123G, Gunningite-P123, and Gunningite-G 
were 18.35; 25.33; 25.67; 27.30; and 24.24 nm with the 
crystallinity degrees of 36.89; 42.62; 46.83; 41.27; and 
40.62%, respectively. The largest crystal size was achieved 
by Gunningite-P123. It was due to the high hydrophobic 
part compared to the other soft templates, which attains 
the large crystal size by intermolecular forces. An 
interesting result came from the combination of P123 and 
the gelatin soft template (Gunningite-P123G), which 
obtained the highest crystallinity at 46%. This is due to the 
synergy of the amine group from gelatin and the 
hydrophilic-hydrophobic parts or P123 to attain 
gunningite crystallinity degree during high-temperature 
treatment. 

The effect of the different soft templates was also 
confirmed by SEM to determine the synthesized  
 

compounds' morphology, crystal growth distribution, 
and physical changes in the preparation conditions. 
Observations were made with a magnification of 
10,000× and completed by EDX measurement to 
investigate elemental compositions. 

Fig. 2 displays that the five samples had 
inhomogeneous particle shapes due to agglomeration. 
The morphology of the gunningite from P123, F127, 
gelatin, and their combination was a disordered 
hexagonal flake, disordered cuboid, disordered sphere, 
and the combination of sphere and flake. All Gunningite 
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Fig 1. Diffraction patterns of Gunningite with variations 
of soft templates 

 
Fig 2. SEM images of Gunningite using the different templates 
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samples were agglomerated to obtain stable particle size 
and maintain the particle size distribution by direct 
hydrophobic-hydrophilic parts to interact with the 
precursor of Gunningite. 

Fig. 3 shows the histogram of the particle size 
distribution from the SEM analysis. It shows that 
Gunningite reached the most uniform particle size 
distribution at P123 at 0.67992 μm (Fig. 3(a)). It then 
decreased to 0.65442 μm when combined with gelatin 
(Fig. 3(b)). However, the combination of F127-Gelatin 

showed the largest particle distribution size at 0.76316 μm 
(Fig. 3(e)). It was due to the interaction between the 
amine group in gelatin and the carbon chain of F127. 
These phenomena conclude that the domination of the 
hydrophobic part (PPO on P123) from the synthetic 
template and the amine group from the natural template 
decreases the particle size distribution due to the 
repulsive force between them. On the other hand, the 
domination of the hydrophilic part from the synthetic 
template (PEO in F127) with the hydrophobic part from  
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Fig 3. Particle size distribution of Gunningite using the templates of (a) Gelatin; (b) P123; (c) P123-Gelatin; (d) F127; 
and (e) F127-Gelatin 
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the natural template (amine group) increases the particle 
size distribution due to the high attraction between them 
due to intermolecular interaction, which is in line with 
previous studies [5,13,19-21]. 

Table 2 presents the EDX results of all Gunningite 
samples containing Zn (67–75%), S (8.5–10%), and O 
(13.4–16.4%), implying the stable composition to obtain 
the formula of ZnSO4·1H2O. The results revealed that 
gunningite synthesized with only P123 produced an 
impurity of carbon (Fig. 4(a)). It is because there is no 
high affinity in the functional group (such as the amine 
group from gelatin that pulls carbon out of the molecule 
during decomposition). However, Gunningite with only 
gelatin produced sodium as the impurity from gelatin 
extraction by NaOH (Fig. 4(b)). The good news was all 
Gunningite with only F127 (Fig. 4(d)), F127-gelatin (Fig. 
4(e)), and P123-gelatin (Fig. 4(c)) exhibited high purities 
where P123-gelatin and F127 reached the highest 
composition of Zn. This is due to the synergy of the 
hydrophilic part and amine groups to maintain 
Gunningite's structure stability during decomposition. 

Fig. 5 shows that the strong and broad absorption at 
about 3170 cm−1 was the stretching vibration of the 

hydroxyl group of the water molecule originating from 
the monohydrate molecule in gunningite. Another air 
molecule could be found at the absorption of 1637 cm−1 
as Zn-O-Zn bending vibrations. The strain vibrations at 
about 900 cm−1 were due to the presence of sulfate groups 
whose vibrations were symmetrical and asymmetrical 
S=O at 1056 cm−1. This peak confirmed the presence of 
a S=O group on the sulfate group that occurred from the 
electrostatic interaction between hydrogen and zinc ions 
in the form of S=O-H-O-Zn. In contrast, the presence of 
Zn elements is indicated by the peak at 521.81 cm−1 as 
the Zn-O form. All of these results were in line with 
previous studies [6-7,10,18,22]. 

Table 2. EDX results of all Gunningite samples using 
various soft templates 

Template  
% W 

Zn S O C 
Gelatin 71.2 10.1 16.4 - 
P123 67.2 8.9 16.4 7.6 
P123-Gelatin 76.9 8.5 14.6 - 
F127 76.9 8.9 14.2 - 
F127-Gelatin 75.9 8.9 13.4 - 
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Fig 5. FTIR spectra of all Gunningite from different template 
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Fig. 6 exhibits the maximum adsorption capacity of 
Gunningite on ibuprofen adsorption. Additionally, Table 
1 presents the percentage of ibuprofen removal by 
Gunningite using templates of F127G, F127, P123G, 
P123, and G which was 86.9; 84.3; 93.8; 84.2; and 84.3%, 
respectively. Thus, the highest adsorption was found in 
the Gunningite-P123G sample. It was due to the highest 
Zn component among all samples. The Zn element, as the 
adsorption center, interacts with the OH group of 
ibuprofen through electrostatic forces. The highest 
elemental composition of Zn in the Guningite-P123G 
sample was also observed from FTIR in the form of the 
sharpest/regular absorption compared to other samples, 
so the adsorption power of ibuprofen became greater as 
well. 

Besides the amount of Zn in Gunningite, the low 
sulfur component indicated high adsorption removal 
performance. It was because Gunningite as the adsorbent 
and ibuprofen as the adsorbate also affected the 
adsorption capacity. The Gunningite compound acts as 
an adsorbent, and ibuprofen acts as an adsorbate 
interacting competitively between Zn-O-ibuprofen and S-
O-ibuprofen. If the amount of sulfur is low, the 
interaction will occur on the hydroxyl group of ibuprofen 
with metal ions Zn2+, allowing the formation of a stable 

covalent coordination complex. Fig. 7 demonstrates the 
adsorption scheme of ibuprofen onto Gunningite. 

The adsorption kinetics models performed in this 
study were pseudo-first-order and pseudo-second-
order. The models were used to process data on the 
ibuprofen adsorption by Gunningite, determine the 
adsorption variables involved, and select the adsorption 
mechanism that occurs. The adsorption kinetics model 
can also predict the speed of adsorbate transferring from 
solution to adsorbent [23-24]. Table 3 presents the 
calculation results of the adsorption kinetics models of 
gunningite using pseudo-first-order and pseudo-
second-order. 

Fig. 8(a-b) presents the kinetic of gunningite with 
different templates by pseudo-first-order and pseudo-
second-order models. The graphs reveal linear equations 
obtained by each sample. Based on Table 3 and Fig. 8(a), 
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Fig 7. Adsorption scheme of ibuprofen onto Gunningite 

 
Fig 6. Adsorption performance of all sample of Gunningite 
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Table 3. Adsorption kinetics models of Gunningite using pseudo-first and pseudo-second-order 
 Gunningite with various soft templates 

F127-G F127 F123-G P123 G 
Pseudo-first-order model:  e t e 1ln q q lnq k t    
k1 0.0246 0.0214 0.1092 0.0205 0.0025 
qcal 0.1143 0.6149 3.6751 0.852 1.283 
R2 0.0748 0.0687 0.779 0.0905 0.0009 

Pseudo-second-order model: 
t 2 e e

t 1 kt
q k q q

 
  

 
 

k2 0.0047 0.0046 0.0048 0.0044 0.0045 
qcal 0.0024 0.0005 0.0029 0.0009 0.0014 
R2 0.9951 0.9949 0.9936 0.9996 0.9981 
%Rem 86.9 84.3 93.8 84.2 80.3 

 
Fig 8. Kinetic of Gunningite using different templates by (a) Pseudo-first-order and (b) Pseudo-second-order model 
 
Gunningite-F127G possessed an equation of y = 0.0246x 
+ 0.1143 with R² = 0.0748. For the Gunningite-F127 
sample, it was y = 0.0214x + 0.6149 with R² = 0.0687. 
Gunningite-P123 sample had an equation of y = -0.1092x 
+ 3.6751 with R² = 0.779. The Gunningite-P123G sample 
exhibited y = 0.0205x − 0.8522 with R² = 0.0905. 
Meanwhile, the Gunningite-G sample demonstrated an 
equation of y = 0.0025x + 1.283 with R² = 0.0009. A good 
linear graph is a graph that has an R² value close to or 
equal to 1. Of the five samples, four samples had R² values 
that were far from 1, and only the Gunningite-P123G 
sample was close to 1. Besides the R² of the graphic 
equation, the suitability of the adsorption kinetics model 
with the ibuprofen adsorption by Gunningite could also 
be seen from the qe value (adsorption capacity). With this 
kinetic model, the qe values attained differed from the qe 
values of the experimental results. This indicated that 

Lagergren's pseudo-first-order adsorption kinetics 
model was not suitable for the adsorption experiment of 
ibuprofen by gunningite. Next, the calculation was based 
on Ho and McKay's pseudo-second-order of adsorption 
kinetics model. 

Based on Table 2 and Fig. 8(b), the linear equation 
for the Gunningite-F127G sample was y = 0.0046x − 
0.0005 with R² = 0.999. The Gunningite-F127 sample had 
a linear equation of y = 0.0046x − 0.0005 with R² = 0.9949. 
Gunningite-P123G exhibited a linear equation of y = 
0.0042x + 0.0047 with R² = 0.9988. Gunningite-P123 
revealed y = 0.0044x − 0.0009 with R² = 0.9996. 
Gunningite-G presented y = 0.0045x + 0.0014 with R² = 
0.9981. The data showed that the linearity of each graph 
was appropriate, as indicated by their R² values that were 
close to 1. In addition, the qe values (adsorption capacity) 
based on this kinetic model were close to the qe value of 
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the experimental results. This indicated that Ho and 
McKay's pseudo-second-order adsorption kinetics model 
was more suitable for the ibuprofen adsorption 
experiment by Gunningite. This was supported by the 
previous research [1-3,25-26] which demonstrated that 
the adsorption of ibuprofen with the pseudo-second-
order adsorption kinetics model presented the best results 
compared to several other adsorption kinetics models, 
with the R² value on the graph ranging from 0.95–0.99 for 
all samples and the qe was close to the experimental qe 
value. 

■ CONCLUSION 

Gunningite nanoparticles have been successfully 
synthesized through the soft template method, 
hydrothermal at 100 °C, and calcination at 550 °C using 
ZnSO4 heptahydrate as the precursor and various 
templates of F127, P123, and gelatin. The XRD results 
showed that the crystal sizes of the Gunningite in the 
template variations of Gunningite-F127G, Gunningite-
F127, Gunningite-P123G, Gunningite-P123, and 
Gunningite-G were 18.35; 25.33; 25.67; 27.30; and 
24.24 nm, respectively, while the crystallinity degrees 
were 36.89; 42.62; 46.83; 41.27; and 40.62%, respectively. 
The FTIR results exposed that the functional groups in 
gunningite were OH stretching, Zn-O-Zn, and 
gunningite. The SEM-EDX results demonstrated that the 
morphology of gunningite is inhomogeneous due to 
agglomeration, and the Zn and O elements dominated 
composition elements in the samples. The maximum 
adsorption capacity values of gunningite to adsorb 
ibuprofen on various templates of Gunningite-F127G, 
Gunningite-F127, Gunningite-P123G, Gunningite-P123, 
and Gunningite-G were 221.1; 226.06; 234.23; 229.76; and 
222.85 mg/g, respectively. The gunningite kinetic model of 
ibuprofen adsorption followed Ho and McKay's pseudo-
second-order kinetic model. 
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 Abstract: The influence of poly(2-dimethylamino)ethyl methacrylate (PDMAEMA) 
block on the thermo- and pH-responsive behavior of poly(N-isopropyl acrylamide)-
block-poly[(2-dimethylamino)ethyl methacrylate)] (PNIPAM-b-PDMAEMA) was 
studied. The block copolymers were synthesized using reversible addition-
fragmentation chain transfer (RAFT) polymerization by varying the chain length of the 
second block (PDMAEMA). 1H-NMR and FTIR spectra confirmed the formation of 
block copolymers PNIPAM21-b-PDMAEMA2 and PNIPAM21-b-PDMAEMA7 with the 
corresponding molar masses from the GPC data. Thermo- and pH-responsive behavior 
of block copolymers was investigated in phosphate buffer with various pHs. Interesting 
results showed that the hydrophilic carboxyl end group and the hydrophobic dodecyl 
end group of the RAFT agent affected the resulting phase transition temperature (Tc), 
while the Tc was found to be low in the acidic environment. Moreover, larger particle 
sizes of PNIPAM21-b-PDMAEMA2 were found with a pH of 9. It is noteworthy, that the 
resulted block copolymers might have the potential use in a drug delivery system. 

Keywords: block copolymer; PNIPAM; PDMAEMA; thermo-responsive polymers; 
pH-responsive polymers 

 
■ INTRODUCTION 

Stimulus-responsive polymers can undergo 
reversible changes in properties in the solution when 
external stimuli are applied, such as pH, temperature, and 
chemical and biological agents. The combination of two 
or more different monomers that have a different response 
to a stimulus can result in multi-responsive copolymers 
[1]. In particular, temperature and pH are interesting 
stimuli that can be explored, including their applications 
[2-6] due to their availability in the environment. 

Two types of thermo-responsive behavior for 
polymers are lower critical solution temperature (LCST) 
and upper critical solution temperature (UCST). In 
LCST-type polymers, the polymers are soluble at the 
temperature range below their phase transition 
temperature (Tc), otherwise, a soluble-to-insoluble 
happens while heating. Vice-versa, UCST-type polymers 
are soluble above Tc. An example of a widely used LCST-
type polymer is poly(N-isopropyl acrylamide) (PNIPAM)  

with a Tc of 32 °C [7]. 
In addition to temperature, another external 

stimulus that is widely used in the field of responsive 
polymers is pH. There are two types of pH-responsive 
polymers, i.e., polymers with acidic groups (poly acids) 
and basic groups (poly bases) [1]. Deprotonation of 
acidic groups within the chain of poly acids results in a 
negative charge at high pH and causes the polymer to 
become more hydrophilic. Conversely, the basic group 
in polybasic is protonated at low pH and increases its 
solubility in water media as in the case of poly(2-
(dimethylamino)ethyl methacrylate) (PDMAEMA) [7]. 

Research concerning thermo- and/ or pH-
responsive block copolymers has been widely developed 
recently [8-9], especially in drug delivery systems due to 
the reversible solubility of thermo-responsive blocks 
[10] and reversible ionization of pH-responsive blocks 
[11]. The idea is to use both properties to promote self-
assembly and form micelles because of the changes in 
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hydrophobic-hydrophilic properties, in which the 
hydrophobic drugs can be loaded in the core of the micelles 
and then released when the micelles deform to unimers. 

Thermo- and pH-responsive block copolymers can 
be synthesized using one block that has thermo-
responsive behavior, and the other block that consists of a 
pH-responsive polymer [1]. One possible way to 
synthesize such block copolymers is by using controlled 
radical polymerization, namely reversible addition-
fragmentation chain transfer (RAFT). Several studies on 
the use of RAFT to synthesize multi-responsive block 
copolymers have been reported, not only for diblock [12] 
but also for triblock copolymers [13-15]. 

Herein we report our studies about the synthesis of 
block copolymers of PNIPAM-b-PDMAEMA via RAFT 
by varying the chain length of the second block of 
PDMAEMA and investigating their thermo- and pH-
responsive behavior. 2-(Dodecylthiocarbonothioylthio)-
2-methyl propionic acid (DDMAT) was used as a chain 
transfer agent, which hypothetically might also influence 
the pH-responsive behavior of the resulted block 
copolymers due to the presence of carboxyl groups [16-
17]. The copolymers were constructed by forming 
PNIPAM as the macro-CTA first and followed by the 
addition of DMAEMA as the second block. To our 
knowledge, the thermo- and pH-responsive behavior of 
PNIPAM-b-PDMAEMA has not been studied yet. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were N-
isopropylacrylamide (NIPAM, 97% purity, Sigma-Aldrich), 
2-(dimethylamino)ethyl methacrylate (DMAEMA, 98% 
purity, Sigma-Aldrich), 2-(dodecylthiocarbonothioylthio) 
-2-methylpropionic acid (DDMAT, 98% purity, Sigma-
Aldrich). 1,4-dioxane was obtained from Smart-Lab. 2,2′-
azobisisobutyronitrile (AIBN, 98% purity, Clariant), 
potassium dihydrogen phosphate (KH2PO4, 99% purity, 
Merck) and dipotassium hydrogen phosphate (K2HPO4, 
99% purity, Merck). Sodium hydroxide (NaOH) and 
phosphoric acid (H3PO4) were obtained from Rofa 
Laboratorium Centre. 

Instrumentation 

The instrumentations used in this study were 
Fourier transform infrared (Shimadzu-IR Prestige 21) 
and proton magnetic resonance (Bruker Advance 
500 MHz) to characterize the chemical structure of the 
block copolymers. Gel permeation chromatography 
(Shimadzu LC-20 equipped with column LF 804) was 
used for molecular weight determination of the block 
copolymers. Thermo- and pH-responsive behavior was 
investigated using UV-Visible spectrophotometer 
(Thermo Scientific Multiscan Go UV-Visible 
spectrophotometer) and particle size analyzer (Horiba 
SZ 100z Nano Particle Size Analyzer). 

Procedure 

Synthesis of PNIPAM macro-CTA 
NIPAM monomer (2.8326 g, 25 mmol) and 

DDMAT (0.2572 g, 0.7 mmol) were dissolved in 5 mL 
1,4-dioxane and put into a Schlenk flask equipped with 
a magnetic bar. The solution was degassed with nitrogen 
under stirring for 15 min, and the flask was placed in a 
preheated oil bath at 70 °C. After that, AIBN (0.02 g, 
0.12 mmol), which was pre-dissolved in 2.5 mL 1,4-
dioxane, was rapidly transferred into the Schlenk flask. 
Polymerization was carried out for 6 h at 70 °C under 
stirring. The polymerization reaction was quenched by 
placing the flask in an ice bath and exposing the solution 
to air. PNIPAM was isolated by three cycles of 
precipitation-decantation in cold n-hexane and then 
dried in an oven at 60 °C overnight to obtain yellow 
powder (2.1746 g, 69.92% yield). The synthesis procedure 
was adapted from the work of Giaouzi and Pispas [12]. 

Synthesis of PNIPAM-b-PDMAEMA block copolymers 
PNIPAM was used as macro-CTA to produce 

PNIPAM-b-PDMAEMA block copolymers with the 
ratio that can be seen in Table 1. The synthesis procedure 
are as follows: DMAEMA (0.5830 g, 3.7 mmol), PNIPAM 
macro-CTA (0.4378 g, 0.16 mmol), and 5 mL 1,4-
dioxane were added into a 25 mL Schlenk flask equipped 
with a magnetic bar. Oxygen was removed from the 
solution by bubbling with nitrogen for 15 min under 
stirring, and then  the flask was placed  in a preheated oil  
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Table 1. Recipe for the synthesis of PNIPAM-b-PDMAEMA 

Product NIPAM 
(g) 

DMAEMA 
(g) 

DDMAT 
(g) 

Macro-CTA 
(g) 

AIBN 
(g) 

PNIPAM Macro-CTA 2.8326 - 0.2572 - 0.02 
PNIPAM21-b-PDMAEMA2 - 0.5830 - 0.4378 0.0045 
PNIPAM21-b-PDMAEMA7 - 0.7751 - 0.6077 0.0030 

Note: Reaction occurred for 6 h at 70 °C 
 
oil bath at 70 °C. Then, AIBN (0.0045 g, 0.03 mmol) in 
2.5 mL 1,4-dioxane was added into a Schlenk flask. 
Polymerization was carried out at 70 °C with continuous 
stirring for 6 h and stopped by quenching it in an ice bath 
and exposing it to air. The polymerization product was 
obtained by three cycles of precipitation-decantation in 
cold n-hexane and then dried in an oven at 60 °C 
overnight. The synthesis method was adapted from the 
work of Giaouzi and Pispas and Tebaldi et al. with 
modifications [12,18]. 

■ RESULTS AND DISCUSSION 

Synthesis and Characterization of PNIPAM-b-
PDMAEMA Block Copolymers 

PNIPAM21 was used as the macro-chain transfer 
agent for the subsequent RAFT polymerization of 
DMAEMA to obtain PNIPAM-b-PDMAEMA block 

copolymers. The PNIPAM-b-PDMAEMA was 
synthesized by varying different chain lengths of 
PDMAEMA, and each polymer was characterized by 
FTIR, 1H-NMR, and GPC analysis. The synthetic route 
followed is depicted in Scheme 1. Fig. 1 shows the FTIR 
spectra of NIPAM, PNIPAM macro-CTA, and 
PNIPAM-b-PDMAEMA block copolymers. By 
comparing each of the spectra, some differences can be 
noticed, which indicate that a new compound has been 
formed. FTIR spectra of PNIPAM macro-CTA and 
PNIPAM-b-PDMAEMA showed no C=C peak at 1600–
1650 cm−1 [19], suggesting that polymerization has 
occurred [20]. Meanwhile, in the FTIR spectra of 
PNIPAM macro-CTA and PNIPAM-b-PDMAEMA, 
there were peaks at 3076 and 3075 cm−1, respectively, 
which could be attributed to the stretching vibration of 
C(sp2)-H group but the intensity of the peak was lower in  
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Scheme 1. Synthetic route of PNIPAM-b-PDMAEMA block copolymers 
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Fig 1. FTIR spectra of NIPAM, PNIPAM macro-CTA, 
and PNIPAM-b-PDMAEMA 

comparison with NIPAM, confirming that some 
unreacted monomer still existed. Compared with the 
FTIR spectrum of PNIPAM macro-CTA, a peak at 
1728 cm−1 appeared in the FTIR spectra of PNIPAM-b-
PDMAEMA after copolymerization, indicating the 
presence of C=O ester from the PDMAEMA block. 
Characteristic peaks of PNIPAM in FTIR spectra of 
PNIPAM-b-PDMAEMA can be observed, as evidenced 
by the presence of the peak at 3288 cm−1 that was ascribed 
to N-H stretching vibration, while the peak at 1647 cm−1 

was ascribed to C=O amide I and the peak at 1544 cm−1 
was assigned to C=O amide II. The absorption peak at 
3436 cm−1 was a stretching vibration of O-H in the 
COOH end group. 

1H-NMR spectra of PNIPAM macro-CTA and 
PNIPAM-b-PDMAEMA block copolymers in CDCl3 are 
shown in Fig. 2. Based on the resulting FTIR spectra, 
there was a peak of C(sp2)-H group in the products, 
which also occurred in the 1H-NMR spectra. In this 
study, one of the peaks of three protons from the vinyl 
group of PNIPAM was detected at 5.5 ppm, confirming 
that there were still some NIPAM monomer impurities 
remaining in the product (Fig. 2(a)). Fig. 2(b) and 2(c) 
show that peaks of DMAEMA monomer were still 
detected, which were attributed to peak o, p, and q. 
These results were similar to the results obtained by De 
Jesús-Téllez et al. when characterizing the DMAEMA 
monomer [21], suggesting that there was still unreacted 
DMAEMA monomer in the copolymer product and the 
purification process has not been optimal. This 
happened most probably due to the non-polar 
properties of n-hexane that makes the immersion of the 
product in n-hexane needs to be longer before 
decantation to allow the monomers to be more soluble 
in n-hexane. Previous work from Göktaş in 2020 
reported similar results of the existence of the vinyl peak  

 
Fig 2. 1H-NMR spectra of PNIPAM macro-CTA (a), PNIPAM21-b-PDMAEMA2 (b), and PNIPAM21-b-PDMAEMA7 
(c) in CDCl3 
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from the DMAEMA monomer when the purification was 
performed using methanol as the precipitation medium 
[22]. 

Based on Fig. 2(a), it is shown that PNIPAM macro-
CTA was successfully synthesized, indicated by the 
presence of characteristic peaks a 1.12 ppm (-CH(CH3)2, 
6H) and b 3.98 ppm (-CH(CH3)2, 1H) which were similar 
to the previous study [23]. By calculating the ratio of the 
integrated peak areas between peak b from PNIPAM and 
peak i from the dodecyl end group, the repeating unit of 
PNIPAM was found to be about 21 and the molecular 
weight (Mn) was at 2728 g/mol. 

As displayed in Fig. 2(b) and 2(c), some new peaks 
appeared in the 1H-NMR spectra of PNIPAM-b-
PDMAEMA in comparison with the 1H-NMR spectrum 
of PNIPAM macro-CTA. Characteristic peaks of 
PDMAEMA were assigned to peak j, k, l, and n. 
Overlapping double peaks around 4 ppm were ascribed to 
the proton of -CH(CH3)2 from the PNIPAM block (peak 
b) and the proton of -CH2CH2N(CH3)2 from the 
PDMAEMA block (peak l). Peak f of the dodecyl end 
group did not always appear in every 1H-NMR spectrum 
of the PNIPAM-b-PDMAEMA block copolymers, as 
reported in a previous study [24]. 

The repeating unit of PDMAEMA in the 
copolymers was determined by comparing the integration 
of the protons j and a, which was found to be 2 with 
molecular weight (Mn) at 3043 g/mol (Fig. 2(b)). 
Meanwhile, as seen in Fig. 2(c), the molecular weight (Mn) 
at 3829 g/mol and degree polymerization (DP) at 7 were 
calculated from integral values of peak areas of the signals 
k and a. 

The molecular weight characterization was 
performed by gel permeation chromatography (GPC) 
using THF as eluent and polystyrene as the standard 

(Table 2). Analysis of PNIPAM macro-CTA using GPC 
resulted in narrow molecular weight distribution with 
tailing at the lower molecular weight side (Fig. 3). The 
presence of the tailing was probably due to the presence 
of residual impurities in the final product, such as chain 
transfer agent (CTA) [25]. 

Different from PNIPAM macro-CTA, GPC traces 
of block copolymers were relatively symmetric and 
showed no tailing at the lower molecular side (Fig. 3). 
Higher retention time was observed in the comparison 
of PNIPAM21-b-PDMAEMA2 with PNIPAM21-b-
PDMAEMA7 suggesting that the resulting Mn were 
increased from 1860 to 1923 g/mol which was ascribed 
to PNIPAM21-b-PDMAEMA2 and PNIPAM21-b-
PDMAEMA7, respectively. Whereas the unexpected 
increase in retention time of both block copolymers in 
comparison with PNIPAM macro-CTA was observed, 
indicating  that the  molecular  weight (Mn)  decreases in 

9 10 11
Retention time (min)

PNIPAM21

PNIPAM21-b-PDMAEMA2

PNIPAM21-b-PDMAEMA7

Tailing

 
Fig 3. GPC traces of PNIPAM macro-CTA, PNIPAM21-
b-PDMAEMA2, and PNIPAM21-b-PDMAEMA7 

Table 2. Molecular characterization of block copolymers and macro-CTA 
No Sample Mn

a (g/mol) Mn
b (g/mol) Mw/Mn

c 
1 PNIPAM21 2728 3475 1.15 
2 PNIPAM21-b-PDMAEMA2 3043 1860 1.10 
3 PNIPAM21-b-PDMAEMA7 3829 1923 1.10 

The degree of polymerization was estimated by 1H-NMR analysis. a The molecular weight by 1H-NMR 
analysis. b The molecular weight by GPC analysis. c The Polydispersity index (PDI) or Mw/Mn values 
determined by GPC analysis 
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contrast to the 1H-NMR result (Table 2). In GPC analysis, 
the sample must first dissolve in a solvent; once they have 
been dissolved, the molecules will change their 
conformation from long chains to coil conformation. 
These coiled-up polymers in the mobile phase would then 
flow into the GPC column. If polymer coils are larger than 
the pores, they do not enter the pores and need lower 
retention time, but small polymer coils can enter the pores 
and will take more time to pass the column. In other 
words, the retention time decreases when the 
hydrodynamic radius of the polymer is larger [26]. In this 
study, the interaction between PNIPAM and PDMAEMA 
block in polar THF, such as hydrophobic interaction and 
hydrogen bonding, might lead to reducing the size of 
hydrodynamic diameter and an increase in retention 
time. The previous study also reported unusual results on 
the retention time of PNIPAM-b-PPEGA block 
copolymer, which was higher than the initial PNIPAM 
due to intense interaction between PNIPAM and PPEGA 
via hydrogen bonding, indicating that the hydrodynamic 
volume of the block copolymer was smaller than the 
initial PNIPAM that could be attributed to higher 
retention time [27]. 

We also tried to synthesize PNIPAM-b-PDMAEMA 
block copolymers with a longer targeted PDMAEMA 
chain than PNIPAM, but it did not succeed, which might 
be due to the effect of the R group (C(CH3)2COOH) from 
CTA on the DMAEMA monomer which caused the 
intermediate radical fragmentation to become a dormant 
chain and R• took place slowly, where it was known that 
R• plays a role in reinitiating the polymerization reaction 
[28]. 

Thermo-Responsive Properties of PNIPAM-b-
PDMAEMA Block Copolymers 

PNIPAM is a thermo-responsive polymer with 
LCST-type behavior that undergoes a soluble-to-
insoluble phase change upon heating. The phase 
transition temperature is the temperature at which the 
phase transition of the polymer solution at a specific 
concentration occurs from a soluble state to a collapsed 
state to form aggregates accompanied by the appearance 
of turbidity in the solution [29]. Meanwhile, LCST is the 

minimum temperature at the binodal where the phase 
change occurs [30]. Above the LCST, there is a tendency 
for the microphase separation rather than the macro phase 
separation to produce nano aggregates from polymers. 
Therefore, the phase transition temperature (Tc) is 
usually detected by an increase in the turbidity of the 
polymer solution [16]. It is widely known that PNIPAM 
has a Tc of 32 °C [7], independently of its molecular 
weight and concentration. The phase transition 
temperature of PNIPAM can be adjusted to a higher or 
lower temperature, one of which is by the addition of 
comonomers where water-soluble comonomers will 
increase the Tc, while hydrophobic comonomers will 
decrease Tc. In addition, the presence of the end group 
might also affect the shift in the Tc value of PNIPAM. A 
previous study reported that the end group derived from 
azo initiators such as AIBN is known to have minimal 
effect on Tc, whereas water-soluble end groups such as -
OH and -NH2 tend to increase Tc and the hydrophobic 
end groups influence decreasing Tc [30]. It was expected 
that by adding comonomer of DMAEMA, Tc of 
PNIPAM-b-PDMAEMA would increase in comparison 
with its macro-CTA, PNIPAM itself. 

As shown in Fig. 4, PNIPAM21 does not show a 
significant change in transmittance at a temperature 
range of 15–45 °C and begins to experience a decrease in 
transmittance when the temperature is above 45 °C. This 
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Fig 4. Thermo-responsive behavior of PNIPAM-b-
PDMAEMA in pH 7.4 at a concentration of 1 g/L 
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behavior could be reasoned because at pH 7.4, the 
thermo-responsive behavior of PNIPAM21 was influenced 
by the hydrophilic end group -COOH, which was ionized 
to -COO− at alkaline pH, and thus the Tc shifted to a 
higher temperature of 52 °C. Below the Tc, the amide 
group of PNIPAM can form hydrogen bonding with 
water molecules in the solution and become transparent. 
In the case of an increase in temperature above the Tc, the 
hydrogen bonds are weakened so that the hydrophobic 
interaction between the hydrophobic backbone and the 
isopropyl group of PNIPAM becomes dominant, in which 
the interactions lead to aggregation [31]. 

Furthermore, in block copolymers PNIPAM21-b-
PDMAEMA2 and PNIPAM21-b-PDMAEMA7, there was a 
significant decrease of transmittance at temperatures 
above 40 °C as displayed in Fig. 4, and the same values of 
Tc were obtained for each copolymer which was about 
47 °C. The Tc of the PNIPAM-b-PDMAEMA block 
copolymers shifted to a lower temperature in comparison 
with the Tc of the PNIPAM21 macro-CTA (52 °C). At first, 
it was predicted that there would be an increase in 
hydrophilicity of the block copolymers in the higher pH 
since PDMAEMA is partially protonated on its tertiary 
amino group at pH 7.4 and become positively charged. 
However, an opposite trend of decreased Tc was observed, 

which might be due to the hydrophobic interaction from 
the dodecyl end group from the chain transfer agent and 
the carboxyl group in the protonated form . 

As displayed in Scheme 2, above the Tc, 
hydrophobic interaction becomes dominant, and the 
solution appears cloudy, which shows that the block 
copolymers exhibit LCST behavior. These might also 
indicate the formation of a micelle with a PNIPAM 
block and dodecyl end group occupying the core of the 
micelle and a PDMAEMA block with a COOH end 
group constituting the hydrophilic shell of the micelle. 

pH-Responsive Properties of PNIPAM-b-PDMAEMA 
Block Copolymers 

Fig. 5 shows the pH-responsiveness of PNIPAM 
macro-CTA and PNIPAM-b-PDMAEMA block 
copolymers in a phosphate buffer solution. In general, 
PNIPAM is not a pH-responsive polymer, but based on 
the observations using UV-Vis spectrophotometer in 
phosphate buffer at pH 5, 7.4, and 9, it was observed that 
there was a pH-responsive behavior from PNIPAM 
macro-CTA, indicated by the difference in the resulting 
Tc. At pH 5, PNIPAM21 produces a Tc of 27 °C, lower 
than the Tc of PNIPAM in general, which is 32 °C. This 
is because of the dodecyl end group, which is closely 
attached  to the  PNIPAM  block.  The  dodecyl  group is 

 
Scheme 2. Proposed illustration of self-assembly behavior of PNIPAM-b-PDMAEMA 
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Fig 5. Effect of pH on the resulting Tc of 1 g/L PNIPAM-
b-PDMAEMA and PNIPAM macro-CTA 

known to be hydrophobic, which will increase the 
hydrophobic effect of the PNIPAM macro-CTA, resulting 
in a cloud point that can be achieved at a lower 
temperature. A similar phenomenon also occurred in the 
previous study [12]. 

Based on the graph in Fig. 5, it is shown that there 
was a drastic increase in the Tc of PNIPAM macro-CTA 
reaching 52 °C at pH 7.4, which was due to the increase in 
solubility of PNIPAM macro-CTA at pH 7.4, caused by 
the presence of the -COOH group in the macro-CTA 
PNIPAM. It was known that when -COOH was dissolved 
in an alkaline solution, deprotonation of COOH into 
COO− occurred, and thus, the solubility of PNIPAM 
macro-CTA increased. Meanwhile, increasing the pH to 9 
showed that the Tc of macro-CTA PNIPAM was not 
observed at temperature measurement. This was probably 
due to the increase in hydrophilicity that also increased 
the Tc. A similar result was observed in the research 
conducted by FitzGerald et al. when observing surfactant 
PNIPAM, which had the same dodecyl and carboxyl end 
groups [17]. 

The effect of the PDMAEMA chain length on the 
PNIPAM-b-PDMAEMA block copolymer on pH was 
observed using a UV-Vis spectrophotometer. 
PDMAEMA is a pH-responsive polymer of the polybasic 
type which will be protonated at low pH (pH < pKa 7.5) 
[32]. Hence, the solubility of PDMAEMA in an acidic pH 
buffer solution increase, causing the hydrophilic effect of 

PDMAEMA to be more dominant, accompanied by an 
increase in Tc. As shown in Fig. 5, at pH 5, PNIPAM21-
b-PDMAEMA2 and PNIPAM21-b-PDMAEMA7 
obtained Tc values of 30 and 42 °C, respectively, higher 
values in comparison to macro-CTA PNIPAM21 (27 °C. 
The increase in Tc was due to the presence of 
PDMAEMA, which was protonated at pH 5, which 
attributed in affecting the changes in the hydrophilic-to-
hydrophobic properties of its neighboring block 
PNIPAM due to weakening of the hydrophobic 
aggregation force in PNIPAM [14]. Above the Tc, 
PNIPAM-b-PDMAEMA self-assembled into 
nanostructures consisting of PNIPAM block and 
dodecyl end group as micelle core and PDMAEMA 
block with COOH end group as micelle shell (Scheme 
2). Moreover, at pH 5, Tc increased the degree of 
polymerization of the PDMAEMA block due to the 
greater effect of the hydrophilicity of protonated 
PDMAEMA in the PNIPAM-b-PDMAEMA block 
copolymers. 

When pH increased to 7.4, it was expected that 
increasing pH would cause the Tc of block copolymers to 
be reduced because the degree of protonation in 
PDMAEMA was much lower than that at pH 5. On the 
contrary, the Tc of PNIPAM21-b-PDMAEMA2 and 
PNIPAM21-b-PDMAEMA7 at pH 7.4 were increased 
from the previous pH, which could be reasoned by the 
existence of deprotonated COOH groups into COO−, 
leading to increased solubility of block copolymers in 
dispersing media and also increased Tc. Other than that, 
at pH 7.4, the Tc of block copolymers was lower than the 
Tc of PNIPAM macro-CTA (52 °C), in which the Tc 
values were similar for both block copolymers at 
approximately 47 °C (Fig. 5). The decrease in Tc in 
comparison with Tc PNIPAM macro-CTA might be 
contributed by the presence of PDMAEMA. At pH 7.4 it 
was known that PDMAEMA was in the protonated state, 
but the degree of protonation was lower than that at 
acidic pH. This resulted in the possibility of hydrophobic 
interactions between the PNIPAM block and the 
PDMAEMA block when the temperature increased. 

PDMAEMA was deprotonated at pH 9. The 
resulting Tc of both block copolymers had the same 
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values with the values at pH 7.4; although the PDMAEMA 
might not be in the protonated state, the significant effect 
of deprotonated COOH still weakened the tendency of 
neighboring PNIPAM block to collapse, forming 
aggregates when temperature increased above the Tc. 
Moreover, the decrease in the Tc of the block copolymers 
in comparison with PNIPAM macro-CTA could be 
caused by the presence of a neutral form of PDMAEMA. 
This leads to PDMAEMA being dehydrated at a high 
temperature and producing changes in hydrophilic-to-
hydrophobic properties. Notably, at pH 7.4 and pH 9, the 
same Tc values were produced for different chain lengths 
of the PDMAEMA block, which was due to the strong 
interaction between PNIPAM and PDMAEMA that 
might eliminate the effect of PDMAEMA degree 
polymerization on Tc [13]. 

PSA analysis was conducted to get information 
about the size distribution and Z-average diameter of the 
aggregates. The trend of the Z-average diameter of the 
PNIPAM21-b-PDMAEMA2 at pH 5 is shown in Fig. 6(a). 
It was observed that the resulting Z-average diameter 
exhibited a similar trend compared to transmittance from 
UV-Vis spectroscopy. The result had shown that the size 
of micelles became bigger when temperature increased, as 
evidenced by the decrease in transmittance and an 
increase in the Z-average diameter (Fig. 6(a)). As 
displayed in Fig. 6(b), the particle diameter distribution 
shifted towards a larger diameter side as increasing 

temperature. This might indicate that the block 
copolymer experienced self-assembly behavior to form 
micelles to minimize the contact from the hydrophobic 
groups with water in its surrounding environment. 
Increasing the temperature further may lead micelles to 
form clusters, and thus, large particle sizes were 
obtained. 

It was also observed that there was a big difference 
between the resulting Z-average diameter of PNIPAM21-
b-PDMAEMA2 at pH 5 and 9, in which the diameter of 
the Z-average at pH 9 was 846 nm while at pH 5 it was 
about 293 nm (Table 3). The possible reason was due to 
the differences in the shape of the micelles formed. It was 
known that at pH 5, the amine group in the PDMAEMA 
block was protonated, resulting in the positive charge 
that caused PDMAEMA to become more hydrophilic. 
Therefore when temperature increased, PDMAEMA 
tended to occupy the hydrophilic part as the shell of the 
micelles. The presence of PDMAEMA, which were 
positively charged on the shell of the micelles, caused an 
electric repulsion phenomenon that caused the particle 
to move apart  from each other,  and the  micelles tended  

Table 3. Z-average diameter of PNIPAM21-b-
PDMAEMA2 at different pH 

pH Z-average diameter at 45 °C 
5 293 nm 
9 846 nm 
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Fig 6. Thermo-responsive behavior and changes in Z-average of PNIPAM21-b-PDMAEMA2 at pH 5 (a). Distribution 
of diameter of the PNIPAM21-b-PDMAEMA2 at pH 5 (b) 
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to be stabilized from forming larger aggregate clusters. On 
the contrary, at pH 9 the PNIPAM block and PDMAEMA 
block would transform from hydrophilic to more 
hydrophobic when the temperature increased, and thus, 
they would occupy the core of the micelles since the shell 
of the micelles also preferred the hydrophobic interaction 
(Scheme 2). This could make the micelles unstable and 
form a cluster of micelles [33]. 

■ CONCLUSION 

Block copolymers PNIPAM-b-PDMAEMA 
containing thermo- and pH-responsive properties have 
been synthesized via RAFT polymerization. FTIR and 1H-
NMR revealed the successful formation of PNIPAM-b-
PDMAEMA. GPC confirmed the successful synthesis of 
block copolymers with well-controlled molecular weight 
as evidenced by narrow symmetrical molecular weight 
distribution with low polydispersity. The block 
copolymers showed micellization properties which were 
assigned to thermo- and pH-responsive behavior by 
exhibiting phase transition and increase of Z-average 
diameter upon heating. At pH 5, the longer the 
PDMAEMA chain would increase the Tc of the PNIPAM-
b-PDMAEMA block copolymer, while at pH 7.4 and 9, Tc 
was not affected by the PDMAEMA chain length. 
Moreover, the synthesized block copolymers are open for 
new potential material in drug delivery systems. 
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 Abstract: Up to 60–70% of the total textile dyes produced are azo dyes. An example of 
azo dye is methylene blue, which is commonly used in dyeing wool, silk, and cotton. This 
substance possessed harmful effects on the environment. Therefore, the removal process is 
mandatory. The adsorption process is a common method for dye removal in wastewater. 
One innovation to increase adsorption efficiency even further is by reducing adsorbent 
particle size. To understand the effect of adsorbent particle size on the adsorption process, 
in this study, granular activated carbon (GAC) was pulverized into powder (PAC) and 
superfine powder (SPAC). Adsorbent characterizations, isotherm, kinetics, and 
thermodynamics tests were conducted. Based on this study, surface area, pore volume, 
and adsorption capacity were increased for smaller adsorbent particle sizes. Isotherm and 
kinetic analysis showed that there was no difference in the isotherm and kinetic models 
that applied to each activated carbon, but there was an increase in the isotherm and 
kinetic coefficient values at smaller particle sizes. Meanwhile, based on the 
thermodynamic test, there were differences in the dominant adsorption mechanism for 
each activated carbon. In GAC and SPAC, the dominant adsorption mechanism was 
electrostatic interactions, while in PAC was van der Waals forces. 

Keywords: activated carbon; adsorption; methylene blue; superfine powdered activated 
carbon 

 
■ INTRODUCTION 

A textile company with an 8000 kg/day production 
capacity requires 1.6 million liters of water, with the 
dyeing process using about 16% of that amount. The 
wastewater from the dyeing process contributes around 
10–15% of the total textile industry wastewater discharge 
[1]. The wastewater from the dyeing process contains 
high concentrations of dyes because some of the dyes do 
not bind to the textile fibers. The percentage of unbound 
dye concentrations varies from 1–50% depending on the 
type of dye used [2]. Because of this, the textile industry is 
considered to be the largest producer of dye effluents in 
the world, with a percentage of 54% of the total dye 
effluents produced [3]. 

It is estimated that there are 10,000 different types of  

textile dyes based on the color index. Among these 
various kinds of dyes, azo dyes are the most widely used 
dyes in the textile industry, reaching 60–70% of the total 
dyes produced [4]. An example of azo dye is methylene 
blue, which is commonly used in dyeing wool, silk, and 
cotton fabrics [5-6]. The release of wastewater 
containing azo dyes into the environment can reduce 
dissolved oxygen concentrations and degrade water 
quality. In addition, azo dyes also have acute toxicity, 
carcinogenic, and mutagenic effects on living things [7]. 
The dye concentration in the textile industry effluent 
varies from 10 to 250 mg/L [2]. 

Adsorption with activated carbon is a widely used 
dye-removal process. This process is considered to be 
fast, affordable, simple, does not produce sludge, has 
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high efficiency, is stable, and can be recycled [8-10]. To 
increase adsorption efficiency even further, reducing the 
particle size of activated carbon is one of the efforts which 
has been done [11]. Superfine powdered activated carbon 
(SPAC) is a result of reducing particle size to improve the 
adsorption process. SPAC is produced from the further 
reduction of powdered activated carbon (PAC) by a 
pulverization process using a bead mill, ball mill, or micro 
grinding to a size of < 1 μm. SPAC is considered to have 
advantages over PAC in terms of adsorption capacity and 
high rate of absorption kinetics [12-14]. 

The study about the effects of activated carbon 
particle size was limited because previously, it was 
believed that adsorption occurred in the internal pores of 
activated carbon, which does not depend on particle size 
[15]. This belief was later contradicted by some newer 
studies, which showed a significant effect of activated 
carbon particle size on adsorption capacities, especially in 
the adsorption of large molecular organic matters [16]. 
Although SPAC not always have higher adsorption 
capacity (depending on the adsorbate molecules), the 
kinetic rate of SPAC was always found to be superior 
compared to PAC [15,17-19]. Based on these findings, 
SPAC has a big potential to be used in the 
water/wastewater treatment process. Therefore, to 
understand the effect of particle size of activated carbon 
even further, this research not only analyzes the 
adsorption capacity and kinetics but also analyzes the 
thermodynamics of the adsorption process. In this study, 
the analysis was carried out on three types of activated 
carbon with different sizes, namely granular, powder, and 
superfine powdered. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were deionized 
water, methylene blue dye (99% purity, Merck 115943 
C.I.52015), and Jacobi-activated carbon AquaSorb 1000. 

Instrumentation 

Several instruments used in the experimental phase 
of this study include mortar and pestle, laboratory 
glassware (beaker glass, Erlenmeyer flask, volumetric 

flask), high energy ball mill (Retsch planetary ball mill 
PM 400), Scanning Electron Microscope test 
instrumentation (SEM-EDX JEOL JSM-6510LA), 
Brunauer-Emmett-Teller test instrumentation (BET, 
Quantachrome Autosorb iQ ASiQwin-Automated Gas 
Sorption), Fourier transform Infrared Spectroscopy test 
instrumentation (Shimadzu FTIR Prestige 21), 
nanoparticle size analyzer (Horiba SZ-100), mechanical 
sieve shaker (Gilson SS-8R), jartest (VELP Scientifica 
JLT6), pH meter (ATC Pen Type PH-009), centrifuge 
(Hettich Rotofix 32 A 35° angle rotor 12-place), Visible 
light spectrophotometer (Thermo Scientific Genesys 
30), heating and magnetic stirrer (Thermo Scientific 
Cimarec 2), and analytical scale (OHAUS PA224). 

Procedure 

Size reduction and activated carbon characterization 
The activated carbon used in this study was Jacobi 

Aquasorb 1000 which is a commercial granular activated 
carbon (GAC). The 20 g of Jacobi Aquasorb 1000 was 
mashed using a mortar and pestle for 20 min to become 
powder (PAC). Some of the PAC was further pulverized 
to become superfine powdered activated carbon (SPAC) 
using a high energy ball mill with a rotational speed of 
350 rpm for 8 h. All activated carbons were then 
characterized physically and chemically. Physical 
characterizations consist of an analysis of particle size 
distribution (mechanical sieving and PSA), SEM, and 
BET tests. The particle size distribution of GAC and 
PAC was carried out using a mechanical sieving device, 
and the test for SPAC was carried out using a nanoparticle 
size analyzer at a scattering angle of 90°. The SEM test 
for GAC was performed at magnifications of 500, 1000, 
2000, and 5000 times while the magnifications used for 
PAC and SPAC were 2000, 5000, 10000, and 20000 
times. Meanwhile, the chemical characterizations of 
activated carbon were carried out by FTIR test at the 
wavelength of 400–4000 cm−1 and point of zero charge 
test conducted according to Khalil et al. [20]. 

Preliminary test of particle size effect on equilibrium 
and adsorption capacity 

This test was carried out by contacting different 
types of activated carbon (GAC, PAC, and SPAC) with 
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methylene blue artificial wastewater. Activated carbon as 
much as 1 g was contacted with 500 mL of methylene blue 
artificial wastewater at a concentration of 250 mg/L. The 
mixture was then stirred at a speed of 120 rpm to ensure 
there was sufficient contact between the adsorbent and 
the adsorbate [21]. Samples of PAC and SPAC mixture 
were then taken at a time range of 10, 20, 30, 60, 90, and 
120 min to measure the concentration of dyes and COD 
[22]. Whereas in the GAC mixture, the sampling time was 
extended to 150, 180, 210, and 240 min to ensure 
equilibrium was reached. 

After the test, PAC and SPAC were separated from 
the wastewater by centrifugation process with a force of 
4.146 G for 5 and 20 min. The determination of color 
concentration was carried out by converting the color 
absorbance values using a visible spectrophotometer at a 
wavelength of 664 nm with a calibration curve [22-23]. 
Meanwhile, the determination of COD concentration was 
carried out using a method based on SNI 6989.2: 2019 
about Spectrophotometric Closed Reflux COD Analysis. 

Particle size effect on adsorption isotherms test 
Identification of activated carbon particle size effect 

on adsorption isotherms was carried out by contacting 1 g 
of GAC or PAC with 500 mL of methylene blue artificial 
wastewater at various dye concentrations 100, 125, 150, 
175, and 200 mg/L. At the same time, the variations in dye 
concentration used in the identification of SPAC 
adsorption isotherms were 300, 350, 400, 450, and 
500 mg/L. This mixture was then stirred with a stirring 
speed of 120 rpm for 120 min (PAC and SPAC) and 
240 min (GAC). The determination of dye concentration 
variation and length of contact time was based on 
preliminary tests. The experimental data were then 
analyzed with non-linear equations of the isotherm model 
to find out the isotherm coefficient values using 
OriginPro2022b. Non-linear equations were used to 
minimize bias due to data transformation into linear 
equations. The obtained data then matched with Giles 
isotherm classification to determine the most suitable 
isotherm model and the adsorption mechanism for each 
activated carbon [24-26]. 

Particle size effect on adsorption kinetics test 
The adsorption kinetics test was carried out by 

contacting 1 g of activated carbon with 500 mL of 
methylene blue artificial wastewater at a dye 
concentration of 250 mg/L. The determination of 
duration for the adsorption kinetics test was based on 
preliminary test results. In the SPAC experiment, 
samples were taken every 4 min for 20 min; in the PAC 
experiment, samples were taken every 12 min for 
60 min; and in the GAC experiment, samples were taken 
every 42 min for 210 min. Analysis of the kinetic 
coefficient values was carried out by matching the 
experimental data with the non-linear equations of the 
kinetic model using OriginPro2022b. If based on the 
isotherm analysis, the adsorption process dominated by 
chemisorption, the kinetic test data will be matched with 
pseudo-second-order model. Meanwhile, if the 
dominant mechanism in adsorption process is 
physisorption, the kinetics test data will be matched with 
pseudo-first-order and intraparticle diffusion model. To 
determine which model is more suitable, error analysis 
between the value of adsorption capacity at certain time 
(qt) based on model and qt value based on experiment 
will be conducted. The error analysis consists of sum of 
square error (SSE), average relative error (ARE), hybrid 
fractional error function (HYBRID), and The 
Marquardt’s percent standard deviation (MPSED). The 
equations for each error analysis can be seen in Eq. (1) 
through Eq. (4) as follows [24-26]. 
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where qt,cal is the adsorption capacity at certain time (t) 
based on calculation from each model (mg/g), qt,exp is the 
adsorption capacity at certain time (t) based on the  
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experiment (mg/g), N is the number of data, and P is the 
degree of freedom. 

Particle size effect on adsorption thermodynamics test 
The thermodynamic analysis was carried out by 

varying the temperature of the adsorption system to 25, 
35, 45, and 55 °C. From the obtained data, the maximum 
adsorption capacity was determined to calculate the value 
of Ke (adsorption thermodynamic constant) with Eq. (5) 
as follows: 

 
e m

e
e m e 0

q q
K

1 q q C C



 (5) 

where qe is the adsorption capacity at equilibrium (mol/g), 
qm is the maximum adsorption capacity (mol/g), Ce is the 
adsorbate concentration at equilibrium (mol/L), and C0 is 
the molar concentration of the standard reference 
solution (assumed to be 1 mol/L). 

After that, a Van't Hoff curve can be constructed, 
which is a plot of ln(Ke) to 1/T. The values of ΔH° 
(standard enthalpy change) and ΔS° (standard entropy 
change) can be identified based on the slope and intercept 
of the Van't Hoff curve [25,27]. 

■ RESULTS AND DISCUSSION 

FTIR test was performed on PAC and SPAC. The  
 

results of the GAC FTIR test were considered to be the 
same as PAC because they came from the same material 
source, namely Jacobi Aquasorb 1000. Meanwhile, the 
SPAC test was carried out to determine whether the 
pulverization process with a high-energy ball mill caused 
changes in functional groups on the surface of the 
activated carbon. The FTIR test results, as shown in Fig. 1 
indicated that SPAC and PAC produced the same peak at 
wavelengths of 3429.43 and 1568.13 cm−1, which indicated 
the presence of a functional group in the form of a 
hydroxyl group (-OH) and an aromatic bond in the form 
of C=C. However, the SPAC FTIR test showed a lower 
transmission value (%T) at a wavelength of 3429.43 cm−1. 
A lower %T value indicates a greater number of functional 
groups on the activated carbon surface. Therefore, it can 
be concluded that the pulverization process with a ball 
mill did not cause a change in the type of functional 
groups but increased the number of functional groups 
available on the activated carbon surface. Apart from 
these two wavelengths, the peak also occurs at a 
wavelength of 460.99; 796.60; 1091.71 cm−1, which 
probably indicates the presence of functional groups of 
C-O and C-C, C-H, and C-O-C, which are commonly 
found in ether, ester or phenol groups [20,28]. 

 
Fig 1. FTIR test results of PAC and SPAC 
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Another chemical characterization test of 
adsorbent, which was zero point of discharge, showed 
different results on each activated carbon. The pHPZC 
value of GAC was 6.65, while the pHPZC values of PAC and 
SPAC were 6.75 and 7.00, as shown in Fig. 2. This finding 
showed that activated carbon was more alkaline at smaller 
particle sizes. These results are different from previous 
research [17,29]. In those studies, the pHPZC values 
decreased at smaller particle sizes, indicating a more 
acidic nature. This difference can possibly be caused by a 
different source of activated carbon used. In the previous 
study, activated carbon was made from wood, coconut 
shell, and lignite coal. Meanwhile, the activated carbon 
used in this study was made from bituminous coal. 

Based on the mechanical sieving test, GAC particle 
size ranged from 0.42–2.00 mm with a d50 of 0.58 mm. 
The dominant GAC particle size was 1.18 and 2.00 mm, 
with occurrence frequencies reaching 71.02 and 22.40%. 
The particle size of PAC ranges from 0.053–0.42 mm with 
a d50 of 0.108 mm. The dominant PAC particle size was 
0.42 and 0.149 mm, with occurrence frequencies of 28.68 
and 36.13%. Meanwhile, based on the nanoparticle size 
analysis test, the particle size of SPAC ranged from 
246.98–4622.81 nm with a d50 of 550 nm and an average 
diameter size of 704.93 nm. The dominant particle size 
was in the range of 315.27–513.71 nm with occurrence 
frequencies ranging from 4 to 13% and 1541.04–
2511.05 nm with occurrence frequencies ranging from 5 
to 6%. The average size of the SPAC in this study 
complied with the applicable requirement which is 
smaller than 1 μm. The detailed results of mechanical 
sieving tests and particle size analysis can be seen in Fig. 
3, 4, and 5. 

The SEM test results on GAC with the magnification 
of 500, 1000, 2000, and 5000 times are shown in Fig. 6. 
Based on that figure, the GAC surface was corrugated and 
porous. However, the pores formed were not uniform, 
and some of the pore openings were covered with smaller 
particles. Porous surfaces were also identified in the PAC 
SEM test results with magnifications of 2000, 5000, 10000, 
and 20000 times as seen in Fig. 7. Pores on the PAC 
surface were seen more clearly than on the GAC surface. 
This can be caused by the opening of small diameter pores 

to become larger due to the pulverization process [30]. 
Meanwhile, the SEM test results on SPAC with the 
magnification of 2000, 5000, 10000, and 20000×, which 
can be seen in Fig. 8, showed that the particle size of the 
adsorbent was smaller than the previous two types of 
adsorbents. This is in accordance with the results of the 
particle size analysis test that has been described 
previously. 

 
Fig 2. Point of zero charge test result 

 
Fig 3. Particle size distribution of GAC 

 
Fig 4. Particle size distribution of PAC 
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Fig 5. Particle size distribution of SPAC 

 
Fig 6. SEM test results of GAC with magnification of (a) 500×, (b) 1000×, (c) 2000×, and (d) 5000× 

 
Based on BET tests, size reduction of activated 

carbon from GAC to PAC and SPAC caused an increase 
in total pore volume and surface area of activated carbon. 
The total pore volume increased from 0.4576 cm3/g 

(GAC) to 0.4618 cm3/g (PAC) and 0.4743 cm3/g 
(SPAC). This increase in pore volume can be caused by 
the formation of spaces between particles due to the 
pulverizing process, which is then measured as pores [29].  
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Fig 7. SEM test results of PAC with magnification of (a) 2000×, (b) 5000×, (c) 10000×, and (d) 20000× 

 
Fig 8. SEM test results of SPAC with magnification of (a) 2000×, (b) 5000×, (c) 10000×, and (d) 20000× 

 
These results were in accordance with previous research, 
which stated that the activated carbon particle size change 
did not cause a substantial change in pore structure 
[12,31]. Meanwhile, the surface area of activated carbon 
increased from 776.439 m2/g (GAC) to 787.443 m2/g 

(PAC) and 790.478 m2/g (SPAC). This increase was due 
to a reduction of particle size and pore widening of 
activated carbon. But the escalation of surface area in 
smaller particle size was not as significantly different as 
particle size. This can be caused by the disappearance of 
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some surface area available in the parent material, such as 
pore channels, due to the pulverization process [29-30]. 

Preliminary Tests 

Preliminary test results showed that activated 
carbon was effective at removing the dye in methylene 
blue artificial wastewater. SPAC had the highest dye 
adsorption capacity compared to PAC and GAC. The dye 
adsorption capacities of SPAC ranged from 112.57–
122.21 mg/g, while the dye adsorption capacities of PAC 
and GAC ranged from 34.67–60.96 mg/g and 4.34–
16.66 mg/g. Reduction in dye concentration was also 
followed by a decrease in COD concentration. The COD 
adsorption capacities of SPAC ranged from 158.97–
171.32 mg/g, while the COD adsorption capacities of PAC 
and GAC ranged from 39.64–55.61 mg/g and 9.91–
22.99 mg/g. The escalation in adsorption capacity was 
mostly due to the increase of activated carbon’s surface 
area rather than the increase in pores volume [18]. 
Structural pore changes due to the pulverizations process 
were not large. The increase in pore volume was only 
0.0042 (GAC to PAC) and 0.0167 cm3/g (GAC to SPAC). 
But the increase in adsorption capacity can be explained 
based on the shell adsorption model (SAM). Based on 
SAM, more adsorbate is adsorbed on the outside (shell) of 
a particle if the radius of the activated carbon particle is 
smaller than the diffusion penetration depth of a particle 
whose value depends on the type of adsorbent and 
adsorbate. Because the outer surface area of the particles 
increases as the particle size decreases, the adsorption  
 

capacity increases [14]. 

Particle Size Effect on Adsorption Isotherms Test 

The isotherm test results on each activated carbon 
can be seen in Fig. 9. Based on the Giles isotherm 
classification, the methylene blue adsorption process on 
each activated carbon followed the “High-Affinity 
Isotherm”. This is because the qe value is always greater 
than zero, even though the adsorbate concentration is 
close to zero. This type of isotherm generally occurs in 
adsorbates with large molecular sizes, such as polymers. 
This isotherm indicates the adsorption process occurs 
chemically (chemisorption) or adsorption by 
electrostatic forces 25]. 

Although each adsorption process followed a high-
affinity isotherm, the adsorption process for each 
activated carbon was in a different subclass. The 
methylene blue adsorption process using GAC followed 
the mx subclass, while PAC and SPAC followed 
subclasses 4 and 2. The mx subclass was characterized by 
a decrease in adsorption capacity when the adsorbate 
concentration was increased. This decrease in 
adsorption capacity occurs because the interaction 
between the adsorbate molecules is stronger than the 
interaction between the adsorbate and the adsorbent. 
Subclass 4 is characterized by the presence of two lines 
with a gentle slope connected by a line with a steeper 
slope. This indicates the formation of a new active 
surface which can be caused by the reorientation of the 
adsorbed molecules from horizontal to vertical, which  
 

 
Fig 9. Isotherm graph 
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allows more adsorbate particles to be adsorbed. While 
subclass 2 is characterized by the appearance of 
longitudinal horizontal lines caused by the absence of 
intramolecular interactions of the adsorbate. Since there 
is no intramolecular interaction of the adsorbate, the 
adsorption process is monolayer [25]. All of these 
isotherm subclasses indicate a monolayer adsorption 
process. Therefore, the data obtained from the 
experiment were matched with the Langmuir isotherm to 
determine the value of the coefficient (KL) and maximum 
adsorption capacity (qm) using OriginPro2022b. qm and 
KL values can be seen in Table 1. 

The maximum adsorption capacity and Langmuir 
coefficient (KL) increased in the adsorbent with the 
smaller particle size. An increase in Kl value indicates a 
stronger interaction between the adsorbent and the 
adsorbate on the smaller activated carbon particles [32]. 
The increase in maximum adsorption capacity for 
adsorbents with smaller particle sizes also occurred in 
previous research [15,29]. According to Ando et al. [31] 
adsorption capacity of activated carbon for certain 
adsorbate depends on adsorbent particle size. The 
dependence of adsorption capacity on activated carbon 
particle size might be associated with high-molecular 
mass of adsorbate and adsorbate characteristics. 
Moreover, the properties of activated carbon can also 
affect the adsorption capacity in smaller particle sizes. 

Particle Size Effect on Adsorption Kinetics Test 

Based on isotherm analysis, the adsorption process 
of methylene blue on all activated carbon was caused by 
electrostatic forces. This will be further proven in 
thermodynamic tests to determine the enthalpy value of 
the adsorption process. Because the adsorption process 
was caused by electrostatic forces, the adsorption 
process was considered physisorption. Several kinetic 
models that can be used to describe the kinetics of the 
physisorption process are pseudo-first order and 
intraparticle diffusion models [33-34]. Therefore, the 
experimental data were analyzed with both models using 
OriginPro 2022b. From these two models, one model 
was then selected based on the lowest sum of square 
error (SSE), average relative error (ARE), hybrid 
fractional error function (HYBRID), and The 
Marquardt's percent standard deviation (MPSED) 
[24,35]. Analysis of the kinetic parameters using 
OriginPro2022b produced kinetic parameters of the 
pseudo-first-order and intraparticle diffusion models as 
seen in Table 2 and 3. 

Error analysis to compare the suitability of each 
model to the experimental data can be seen in Table 4. 
Based on Table 4, the pseudo-first-order kinetic model 
had smaller error values for all types of activated carbon 
compared to the intraparticle diffusion model. This 
indicates  that  the  first-order pseudo  model  was  more 

Table 1. Langmuir Isotherm Coefficients 
Adsorbent types qm (mg/g) KL (L/mg) 

GAC 27.72505 + 3.49558 0.01156 + 0.00329 
PAC 66.46779 + 5.81396 0.51107 + 0.38549 

SPAC 197.70408 + 7.1626 2.28743 + 1.00784 

Table 2. Pseudo-first-order kinetic parameters 
Adsorbent types K1 (min−1) qe (mg/g) 

GAC 0.01472 + 0.00129 24.15746 + 0.74313 
PAC 0.11407 + 0.04308 41.66993 + 2.97193 

SPAC 1.13446 + 0.03338 119.82991 + 0.07587 

Table 3. Intraparticle diffusion kinetic parameters 
Adsorbent types Ki (mg/g.min−0.5) Ci (mg/g) 

GAC 1.47001 + 0.11054 2.85518 + 1.23684 
PAC 2.59757 + 1.26843 35.53882 + 7.6106 

SPAC 0.53902 + 0.15386 117.76349 + 0.53299 



Indones. J. Chem., 2023, 23 (2), 461 - 474    

 

Akhmad Masykur Hadi Musthofa et al. 
 

470 

Table 4. Error values of kinetic models 

Adsorbent 
types 

Time 
(min) 

qt,exp 
(mg/g) 

Pseudo-first-order Intraparticle diffusion 
qt 

(mg/g) SSE ARE HYBRID MPSED qt 
(mg/g) SSE ARE HYBRID MPSED 

GAC 42 11.84 11.14 

1.148 2.709 2.492 4.178 

12.38 

1.435 2.607 2.657 3.982 
84 16.63 17.14 16.33 

126 20.19 20.38 19.36 
164 21.68 22.00 21.68 
210 23.56 23.06 24.16 

PAC 12 33.42 31.07 

70.661 8.307 57.459 11.961 

44.54 

710.742 31.017 632.012 41.245 
24 35.83 38.97 48.26 
36 36.60 40.98 51.12 
48 41.01 41.50 53.54 
60 47.61 41.63 55.66 

SPAC 4 118.55 118.55 

0.068 0.071 0.019 0.126 

118.84 

0.269 0.176 0.075 0.251 
8 119.60 119.82 119.29 

12 119.84 119.83 119.63 
16 119.89 119.83 119.92 
20 119.97 119.83 120.17 

Table 5. Adsorption thermodynamics parameters 
Temp 

(K) 
Ce 

(mol/L) 
qe 

(mol/g) 
qm 

(mg/g) Ke 
ΔG° 

(KJ/mol) 
ΔH° 

(KJ/mol) 
ΔS° 

(J/mol.K) 
GAC        
298 0.000228 0.000041 27.73 3886.50 -20.48 

59.92 272.35 
308 0.000169 0.000064 28.77 14965.52 -24.62 
318 0.000128 0.000092 35.52 38167.25 -27.89 
328 0.000123 0.000097 38.87 32221.93 -28.31 
PAC        
298 0.000014 0.000149 66.47 187063.39 -30.08 

14.68 150.94 
308 0.000007 0.000150 72.91 288742.62 -32.20 
318 0.000006 0.000151 74.63 294613.25 -33.30 
328 0.000006 0.000160 77.67 337172.66 -34.71 
SPAC        
298 0.000005 0.000488 197.70 780186.08 -33.61 

58.92 309.46 
308 0.000002 0.000445 201.94 1571975.09 -36.54 
318 0.000001 0.000463 205.83 1798797.87 -38.08 
328 0.000000 0.000468 207.92 8525412.86 -43.52 

 
suitable for describing the adsorption mechanism that 
occurred. In addition, based on Table 2, the value of the 
adsorption kinetics coefficient increased on activated 
carbon with a smaller particle size. This indicates a faster 
adsorption process on SPAC compared to PAC or GAC. 
An increase in the adsorption rate on the smaller activated 
carbon particles also occurred in previous research 
[17,19]. 

Particle Size Effect on Adsorption Thermodynamics 
Test 

The results of the thermodynamic test on each 
activated carbon can be seen in Table 5. Based on Table 
5, the change in Gibbs free energy (ΔG°) was negative. 
This indicates that the methylene blue adsorption 
process using activated carbon was spontaneous and 
favorable. The increasingly negative ΔG° value indicates  



Indones. J. Chem., 2023, 23 (2), 461 - 474    

 

Akhmad Masykur Hadi Musthofa et al. 
 

471 

4000 3500 3000 2500 2000 1500 1000 500
70

75

80

85

90

95

100

T
ra

n
sm

it
ta

n
ce

 (
%

)

Wavenumber (cm-1)  
Fig 10. FTIR test results of MB solution before adsorption 
process 
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Fig 11. FTIR test results of MB solution after adsorption 
process 

 
that the adsorption process was better and more 
spontaneous on the smaller activated carbon particle size 
and at higher temperatures [25]. 

Unlike the ΔG° values, the ΔH°, and ΔS° values were 
positive for all activated carbons. A positive ΔH° value 
indicates the adsorption process was endothermic. This is 
proven by the increased adsorption capacity at higher 
temperatures. Meanwhile, a positive ΔS° value indicates 
increased randomness at the interface of adsorbent-
adsorbate and a good affinity of adsorbent to adsorbate 
[25]. The value of ΔH° can also be used to determine the 
adsorption mechanism that occurred. The value of ΔH° at 
PAC, which was less than 20 KJ/mol indicates 
physisorption was dominated by van der Waals forces 
interactions. Meanwhile, the ΔH° values of GAC and 
SPAC which were in the range of 20–80 KJ/mol indicate 
physisorption was dominated by electrostatic 
interactions. 

These adsorption mechanisms were supported by 
FTIR test results on methylene blue artificial wastewater 
before and after the adsorption process (Fig. 10 and 11). 
Before the adsorption process, methylene blue artificial 
wastewater showed peaks in the functional group region 
(λ > 1500 cm−1) at the wavelength of 3429.43; 2924.09; 
2856.58; and 1602.85 cm−1. These peaks indicated the 
presence of hydroxyl (OH-), methylene (CH2), methyl  
 

ether (O-CH3), and C=C functional groups. Meanwhile 
in fingerprint region (λ < 1500 cm−1) peaks were formed 
at wavelength of 1492.90; 1442.75; 1396.46; 1350.17; 
1247.94; 1176.58; 1141.86; and 1041.56 cm−1. These 
peaks could be formed because of the presence of 
aromatic bonds of (C=C-C), methyl (CH3), tri-methyl, 
methine (=CH-), aromatic ether, secondary amine (C-
N), cyclic ether, and cyclohexane ring [36]. After the 
adsorption process, peaks in the functional group region 
remain unchanged. But, in the fingerprint region, some 
peaks disappeared at wavelength 1492.90; 1442.75; 
1247.94; and 1176.58 cm−1. 

The disappearance of some functional groups 
could be caused by several interactions: 1) π-π 
interactions between the aromatic functional groups on 
the surface of the adsorbent and aromatic bonds (C=C-
C), aromatic ethers, and other benzenic rings of 
methylene blue, 2) Electrostatic interactions between the 
negatively charged functional groups on the surface of 
the adsorbent and the positively charged methylene blue 
molecules (cations), 3) The hydrogen bond between the 
nitrogen (N) on the methylene blue molecule and 
functional groups containing oxygen, such as hydroxyl 
(OH-) on the surface of activated carbon [6,20,37]. 

The schematic mechanisms of the methylene blue 
adsorption process can be seen in Fig. 12. 
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Fig 12. Scheme of adsorption interactions of MB and activated carbon 

 
■ CONCLUSION 

The chemical characterization of activated carbon 
showed that the pulverization process could change the 
pHpzc to be more alkaline and increase the number of 
functional groups present on the surface of the activated 
carbon but did not change the type of functional groups 
available. At the same time, the physical characterization 
showed that there were differences in particle size 
distribution in GAC, PAC, and SPAC. The pulverization 
process also caused an increase in the surface area and 
pore volume of activated carbon. Based on isotherm and 
kinetic analysis, particle size variations did not change the 
type of isotherm and kinetics model that applied to the 
adsorption process, but it caused an increase in maximum 
adsorption capacity, Langmuir coefficient, and kinetics 
coefficient in smaller particle sizes. The thermodynamic 
test showed that the adsorption process took place more 
spontaneously and more favorably at the smaller particle 
size, and there was a difference in the dominant 
mechanism that caused the adsorption process in 
different particle sizes of activated carbon based on ΔH° 
values. The dominant adsorption mechanism on GAC 
and SPAC was electrostatic interaction, while on PAC was 
van der Waals forces. Based on these results, SPAC has 
good potential to be used in the water/wastewater 
treatment process, especially in the tertiary process, to 
remove recalcitrant pollutants such as hydrocarbons, 
pesticides, and textile dyes. 

■ AUTHOR CONTRIBUTIONS 

Akhmad Masykur Hadi Musthofa conducted the 
experiments, calculations, and wrote the manuscript. 
Mindriany Syafila and Qomarudin Helmy reviewed the 
methodology and manuscript. All authors agreed to the 
final version of this manuscript. 

■ REFERENCES 

[1] Kant, R., 2012, Textile dyeing industry an 
environmental hazard, Nat. Sci., 4 (1), 22–26. 

[2] Ghaly, A.E., Ananthashankar, R., Alhattab, M., and 
Ramakrishna, V.V., 2013, Production, 
characterization and treatment of textile effluents: 
A critical review, J. Chem. Eng. Process Technol., 5 
(1), 1000182. 

[3] Velusamy, S., Roy, A., Sundaram, S., and Kumar 
Mallick, T., 2021, A review on heavy metal ions and 
containing dyes removal through graphene oxide-
based adsorption strategies for textile wastewater 
treatment, Chem. Rec., 21 (7), 1570–1610. 

[4] Balapure, K., Bhatt, N., and Madamwar, D., 2015, 
Mineralization of reactive azo dyes present in 
simulated textile waste water using down flow 
microaerophilic fixed film bioreactor, Bioresour. 
Technol., 175, 1–7. 

[5] Fatkhasari, Y., Rouf, N.A., Ermadayanti, W.A., 
Kurniawan, R.Y., and Bagastyo, A.Y., 2019, 
Synthesis of TiO2/zeolite-A composite for the 

Admin Jurnal
Highlight

Admin Jurnal
Highlight



Indones. J. Chem., 2023, 23 (2), 461 - 474    

 

Akhmad Masykur Hadi Musthofa et al. 
 

473 

removal of methylene blue on direct sunlight, Jurnal 
Teknik ITS, 8 (2), 115–120. 

[6] Giraldo, S., Robles, I., Godínez, L.A., Acelas, N., and 
Flórez, E., 2021, Experimental and theoretical 
insights on methylene blue removal from wastewater 
using an adsorbent obtained from the residues of the 
orange industry, Molecules, 26 (15), 4555. 

[7] Saratale, R.G., Saratale, G.D., Chang, J.S., and 
Govindwar, S.P., 2011, Bacterial decolorization and 
degradation of azo dyes: A review, J. Taiwan Inst. 
Chem. Eng., 42 (1), 138–157. 

[8] Dutta, S., Gupta, B., Srivastava, S.K., and Gupta, A.K., 
2021, Recent advances on the removal of dyes from 
wastewater using various adsorbents: A critical 
review, Mater. Adv., 2 (14), 4497–4531. 

[9] Sultana, M., Rownok, M.H., Sabrin, M., Rahaman, 
M.H., and Alam, S.M.N., 2022, A review on 
experimental chemically modified activated carbon 
to enhance dye and heavy metals adsorption, Cleaner 
Eng. Technol., 6, 100382. 

[10] Zhang, Z., Xu, L., Liu, Y., Feng, R., Zou, T., Zhang, 
Y., Kang, Y., and Zhou, P., 2021, Efficient removal of 
methylene blue using the mesoporous activated 
carbon obtained from mangosteen peel wastes: 
Kinetic, equilibrium, and thermodynamic studies, 
Microporous Mesoporous Mater., 315, 110904. 

[11] Sun, X., Ma, L., Ye, G., Wu, L., Li, J., Xu, H., and 
Huang, G., 2021, Phenol adsorption kinetics and 
isotherms on coal: Effect of particle size, Energy 
Sources, Part A, 43 (4), 461–474. 

[12] Partlan, E., 2017, Superfine Powdered Activated 
Carbon (S-PAC) Coupled with Microfiltration for 
the Removal of Trace Organics in Drinking Water 
Treatment, Dissertation, Clemson University, South 
Carolina. 

[13] Takaesu, H., Matsui, Y., Nishimura, Y., Matsushita, 
T., and Shirasaki, N., 2019, Micro-milling super-fine 
powdered activated carbon decreases adsorption 
capacity by introducing oxygen/hydrogen-
containing functional groups on carbon surface from 
water, Water Res., 155, 66–75. 

[14] Pan, L., Nishimura, Y., Takaesu, H., Matsui, Y., 
Matsushita, T., and Shirasaki, N., 2017, Effects of 

decreasing activated carbon particle diameter from 
30 μm to 140 nm on equilibrium adsorption 
capacity, Water Res., 124, 425–434. 

[15] Matsui, Y., Nakao, S., Sakamoto, A., Taniguchi, T., 
Pan, L., Matsushita, T., and Shirasaki, N., 2015, 
Adsorption capacities of activated carbons for 
geosmin and 2-methylisoborneol vary with 
activated carbon particle size: Effects of adsorbent 
and adsorbate characteristics, Water Res., 85, 95–
102. 

[16] Shi, B., Fang, L., Li, Z., and Wang, D., 2014, 
Adsorption behavior of DOM by PACs with 
different particle sizes, CLEAN – Soil, Air, Water, 42 
(10), 1363–1369. 

[17] Partlan, E., Ren, Y., Apul, O.G., Ladner, D.A., and 
Karanfil, T., 2020, Adsorption kinetics of synthetic 
organic contaminants onto superfine powdered 
activated carbon, Chemosphere, 253, 126628. 

[18] Matsui, Y., Ando, N., Yoshida, T., Kurotobi, R., 
Matsushita, T., and Ohno, K., 2011, Modeling high 
adsorption capacity and kinetics of organic 
macromolecules on super-powdered activated 
carbon, Water Res., 45 (4), 1720–1728. 

[19] Bonvin, F., Jost, L., Randin, L., Bonvin, E., and 
Kohn, T., 2016, Super-fine powdered activated 
carbon (SPAC) for efficient removal of 
micropollutants from wastewater treatment plant 
effluent, Water Res., 90, 90–99. 

[20] Khalil, K.M.S., Elhamdy, W.A., Mohammed, 
K.M.H., and Said, A.E.A.A., 2022, Nanostructured 
P-doped activated carbon with improved 
mesoporous texture derived from biomass for 
enhanced adsorption of industrial cationic dye 
contaminants, Mater. Chem. Phys., 282, 125881. 

[21] Aljeboree, A.M., Alshirifi, A.N., and Alkaim, A.F., 
2017, Kinetics and equilibrium study for the 
adsorption of textile dyes on coconut shell activated 
carbon, Arabian J. Chem., 10, S3381–S3393. 

[22] Medhat, A., El-Maghrabi, H.H., Abdelghany, A., 
Abdel Menem, N.M., Raynaud, P., Moustafa, Y.M., 
Elsayed, M.A., and Nada, A.A., 2021, Efficiently 
activated carbons from corn cob for methylene blue 
adsorption, Appl. Surf. Sci. Adv., 3, 100037. 



Indones. J. Chem., 2023, 23 (2), 461 - 474    

 

Akhmad Masykur Hadi Musthofa et al. 
 

474 

[23] Hajialigol, S., and Masoum, S., 2019, Optimization of 
biosorption potential of nano biomass derived from 
walnut shell for the removal of Malachite Green from 
liquids solution: Experimental design approaches, J. 
Mol. Liq., 286, 110904. 

[24] Subramanyam, B., and Das, A., 2014, Linearised and 
non-linearised isotherm models optimization 
analysis by error functions and statistical means, J. 
Environ. Health Sci. Eng., 12 (1), 92. 

[25] Bonilla-Petriciolet, A., Mendoza-Castillo, D.I., and 
Reynel-Ávila, H.E., 2017, Adsorption Processes for 
Water Treatment and Purification, Springer Cham, 
Switzerland. 

[26] Prasad, A.L., Santhi, T., and Manonmani, S., 2015, 
Recent developments in preparation of activated 
carbons by microwave: Study of residual errors, 
Arabian J. Chem., 8 (3), 343–354. 

[27] Soldatkina, L., and Yanar, M., 2021, Equilibrium, 
kinetic, and thermodynamic studies of cationic dyes 
adsorption on corn stalks modified by citric acid, 
Colloids Interfaces, 5 (4), 52. 

[28] Hien Tran, T., Le, A.H., Pham, T.H., Duong, L.D., 
Nguyen, X.C., Nadda, A.K., Chang, S.W., Chung, 
W.J., Nguyen, D.D., and Nguyen, D.T., 2022, A 
sustainable, low-cost carbonaceous hydrochar 
adsorbent for methylene blue adsorption derived 
from corncobs, Environ. Res., 212, 113178. 

[29] Ellerie, J.R., Apul, O.G., Karanfil, T., and Ladner, 
D.A., 2013, Comparing graphene, carbon nanotubes, 
and superfine powdered activated carbon as 
adsorptive coating materials for microfiltration 
membranes, J. Hazard. Mater., 261, 91–98. 

[30] Partlan, E., Davis, K., Ren, Y., Apul, O.G., Mefford, 
O.T., Karanfil, T., and Ladner, D.A., 2016, Effect of 
bead milling on chemical and physical characteristics 

of activated carbons pulverized to superfine sizes, 
Water Res., 89, 161–170. 

[31] Ando, N., Matsui, Y., Kurotobi, R., Nakano, Y., 
Matsushita, T., and Ohno, K., 2010, Comparison of 
natural organic matter adsorption capacities of 
super-powdered activated carbon and powdered 
activated carbon, Water Res., 44 (14), 4127–4136. 

[32] Ragadhita, R., and Nandiyanto, A.B.D., 2021, How 
to calculate adsorption isotherms of particles using 
two-parameter monolayer adsorption models and 
equations, Indones. J. Sci. Technol., 6 (1), 205–234. 

[33] Agbovi, H.K., and Wilson, L.D., 2021, “Adsorption 
Processes in Biopolymer Systems: Fundamentals to 
Practical Applications” in Natural Polymers-Based 
Green Adsorbents for Water Treatment, Eds. Kalia, 
S., Elsevier, Cambridge, US, 1–51. 

[34] Yao, C., and Chen, T., 2017, A film-diffusion-based 
adsorption kinetic equation and its application, 
Chem. Eng. Res. Des., 119, 87–92. 

[35] Sreńscek-Nazzal, J., Narkiewicz, U., Morawski, 
A.W., Wróbel, R.J., and Michalkiewicz, B., 2015, 
Comparison of optimized isotherm models and error 
functions for carbon dioxide adsorption on activated 
carbon, J. Chem. Eng. Data, 60 (11), 3148–3158. 

[36] Nandiyanto, A.B.D., Oktiani, R., and Ragadhita, R., 
2019, How to read and interpret FTIR spectroscope 
of organic material, Indones. J. Sci. Technol., 4 (1), 
97–118. 

[37] Jawad, A.H., Saud Abdulhameed, A., Wilson, L.D., 
Syed-Hassan, S.S.A., ALOthman, Z.A., and Rizwan 
Khan, M., 2021, High surface area and mesoporous 
activated carbon from KOH-activated dragon fruit 
peels for methylene blue dye adsorption: 
Optimization and mechanism study, Chin. J. Chem. 
Eng., 32, 281–290. 

 
 



Indones. J. Chem., 2023, 23 (2), 475 - 488    

 

Ernanin Dyah Wijayanti et al. 
 

475 

Indonesian Purple Rice Ferulic Acid as a Candidate for Anti-aging 
through the Inhibition of Collagenase and Tyrosinase Activities 

Ernanin Dyah Wijayanti1,2,3, Anna Safitri2,4, Dian Siswanto1, and Fatchiyah Fatchiyah1,2* 
1Department of Biology, Faculty of Mathematics and Natural Sciences, Brawijaya University, 
Jl. Veteran, Malang 65145, East Java, Indonesia 
2Research Center of Smart Molecule of Natural Genetics Resource, Brawijaya University, 
Jl. Veteran, Malang 65145, East Java, Indonesia 
3Health Polytechnique of Putra Indonesia Malang, Jl. Barito 5, Malang 65123, East Java, Indonesia 
4Department of Chemistry, Faculty of Mathematics and Natural Sciences, Brawijaya University, 
Jl. Veteran, Malang 65145, East Java, Indonesia 

* Corresponding author: 

email: fatchiya@ub.ac.id 

Received: December 6, 2022 
Accepted: February 20, 2023 

DOI: 10.22146/ijc.79819 

 Abstract: Skin aging is associated with decreased skin firmness and excessive 
pigmentation, which is caused by the activity of aging enzymes. This process can be 
prevented with powerful antioxidants from nature, such as ferulic acid which is abundant 
in rice. This study examines the nutritional content and phytochemicals of Indonesian 
purple rice and evaluates the bioactivity of ferulic acid as an anti-aging agent. Indonesian 
purple rice has less fat than black and white rice, more amino acids involved in aging 
regulation, and a similar phytochemical profile to black and white rice. Indonesian purple 
rice has a lower concentration of ferulic acid (4.114 ± 0.013 mg/L) than black rice but 
shows strong reducing power (IC50 9.35 ± 1.95 μg/mL), high anti-tyrosinase (IC50 59.57 ± 
3.60 μg/mL), and moderate anti-collagenase activities (IC50 74.18 ± 3.11 μg/mL). This 
study supports the use of Indonesian purple rice as a promising active ingredient in 
natural anti-aging cosmetics. 

Keywords: anti-aging; collagenase; ferulic acid; purple rice; tyrosinase 

 
■ INTRODUCTION 

Skin aging refers to the process of the skin losing its 
structural integrity and physiological function as a result 
of both internal and external influences. Genetics is an 
intrinsic component that is altered by time. The 
environment, particularly ultraviolet (UV) radiation, is an 
external influence [1-2]. Smoking, pollution, poor diet, 
lack of sleep, stress, and severe temperatures are a few 
more environmental factors that affect or may influence 
skin aging [3]. 

Exposure to UV radiation promotes the production 
of excess free radicals or reactive oxygen species (ROS), 
which activates collagenase and tyrosinase via the 
mitogen-activated protein kinase (MAPK) pathway [4-5]. 
Collagenase breaks down collagen and generates wrinkle 

formation, and tyrosinase catalyzes melanin synthesis 
from tyrosine, and causes hyperpigmentation [6-9]. 

Wrinkle formation and hyperpigmentation are 
signs of aging that can be prevented with an anti-aging 
strategy [7,9-10]. The anti-aging mechanism includes 
the ability to scavenge free radicals, protect the skin from 
UV exposure, increase skin moisture, and increase 
collagen production or prevent collagen degradation [3]. 
Collagenase and tyrosinase inhibitors have been widely 
used in cosmetic or pharmaceutical products as anti-
aging agents [8,11]. 

Recently, there has been a surge of interest in 
naturally occurring active ingredients for anti-aging 
products. One potent antioxidant found in nature is 
ferulic acid, also known as 4-hydroxy-3-
methoxycinnamic acid [12-13]. Ferulic acid can be 
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found in rice, oats, wheat, pineapple, seeds of coffee, 
beans, nuts, artichoke, and peanuts [14]. However, rice is 
the most common source of ferulic acid [15]. 

Among the rice varieties, pigmented rice is richer in 
nutrients than non-pigmented rice because it is produced 
without a grinding and polishing process [16]. There is 
Indonesian purple rice (IPR) produced by crossbreeding 
between Mentik Wangi black rice (BR-MW) and Mentik 
Susu white rice (WR-MS) [17]. Up to this point, there has 
never been an exploration of the potential for ferulic acid 
from rice in Indonesia, particularly the IPR. Ferulic acid 
levels commonly were found to correlate positively with 
rice pigmentation [18], but rice with a light purple color 
(variety YF67) obtained from a crossbreeding between 
black rice and white rice from China, produced higher 
levels of ferulic acid than black rice parental [19]. The 
higher concentration of ferulic acid in variety YF67 makes 
us wonder if the IPR is a potential source of ferulic acid, 
and further research into its ferulic acid content is 
required. 

Previous research demonstrating the antimicrobial 
and anti-inflammatory properties of IPR ferulic acid 
supports its anti-aging potential [20-21]. Nevertheless, 
the ability to scavenge free radicals and inhibit aging 
enzymes needs further investigation. Moreover, the 
nutritional and phytochemical content, which may 
support anti-aging properties, is also important to explore. 
Therefore, this study aims to analyze the nutritional value 
and phytochemical profile of IPR and evaluate the 
potential of its ferulic acid content as an anti-aging. 

■ EXPERIMENTAL SECTION 

Materials 

The research material used were ferulic acid 
(≤ 100%, Sigma-Aldrich, PHR1791), Folin-Ciocalteu 
(Merck, 1.09001.0500), collagenase from Clostridium 
histolyticum (≥ 125 units per mg, Type 2, Worthington), 
tyrosinase from Agaricus bisporus (1240 units per mg, 
Worthington), kojic acid (> 98%, TCI, KD010), L-
ascorbic acid (> 99%, TCI, A0537), tricine (> 99.0%, TCI, 
T0682), L-tyrosine (> 98.5%, TCI, T0550), N-[3-(2-
furyl)acryloyl)-ley-gly-pro-ala]/FALGPA (95.2%, HPLC 

grade, Sigma, F5135), potassium ferricyanide, and 
trichloroacetic acid. 

Four cultivars of rice were used in this research. 
Indonesian purple rice (IPR), Mentik Wangi black rice 
(BR-MW), and Mentik Susu white rice (WR-MS) were 
obtained from a local farmer in the Ngawi region, East 
Java, Indonesia. The Jeliteng black rice (BR-J), the 
national standard black rice, was used as the positive 
control for rice. This rice was obtained from The 
Indonesian Agency for Agricultural Research and 
Development, Ministry of Agriculture, Republic of 
Indonesia. 

Instrumentation 

The instruments used were a shaker water bath 
(Memmert), rotary evaporator (IKA HB 10), Fourier 
Transform Infrared spectrophotometer (FTIR, Shimadzu, 
IR Type Prestige 21), High-Performance Liquid 
Chromatography (HPLC, Prominence-I, LC-2030C 3D 
Plus, serial no. L214556, Shimadzu) with shim-pack 
GIST C18 column (5 μm, 4.6 × 150, Shimadzu), Ultra 
Performance Liquid Chromatography (UPLC), Liquid 
Chromatography-Tandem Mass Spectrometry (LC-
MS/MS), and UV-Vis spectrophotometer (SmartSpec 
Plus™, BioRad Laboratories Inc., Hercules, CA, USA). 

Procedure 

Proximate analysis 
Proximate analysis was carried out in the Central 

Laboratory of Life Sciences, Brawijaya University. The 
analysis consists of carbohydrate, protein, lipid, ash, and 
water contents according to Indonesian National 
Standard (SNI 01-2891-1992) method. 

Determination of amino acids 
Determination of amino acid content was 

conducted in PT. Saraswanti Indo Genetech, Bogor, 
West Java, Indonesia. The UPLC was used to analyze L-
histidine, L-isoleucine, L-leucine, L-lysine, L-
phenylalanine, L-threonine, L-valine, L-alanine, L-
arginine, L-aspartic acid, L-glutamic acid, glycine, L-
proline, L-serine, and L-tyrosine, according to the 18-5-
17/MU/SMM-SIG protocol. L-methionine and L-
cysteine were analyzed using LC-MS/MS according to 
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18-12-38/MU/SMM-SIG protocol, while L-tryptophan 
was analyzed using HPLC according to 18-5-63/MU/SMM-
SIG. The UPLC was performed using AccQ.Tag Ultra C18 
1.7 μm column (2.1 × 100 mm). The mobile phase 
consisted of A: Eluent A concentrate Amino Acid Analysis 
AccQ.Tag Ultra; B: Eluent B Amino Acid Analysis 
AccQ.Tag Ultra 10% in water; C: Aquabidest; D: Eluent B 
Amino Acid Analysis AccQ.Tag Ultra. The rate of flow was 
fixed at 0.5 mL/min. A photometric diode array (PDA) at 
the wavelength of 260 nm was used as the detector [22]. 

Phytochemical screening 
As much as 4 g of rice powder were macerated in 

96% ethanol at room temperature for 24 h and then 
filtrated using Whatman paper No. 1. The filtrates were 
screened for phytochemical content including phenolic, 
flavonoid, tannin, anthocyanin, leucoanthocyanidin, 
glycoside, and anthraquinone using the standard methods 
[23-24]. 

Extraction of ferulic acid 
Rice was extracted to obtain ferulic acid using the 

modified method [25]. Alkaline hydrolysis was applied by 
adding 300 mL of 0.5 M sodium hydroxide to 50 g of rice 
powder, followed by constant shaking for 4 h at 60 °C. A 
total amount of 600 mL of 96% ethanol was added to 
dissolve ferulic acid then the pH was neutralized by 
adding 37% hydrochloric acid. The mixture was filtered 
with Whatman filter paper No 41 attached to a vacuum 
Buchner funnel and evaporated for about 30 min to 
obtain the concentrated extract. The brown extract 
indicated the existence of ferulic acid. 

Determination of total phenolic content 
The Folin-Ciocalteu method was used to determine 

the total phenolic content. Briefly, 200 μL of rice extract 
(1 mg/mL) was added with distilled water up to 3 mL and 
mixed with 0.5 mL of Folin-Ciocalteu reagent for 3 min. 
The mixture was added with 2 mL of 20% sodium 
carbonate and then incubated in dark conditions for 
60 min. The absorbance was measured at 650 nm by a 
UV-Vis spectrophotometer [26]. Ferulic acid (0–10 ppm) 
was used as the standard calibration curve. The total 
phenolic content was calculated by the following formula: 

C V DFTotal phenolic content
m

 
  

where C represents the concentration of the sample 
calculated using the standard calibration curve equation 
(ppm), V represents the volume of the sample (mL), DF 
represents the dilution factor of the sample, and m 
represents the mass of the extract (g). The total phenolic 
content was expressed as mg ferulic acid equivalent per 
gram (mg FAE/g) [27]. 

Identification and determination of ferulic acid 
content 

The ferulic acid functional group was identified 
using FTIR based on standard methods in the Analysis 
and Measurement Units of the Chemistry Department, 
Faculty of Mathematics and Natural Sciences, Brawijaya 
University. To confirm the presence of ferulic acid, we 
conducted HPLC. The concentrated extracts were 
dissolved in methanol and passed through 0.45 μm 
nylon filters. A 10 μL of the filtrate was then injected into 
an HPLC system with a shim-pack GIST C18 column. 
The mobile phase consisted of methanol and water (1% 
HAc) (65:35, v/v). The flow rate was 1 mL/min, the oven 
temperature was 35 °C, and the detector was set at 
320 nm. Quantification of ferulic acid was performed via 
a calibration curve of standard (six different 
concentration levels range 1.17–35.1 mg/L) [25]. 

Reducing power assay 
Reducing power was determined using Ferric 

Reducing Antioxidant Potential (FRAP) method 
modified from [28]. Briefly, 100 μL of the sample (0–
10 ppm) were mixed with 2.5 mL of phosphate buffer 
(pH 6.6) and 2.5 mL of 1% of potassium ferricyanide, 
then incubated in a dark condition at 50 °C for 20 min. 
The mixture was added with 2.5 mL of 10% of TCA. 
Then 5 mL of each mixture was added with 5 mL of 
distilled water and 1 mL of 0.1% of FeCl3. The 
absorbance was measured at 700 nm by a UV-Vis 
spectrophotometer. Ascorbic acid was used as the 
positive control. The antioxidant activity was calculated 
using the following equation: 

As Ac% Reducing power 100%
As
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where As represents the absorbance of the sample and Ac 
represents the absorbance of control. The reducing power 
was expressed in terms of IC50 values, which determined 
the concentration of sample required to inhibit 50% of 
free radicals. The higher the reducing power, the lower the 
IC50 value. 

Anti-aging activity assay 
The anti-aging activity of purple rice ferulic acid 

extract was determined by inhibiting collagenase and 
tyrosinase activity. The collagenase inhibitory activity 
assay was performed based on [29]. A mixture of 10 μL of 
collagenase, 60 μL of Tricine buffer, and 30 μL of the 
sample (0–100 ppm) was incubated at 37 °C for 20 min. 
The mixture was added with 20 μL of N-[3-(2-
furyl)acryloyl)-ley-gly-pro-ala] (1 mM in Tricine buffer) 
then incubated at 37 °C for 10 min. The absorbance was 
measured at 335 nm. Ascorbic acid was used as the 
positive control [11]. 

The tyrosinase inhibitory activity assay was 
performed using the modified method [30]. The mixed 
solution included 1.7 mM L-tyrosine, 10 mM phosphate 
buffer (pH 6.8), 100 μL of sample (0–100 ppm) and 
125 U/mL tyrosinase was incubated at 37 °C for 10 min. 
The absorbance was measured at 475 nm by a UV-Vis 
spectrophotometer. Kojic acid was used as the positive 
control. The collagenase and tyrosinase inhibitory activity 
was calculated using the following equation [31]: 

Ac As% Inhibitory activity 100%
Ac


   

where Ac represents the absorbance of the control, and As 
represents the absorbance of the sample. The anti-aging 
activity was also expressed as IC50 values as in antioxidant 
activity. 

Data analysis 
Statistical analysis was performed using GraphPad 

Prism 8 software. The one-way analysis of variance 
(ANOVA) followed by Tukey’s HSD test was used to 
determine the significant differences between TPC and 
IC50 values. We also measured the linear relationship 
between sample concentration and antioxidant activity, 
anti-aging, and the relationship between TPC and ferulic 
acid concentrations by Pearson correlation. Differences 

or correlations were considered significant when 
p < 0.05 [32]. 

■ RESULTS AND DISCUSSION 

Nutritional Content 

The nutritional content of IPR is presented in 
Table 1. The IPR contained lower carbohydrate and 
higher protein contents than BR-MW. The IPR had a 
lower level of fat and ash than BR-MW and BR-J. In 
contrast, the water level of IPR was higher than BR-MW 
and BR-J. In previous studies, proximate analysis of 
WR-MS showed carbohydrate content of 74.62%, 
protein 10.62%, fat 2.92%, water 11.08%, and ash 1.26% 
[22]. The IPR has lower fat content than both parental 
and BR-J, which prevents age-related diseases [33-35]. 

Table 1 also shows the amino acid content of IPR, 
including essential and non-essential amino acids. We 
found that IPR had a higher concentration of L-
histidine, L-phenylalanine, L-threonine, L-arginine, L-
serine, and L-tyrosine than BR-J and BR-MW. The 
concentration of amino acids is also higher when 
compared to the concentration of the amino acid WR-
MS determined in previous studies [22]. Amino acids 
play a crucial role in aging regulation and help maintain 
healthy skin. Aspartic acid and glutamate build the DNA 
of skin cells, arginine restores skin damage and is a 
precursor to nitrogen oxides which are essential 
regulators for blood circulation in the dermis. Arginine 
is also a component of creatine that stimulates collagen 
and elastin production and skin function. Histidine 
protects against UV and smooths the skin. Tyrosine acts 
as an anti-melanogenic [36-38]. Phenylalanine and 
tyrosine are precursors of ferulic acid biosynthesis by 
shikimate or phenylpropanoid pathways [13]. 

Phytochemical Profile 

The overview of the general phytochemical profile 
of IPR ethanol extract was performed using a color 
reactions test. Table 2 shows that IPR contains phenolic 
compounds, flavonoids, tannins, anthocyanins, 
leucoanthocyanidins, and glycosides. The level of these 
compounds varied in BR-J and BR-MW. Previously, the 
screening  was done  on an  ethanol  extract of  WR-MS,  
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Table 1. The nutritional content of IPR (a) proximate analysis, (b) amino acid content 

a. Component 
Concentration (%) 

BR-J BR-MW IPR 
Carbohydrate 76.67 78.20* 77.75 
Protein 8.26* 7.32 7.82 
Lipid 1.98* 1.94* 0.64 
Water 11.91 11.58 13.24* 
Ash 1.18* 0.96 0.55 

b. Amino Acid 
Concentration (ppm) 

BR-J BR-MW IPR 
Essential    
L-Histidine 1940.76 1996.26* 2004.15* 
L-Isoleucine 2946.15* 2828.51 2769.24 
L-Leucine 6643.06* 6489.40 6197.65 
L-Lysine 2872.76* 2858.04* 2639.26 
L-Methionine 740.85* 712.54 691.16 
L-Phenylalanine 4293.06 4271.29 4593.89* 
L-Threonine 3294.73 3501.47 3594.92* 
L-Tryptophan 856.48* 783.87 800.27 
L-Valine 4413.15* 4401.53* 4254.92 
Non-essential    
L-Alanine 3379.15 3436.69* 3187.78 
L-Arginine 6751.55 6750.51 6942.86* 
L-Aspartic acid 5840.53 5849.29* 5742.45 
L-Cysteine 2036.69* 1806.50 729.72 
L-Glutamic acid 12832.30* 12242.01 12298.76 
Glycine 3627.65 3784.39* 3546.90 
L-Proline 3372.86* 3359.61* 3260.84 
L-Serine 4706.81 4701.81 4729.39 
L-Tyrosine 2685.67 2762.49 2896.75* 

Note: An asterisk notation (*) indicates the highest significant value (Tukey’s 
HSD; P < 0.05). BR-J: Jeliteng black rice, BR-MW: Mentik wangi black rice, IPR: 
Indonesian purple rice 

 
Table 2. Phytochemical screening by color reactions 

Compounds BR-J BR-MW IPR 
Phenolics +++ ++ ++ 
Flavonoids ++ ++ + 
Tannins + + + 
Anthocyanins +++ +++ + 
Leucoanthocyanidins ++ ++ + 
Glycosides ++ ++ + 
Anthraquinones - - - 

Note: (-) absence of targeted compound, (+) low intensity of targeted 
compound, (++) moderate intensity of targeted compound, (+++) 
high intensity of targeted compound. BR-J: Jeliteng black rice, BR-
MW: Mentik wangi black rice, IPR: Indonesian purple rice 

which revealed the presence of phenolic compounds and 
tannins. At the same time, no leucoanthocyanidins or 
glycosides were found [22]. Furthermore, IPR showed 
the total phenolic content (Fig. 1) at the same level as the 
parentals, BR-MW and WR-MS. 

Identification of Ferulic Acid 

The FTIR analysis was performed to identify 
ferulic acid functional groups in IPR. The transmittance 
percentage of IPR was compared to ferulic acid and 
plotted on the graph (Fig. 2). The FTIR spectra of IPR 
showed the same pattern as BR-J, BR-MW, and WR-MS.  
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Fig 1. Total phenolic content by the Folin-Ciocalteu 
method, the different letters indicated significant 
differences (Tukey’s HSD; P < 0.05). BR-J: Jeliteng black 
rice, BR-MW: Mentik wangi black rice, WR-MS: Mentik 
susu white rice, IPR: Indonesian purple rice 

The maximum absorption differed from ferulic acid 
spectra which could be influenced by the presence of 
 

other compounds in the extract. However, the bands 
were in the same wavenumber zone as ferulic acid. 
Those similarities showed that several ferulic acid 
functional groups are present in the IPR, indicating that 
IPR contains ferulic acid. 

The OH, C–H, C–O, and C=C are the functional 
groups in the structure of ferulic acid [39]. The OH 
functional group is the fundamental part of most 
phenolic compounds. The OH and the double bond in 
the benzene ring contribute to the antioxidant activity. 
In phenolic acids, the number and position of the OH 
group are associated with the ability to scavenge free 
radicals [40-42]. 

The HPLC analysis confirmed ferulic acid in IPR. 
The chromatogram (Fig. 3) showed an intense peak at 
retention time (RT) = 2.144 min, similar to standard 
 

 
Fig 2. Functional group identification by FTIR. (a) FTIR spectra, (b) Table of functional group prediction. FA: Ferulic 
acid, BR-J: Jeliteng black rice, BR-MW: Mentik wangi black rice, WR-MS: Mentik susu white rice, IPR: Indonesian 
purple rice 
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Fig 3. Identification and determination of ferulic acid concentration in IPR. (a) HPLC chromatogram. (b) Table of 
ferulic acid concentration. FA: Ferulic acid, BR-J: Jeliteng black rice, BR-MW: Mentik wangi black rice, WR-MS: Mentik 
susu white rice, IPR: Indonesian purple rice 
 
ferulic acid (RT = 2.137 min). Therefore, it revealed the 
presence of ferulic acid in IPR. Other rice samples also 
showed the presence of ferulic acid with similar RT. In the 
chromatogram, we found another peak that appears 
before the RT of ferulic acid, indicating the presence of 
another compound in the extract. Because the extract was 

not purified, thus there are still other phenolic acids. The 
peak is predicted to be p-coumaric acid, the second 
major phenolic acid after ferulic acid in rice, Fig. 4. 

Ferulic acid is found at 56–77% of the total 
phenolic acid in rice, followed by p-coumaric acid at 8–
24% [42]. Some studies reported similar chromatogram  
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HO

OH

O

 
Fig 4. The structure of p-coumaric acid 

results, in which p-coumaric acid appears first and 
adjacent to the ferulic acid peak. Among these are 
phenolic acid separations in potatoes, coffee, thymus, and 
podded bean [43-46]. 

The concentration of ferulic acid in IPR was 
determined based on a standard calibration curve. The 
level of ferulic acid in IPR was higher than WR-MS but 
lower than BR-J and BR-MW. Ferulic acid concentration 
positively correlated with total phenolic content (Pearson 
correlation; P < 0.05). 

Reducing Power 

Reducing power of IPR by the FRAP method used 
potassium ferricyanide as an oxidant. Potassium 
ferricyanide (K3[Fe(CN)6]) is a ferric salt containing the 
octahedrally coordinated ion [Fe(CN)6]3−, which is 
frequently used as an oxidant in electron chain reactions 
[47-48]. The antioxidant compounds react with 
potassium ferricyanide to form potassium ferrocyanide 
[49]. The presence of reductants, which exert antioxidant 
action by breaking free radical chains by donating a 
hydrogen atom, is commonly associated with the 
presence of reducing power [50]. 

Fig. 5 shows the graph of correlation between the 
sample concentrations (0–10 μg/mL) and reducing 

power, and table of IC50 values. The higher the sample 
concentration, the greater the increase in reducing 
power (Pearson correlation; P < 0.05). According to the 
IC50 values, IPR had the same reducing power as BR-J. 
The reducing power of IPR was comparable to ascorbic 
and ferulic acid. 

The reducing power of IPR is classified as potent 
because the IC50 value is less than 50 ppm [51]. The 
activity level is equal to ascorbic acid and standard 
ferulic acid, which are powerful antioxidants [52-54]. By 
the FRAP method, the mechanism of IPR ferulic acid in 
scavenging free radicals is predicted by reducing Fe3+ 
ions to Fe2+, as seen in Fig. 6. Ferulic acid acts as a 
chelating of metal ions such as Cu2+ or Fe2+ [55]. The 
phenolic rings also support strong antioxidant 
properties, which stabilize and delocalize unpaired 
electrons [15,42]. 

 
Fig 6. The prediction of IPR ferulic acid mechanism in 
scavenging free radicals by reducing Fe3+ to Fe2+ 

 
Fig 5. Reducing power of IPR. (a) Percentage of reducing power, (b) IC50 value, the different letters indicated significant 
differences (Tukey’s HSD; P < 0.05). BR-J: Jeliteng black rice, BR-MW: Mentik wangi black rice, WR-MS: Mentik susu 
white rice, IPR: Indonesian purple rice 
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Anti-aging Activity 

The ability to inhibit collagenase and tyrosinase was 
used to assess anti-aging activity. The activities were 
compared to positive controls, ascorbic acid and kojic 
acid as the collagenase and tyrosinase inhibitors, 
respectively [8,11,56]. The activity was also compared to 
ferulic acid. Fig. 7 shows that the concentrations of 
samples (0–100 μg/mL) positively correlated with the 
anti-collagenase and anti-tyrosinase activity (Pearson 
correlation; P < 0.05). The IPR demonstrated the same 
level of collagenase inhibition as BR-J. The inhibitory 
power was also the same as ferulic acid but lower than 
ascorbic acid. In the tyrosinase inhibition, IPR was equal 
to BR-J. The strength was also the same as kojic acid but 
lower than ferulic acid. This demonstrates that IPR has a 
more efficient inhibitory activity than BR-J due to its 
lower FA concentration while producing the same 
activity. The IPR is more potent as a tyrosinase inhibitor 
than collagenase, as indicated by activity that is 
comparable to the positive control of the tyrosinase 
inhibitor, kojic acid, but lower than the positive control of 
the collagenase inhibitor, ascorbic acid. 

For enzyme inhibitor screening, the IC50 value 
could be compared to a positive control [56]. According 
to the IC50 value, IPR showed a weaker inhibition of 
collagenase than ascorbic acid but the same as ferulic 
acid, while the tyrosinase inhibition by IPR was as strong 
as kojic acid. This finding indicated that IPR has high 
anti-tyrosinase and moderate anti-collagenase activities. 
The tyrosinase inhibition was supported by ferulic acid 
in IPR with metal ions chelating properties. Generally, 
copper-chelating aromatic compounds inhibit 
tyrosinase by mimicking the substrate of tyrosinase [56]. 
The interaction of hydroxyl groups and benzene rings in 
ferulic acid with collagenase may cause a conformational 
change that inhibits collagenase [11]. 

Compounds with antioxidant activity could 
prevent aging by inhibiting the activities of ROS and 
aging enzymes [31]. The ROS activates the MAPK 
pathway, which increases microphthalmia-associated 
transcription factor (MITF) expression and thus 
tyrosinase-regulated melanogenesis [5]. The MAPK 
activation also induces activator protein 1 (AP-1) and 
nuclear factor kappa-B (NF-κB), which upregulate matrix  

 
Fig 7. The anti-aging activity of IPR. (a) Percentage of inhibition. (b) IC50 value. The difference letter in the table 
indicated significant differences among samples (Tukey’s HSD; P < 0.05). BR-J: Jeliteng black rice, BR-MW: Mentik 
wangi black rice, WR-MS: Mentik susu white rice, IPR: Indonesian purple rice 
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Fig 8. The anti-aging mechanism of IPR ferulic acid via the MAPK pathway. ROS: reactive oxygen species, MAPK: 
mitogen-activated protein kinase, AP-1: activator protein 1, NF-κB: nuclear factor kappa-B, MMP: matrix 
metalloproteinase, MITF: microphthalmia-associated transcription factor, TNF-α: tumor necrosis factor-alpha. →: 
stimulate, : inhibit, ×: not stimulate 
 
metalloproteinases (MMPs), one of which is collagenase, 
which degrades collagen fibers and causes wrinkles [2]. 

Ferulic acid of IPR demonstrates an anti-aging 
mechanism through the MAPK pathway by inhibiting 
collagenase and tyrosinase activity, as seen in Fig. 8. In the 
previous study, ferulic acid of IPR acts as an antimicrobial 
on Salmonella typhimurium and Listeria monocytogenes 
[20]. Bacterial infection induces ROS production [57]. 
Moreover, ferulic acid also acts as an anti-inflammatory 
by inhibiting tumor necrosis factor-alpha (TNF-α) 
signaling [21]. The TNF-α stimulates MAPK pathway 
activation [58]. By controlling the MAPK pathway, the 
aging process can be suppressed [59]. In this study, we 
found that ferulic acid of IPR inhibited collagenase and 
tyrosinase activity; thus, wrinkle formation and 
hyperpigmentation could be prevented. 

The IPR has a lower ferulic acid concentration than 
BR-J and BR-MW. Interestingly, IPR could provide 
excellent biological activity, which could be a unique  
 

characteristic of IPR, in which synergistic activity 
between ferulic acid and other compounds results in 
high activity. The synergistic effects of plant compounds 
increase their activity [60]. The IPR has higher reducing 
power than both parentals, higher anti-tyrosinase 
activity than BR-MW, and higher anti-collagenase 
activity than WR-MS. These results suggest that IPR has 
improved properties, resulting in higher bioactivity than 
its parentals. However, the IPR activity is not as great as 
ferulic acid, a pure compound. Ferulic acid is still 
present in IPR as extracts; thus, the presence of other 
compounds contributes to the resulting activity. 

To the best of our knowledge, the exploration of 
ferulic acid in IPR and its biological function as anti-
aging is reported here for the first time. The IPR offers 
excellent antioxidant and anti-aging activities with high 
nutritional content. These findings supported the 
potential of IPR as a promising active compound of 
nature-based skin anti-aging products. 
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■ CONCLUSION 

The current study revealed the IPR nutritional value, 
phytochemical profile, and anti-aging potential of ferulic 
acid content. The IPR has a low lipid content, a high level 
of some amino acids including L-histidine, L-
phenylalanine, L-threonine, L-arginine, and L-tyrosine, 
and some phytochemicals such as phenolics, flavonoids, 
tannins, anthocyanins, leucoanthocyanidins, and 
glycosides. The total phenolics content of IPR is related to 
its ferulic acid level, which is lower than black rice. 
Nevertheless, IPR demonstrated potent reducing power, 
anti-collagenase, and anti-tyrosinase activity. The 
combination of IPR’s nutritional content and ferulic acid 
properties as an antioxidant, anti-collagenase, and anti-
tyrosinase showed the potential of IPR as an anti-aging. 
Further research using an in vivo approach is required to 
confirm the findings of this study, and then IPR can be 
developed as a natural ingredient in skin care 
formulations. 
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 Abstract: From the analysis of zircon tailings using X-Ray Fluorescence (XRF), Yttrium 
is a rare earth element (REE) with the highest concentration compared to other REEs. The 
purpose of this study is to determine the best kinetic model for describing how sulfuric 
acid extracts Yttrium from zircon tailings. Leaching temperatures of 200, 250, and 300 °C 
were used to determine the kinetics. Samples were obtained at 0, 20, 40, 60, 80, 100, and 
120 min for each temperature. This study discovered that the chemical reaction model's 
kinetics are the most closely related to those of the leaching process. The evaluation of the 
model utilizing the coefficient of determination (R2) on the relationship between each 
model and time lends support to this conclusion. The activation energy (Ea) of the leaching 
process is determined by the Arrhenius plot between ln k and 1/T. In the Yttrium leaching 
procedure, the Ea value is 14.42 kJ/mol. The chemical reaction model was in charge of the 
leaching process, according to the Ea value. The premise of the chemical reaction model is 
that chemical reactions regulate the rate of the reaction. 

Keywords: zircon tailings; leaching; rare earth elements; kinetics; Yttrium 

 
■ INTRODUCTION 

Rare earth elements (REEs) are strategic materials 
that are hard to come by and have a wide range of 
applications. The usage of REE, either singly or in 
combination, is on the rise at the moment. This is due to 
the fact that REE has strong mechanical properties, a high 
melting point, and a sizable cross-section for neutron 
absorption. Because of this, REE is widely used in many 
technological domains [1]. Fifteen elements with atomic 
numbers ranging from 57 to 71 are referred to be REEs or 
lanthanides. Due to their comparable chemical and 
physical characteristics, two more elements, scandium 
and yttrium, are also regarded as belonging to the same 
group [2]. REEs are derived from monazite and xenotime, 

which are found in zircon tailings. Consequently, 
processing the tailings is necessary to increase their 
economic value [3]. 

As "essential" minerals for contemporary industrial 
uses, REE is currently in the limelight for raw materials 
policy. Numerous combinations of REEs are utilized in 
a variety of sectors, including phosphorus (Eu, Y, Nd, 
Tb, Er, Gd), metal alloys (La, Ce, Pr, Nd, Y), catalysts (La, 
Ce), and magnets, which all have a high demand (Nd, Pr, 
Dy, Sm). Prior to production, REE-containing minerals 
must undergo downstream processing and chemical 
separation. High-purity REE oxides can be purchased 
through this technique and sold to the manufacturing 
sector [4]. 
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Known as industrial vitamins,  REEsare a unique 
non-renewable resource. Some of its physicochemical 
characteristics have significant strategic implications and 
are widely applicable in the sectors of permanent magnet 
materials, petroleum, chemical, metallurgy, textile, and 
ceramics. The demand for REE is rising yearly in a 
number of nations due to the rapid development of 
numerous advanced and novel technologies [5]. The 
Department of Energy (DOE) has classified some of them 
as essential components for the clean energy economy. 
From 2015 to 2025, Ce and La were discovered to be near-
critical, while five REEs, i.e., Dy, Tb, Eu, Nd, and Y, were 
revealed to be critical. China currently controls 95% of the 
global REE production market, making up the majority of 
the REE market globally. In 2017, there was no mining of 
REE in the United States, and from 2013 to 2016, China 
supplied 78% of imports. The Chinese government's 
export policies have a significant impact on the price 
volatility of REEs traded internationally [6]. Rare earth 
markets have recently been migrating away from older, 
primarily Light REE-using applications, like catalysts, and 
toward newer, Heavy REE-using applications, including 
permanent magnets used in wind turbines and 
hybrid/electric vehicles [7]. 

Yttrium is one of the most important REEs, used in 
a wide range of items like fluorescent lighting, cubic 
zirconia jewelry, fighter jet engines, industrial, medical, 
and graphic technology, as well as electronic parts for 
missile defense systems. The cathode ray tubes (CRTs) 
from televisions and computers are one of the most 
important secondary sources of yttrium. Even though 
LCD and LED panels have completely replaced outmoded 
equipment, there is still a tremendous amount of human 
waste that needs to be dealt with [8]. 

Yttrium is used extensively in a variety of fields, 
including metallurgy, electronics, ceramics, laser 
technology, and fluorescent materials. Yttrium (Y) and 
lanthanides always coexist in rare earth minerals due to 
their similar chemical characteristics, especially in the 
ion-adsorption type rare earth deposits [9]. One of the 
most significant REEs, Y, is also the second most common 
REE in the crust of the earth after cerium. Because it has 
the highest thermodynamic affinity for oxygen, Y has 

been employed in phosphors, ceramics, and metallurgy. 
Many nations and regions, including the United States, 
China, Japan, and the European Union, have designated 
Y as a critical metal [10]. 

Chemistry's field of "reaction kinetics" is 
concerned with the rate of reactions and the variables 
that influence that speed. The change in the 
concentration of the reactants or reaction products over 
a given period of time is used to express the reaction rate. 
An essential component of a chemical process that helps 
explain how the process works are the study of reaction 
kinetics. The method of managing the reaction rate, 
kinetic parameters (reaction rate constants or diffusion 
coefficients), activation energies, and equations or 
kinetic models can all be known from the findings of the 
study of reaction kinetics. The process scale-up steps can 
be carried out on an industrial scale based on the 
findings of kinetic studies. For constructing both 
chemical process but also for leaching processes, kinetic 
examinations of the reactions are crucial. The majority 
of leaching procedures include interactions between 
liquid and solid phases [11]. 

The pyrometallurgical and hydrometallurgical 
approaches are the two basic techniques for recycling 
REE. The hydrometallurgical techniques now employed 
to recover REE include dense medium centrifugation, 
flotation recovery, precipitation, selective Y dissolution 
by strong acidic and basic solutions, and solvent 
extraction. Because so many different metals are present, 
the pyro-metallurgical approach frequently takes a lot of 
energy, and it is difficult to isolate and recover specific 
metals. The pyrometallurgical recovery of Y includes 
feed preparation, blending and pelletizing, reduction, 
incineration, melting, and casting. In addition to 
oxidized REEs, volatile organic compounds (VOCs), 
furan gasses, and dioxins, which all complicate cleanup 
and have adverse effects on the environment, this multi-
step process needs a lot of energy and necessitates a high 
temperature. In comparison to pyrometallurgical 
methods, hydrometallurgy operations are significantly 
more profitable because of their low operating costs, 
potential for leachate recovery, and decreased air 
pollution levels [12]. 
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Leaching is one of the most effective methods in 
extractive metallurgy for removing REE from their ores 
by dissolving them in an appropriate leaching agent and 
then further processing them using both conventional 
and cutting-edge methods [13]. Leaching is frequently 
utilized in a variety of sectors, particularly the mining 
sector. The pretreatment of the solid particles to be 
extracted depends on the characteristics of the solvent 
used, the distribution of the solvent in the solid, and the 
nature of the solid particles [14]. The process of separating 
REE by the acid method can be carried out with sulfuric 
acid, nitric acid, and perchloric acid. However, sulfuric 
acid is commonly used because the price is relatively low, 
and the process is simpler than using nitric acid or 
perchloric acid [15]. 

Recovery of REE like Y from actual wastes has 
already been accomplished using hydrometallurgical 
techniques like acid leaching. For leaching agents, 
including sulfuric acid, nitric acid (HNO3), and 
hydrochloric acid (HCl), different extraction efficiencies 
have been recorded (H2SO4). Hydrogen peroxide, 
cyanide, iodine, thiourea, halides, thiosulphate, and other 
substances are examples of additional leaching agents 
[16]. It was determined that the process of relocating Y 
into the solution was more effective in H2SO4 based on the 
data reported by authors in different media (HNO3, HCl), 
so this leaching medium was chosen as the right one for 
this investigation [17]. Chemical reactions that occur 
during leaching using sulfuric acid [18]: 
2REEPO4 + 3H2SO4 → REE2(SO4)3 + 2H3PO4 (1) 
2YPO4 + 3H2SO4 → Y2(SO4)3 + 2H3PO4 (2) 

The sulfuric acid-based separation of monazite has 
a long history. The separation of REE and thorium from 
coastal sand monazite was first developed in the early to 
mid-1900s. In this study, the monazite in the reactor was 
stirred at a temperature of 200–245 °C, using a weight 
ratio of acid and concentrate varying from 1.5:1 to 3:1. 
From this study, it was concluded that a minimum 
temperature of about 200 °C is required for almost 
complete decomposition of monazite. While the 
minimum acid and concentrate ratio required is 1.6:1 [19]. 

Similar studies have been carried out in the research 
on the processing of Bangka monazite with the acid 

method by digestion using sulfuric acid. The dimensions 
of the monazite ore, the amount of sulfuric acid used, the 
temperature, the length of time, and the amount of water 
used for washing are among the factors considered. The 
results showed that the optimum digestion conditions 
were monazite ore size ~ 58 μm, the weight ratio of 
ore:sulfuric acid is 1:2.5, digestion temperature 190 °C, 
digestion time 3 h and washing consumption 8 times the 
weight of monazite feed with digested recovery 
U = 99.90%, Th = 99.44%, REE = 99.54% and 
PO4 = 99.88% [18]. 

Research related to sulfuric acid digestion is 
research on the effect of digestion temperature. In this 
study, temperature variations were carried out between 
200–800 °C. From this research, it can be concluded that 
digestion at 300 °C produced amorphous phosphate 
deposits, while the dissolved REEsincreased to 99% [15]. 
Research on the separation of REEs from zircon tailings 
has also been carried out. The initial stage of the research 
was the alkaline fusion process; the feed ratio of NaOH: 
zircon tailings is 1:1. The result of the alkaline fusion 
process is used as leaching feed using HCl. From these 
results, the optimum conditions for the alkaline fusion 
zircon tailings leaching process were obtained at a 
temperature of 60 °C, HCl concentration of 1 M, and a 
ratio of yield of the alkaline fusion: HCl is 1:10 for 
7.5 min. Y recovery reached 87%, and the activation 
energy value (Ea) was 20.21 kJ/mol [20]. 

The solvent used in this study was sulfuric acid. 
Meanwhile, the reactor used in this study was an 
autoclave without an agitator, and this study was 
conducted without pretreatment. From the results of the 
study of reaction kinetics, the process of controlling the 
reaction rate, kinetic parameters, activation energies, 
and equations or kinetic models can be known. From the 
results of kinetic studies, the process scale-up stages can 
be carried out on an industrial scale. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study include zircon 
tailings from PT. Monokem Surya, H2SO4 (95–97%) 
produced by Merck & Co., Inc., distilled water produced 
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by PSTA-BATAN kernel fabrication laboratory and filter 
paper. 

Instrumentation 

The instruments used in this study were a ball mill 
(planetary ball mill type, Changsha Tianchuang Powder 
Technology Co. Ltd.), furnace (vertical lift door type, 
produced by PT. Suhaterm), autoclave, laboratory 
glassware (Thermo scientific Heraeus), sieve, analytical 
balance, and X-Ray Fluorescence (NEX QC RIGAKU, 
S/N QC 1202). 

Procedure 

Determination of leaching kinetics 
The determination of leaching kinetics was carried 

out by varying the leaching temperature with the variation 
of 200, 250, and 300 °C. At each temperature, samples 
were taken at a leaching process of 0, 20, 40, 60, 80, 100, 
and 120 min. The solvent used in the zircon tailings 
leaching process was sulfuric acid. 

Analysis of leaching result 
The leaching residue was analyzed using X-Ray 

Fluorescence to determine the levels of each element. 
Determining the percentage of recovery is carried out 
using the following equation: 

0 i

0

X X
Recov ery 100%

X


   (3) 

with, X0 = mass of leaching feed x concentration of 
element, % and Xi = mass of leaching residue x 
concentration of element, %. 

Data interpretation 
Determination of the fitting of the kinetic model to 

the experimental results (trend line) is done by comparing 
each kinetic model with the experimental data. The 
kinetic data will be plotted in the form of a graph of the 
relationship between the kinetic model and time to get the 
most appropriate model. The kinetic model obtained is 
then used to calculate the value of the constant k, as well 
as plots of ln k and 1/T, to get the Ea value. 

Each kinetic model was compared with 
experimental data. After obtaining the constant value k, 
the value of time (t) is calculated again by dividing the 
value obtained from various models by the value of k. The 

equation for finding t values for various models is 
presented in Table 1. 

Furthermore, the calculated t value is compared 
with the t value at various recovery fractions (x) in the 
experimental results. 

■ RESULTS AND DISCUSSION 

Characterization of Zircon Tailings Composition 

The raw material used in this research is zircon 
tailings from PT. Monokem Surya. The initial stage of 
this research is the drying process of zircon tailings 
which will later be used as research feed. Drying was 
carried out at 110 °C for 3 h. After the drying process, a 
filtering process is carried out to remove impurities. In 
the early stages of the study, analysis was also carried out 
using X-Ray Fluorescence (XRF). The concentration of 
each REE per total REEs concentration is presented in 
Fig. 1. 

As shown in Fig. 1, it can be seen that the levels of 
each REE per total REEs level are presented; it can be 
seen that the highest concentration of metal is Y at 35%, 
followed by Ce metal at 27%, La metal at 12%, and Nd at 
10%. 

Based on the results of the characterization of 
zircon tailings using X-Ray Diffraction (XRD) can be 
seen that the xenotime content is 42.6%, where xenotime 

 
Fig 1. The concentration of each REE per total REEs 
concentration 
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Table 1. The equation for finding the t value for various models [21] 
Model Time, t 

Chemical reaction control t ൌ
1 െ ሺ1 െ xሻ

భ
య

kୱ
 

Ash diffusion control t ൌ  
1 െ 3ሺ1 െ xሻ

మ
య   2ሺ1 െ xሻ

kୟ
 

Zhuravlev, Lesokhin, and Templeman 
t ൌ

ቆ
ଵ

ሺଵି୶ሻ
భ
య

െ 1ቇ
ଶ

kୱୟ
 

Jander cylindrical t ൌ  
ቀ1 െ ሺ1 െ xሻ

భ
మቁ

ଶ

kୟ୨
 

Jander 3D t ൌ  
ቀ1 െ ሺ1 െ xሻ

భ
యቁ

ଶ

kୟୠ
 

Dickinson 
t ൌ  

ቆ
ଵ

ሺଵି୶ሻ
భ
య
ቇ െ 1

kୟୢ
 

Where t is time (min), x is the recovery fraction, ks is the apparent rate constant for the chemical reaction 
control (min−1), ka is the apparent rate constant for the ash diffusion control (min−1), ksa is the apparent 
rate constant for the Zhuravlev-Lesokhin-Templeman control (min−1), kaj is the apparent rate constant 
for the Jander cylindrical control (min−1), kab is the apparent rate constant for the Jander 3D control 
(min−1), and kad is the apparent rate constant for the Dickinson control (min−1) 

 
is a mineral that contains Y, and it was another mineral 
with the highest composition in the zircon tailings 
followed by monazite-Ce (34.2%), zircon (17%), anatase 
(4.3%), rutile (1.2%), and cerianite (0.7%) [20]. 

Leaching Kinetics of Yttrium from Zircon Tailings 
Using Sulfuric Acid 

Determining the leaching kinetics was carried out by 
varying the leaching time to 0, 20, 40, 60, 80, 100, and 
120 min. At each leaching time, the processes were carried 
out at 200, 250, and 300 °C. Leaching was carried out with 
a grain size of zircon tailings of 119 μm and a liquid/solid 
ratio of 1 mL/g for each temperature variation (grain size 
of zircon tailings and liquid/solid ratio obtained from the 
optimization results in previous studies). The results of the 
leaching of REEs at each temperature can be seen in Fig. 2. 

As shown in Fig. 2, it can be seen that for 
temperatures of 300 °C, the recovery trend obtained 
increased drastically from 0 to 60 min, then after reaching 
60 min the recovery slowly increased. For temperatures of 
250 and 200 °C, the recovery trend obtained increased 

drastically from 80 to 100 min. From the recovery trend 
of the three temperatures, it can be seen that 
temperature greatly influences the time needed to 
achieve a significant increase in recovery. Increasing 
temperature, the value of the reaction rate constant will 
increase, and the reaction rate will be faster because the 
reaction rate constant is very dependent on temperature. 
The data obtained from the study were then used for 
kinetics evaluation. 

In this study, an evaluation of the leaching kinetics 
of REEs was carried out using the developed model to 
predict the leaching process of rare earth elements from 
zircon tailings. Several models were used to evaluate the 
leaching process are Chemical reaction model, the Ash 
diffusion model, the Zhuravlev-Lesokhin-Templeman 
model (Z-L-T), the Jander Cylindrical model, the 
Dickinson model, and the Jander 3D models. The 
leaching kinetics models are often used to describe the 
leaching process in the extraction of elements from ores. 

Each kinetic model was compared with 
experimental data. After obtaining the constant value k, 
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Fig 2. Percent recovery plot with time at 300, 250, and 200 °C for Yttrium 

 
the value of time (t) is calculated again by dividing the 
value obtained from various models by the value of k. 
Furthermore, the calculated t value is compared with the 
t value at various x in the experimental results. A 
comparison of the accuracy of the use of the model in this 
study can be seen in Fig. 3. 

This study discovered that the chemical reaction 
model is the kinetic model that comes the closest to the 
kinetics of the leaching process, as illustrated in Fig. 3. 
The examination of the model utilizing the R2 value on 
the relationship between each model over time lends 
support to this. The R2 value for each kinetic model  
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Fig 3. Recovery fraction plot with time for fitting the kinetic model at (a) 300, (b) 250, and (c) 200 °C for Yttrium 

Table 2. R2 value of various research models 
Kinetic Model Temperature (°C) R2 

Chemical Reaction 
300 0.9412 
250 0.8234 
200 0.7964 

Ash Layer Diffusion 
300 0.9352 
250 0.6814 
200 0.6939 

Zhuravlev, Lesokhin, and Templeman 
300 0.8638 
250 0.5952 
200 0.6155 

Jander 3D 
300 0.9298 
250 0.6599 
200 0.6745 

Jander Cylindrical 
300 0.9345 
250 0.6756 
200 0.6887 

Dickinson 
300 0.9157 
250 0.7655 
200 0.7731 

employed in the study is shown in Table 2. 
As shown in Table 2, it can be seen that the 

appropriate kinetic model is the chemical reaction model 
because it has the highest coefficient of determination (R2) 
when compared to other kinetic models. The chemical 
reaction model assumes that chemical reactions control 
the rate of the reaction. 

Based on the results of the leaching process 
approach with the models used, the most suitable model 
can be used to calculate Ea value. The plot between models 

(1 – (1 – x)⅓ and time in Fig. 4 was used to find the value 
of the apparent rate constant for the chemical reaction 
control (ks), as the slope from the curve of model and 
time. From the calculation results obtained, the value of 
ks at each temperature of 0.0038 (300 °C), 0.0022 
(250 °C), and 0.0019 (200 °C). The equations are as 
follows: 
Chemical reaction control: 

 1 3
sk .t 1 1 x    (4) 
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where t is time (min), x is the recovery fraction, and ks is 
the apparent rate constant for the chemical reaction 
control (min−1). 
The Ea was determined by using Arrhenius plots: 

a
s

E
k Aexp

RT
 

  
 

 (5) 

a
s

E
k lnA

RT
   (6) 

a s
1E R slope from the curve of ln k  vs 
T

    
 

 (7) 

where Ea is the activation energy (J/mol), R = 
8.314462 (J/(mol.K)), ks is the apparent rate constant for 
the chemical reaction control (min−1), A is the frequency 
factor, and T is the leaching temperature (K). 

The Arrhenius plot in Fig. 5 was used to find the Ea 
of the  leaching process.  The Ea value for  the leaching of  

 
Fig 4. Recovery fraction of suitable model plot with time at 300, 250, and 200 °C for Yttrium 

 
Fig 5. Arrhenius plot 

Table 3. The value of Ea from previous research 
Researcher Ea, kJ/mol Sample 
[2] 26.95 Concentrate after roasting treatment 
[20] 20.21 Alkaline fusion treatment results 
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REEsfrom zircon tailings using sulfuric acid was 
14.42 kJ/mol. The value of Ea from previous research is 
presented in Table 3. 

The chemical reaction will govern the leaching 
process if the Ea value is less than 20 kJ/mol, whereas 
diffusion through the ash layer will control it if the Ea  
value is greater than 40 kJ/mol [22]. From the results of 
the study, if it is seen from the obtained Ea value, the 
model that is suitable for the leaching process of Yttrium 
from zircon tailings using sulfuric acid is the chemical 
reaction model. 

■ CONCLUSION 

According to the results of fitting the kinetic model, 
the chemical reaction model that governs is comparable 
to the sulfuric acid-assisted Yttrium leaching process 
from zircon tailings. The evaluation of the model based 
on the value of the coefficient of determination (R2) on the 
correlation between each model and time also supports 
this. Sulfuric acid's Ea value was 14.42 kJ/mol for the 
leaching of Yttrium from zircon tailings. The Ea value 
demonstrated that the leaching process was within the 
control of the chemical reaction model. 
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 Abstract: A composite of hydroxyapatite modified silica (HASiO2) and 10% (w/w) 
polyeugenol (PE) was synthesized to produce a calcium phosphate cement with 
antibacterial activity. The compatibility of the composite (HASiO2_PE) with bone filler 
requirements was determined due to its crystal, surface, antibacterial, and 
cytocompatibility properties. The results showed that compositing HASiO2 and PE did 
not affect HA's chemical dan crystal properties. The presence of PE changed HASiO2 
morphology to be coarser and denser than before composited. PE tends to agglomerate 
but does not affect the hydrophilicity of HASiO2. The presence of PE increased the surface 
area and total pore volume but lowered the average pore size. Different from pure PE, 
the composite of HASiO2_PE that contains of 10% PE has higher antibacterial activity 
toward Escherichia coli than Staphylococcus aureus. The composite is biocompatible 
because the cytotoxicity test toward pre-osteoblast cells resulted in an IC50 of 
2092 μg/mL. Thus, due to its chemical, surface, antibacterial, and cytocompatibility 
properties, the HASiO2_PE composite can be recommended as a bone filler material. 

Keywords: antibacterial; bone; calcium phosphate cement; hydroxyapatite; polyeugenol 

 
■ INTRODUCTION 

The material used in orthopedic surgery affects its 
susceptibility to infection. Implants provide a significant 
risk of infection since they are regarded as foreign bodies 
in the body [1-2]. On the other hand, tissue opening 
during surgery is susceptible to bacterial infection [3]. 
Osteomyelitis is an inflammation of the bone that is often 
caused by a bacterial infection. More than 50% of these 
infections are caused by Staphylococcus aureus bacteria, 
where 28% of them are resistant to methicillin [4]. 
Staphylococcus species made up approximately 36.88% of 
hip joint surgeries [5]. The problem of infection caused by 
the rejection of implants can be overcome by using 
materials that are biocompatible and have strong 
bioactivity. Hydroxyapatite (HA, Ca10(PO4)6(OH)2) is a 
calcium phosphate that fulfills these criteria. Moreover, 
HA can be produced into a paste to be used as an 

injectable calcium phosphate cement (CPC) [6]. The 
surface morphology and mechanical strength of HA are 
the determining factors for successful implantation. HA 
must be combined with other materials, such as silica 
(SiO2), to increase its mechanical strength because of its 
fragility [7-10]. HA, which is composited with SiO2 from 
rice husk, shows that HA covers the surface of the 
composite. Therefore, the biocompatibility and 
bioactivity properties of HA can be preserved [11]. 

There have been several attempts to add 
antibacterial properties to HA, including by compositing 
with a polymer. The polymers already used are chitosan 
[12], carboxylated chitosan [13], and γ-polyglutamic 
acid [14]. As is the basis for selecting the main material 
for CPC, the selection of an antibacterial agent must also 
consider its biocompatibility properties. For this reason, 
polyeugenol (PE) is an alternative polymer that meets 



Indones. J. Chem., 2023, 23 (2), 499 - 509    

 

Tri Windarti et al. 
 

500 

these criteria. PE is the result of the polymerization of 
eugenol monomers. Eugenol has so far been applied as an 
antibacterial agent in dental treatment. Eugenol can be 
isolated from clove oil, nutmeg oil, and cinnamon bark. 
Eugenol's antibacterial activity was included in the 
"moderate-strong" level, where eugenol inhibited the 
growth of the tested pathogens, such as Escherichia coli 
and S. aureus [15-16]. Eugenol polymerization into PE is 
expected to produce antibacterial properties that can last 
long term. The antibacterial activity appears due to the 
release of eugenol as a result of the depolymerization of 
PE in a physiological environment. Several studies have 
shown that eugenol and its derivatives still exhibit 
antibacterial activity when encapsulated or combined 
with polymers such as poly(lactic acid)/gelatin [17], 
poly(ε-caprolactone)/gelatin [15], resorcinol diglycidyl 
ether [16], dopamine methacrylamide [18], poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) [19] and 
poly(eugenol-co-methylmethacrylate)/polypropylene [20]. 
A composite of HA-modified SiO2 (HASiO2) and PE 
(HASiO2_PE) is expected to produce CPC with good 
antibacterial properties that can last a long time in the bone. 

In this study, the HASiO2 was synthesized in situ by 
the sol-gel method using cetyltrimethylammonium 
bromide (CTAB) surfactant as a morphology-directing 
agent [21-22]. PE was synthesized by polymerization of 
eugenol using BF3 catalyst [10-12]. Both were used to 
make CPC by mixing with 2.5% Na2HPO4 solution in a 
ratio of 1:1 (w/v). The final cement was then characterized 
to ascertain its crystal parameters, surface characteristics, 
antibacterial activity, and cytotoxicity. CPC is expected to 
maintain the superior properties of HA as a bone implant 
so that, at the end, the transformation of the implant into 
living tissue can occur. In other words, the addition of 
antibacterial properties to CPC must be capable to 
accommodate the process of implant deformation and 
bone tissue formation by the activity of osteoclasts and 
osteoblasts cells [23]. 

■ EXPERIMENTAL SECTION 

Materials 

The Chemicals used for the synthesis of HASiO2 
were Ca(NO3)2·4H2O (Merck), KH2PO4 (Merck), NH4OH 

(Merck), SiO2 (Merck), and CTAB (Sigma Aldrich). For 
the synthesis of PE, eugenol (Merck), chloroform 
(Merck), anhydrous Na2SO4 (Merck), and BF3 in diethyl 
ether were used. Materials for the production of CPC are 
synthesized HASiO2 and PE as the powder component 
and Na2HPO4 (Merck). For the antibacterial test, DMSO 
(Merck), E. coli (gram-negative), and S. aureus (gram-
positive) bacteria were used. While for the cytotoxicity 
test, pre-osteoblast MC3T3E1 cells, MEM-α media 
(Gibco), 10% FBS (Sigma Aldrich), 2% Pen-Strep 
(Gibco), Fungizone 0.5% (Gibco), 0.5 mg/mL MTT 
(Biobasic), DMSO (Merck) were used. 

Procedure 

Preparation of HASiO2 
The synthesis of hydroxyapatite-modified silica 

was conducted according to the previous work [11]. A 
50 mL of a solution that contained Ca(NO3)2·4H2O 
1.2 M, SiO2 0.048 M, and CTAB (0.045 mmol) was 
slowly added by 50 mL of a solution that contained 
KH2PO4 1 M and CTAB (0.045 mmol). The mixture was 
then added 15 mL of 32% NH4OH to obtain a pH higher 
than 9 and stirred for 1 h. The mixture was then aged for 
24 h at room temperature. The precipitate formed was 
washed with aquabidest until neutral and then dried in 
an electric oven at 50 °C for 48 h. The result was then 
calcined at 600 °C for 2 h in the air atmosphere. Then the 
product was ground and sieved by 200 mesh sieve. The 
obtained powder was called HASiO2 sample. 

Synthesis of PE 
PE was obtained by adding chloroform solution to 

a three-neck flask containing eugenol (5.8 g, 35 mmol). 
During the polymerization process, the system was fed 
with nitrogen gas at room temperature while adding BF3 
in diethyl ether (1 mL) dropwise. Polymerization was 
carried out overnight, and the reaction was stopped by 
adding 1 mL of methanol. The polymerization results 
were dissolved in diethyl ether and then washed using 
distilled water until a neutral pH was reached. The 
organic layer was then dried by adding anhydrous 
Na2SO4. The solvent was evaporated with a rotary 
evaporator, and the PE residue was dried in a desiccator 
before being used. 
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Synthesis of HASiO2_PE Composite 
HASiO2 and PE powder with a ratio of 9:1 (w/w) are 

used as the powder component, and 2.5% Na2HPO4 
solution as a liquid component. CPC was made with a 
liquid:powder ratio of 1:1 (w/v). The mixture of the two 
components was stirred with a spatula until a 
homogeneous paste was formed. The paste was then left 
to harden at room temperature. The result is called the 
HASiO2_PE composite or CPC. 

Characterizations 
The Fourier Transform-Infrared spectrophotometer 

(FTIR, Shimadzu Prestige 21) was used to identify 
functional groups through a KBr pellets method. The X-
Ray Diffractometer (XRD, Shimadzu type XRD-6000) 
equipped with monochromatic Cu Kα radiation operated 
at 40 kW (λ = 1.54 Å) was used to characterize the crystal 
structure. The X-ray scanned in the range of 3° ≤ 2θ ≤ 80° 
with a scan step degree of 0.02°. The XRD data was 
analyzed through Rietveld refinement by MAUD 2.933 
software. The standard Crystallography Information File 
(CIF) for HA (COD-1011242) was obtained from the 
Crystallography Open Database (COD) website. Surface 
morphology and element distribution were observed 
using Scanning Electron Microscope-Energy Dispersive 
Spectroscopy (SEM-EDS, Hitachi type SU3500) and JEOL 
(type JED-2300) for HASiO2 and HASiO2_PE, 
respectively. Hitachi MC1000 sputter ion was used for 
sample coating with gold in a thickness of 1 nm. Surface 
area analysis was conducted by BET method using 
Quantachrome Instruments version 11.03. 

Antibacterial activity was tested by using the diffuse 
method using E. coli (gram-negative) and S. aureus 
(gram-positive) bacteria. The concentrations of E. coli 
and S. aureus were 2.6 × 106 and 1.8 × 106 CFU/mL, 
respectively. The sample concentration was produced by 
dissolving 0.5 g HASiO2_PE in 5 mL DMSO. The test was 
carried out on a Nutrient Agar medium, with a petri dish 
size of 12 cm, and incubation at 37 °C. 

Cytotoxicity test was conducted using pre-
osteoblast MC3T3E1 cells grown in MEM-α media, 
supplemented with 10% FBS, 2% Pen-Strep, and 
Fungizone 0.5%. Cells were cultivated in 96-well plates. In 
each well, 100 μL of cell suspension (contain 2 × 104 cells) 

was incubated for 24 h. Then it was treated with 
HASiO2_PE according to the serial concentration and 
incubated for 24 h. The MTT assay was performed by 
injecting 100 μL of 0.5 mg/mL MTT into each well, 
incubated for 4 h, and stopped with DMSO 100 μL/well. 
The absorbance was measured using Tecan Spark® 
(Tecan Trading AG, Switzerland) at 570 nm. Calculation 
of IC50 values was done by non-linear regression using 
GraphPad Prism 7 software. The average value of cell 
viability with HASiO2_PE treatment was calculated by 
Microsoft Excel and One Way ANOVA with GraphPad 
Prism 7 software (GraphPad Software, CA, USA). The 
cell viability was calculated by: 

OD treatment OD media control%Viability 100%
OD cell  control OD media control


 


 

■ RESULTS AND DISCUSSION 

Mixing the powder and liquid components using a 
spatula produced a homogeneous CPC paste. The time 
needed to form the paste was about 2 min, and the time 
needed for the paste to harden into cement was about 3 h 
(Fig. 1). The characterization with FTIR for HASiO2, PE, 
and the HASiO2_PE composite is shown in Fig. 2. In the 
PE spectra, it can be seen that the specific peaks have the 
aromatic C=C functional group (1600 cm−1), the –OH 
phenolic functional group (3450 cm−1) and the C-O-C 
ether functional group (1166 cm−1). The HASiO2 spectra 
identified functional groups that are identical to HA. 
The presence of PO4

3− group is identified by asymmetric 
stretching (ν3) that appears as sharp peaks at 1088 and 
1043 cm−1, and asymmetric deformation (ν4) at 568 and 
604 cm−1 [24-25]. The O–H group of HA and the 
adsorbed H2O appear as broad  peaks around 3500 cm−1. 

 
Fig 1. Paste (left) and cement (right) of HASiO2_PE 
composite 
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Fig 2. FTIR spectra of HASiO2, PE, and HASiO2_PE 

A peak at 1637 cm−1 ensures the presence of adsorbed 
H2O. Some of PO4

3– in the HA structure were substituted 
by CO3

2− groups due to the presence of a peak at 
1489 cm−1. The Si–O–Si asymmetric stretching vibration 
coincides with the PO4

3− asymmetric stretching vibration 
peak at 1088 cm−1 [11]. The HASiO2 and PE spectral 
patterns were found in the HASiO2_PE spectra, but the 
peak intensity of PE in HASiO2_PE is lower than HASiO2 
due to its low concentration (10%). 

The XRD diffractogram (Fig. 3) shows that PE is 
amorphous due to the wide peak at 2 = 5–30°. The 
diffraction patterns of HASiO2 and HASiO2_PE 
composites are very similar, except for 2 = 5–25°, in 
which HASiO2_PE composite has a higher intensity. HA 
lattice crystal is known as hexagonal with a space group 
P63/m. The Rietveld refinement using MAUD 2.993 
software showed no change in the lattice parameters of 
HA due to the composite formation (Fig. 4). Lattice 
parameters of HA in HASiO2 and HASiO2_PE are a = b= 
9.47 Å, c = 6.92 Å, and lattice volume = 537.4 Å3. The 
crystallite sizes of HA in HASiO2 and HASiO2_PE are 
14.56 and 14.49 nm, respectively (Table 1). These results 

are similar to previous studies and COD-1011242 as the 
standard [26-27]. The same lattice parameters of HA 
and the same crystallite size of HASiO2 and HASiO2_PE 
are highly expected because HA's bioactivity depends on 
its lattice parameters. The bioactivity of HA is 
determined by its solubility properties, where the 
solubility of solids is determined by its crystal 
parameters. The similarity of HASiO2_PE crystallite size 
with bone mineral size (> 40 nm) supports its 
compatibility with bone tissue [6]. 

The BET method determined surface area, pore 
volume, and pore average. Fig. 5 shows the isotherm 
graphs for HASiO2 and HASiO2_PE. Both samples 
demonstrated a type III adsorption-desorption isotherm 
curve, where the adsorbent quantity rose as the relative 
pressure increased. The adsorbate-adsorbate interaction 
is stronger than the adsorbent-adsorbent. Type III has 
an unlimited number of layers on the surface of the 
adsorbent (multilayer). The decrease in the vertical axis 
is caused by the fact that the amount of N2 absorbed by 
the composite reduces by decreasing pressure. A 
standard BET multi-point was used to calculate the  
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Fig 3. XRD diffractogram 

Table 1. Crystal lattice parameters 

Sample a (Å) c (Å) 
Volume 

(Å3) 
Crystallite 
size (nm) 

Rietveld agreement factors 
χ2 Rw (%) 

HASiO2 9.47 6.92 537.4 14.56 1.31 10.56 
HASiO2_PE 9.47 6.92 537.4 14.49 1.30 10.27 
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Fig 4. Results of refinement for (a) HASiO2 and (b) HASiO2_PE 
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Fig 5. Graph of (a) HASiO2 and (b) HASiO2_PE isotherms 

 
specific surface area of the two materials. 

HA structure modification usually affects the 
adsorption-desorption behavior, surface area, total pore 
volume, and average pore size [28-30]. Table 2 shows that 
HASiO2 and HASiO2_PE have a specific surface area of 
59.295 and 43.350 m²/g, respectively. HASiO2 has a larger 
surface area than the HASiO2_PE sample, or making 
composites reduces the surface area by 26.89%. The total 

pore volume also decreased from 0.433 to 0.343 (cm3/g). 
However, the HASiO2_PE composite has an average 
pore size larger than HASiO2, which is 15.844 and 
14.606 nm, respectively. The pore size is included in the 
mesoporous category (range of pore size 2–50 nm). 
Thus, both HASiO2 and HASiO2_PE have surface 
properties that support bone cell attachment and 
proliferation. 
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Table 2. Comparison of surface area, pore volume and pore average 

Sample Surface area 
(SBET) (m²/g) 

Total pore volume 
(VTOT) (cm3/g) 

Average pore size 
(nm) 

HASiO2 59.295 0.433 14.606 
HASiO2_PE 10% 43.350 0.343 15.844 

 
The analysis results with SEM at 5000 times 

magnification showed that the surface morphology of 
HASiO2 is uneven (Fig. 6). The agglomeration of nano-
sized particles leads to the formation of a variety of 
particle sizes. The large particles showed a consistent 
shape, a capsule-like shape, with dimensions on a micron 
scale. In the HASiO2_PE composite, the particle shape is 
irregular, and the morphology is uneven. The 
agglomeration behavior of the two samples was different, 
despite the fact that the XRD data did not show any 

difference in the HA lattice parameters and the 
crystallite size. The surface of the HASiO2_PE composite 
is rougher and denser than HASiO2. Synthesis of HA-
modified silica without using CTAB surfactants 
produced a flat surface, unlike in this study [11]. 

Element mapping on the surface of the 
HASiO2_PE composite has shown how the composite 
surface is covered by Ca, P, O, Si, and C elements (Fig. 
7). The presence of Ca, P, O, and Si elements indicate the 
presence of HASiO2, while C and O indicate the presence  

 
Fig 6. Surface profiles of (a) HASiO2 and (b) HASiO2_PE 

 
Fig 7. Results of elemental mapping on the HASiO2_PE surface 
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of PE. On individual mapping, Ca dominates the 
composite surface and is evenly distributed. There are 
several dark areas that are confirmed as C elements (from 
PE). The same distribution pattern occurs for the P 
element mapping. The P elements belong to HA, where 
Ca2+ binds to PO4

3− through Ca-O-P bonds. The O 
element shows a slightly different pattern, in which O 
forms a contour that can be compared with the combined 
element mapping results. It can be concluded that O tends 
to be found on the composite surface or is exposed on the 
surface. This is highly desirable because the presence of O, 
mainly in the form of phosphate, carbonate, or hydroxyl 
groups, supports the biocompatibility and bioactivity of 
the composite in physiological environments [28]. The 
distribution of Si elements has the same pattern as Ca and 
P elements. Confirming the results of earlier research that 
the silica-modified HA composite had silica within and 
HA on the surface [11]. C Element appears to be partially 
distributed and agglomerated in some areas, filling in the 
dark areas on the mapping of Ca and P elements. This 
confirmed that the hydrophobicity of PE is high so that 
PE is not soluble in the Na2HPO4 solution. The combined 
mapping showed that the composite surface is uneven 
and that the PE (arrows) agglomerates on some of the 
surface’s area. Such a surface supports the attachment of 
cells and ions when the composite is in a physiological 
environment [29]. 

The elemental composition on the surface was 
measured by EDX and the results could be seen in Table 
3. Compositing HASiO2 and PE caused the amount of 
Ca to decrease significantly from 33.00 to 13.00%. This 
is because C, which represents the presence of PE, covers 
the surface in a large amount, namely 20%. This also 
causes a decrease in the P element from 11.40 to 9.00%. 
On the other hand, the amount of O element experienced 
a slight increase from 54.80 to 57.70%, which was a 
contribution from PE. The same with Ca and P, the 
amount of Si decreases from 0.80 to 0.30%. This condition 
caused the Ca/P ratio to decrease from 2.89 to 1.44, 
indicating that Ca no longer dominates the surface 
compared to P. This also causes the Ca/O ratio to decrease, 
in addition to the increase in the amount of O element on 
the surface. The presence of PE on the surface is expected 

Table 3. Elemental composition on the surface of 
HASiO2 and HASiO2_PE 

Element 
Atomic (%) 

HASiO2 HASiO2_PE 
Ca 33.00 13.00 
P 11.40 9.00 
O 54.80 57.70 
Si 0.80 0.30 
C - 20.00 
Ca/P 2.89 1.44 
Ca/O 0.60 0.23 

Table 4. Antibacterial test results 

Sample 
E. coli S. aureus 

Inhibition zone 
(mm) 

Average 
(mm) 

Inhibition zone 
(mm) 

Average 
(mm) 

PE 
1.60 

1.80 
2.00 

2.30 1.90 2.60 
1.90 2.30 

HASiO2_PE 
3.10 

2.83 
1.50 

1.43 2.50 1.40 
2.90 1.40 

Chloramphenicol 
11.00 

11.50 
13.20 

14.00 12.00 14.90 
11.50 13.90 

Erythromycin 
5.40 

5.97 
5.40 

5.07 6.30 5.30 
6.20 4.50 
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because PE will interact directly with the physiological 
environment, and the degradation of PE from the cement 
will bring about the antibacterial activity. The presence of 
PE on the surface did not reduce the hydrophilicity of 
HASiO2 according to the surface wetting test. As a result, 
the HASiO2_PE composite retains the superior properties 
of HA. 

The antibacterial test was carried out using E. coli 
and S. aureus bacteria. The inhibition zone of PE and 
HASiO2_PE compared to chloramphenicol and 
erythromycin is shown in Table 4. PE has better 
antibacterial activity against S. aureus than E. coli. This 
result is different from the previous research that found 
PE to have the same activity against both bacteria [31]. In 
contrast, the HASiO2_PE composite revealed better 
antibacterial activity on  E. coli than S. aureus.  This could  
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Fig 8. Graph of pre-osteoblast cell viability at various 
concentrations of the HASiO2_PE composite 

be due to the synergy of HASiO2 and PE has produced a 
higher antibacterial activity toward a gram-negative 
than a gram-positive bacterium. It may also be due to the 
small amount of PE (10%) compared to HASiO2. The 
antibacterial activity toward S. aureus can be increased 
by increasing the PE content in the composite. 

The cytotoxicity test of HASiO2_PE composite was 
conducted by MTT assays with an incubation time of 24 
h using pre-osteoblast cells. Percent viability decreased 
non-linearly with the concentration of HASiO2_PE (Fig. 
8). The calculation obtained the IC50 value = 2092 μg/mL 
with R2 = 0.9446. These data indicate that the HASiO2_PE 
composite is non-toxic or biocompatible and can be 
accepted by bone cells [32-33]. A comparison of the cells’ 
state in control and in the 2000 μg/mL of HASiO2_PE 
resulted in the different numbers of cells or cell 
population (Fig. 9). Some cells seem to change in shape 
and size, the shape changes to round, and the size 
becomes smaller. Based on the IC50 value and the cell 
morphology profile, it is feasible to conclude that the 
CPC made from the HASiO2_PE composite is 
biocompatible [12]. The composite will promote 
osteoblast proliferation and is predicted to play positive 
roles in osteoblast differentiation and next to the 
mineralized bone matrix formation [34-35]. 

■ CONCLUSION 

Compositing 10% (w/w) PE and HASiO2 did not 
affect the HA crystal structure in which the lattice 
parameters are counted as a = b = 9.47 Å, c = 6.92 Å, and 
lattice volume = 5374 Å3. The HA crystallite size is close 
to  bone  mineral  size  (> 40 nm).  The  composite  has a  

 
Fig 9. Morphological differences between (a) control cells and (b) HASiO2_PE 2000 μg/mL in the cytotoxicity test with 
the MTT assay 
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morphology that is coarser and denser than HASiO2. PE 
that contributes antibacterial activity can be found on the 
composite’s surface. Both HASiO2 and the composite 
have a relatively similar surface area, total pore volume, 
and average pore size. Compositing PE with HASiO2 
decreased its antibacterial activity toward S. aureus but 
increased its antibacterial activity against E. coli. The 
composite is non-toxic due to the IC50 of 2092 μg/mL 
when tested with pre-osteoblast cells. As long as the non-
toxic property can be maintained, increasing the PE 
content in the composite is recommended to boost the 
antibacterial activity toward S. aureus. 
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 Abstract: Bioactive peptides play an important role in targeting cancer cells. Venom 
protein from Naja sumatrana can be explored as a source of bioactive peptides. This 
research aims to identify and study the molecular docking of bioactive peptides (BPs) from 
trypsin hydrolysate of N. sumatrana venom protein which was fractionated using an SPE 
C18 column. The venom of N. sumatrana was hydrolyzed with trypsin enzyme. The 
protein hydrolysate was then fractionated using an RP-SPE HyperSep Retain PEP 
column, and the peptide fractions were tested for their anticancer activity against MCF-7 
breast cancer cells using the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) method. Identification of peptides in the active fraction was carried out 
through high-resolution mass spectrometry. The identified peptides were molecularly 
docked with the EGFR receptor using AutoDock Vina. The results showed that the degree 
of hydrolysis was 74.7%. The 75% methanol fraction is the active fraction against MCF-
7 cells, with an IC50 value of 4.80 μg/mL and a selectivity index of 5.00. Peptide-active 
anticancer fractions with the sequence of NSLLVK, SSLLVK and TVPVKR were 
successfully identified and exhibited high binding affinity values, good RMSD values, and 
the most suitable model for the epidermal growth factor receptor. 

Keywords: bioactive peptides; trypsin; venom; N. sumatrana; molecular docking 

 
■ INTRODUCTION 

Globally, cancer is regarded as a major health 
problem. Based on the Global Cancer Statistics published 
in 2015, there were around 32.6 million cancer patients 
worldwide in 2012 [1]. Furthermore, the WHO reported 
that in 2019 cancer was the leading cause of death before 
the age of 70 [2]. Breast cancer is the second leading cause 
of death due to conventional drug resistance [3]. The use 
of chemotherapy, surgery and radiation therapy using 
anticancer drugs can cause side effects. This treatment 
cannot differentiate between normal cells and cancer 
cells, resulting in systemic toxicity [4]. Thus, the discovery 
of new drugs with high selectivity and specificity is needed 
for overcoming cancer. 

Bioactive peptides (BPs) derived from animals are 
able to target cancer cells so that they can function as 
anticancer agents and are less toxic to normal cells. BPs 
consist of 2–50 amino acid residues (102–103 Da), so they 
easily disrupt cell membranes and result in apoptosis or 
necrosis [5]. Consequently, BPs become promising 
alternative candidates for the development of a new 
generation of anticancer therapies [6]. One source of 
bioactive peptides can be obtained from snake venom. 
The therapeutic use of snake venom has been widely 
carried out by scientists. Protein components, peptides, 
and chemical compounds in snake venom have a high 
potential for toxicity. Snake venom contains a complex 
mixture of peptides, proteins, enzymes, carbohydrates, 
and minerals with low molecular masses and certain 
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biological activities [7]. L-amino acid oxidases (LAAOs), 
phospholipase A2 (PLA2), three-finger toxins (3FTxs), the 
snake venom metalloprotease family (SVMP), cobra 
venom factor (CVF), and cysteine-rich secretory protein 
(CRISP) are some of the components that have been 
isolated from various snake venoms which can be used as 
anticancer agents [8]. 

Research [9] reported that crotamine, a short 42-
amino acid polypeptide stabilized by cysteine, has shown 
in vitro and in vivo toxicity to cancer cells in a melanoma 
mouse model with concentrations of 5 μg/mL, which was 
lethal to B16-F10 (murine melanoma cells), SK-Mel-28 
(human melanoma cells), and Mia PaCa-2 (human 
pancreatic carcinoma cells) but not in normal cells. Studies 
revealed that snake venom contains specific molecules 
that can slow down cancer cells [10]. The svPLA2 
component of the Bothrops jararacussu venom shows 
anticancer activity against MDA-MB-231 triple-negative 
breast cancer cells [11]. Bioactive peptides from snake 
venom can contribute significantly to medical treatment 
and specifically target cancer cell membranes [12]. Bioactive 
peptides can be encoded in snake venom proteins, and 
after cleavage, they have more active biological activity as 
an anticancer [13]. Among several methods of producing 
bioactive peptides from protein precursors, the most 
commonly used is enzymatic hydrolysis [14-15]. 

The enzymatic hydrolysis method uses controlled 
pH and temperature conditions to reduce the formation 
of unwanted products [16]. The trypsin enzyme has been 
widely utilized for the identification of bioactive peptides, 
which usually cleaves the peptide bond at the C-terminal 
end of amino acids (R or K), but not when they are next 
to the P amino acid. Eel protein hydrolysate (EPH) with a 
molecular weight of 3 kDa showed the highest inhibition 
of MCF-7 breast cancer cells with an IC50 value of 
6.50 μg/mL [17]. Studies on protein hydrolysate of oyster 
(Saccosrea cucullata) reported that the peptide sequence 
Leu-Ala-Asn-Ala-Lys exhibited anticancer activity 
against human colon carcinoma (HT-29) cell lines [18]. 
The different structural sequences of the bioactive 
peptides are unique so that they can interact with the 
active sites of the substrates. Unique peptide sequences 
can be used to determine the mechanism of anticancer 

action, such as being able to destroy cancer cells through 
apoptosis and necrosis by membrane lysis or pore 
formation [19]. The mechanism of action of anticancer 
peptides can be ascertained by the interaction of 
peptides with inhibitors through molecular docking. 
Docking is a computational technique capable of 
predicting the conformation and interaction of a ligand 
with a particular protein. Molecular docking is an 
approach utilized to more easily identify the mechanism 
of peptide action [20]. 

Based on previous research, this study aims to 
identify BPs from N. Sumatrana venom protein 
hydrolysate fractionated using an SPE C18 column. The 
anticancer activity of the fractions was tested against 
MCF-7 breast cancer cells. High-resolution mass 
spectrometry was then used to identify BPs in the active 
fraction. After identifying the BPs, a docking study was 
carried out to examine the interaction of the peptide 
with the active site of the receptor, which determines the 
mechanism of action. 

■ EXPERIMENTAL SECTION 

Materials 

Materials and chemicals included in this research 
were N. Sumatrana venom, trypsin USP (G-Bioscience), 
trypsin sequence grade enzyme (Merck), SPE C18 
column (HyperSep Retain PEP, Supelco, Thermo 
Scientific), ammonium bicarbonate 0.05 M (Sigma-
Aldrich®), and methanol (Merck). Meanwhile, 
anticancer activities were carried out by using 
Dulbecco's Modified Eagle Medium (DMEM) media, 
MTT solution, 0.05% trypsin, amphotericin B 
(fungizone), phosphate buffer saline (PBS) solution, 
penicillin-streptomycin 2%, fetal bovine serum (FBS) 
from Sigma-Aldrich, a breast cancer cell line (MCF-7), a 
normal cell line (Vero), and doxorubicin (Kalbe). 

Instrumentation 

The Instrumentations used in this study were 
Amicon® ultra-15 (3000 Da MWCO centrifugal filter, 
Merck), UV-Vis Spectrophotometer (Shimadzu UV 
1800), Centrifuge (Biofuge Primo R Centrifuge 7590, 
Thermo Scientific), Inverted Microscope (Olympus 
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CKX41), Elisa Reader (Bio-Rad 680 XR), High-
Resolution Mass Spectrometry (HRMS, Q-Exactive 
Hybrid Quadrupole-Orbitrap Mass Spectrometer 
Thermo Scientific), and Proteome Discoverer Ver. 2.5 
software (Thermo Scientific). 

Procedure 

Sample collection of venom and protein extraction 
N. sumatrana venom (± 150 mg) was collected from 

Bhumi Merapi, Yogyakarta, by experienced veterinarians 
specializing in exotic animals at the Faculty of Veterinary 
Medicine, UGM. Venom collection was carried out by 
following the protocol that has been ethically approved 
according to the letter number 0052/EC-FKH/Ex./2020. 
The venom was lyophilized and stored in a refrigerator at 
−20 °C until use. The lyophilized venom (20 mg) was 
dissolved in 0.05 M ammonium bicarbonate. Venom 
protein and small molecules were separated with Amicon® 
ultra-15 with 3000 Da MWCO. The concentration of 
protein was determined with a UV-Vis spectrophotometer. 

Proteomic analysis of N. sumatrana 
A trypsin sequence grade enzyme solution was 

added to the protein venom solution with a ratio of 1:20 
(w/w), and then the solution was incubated at 37 °C 
overnight. After 24 h of incubation, the sample was put 
into an oven at 80 °C to stop the hydrolysis process, then 
centrifuged at 5000× g for 45 min. Supernatants were 
filtered with a 0.22 μm filter membrane, and a total of 5 μL 
of the sample was transferred into injection vials for 
analysis using LC-HRMS. Proteome Discoverer software 
version 2.5 was used to process the raw MS 
chromatogram data. The database uses N. naja because 
the N. sumatrana database is not yet available. The N. naja 
database was downloaded from UniProt.org. 

Hydrolysis of venom protein 
N. sumatrana protein hydrolysate is produced by 

hydrolysis of venom protein using the same method as the 
proteome analysis procedure, but the quantities and 
grades of the trypsin enzyme are different for preparative 
purposes. Then the absorbance of the protein hydrolysate 
obtained was measured with a UV-Vis spectrophotometer 
at a wavelength of 280 nm to determine the degree of 
hydrolysis. 

Fractionation of venom hydrolysate using reversed-
phase SPE column 

Fractionation was carried out with a 1 mL column 
of HyperSep Retain PEP Cartridge in an SPE chamber 
equipped with a manifold vacuum pump. 2 × 0.5 mL of 
methanol was used to condition the column, and 
2 × 0.5 mL of distilled water was used to balance it. The 
procedure was terminated when the sample level was 
just above the adsorbent by progressively pushing the 
sample into the column using a pump. After washing the 
column with 2 × 0.5 mL of 5% methanol, methanol at 
various concentrations of 25, 50, 75, and 100% was used 
to elute the column. Each obtained fraction's absorbance 
was measured at a wavelength of 280 nm using the UV-
Vis spectrophotometer to calculate the protein 
concentration in each fraction [21]. 

Anticancer activity test 
A total of 100 μL of cell culture medium was added 

into 96-well plates where three wells were kept specific 
for media control and three other wells for control cells. 
The cell's plate was incubated at 37 °C for 24 h in a 5% 
CO2 flow to recover cell conditions after culturing. The 
media in the test well was emptied, and 100 μL of the 
solution was added in a series created by diluting the 
media. Each series of concentrations, whether cancer 
cells or normal cells, was repeated three times. The test 
was also conducted on doxorubicin as a positive control 
and then incubated for 24 h in an incubator with a 5% 
CO2 flow at 37 °C. After incubation, the media sample 
was removed and 0.5 mg/mL of MTT solution was 
prepared in a 10 ml media culture with 100 μL added to 
each well, including control media (without cells). They 
were incubated again for 4 h until a formazan (purple) 
color appeared. It was then observed under an inverted 
microscope at 20× magnification, and a 100 μL stopper 
SDS 10% was added. The 96-well plates were wrapped in 
paper and incubated in the dark at room temperature 
overnight. After that, those plates were put into the Elisa 
Reader to be measured by the absorbance at 595 nm and 
the half-maximal inhibitory concentration (IC50) value 
was calculated. The percentage of cell inhibition 
obtained from each sample concentration was calculated 
using the following Eq. (1): 
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Absorbance control Absorbance sample% inhibition
Absorbance control


  (1) 

The selectivity index was obtained from the IC50 
ratio of Vero cells compared to the IC50 of MCF-7 cancer 
cells. The selectivity index was calculated using the 
following Eq. (2): 

50

50

IC Vero cell
Selectivity  index

IC MCF 7 cell



 (2) 

Identification of anticancer peptides 
An Acclaim® PepMap RSLC column was used for 

HRMS analysis of the active anticancer fraction (C18, 75 m 
× 150 cm). The mobile phase was divided into two 
categories: mobile phase A containing water and 0.05% 
trifluoroacetic acid (TFA), and mobile phase B containing 
water, acetonitrile 20:80, and 0.1% TFA. Then, a gradient 
was applied using both mobile phases at a flow rate of 
0.1 mL/min. By using full MS/ddMS2 mode and m/z range 
of 150–2250, peptides were examined by MS/MS. Split 
power was set to 140,000 (FWHM) for the complete MS 
parameter, and the resolution was set to 17,500 for the 
ddMS2 parameter (FWHM). The MS data were examined 
by utilizing Proteome Discoverer Software ver. 2.5 using 
the N. naja genome downloaded from UniProt.org. 

The peptide's molecular docking with EGFR 
Peptides from the active fraction were docked with 

the EGFR receptor to examine the interaction of 
bioactive peptides with the EGFR receptor. The EGFR 
receptor was downloaded from the RCSB Protein Data 
Bank (PDB ID: 1M17). Peptide structures were drawn in 
a Gaussian view and semiempirically optimized with 
Gaussian. AutoDock Vina was employed to simulate 
docking, and Discovery Studio was used to visualize the 
results. AutoDock Vina has up to twice the speed 
compared to AutoDock 4. In addition to increased 
speed, AutoDock Vina has increased accuracy and 
significantly more predictable binding modes than 
AutoDock 4. Then, the value with the lowest binding 
affinity was chosen. 

■ RESULTS AND DISCUSSION 

Proteomic of N. sumatrana Venom 

Analyses of proteomics were performed using 
HRMS. The results showed that there were 14 identified 
proteins, consisting of enzymatic and non-enzymatic 
proteins, in N. sumatrana venom originating from 
Sumatra, which is presented in Table 1. The main protein 

Table 1. N. sumatrana enzymatic and non-enzymatic protein identified in proteome analysis 

No. Accession number Protein 
Length 

(Amino acid 
residues) 

MW 
(kDa) 

Calc. 
pI 

Enzymatic protein 
1 Q9PVK7 Zinc metalloproteinase-disintegrin-like cobrin 600 67.6 6.3 
2 A4FS04 Acidic phospholipase A2 natratoxin 119 13.2 5.1 
3 D3TTC2 Zinc metalloproteinase disintegrin-like atragin 613 69.1 6.4 
4 V8P395 Glutathione peroxidase (Fragment) 264 29.6 8.1 
5 A0A2I4HXH5 Snake venom 5'-nucleotidase (Fragment) 529 58.2 7.3 
6 A8QL58 L-amino-acid oxidase (Fragment) 507 57.9 8.5 
7 Q10749 Snake venom metalloproteinase-disintegrin-like mocarhagin 609 68.1 6.7 
8 A0A2D0TC04 Venom phosphodiesterase 830 94.6 7.8 

Non-enzymatic protein 
9 P60309 Cytotoxin SP15d 60 6.6 9.4 
10 P60308 Cytotoxin SP15c 60 6.8 9.1 
11 P82885 Thaicobrin 108 12.0 9.1 
12 P60306 Cytotoxin SP13b 60 6.8 9.2 
13 P01140 Venom nerve growth factor 116 13.0 6.1 
14 Q91132 Cobra venom factor 1642 184.4 6.4 
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families of N. sumatrana were detected, such as 
phospholipase A2 (PLA2) and three-finger toxins (3FTxs). 
Previous studies also reported that the two main 
categories of N. sumatrana proteins identified by LC-MS 
were phospholipase A2 and three-finger toxins (5 
neurotoxins and 9 cardiotoxins, or cytotoxins). In 
addition, proteins such as thaicobrin, aminopeptidase, 
zinc metalloproteinase-disintegrin (cobrin), CRISP, 
cobra venom factor, cobra serum albumin, and natriuretic 
peptide were also identified [21]. N. sumatrana venom 
from four different regions, namely Penang, Negeri 
Sembilan, Southern Thailand, and Sumatra, showed that 
the three-finger toxins (3FTxs) components followed by 
phospholipase A2 (PLA2) were the main proteins present 
in all N. sumatrana venoms. Seven protein families were 
consistently identified from the four regions, including 
three-finger toxins (3FTX), phospholipase A2 (PLA2), 
phosphodiesterase (PDE), L-amino acid oxidase (LAAO), 
venom nerve growth factor (vNGF), snake venom 
metalloproteinase (SVMP), and cobra venom factor 
(CVF) [22]. 

Components of snake venom, such as PLA2, are 
enzymatic proteins that have various pharmacological 
activities and are usually present in snake venom [23]. The 
PLA2 enzymatic protein detected in N. sumatrana venom 
is diverse and contains acidic PLA2 in almost every cobra 
[24]. Cytotoxin SP15d, cytotoxin SP15c, and cytotoxin 
SP13b consist of 60 amino acids with molecular weights 
of 6.6, 6.8 and 6.8 kDa, respectively, and isoelectric points 
of 9.45, 9.14 and 9.29, respectively. Cytotoxin SP15d 
mostly shows cytolytic activity in various cells and 
functions to bind heparin with high affinity and create 
pores in the lipid membrane of organisms [25]. Cytotoxin 
SP13b and SP15c have their isoelectric points in the 
hydrophobic zone. Cytotoxin SP13b is an S-type 
cytotoxin that exhibits a high isoelectric point so that this 
protein can penetrate the membrane [26]. Cobra 
cytotoxins (CTX) can also be known as cardiotoxins, 
which are generally present in the cobra venom of Naja 
spp. [27]. This type of venom is involved in the 
pathogenesis of cytotoxicity and tissue necrosis [28]. 
Thaicobrin consists of 108 amino acids, has a molecular 
weight of 12 kDa, and an isoelectric point of 9.11. Venom 

phosphodiesterase consists of 830 amino acids with a 
molecular weight of 94.6 kDa and an isoelectric point 
value of 7.8. L-amino oxidase consists of 507 amino acids 
with a molecular weight of 57.9 kDa, has a relatively high 
isoelectric point of 8.5, and exhibits hydrophobic 
properties. The minor protein components identified in 
the N. sumatrana venom, such as SVMP, CVF, vNGF, 
PDE, and SVSP, generally have high molecular weights. 
These components play a role in the inflammatory 
response as well as facilitate the spread of venom during 
venomous snake bites [29]. 

Hydrolysis of Venom Protein 

Bioactive peptides are obtained by hydrolyzing 
them from protein sources. The enzymatic hydrolysis 
method is easy to carry out, controllable and can 
maintain the amino acid structure. In this study, N. 
sumatrana venom protein was hydrolyzed with the 
trypsin enzyme to obtain bioactive peptides. The 
enzyme hydrolyzes the peptide bonds on the carboxylic 
side of lysine and arginine [30]. In the trypsin enzyme, 
there is a negatively charged aspartic acid catalytic bag 
that is responsible for binding the basic amino acids with 
a positive charge [31]. This enzyme works optimally in 
the pH range of 7.5–8.5 and at a temperature of 37 °C. 
Combinations such as temperature conditions, type of 
enzyme, pH, and concentration of protein substrates are 
needed for enzyme activity to maximize the degree of 
hydrolysis [32]. The degree of hydrolysis is the ratio of 
the number of peptides cleaved during hydrolysis to the 
total number of peptide bonds in the protein mass [33]. 
In the current study, the degree of hydrolysis was 74.7%. 
In previous research [34], trypsin was utilized to 
hydrolyze Jatropha seed protein and achieved a degree 
of hydrolysis of 82.1%. Protein hydrolysis with trypsin 
can hydrolyze up to 65.9% of proteins [35]. Protein from 
epiphytic bacteria associated with the brown algae 
Sargassum sp. was successfully hydrolyzed with the 
trypsin enzyme, resulting in a degree of hydrolysis of 
27% in 9 h [36]. Soy protein was hydrolyzed using 
trypsin, resulting in a degree of hydrolysis of 20.4% [37]. 
The high percentage of hydrolysis value indicates that 
the hydrolysis is going well. 
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Anticancer Activity 

A cytotoxicity test of venom protein, protein 
hydrolysate, and anticancer peptide fraction was 
performed on MCF-7 breast cancer cells and normal cells 
(Vero) with IC50 as a parameter. The smaller the IC50 
value, the higher the potential of the test compound. Tests 
on Vero cells were conducted to determine the selectivity 
index value of the samples tested. The anticancer activity 
was tested using the MTT assay, where the reduction of 
tetrazolium salt to formazan produced a purple color. The 
more purple formazan crystals formed indicate that the 
cells are alive. The IC50 values of venom protein, protein 
hydrolysate, and peptide fractions are presented in Table 
2. The venom protein produced a smaller IC50 value for 
MCF-7 cells or Vero cells compared to that of protein 
hydrolysate and had a selectivity index of 9.12. The 
selectivity index was calculated by dividing the IC50 value 
of normal cells by the IC50 value of MCF-7 cancer cells. If 
the selectivity index is higher than 2, this sample can be 
used as an anticancer agent [38]. The greater selectivity 
index, the higher the selectivity. Samples with high 
selectivity can kill cancer cells but are safe for normal cells. 

Based on the results of the four fractions, the 75% 
methanol fraction produced a relatively smaller IC50 value 
with a selectivity index of 5.00 compared to the other 
fractions Table 2. This proves that the 75% methanol 
fraction has high selectivity. BPs can inhibit the active site 
of the MCF-7 cancer cell line and cause anticancer activity 

[39]. Crude venom of N. sumatrana showed 
concentration-dependent cytotoxic activity against lung 
cancer cells (A549), prostate cancer cells (PC-3), and 
MCF-7 cancer cells with an IC50 value of 0.88 ± 0.06, 
3.13 ± 0.58, and 9.10 ± 0.56 μg/mL, respectively. The 
highest selectivity was produced by lung cancer cells 
(A549), which was 2.17 [28]. Even though the anticancer 
activity of N. sumatrana venom has not been widely 
reported, proteomics of N. sumatrana venom has 
identified anticancer proteins such as PLA2, neurotoxin, 
and cardiotoxin. A previous study has found that 
phospholipase A2 (PLA2) purified from Daboia russelii 
siamensis venom contains anticancer activity [40]. 
However, peptides derived from the hydrolysis of N. 
sumatrana trypsin venom as anticancer agents have 
never been studied before. The current study is the first 
to conduct this topic. 

The appearance of purple formazan crystals could 
be seen after the addition of MTT to control MCF-7 cells 
(Fig. 1(a)) and control Vero cells (Fig. 1(c)). Both control 
cells formed a lot of formazan crystals, which indicates 
that many cells were alive. The concentration 
determines the amount of purple formazan crystals 
formed. This study used a variety of concentrations: 
7.8125; 15.625; 31.25; 62.5; 125; 250; and 500 μg/mL. The 
greater the concentration is given, the smaller of cell 
viability percentage and the more cells die (no purple 
formazan is formed). Meanwhile, adding 75% methanol  

Table 2. Anticancer activity of venom, hydrolyzed venom protein, and the peptide fractions 

Sample 
Toxicity Selectivity 

index Cell line IC50 (μg/mL) 

Venom protein MCF-7 6.16 9.12 
Vero 56.23 

Protein hydrolysate MCF-7 398.10 2.29 Vero 912.01 

Fraction of 25% methanol 
MCF-7 20.42 

2.60 Vero 52.50 

Fraction of 50% methanol MCF-7 16.10 1.16 
Vero 18.60 

Fraction of 75% methanol MCF-7 4.80 5.00 Vero 24.00 

Fraction of 100% methanol 
MCF-7 12.02 

0.46 Vero 5.50 
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Fig 1. Microscopic images of untreated MCF-7 cell (a), 
MCF-7 cell treated with 75% methanol fraction (b), 
untreated Vero cell (c) and Vero cell treated with 75% 
methanol fraction (d) 

fraction to MCF-7 cells (Fig. 1(b)) caused fewer purple-
colored formazan crystals to form, implying that many 
cells died when treated with the active fraction. When 
75% methanol fraction was added to Vero cells (Fig. 1(d)), 
the number of purple formazan crystals was not much 
different from that of the control Vero cells. Thus, it can 
be said that the administration of the active fraction did 
not kill all the Vero cells. 

Identification of Anticancer Peptides 

HRMS was employed to identify the peptide  
 

sequence of the active fraction as an anticancer. Using 
HRMS for peptide identification has been successful in 
determining the active fraction of peptides [34-35,41]. 
The N. sumatrana database is not yet available in the 
transcriptome database with Proteome Discover version 
2.5, which includes the Sequest and Mascot search 
algorithms. The peptide sequence of the active fraction 
consisting of four peptides is presented in Table 3. 

According to the database of peptides based on the 
genome of Ophiophagus hannah, the NSLLVK peptide 
was identified, and it was eluted at a retention time of 
7.0383 min. The result obtained [M-H]+ = 673.42290 Da, 
with a z = + 2, MS2 fragmentation with mono m/z = 
337.21509 Da. Its GRAVY Score was 0.600, and the pI 
was 8.75. It was lysed from protein-tyrosine-
phosphatase, EC 3.1.3.48, at a location of 562–567 amino 
acids. The mass spectra of the NSLLVK are displayed in 
Fig. 2(a). 

Ion y1
+ = 147.11237 confirmed the presence of K 

amino acids at the end of the C-terminal peptide. The 
mass difference between the y2

+ ion (246.18051) and the 
y1

+ ion confirmed the presence of V (99.06814), leading 
to a sequence of VK at the C-terminus. Sequentially, the 
difference in mass between y3

+ (359.26419) and y2
+ ions 

was 113.08368 (L), and between y4
+ (472.34811) and y3

+ 
ions was 113.08392 (L). In addition, y4

2+ ions = 236.67761 
was also confirmed. Meanwhile, the difference in mass 
between y5

+ (559.37933) and ions y4
+ was 87.03122 (S), 

thereby confirming the SLLVLK amino acid sequence. 
The mass of the b1

+ ion was 115.05013, confirming the 
presence of N amino acids. The mass difference between  

Table 3. Peptide sequence identified from anticancer active peptide fractions 

No. 
Peptide 

sequences 
[M-H]+ 

Da The protein of the peptides origin* 
Amino acid position 

in the protein GRAVY 
Predicted 

pI 

1 NSLLVK 673.42229 
Protein tyrosine phosphatase, 

EC 3.1.3.48, putative 562–567 0.600 8.75 

2 SSLLVK 646.41240 Methyl cytosine dioxygenase TET, 
EC 1.14.11.n2, putative 

1229–1234 1.050 8.47 

3 TVPVKR 699.45096 Cytotoxin 2, CX2 (Toxin CM-7A), 
putative 31–36 −0.383 11.00 

4 MFMVSNK 872.39893 
Cytotoxin 3, CX3 (Toxin CM-7), 

putative 24–30 0.371 8.50 

*) based on Ophiophagus hannah and Naja siamensis protein database 
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Fig 2. The MS/MS spectra of NSLLVK peptide (a) and TVPVKR peptide (b) 

 
the b2

+ (202.08162) and b1
+ ions confirmed the presence 

of S (87.03149), and the mass difference between the b3
+ 

(315.16498) and b2
+ ions confirmed the presence of L 

(113.08336). 
The TVPVKR was eluted at a retention time of 

1.4765 min and this peptide was identified from the 
peptide database based on the genome of Naja siamensis. 
MS2 fragmentation of TVPVKR was detected with m/z 
value of 233.82184 Da. It obtained [M-H]+ = 699.45096 Da 
and z = + 3. Its GRAVY score was –0.383, while the pI 
value recorded was 11.00. It was isolated from one of the 
N. sumatrana venom proteins Cytotoxin 2, CX2 (Toxin 
CM-7A), at the location of 31-36 amino acids. The mass 
spectra of the TVPVKR are displayed in Fig. 2(b). The y1

+ 
ion was formed due to the cleavage of the C-N bond 
between lysine (K) at the N-terminus with the arginine 
(R). The mass difference between the y2

+ (303.21317) and 
y1

+ ions confirmed the presence of K (128.09453), which 
leads to a KR sequence at the C-terminus. Sequentially, 
the difference in mass between y3

+ (402.28146) and y2
+ 

ions was 99.06829 (V), and between y4
+ (499.33359) and 

y3
+ ions was 97.05213 (P). Moreover, y3

2+ ions  
(201.64465), y4

2+ ions (250.17065), and y5
2+ ions 

(299.70459) were also confirmed, thereby confirming 
the PVKR amino acid sequence. In addition, Ion 
b2

+ (201.12358) confirmed the presence of amino acid V. 

Study of Molecular Docking 

Molecular docking studies are useful for drug 
discovery and development. Similar significant advances 
have been made in the field of peptide therapy [42]. 
Molecular docking was used to determine the 
interaction between peptides and receptors in breast 
cancer anticancer peptides produced from the active 
fraction. The receptor used as EGFR, which was 
overexpressed in nearly half of triple-negative and 
inflammatory breast cancer patients. The EGFR protein 
was overexpressed by 16–36% in breast cancer [43]. The 
binding affinity and interactions of amino acid residues 
(hydrogen bonds and hydrophobic interactions) with 
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the ligand and the active site are important parameters in 
determining the stability of the protein-ligand. Both 
parameters have a significant impact on predicting the 
mode of protein-ligand interaction. The initial step was 
redocking between the native ligand (erlotinib) and the 
EGFR receptor to avoid blind docking and study the 
receptor interaction of the original ligand. Thus, data 
concerning the active site and RMSD value will be 
obtained. The original ligand interactions can be seen in 
Fig. 3. 

The native ligand (erlotinib) formed conventional 
hydrogen bonds, namely the Cys773 amino acid residue. 
In addition, three cations consisting of Met742, Lys721, 
and Asp831 formed hydrophobic interactions, similar to 
the three alkyl interactions at the amino acid residues of 
Leu821, Leu764, and Val702. Some of the electrostatic 
interactions found were Glu738, Thr830, Phe699, Asp776, 
Phe771, Gly772, Leu694, Thr766, Met769, Leu768, 
Ala719, and Gln767. After redocking, the peptide was 
docked to the EGFR receptor. The interactions of the 
peptide with the EGFR receptor are shown in Fig. 4. 
NSSLVK peptides produced a good bonding affinity of 
−6.7 kcal/mol with an RMSD value of 1.953. NSSLVK 
demonstrated the best-matched model to the EGFR-
receptor breast cancer cell line. NSSLVK peptides 
exhibited conventional hydrogen bonding consisting of 
Cys773, Lys721, Glu738, and Cys751 amino acid residues. 
These hydrogen interactions were more numerous than 
those of the original ligand (erlotinib) when the redocking 
process made the NSSLVK peptide's interaction with the 
receptor more stable. The peptide has the same position 
as the original ligand, which was located on the Cys773 
amino acid residue. This proves that NSSLVK interacts 
with the active site of the EGFR receptor. There were also 
several electrostatic bonds consisting of Arg17, Leu820, 
Met769, Leu694, Thr830, Ala719, Ile720, Thr766, Ile765, 
Leu764, Phe832, Val702, Asp827, Phe699, Gly695, 
Asn818, Phe771, and Gly772. Moreover, one 
hydrophobic interaction was also found, which was the 
pi-ionic Asp776 bond presented in Fig. 4. 

The SSLLVK peptide formed hydrogen bonds with 
Cys773, Asp831, Asp776, and Arg817 amino acid 
residues,  including the same  Cys773 amino acid residues  

 
Fig 3. Interaction of the erlotinib (native ligand) to the 
EGFR 

 
Fig 4. Interaction of NSSLVK peptide to the EGFR 

as the original ligand. These hydrogen bonds were more 
numerous than those of the docking ligands. Therefore, 
they had a higher negative bond affinity value because 
more hydrogen bonds were formed with the receptor. 
The binding affinity value obtained was −6.65 kcal/mol, 
and the RMSD showed a value of 1.890 Å, confirming 
that the SSLLVK peptide has a stable interaction with the 
active site and is the most suitable model with the EGFR 
receptor. In addition, SSLLVK also had electrostatic 
interactions on the amino acid residues of Leu694, 
Leu820, Met769, Thr830, Asn818, Gly772, Gly695, 
Phe699, and Tyr766. Several other interactions were also 
present, i.e., the hydrophobic alkyl interactions at the 
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amino acid residue Ala719, Lys721 and Val702, which is 
shown in Fig. 5. 

The affinity value of the TVPVKR peptide bond was 
−6.70 kcal/mol, and the RMSD score was 1.900 Å. The 
TVPVKR peptide exhibited hydrogen bonding with the 
receptor consisting of Cys773, Met769, and Gln767 amino 
acid residues, which were more than the redocking of the 
native ligand. Cys773 amino acid residues were similar to 
the native ligand, which proves that TVPVKR interacts 
with the same active site as the original ligand (erlotinib). 
In addition to hydrogen bonds, several electrostatic 
interactions were also shown by TVPVKR peptides, 
namely Phe699, Glu738, Thr766, Val702, Ala719, Leu768, 
Leu820, Asn818, Leu694, Gly772, Arg817, Asp776, and 
Glu780, which were fewer in number than those of the 
original ligands. Several hydrophobic interactions were 
also shown by the TVPVKR peptide, and there were three 
pi-ionic interactions found at Lys721, Asp831, and 
Asp813 residues. In addition, three alkyl interactions were 
present, including Tyr777, Phe771, and His781 (Fig. 6). 
Previous studies on the docking of peptides with 
AutoDock Vina from black soybean showed that the 
purified Leu/Ile-Val-Pro-Lys (L/I-VPK) peptide 
effectively binds to four proteins (XIAP, caspase-3, 
caspase-7, and Bcl-2) via hydrophobic effect and 
hydrogen bonding [44]. Peptides from the sea cucumber 
(Cucumaria frondose) were docked with four proteins 
(EGFR, PI3K, AKT1, and CDK4) using AutoDock Vina, 
indicating that the twelve peptides  bind to the active sites  

 
Fig 5. Interaction of SSLLVK peptide to the EGFR 

 
Fig 6. Interaction of TVPVKR peptide to the EGFR 

of the four proteins. WPPNYQW and YDWRF peptides 
bind to proteins with lower binding affinity values than 
inhibitors (positive control) [45]. 

■ CONCLUSION 

The trypsin enzyme successfully hydrolyzed N. 
sumatrana venom, resulting in a relatively high degree of 
hydrolysis. Hydrolysis of trypsin from venom followed 
by fractionation using an SPE C18 column showed that 
the 75% methanol fraction had anticancer activity against 
breast cancer (MCF-7) with a selectivity index of 5.00. 
The peptides identified by HRMS from the active fraction 
produced four peptide sequences, namely MFMVSNK, 
NSLLVK, SSLLVK, and TVPVKR. According to the 
docking study, the NSLLVK, SSLLVK, and TVPVK 
peptides possessed high binding affinity values and good 
RMSD values, making them the most suitable models for 
1M17, the breast cancer EGFR receptor. 
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 Abstract: Environmental consequences during the COVID-19 pandemic have attracted 
attention due to the excessive use of antibiotics which lead to the release of the drug's 
residue, such as amoxicillin (AMX), into the environment. In this work, an advanced 
oxidation process based on a visible, active N-doped TiO2 photocatalyst was carried out 
to eliminate AMX. Nitrogen with different initial doping concentrations (15, 30, 45% 
w/w) was doped into TiO2 by the sol-gel method. The characterization technique such as 
XRD, FTIR, UV-SRS, and SEM-EDX revealed that nitrogen with 30% doping 
concentration improved the TiO2 response in the visible region, attributed to the lower 
band gap energy (2.97 eV). In the photodegradation processes, the TiO2-N (30%) 
photocatalyst possessed higher AMX degradation than undoped TiO2 for both UV and 
visible light irradiation. In an aqueous solution, the degradation percentage of AMX by 
TiO2-N (30%) was 68.5 and 84.12%, while the degradation percentage of AMX by TiO2 
was 38.7 and 78.01% under visible and UV light, respectively. 

Keywords: antibiotic resistance; visible light active; N-doped TiO2; amoxicillin 

 
■ INTRODUCTION 

The Coronavirus disease 2019 (COVID-19) has 
become an outbreak pandemic since 2020. Up to now, 600 
million cases worldwide have been reported, causing more 
than 6 million deaths [1]. The pandemic brought not only 
a global health crisis but also environmental damage. 

The use of pharmaceutical compounds, especially 
antibiotics, has dramatically increased during the 
pandemic. Around 75% of COVID-19 patients were 
prescribed antibiotics to cure or prevent secondary 
bacterial infection [2]. The ingested antibiotic is mostly 
excreted through feces and urine because it is poorly 
metabolized. Hence, their continuous overuse or misuse 
led to abundant environmental drug residue. The most 
crucial problem is that antibiotics increase antimicrobial 
resistance (AMR). The World Health Organization 
(WHO) declared AMR as a global health crisis problem 
[3-4]. As a result, removing antibiotics attracts a 
particular point of view on pollutant remediation. 

Among the antibiotics, amoxicillin (AMX) is the 
second-line antibiotic for COVID-19 patients after 

doxycycline, suggested by National Institute for Health 
and Care Excellence (NICE) COVID-19 guidance [5]. 
Besides, AMX is also used to treat other diseases and in 
veterinary medicine. Due to the highly used and poorly 
metabolized (80–90% excreted by the body), AMX could 
be detected in the environment. AMX has been detected 
in the Eastern Mediterranean Sea up to 127.8 ng/L, the 
highest among other detected pharmaceuticals [6]. In 
addition, the Predicted Environmental Concentration 
(PEC) of AMX in the UK emergency hospital at 
Harrogate is 30 ng/L in the baseline river and 400 ng/L 
in the case of 95% of the patient prescribed antibiotics 
[5]. Conventional water treatment, such as filtration, 
cannot remove the AMX residue [3]. Therefore, the 
development of remediation techniques is urgently 
needed to treat antibiotic pollutants. 

In recent years, advanced oxidation processes 
(AOPs) have been recognized as one of the promising 
techniques for antibiotic removal. AOPs use the in situ-
generated strong oxidative species (H2O2, OH•, and •O2

−) 
to degrade antibiotic compounds into harmless 
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substances [7–9]. Heterogeneous photocatalysis is the 
most popular AOPs method because of its effectiveness 
and environmentally friendly. The semiconductor is used 
for photocatalysis processes, and the photon induces the 
oxidation reaction [10]. 

The semiconductor that has been studied for 
photodegradation of AMX such as NiO [11], ZnO [12-
13], and TiO2 [14-15]. TiO2 is one of the most used in 
AOPs owing to its photo and chemical stability, non-
toxicity, and excellent photoactivity. However, the major 
drawback of TiO2 is the wide band gap of 3.2 eV. 
Consequently, the photoactivity of TiO2 is only possessed 
in the presence of UV light. The doping method has been 
studied to improve the TiO2 activity under visible light 
irradiation by narrowing the band gap and shifting the 
absorption regions [16-17]. Doping with metal or non-
metal to improve TiO2 activity in visible or solar light for 
AMX degradation has been studied extensively [3,18-21]. 

Doping TiO2 with metal could enhance the 
photocatalytic activity due to the lower band gap energy, 
and metal could act as an electron trapper that inhibits 
electron and hole recombination. However, metal doping 
could leach during the photocatalytic process; 
consequently, the catalyst would deactivate, and a second 
source of pollutants formed [22]. Meanwhile, non-metal 
doping is more environmentally friendly and lower cost 
compared to metal doping. The non-metal elements, such 
as nitrogen, carbon, and sulfur, could substitute oxygen in 
the TiO2 lattice which leads to narrower band gap energy. 
Among other non-metal dopants, nitrogen-doped TiO2 
shows outstanding photocatalytic activity under visible 
light for organic compound degradation [23-24]. That is 
due to the 2p states of the nitrogen atom could be mixed 
with the 2p states of the oxygen atom, allowing the band 
gap to narrow; as a result, a red shift of the absorption 
band edge to the visible region [22,24-25]. 

Therefore, in this work, the nitrogen element was 
selected as the dopant element to improve the TiO2 
activity for AMX degradation under visible light 
radiation. The nitrogen was doped into TiO2 by the sol-
gel method. The effect of nitrogen initial doping 
concentration was also studied. Different characterization 
methods XRD, FTIR, UV-SRS, and SEM-EDX, were 

carried out to examine the optimum doping level. 
Importantly, the photodegradation process of AMX was 
conducted under commercially visible LED-light 
irradiation. To the best of our knowledge, the AMX 
degradation by N-doped TiO2 compared to undoped 
TiO2 under commercially LED-light irradiation without 
an additional oxidative agent has not been conducted. 

■ EXPERIMENTAL SECTION 

Materials 

Titanium tetraisopropoxide (TTIP) (C12H28O4Ti; 
98%) was purchased from Shanghai Chemical Industry. 
Ethanol (C2H6O, 99.99%), nitric acid (HNO3, 65%), and 
urea (CH2N2O) were supplied by Merck company. All 
the chemicals used in this work were analytical grade. 
Amoxicillin trihydrate (C16H25N3O8S) was provided by 
the National Agency of Drug and Food Control, 
Republic of Indonesia. 

Instrumentation 

The N-doped TiO2 properties were studied using 
different characterization techniques. Fourier 
Transform Infra-Red (FTIR) spectrum of undoped and 
N-doped TiO2 was obtained on Shimadzu Prestige21. 
The crystal structure of the photocatalysts was 
investigated using an X-ray diffractometer (Shimadzu 
6000D) with Cu Kα radiation in the range of = 10–80° 
with a scan speed of 3°/min. The UV-Visible specular 
reflectance spectroscopy (UV-SRS) UV1700 
Pharmaspec was used to obtain the absorption spectra. 
The surface morphology and element composition of 
the photocatalysts were observed by scanning electron 
microscope (SEM) (JSM-6510LA) and energy dispersive 
spectroscopy (EDS). 

Procedure 

Synthesis of N-doped TiO2 
N-doped TiO2 (TiO2-N) with different nitrogen 

amounts was synthesized by sol-gel method using TTIP 
98% and urea as TiO2 and nitrogen precursor. In a 
typical sol-gel synthesis, 2 mL of TTIP was dissolved in 
10 mL of ethanol under continuous stirring for 30 min 
to prepare solution A. In a beaker, urea was dissolved in 
water and mixed with ethanol to form solution B. The 



Indones. J. Chem., 2023, 23 (2), 523 - 532    

 

Kusuma Putri Suwondo et al. 
 

525 

pH of the solution was adjusted to 3 with the addition of 
HNO3. The weight of urea was controlled to get the 
N/TiO2 mass ratio of 15, 30, and 45% (w/w). Later, 
solution B was added dropwise into solution A under 
continuous stirring for 1 h. The obtained white solution 
was left overnight at room temperature to complete the 
gel formation. After that, the gel was dried for 5 h at 80 °C 
to remove the excess solution. The dried gel was ground 
to form a fine powder. Lastly, the powder was calcined in 
a muffle furnace for 2 h at 500 °C. A yellowish powder was 
obtained after the calcination process. The undoped TiO2 
was also synthesized in a similar procedure without 
adding urea. 

Photocatalytic degradation of amoxicillin 
The AMX photodegradation process was conducted 

in a batch photoreactor under visible light irradiation 
using LED lamps (Philips, 4 × 18 W, 400–700 nm). The 
photocatalytic process under UV light was also evaluated 
using a UVA lamp (4 × 18 W, 320–400 nm). Firstly, a 
specific amoxicillin weight was diluted to get a 20 mg/L 
solution concentration. The N-doped TiO2 (catalyst 
dosage 1 g/L) was dispersed into AMX solution followed 
by 1 h stirring in the dark to reach the adsorption 
equilibrium between the drug and the catalyst. Later, the 
solution was irradiated at specific time intervals. After 
each irradiation time, the AMX solution was separated 
from the catalyst by centrifugation. The remaining AMX 
in solution was analyzed at maximum wavelength 

absorption (227 nm) [26] using a UV-Visible 
spectrophotometer. The absorption spectrum of AMX is 
shown in Fig. 1. The percentage of AMX degradation 
was calculated using Eq. (1): 

0 t

0

A A
% Dye degradation= 100%

A


  (1) 

where A0 and At denote the AMX concentration before 
and after the degradation, respectively. 

■ RESULTS AND DISCUSSION 

X-ray Diffraction Analysis 

The crystal structure of the photocatalyst was 
characterized by the X-ray diffraction method and 
presented in Fig. 2. The diffraction pattern for both  
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Fig 1. The UV absorption spectrum of amoxicillin 
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Fig 2. The X-ray diffraction patterns of N-doped and undoped TiO2 in the range of 10–80° (a) and 24.25–26° (b) 
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undoped and N-doped TiO2 are well-matched with the 
TiO2 anatase (JCPDS card no. 21-1272). The anatase 
phase performs better photocatalytic activity compared to 
the rutile or brookite phase due to the larger surface area 
and better charge-carrier mobility [27-28]. Therefore, 
confirming the TiO2 crystal structure for photocatalysis 
application is necessary. The peak of undoped TiO2 
observed at 2θ values of 25.00°, 37.57°, 47.79°, 53.65°, and 
54.80° correspond to 101, 004, 200, 105, and 211 planes of 
the anatase phase. No new diffraction peaks were 
introduced in the N-doped TiO2 diffractogram, which 
indicates that the N doping has not triggered the 
formation of any secondary and impurity phases of TiO2 
[23,29]. However, a positive shift of 101 peaks was 
observed for N-doped samples (Fig. 2(b)). The peak shift 
indicates the nitrogen has successfully doped into the 
TiO2 lattice, engendered oxygen vacancies [30]. 

Moreover, the crystallinity of TiO2 improved for the 
N-doped sample (15% and 30% doping levels), which may 
be the result of the doping nitrogen species. By applying 
Scherrer's equation, the average crystallite size was 
obtained. The increase in initial nitrogen concentration 
up to 30% leads to an increase in average crystallite size 
from 10.159 to 13.189 nm, as listed in Table 1. The 
incorporation of nitrogen into the TiO2 lattice promotes 
the TiO2 crystal growth [31-32]. On the other hand, at 
higher nitrogen doping levels (45%), the average 
crystallite size has slightly decreased, indicating enormous 
amounts of dopant had an inhibition effect on the crystal 
growth [33]. The N-doping on TiO2 was well discovered 
by XRD analysis. FTIR analysis was performed to ensure 
nitrogen had successfully doped into the TiO2. 

FTIR Analysis 

FTIR spectra displayed in Fig. 3 elucidate the surface 
functional group of undoped TiO2 and N-doped TiO2 at 
different amounts of nitrogen loading. All the samples 
present almost the same spectra at around 400–900, 1631, 
and broadband at 3449 cm−1, which corresponds to the 
TiO2 anatase phase. The absorption band at 400–900 cm−1 
is assigned to the Ti−O−Ti stretching vibration, while the 
1631 and 3449 cm−1 bands are attributed to O−H bending 
and O−H stretching vibration from Ti−O−H [34-35]. The  

Table 1. The average crystallite size and band gap energy 
of N-doped and undoped TiO2 

Sample 
Average crystallite 

size (nm) 
Band gap 

(eV) 
TiO2 10.159 3.18 
TiO2-N (15%) 10.716 3.04 
TiO2-N (30%) 13.189 2.97 
TiO2-N (45%) 10.054 3.03 
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Fig 3. FTIR spectra of N-doped and undoped TiO2 

doped samples show notable bands at around 1461 and 
1270 cm−1 correspond to the vibration of the N−Ti bond, 
which are the typical bands of N in the TiO2 lattice 
[22,30,36-37]. The findings are in good agreement with 
the XRD analysis as discussed above. 

UV-SRS Analysis 

Incorporating nitrogen in TiO2 could narrow the 
gap between the valance and conduction bands, and 
then improve the photocatalytic activity [23]. Those 
optical properties were investigated by UV-SRS, as 
shown in Fig. 4. It was observed that nitrogen doping 
contributed to the redshift because of the narrowing of 
the band gap. The edge of absorption spectra slightly 
shifts to the longer wavelength. Additionally, after 
doping with nitrogen, the absorption of the N-doped 
sample in the visible region rises. At a 30% doping level, 
the highest absorption was achieved. As predicted, this 
sample would give the lowest band gap energy of 
2.97 eV.  The  narrowing  of  band  gap  energy  could  be  
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Fig 4. UV-SRS absorbance spectra of N-doped and 
undoped TiO2 

attributed to the submission of N instead of O in the TiO2 
lattice, creating a new energy level [22-24], which leads to 
the absorption of visible light and initiates photocatalysis 
as proposed in Fig. 9. 

The band gap energy was determined using the Tauc 
plot and displayed in Fig. 5. The amount of nitrogen 
doping influences the redshift of light adsorption region 
and band gap energy. The higher nitrogen loading, the 
higher the absorption in the visible region and the lower 
the band gap. On the other hand, the incorporation of 
nitrogen into the TiO2 lattice becomes ineffective at 
massive nitrogen levels, and crystal growth is inhibited. 
Hence, at a 45% doping level, the band gap was obviously 
higher than the 30% nitrogen doping level. This result was 
in accordance with the XRD analysis. 

SEM-EDX Analysis 

Fig. 6(a) and b present the morphology and surface  
 

composition of TiO2-N (30%) by SEM-EDX. The N-
doped TiO2 particles were spherically shaped in nano 
size. No observations of particle agglomeration in the 
sample, which would be advantageous for the 
photocatalytic process. The EDX analysis verified the 
presence of nitrogen in the sample. The nitrogen content 
present in TiO2 (0.12%) was drastically dropped 
compared to initial nitrogen concentrations (30%). The 
result agrees with the previous report that only a small 
amount of nitrogen is deposited into the TiO2 lattice. 
Meanwhile, the particular nitrogen element presents as 
amine absorbed in TiO2 and then decomposed during 
the heat treatment at 500 °C [25,30]. 

Photocatalytic Degradation of Amoxicillin 

To confirm the photocatalytic activity of the N-
doped and undoped TiO2, the degradation processes of 
AMX have been conducted in both UV and visible light. 
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Fig 5. Tauc plot obtained from UV–SRS spectra of N-
doped and undoped TiO2 

 
Fig 6. SEM image (a) and energy-dispersive spectra (b) of TiO2-N(30%) 
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The result is exhibited in Fig. 7. The direct photolysis of 
AMX by visible light resulting 12.4% degradation after 
300 min. Thus, confirming that the contribution of direct 
photolysis is quite low, even at longer light exposure. The 
finding was in accordance with the previous report. AMX 
is stable through photolysis by irradiation of light above 
the wavelength of 300 nm [38-40]. 

As predicted, the AMX degradation percentage by 
N-doped TiO2 was higher than undoped TiO2. The N-
doped and undoped TiO2 degradation percentages were 
68.5 and 38.7%, respectively. The result has a good 
agreement with the characterization as discussed above, 
that the nitrogen doping at 30% initial dopant 
concentration has successfully incorporated in TiO2, 
increased the absorption in the visible region, and 
narrowed the band gap energy (2.97 eV). Therefore, it is 
reasonable that N-doped TiO2 exhibits higher 
photocatalytic activity under visible light irradiation 
compared to bare TiO2. Moreover, the N-doped increased 
the degradation percentage to 84.12% compared to pure 
TiO2 (78.01%) in UV irradiation. TiO2 itself has good 
photocatalytic activity under UV irradiation, while the 
nitrogen dopant allows to a lower electron-hole 
recombination rate that enhances the TiO2 activity 
[21,23]. 

The result is in accordance with the previous report 
[26,41-42] that the AMX could not completely degrade by 
TiO2 or doped TiO2. The removal of AMX at the first stage 
was due to the adsorption of AMX on the active site of the 
catalyst. While the radiation starts, the AMX starts to 
decompose by the oxidative species produced by the 
catalyst. However, at the longer time of light exposure, the 
degradation rate decreases and the AMX could not 
completely degrade. This can be caused by the saturated 
active site of the catalyst. Additionally, at the late stage, the 
oxidative species have been consumed to oxidize the 
AMX and hence the amount of oxidative species was not 
sufficient to degrade all the AMX molecules [41]. Despite 
that, nitrogen doping successfully increased the 
degradation of AMX by TiO2 under visible light 
irradiation, which is more environmentally benign. 
Further study is required to increase the catalyst's active 

site and increase the number of oxidative species, so the 
pharmaceutical pollutant can completely decompose. 

The progressive degradation of AMX by N-doped 
TiO2 under visible light illumination is displayed in Fig. 
8. The maximum wavelength of AMX solution is 227 
nm. The maximum peak gradually decreased as the 
irradiation time increased and almost vanished after 300 
min irradiation. No new absorption peak was observed 
during the degradation, indicating that other compounds  
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Fig 7. The AMX degradation by TiO2 compared to TiO2-
N (30%) under UV and visible light irradiation ([AMX]0 
= 20 mg/L, catalyst dosage = 1 g/L) 
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Fig 8. The changeover UV-Visible spectra of AMX 
before and after photodegradation by N-doped TiO2 
under visible light irradiation ([AMX]0 = 20 mg/L, 
catalyst dosage = 1 g/L, irradiation time = 60–300 min) 
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Fig 9. Proposed degradation mechanism of AMX by using N-doped TiO2 

 
or intermediates were not detected in this degradation 
process. The AMX degraded up to 68.5%, resulting in 
small molecules such as H2O and CO2. The proposed 
degradation mechanism of AMX by advanced oxidation 
process using N-doped TiO2 is presented in Fig. 9. The 
nitrogen doping forms a new energy level between the 
valence and conduction band of TiO2 and narrows the 
band gap [24-25]. Therefore, visible light irradiation is 
adequate to excite an electron from the valence band into 
the conduction band. The formation pairs of electrons 
(e−) and holes (h+) will initiate the production of oxidative 
species: OH• and •O2

−. The oxidative species (h+, OH•, and 
•O2

−) played an essential role in the degradation of AMX, 
then decomposed the compound into CO2 and H2O 
[3,19]. The proposed mechanism was adopted from the 
previous study [9,20,43-44]. 

■ CONCLUSION 

The result of our study showed that initial nitrogen 
concentration affects the resulting N-doped TiO2 catalyst. 
Nitrogen with an initial concentration of 30% (w/w) was 
successfully doped onto TiO2 and had the lowest band gap 
energy of 2.97 eV. The presence of nitrogen increases the 
photodegradation of AMX for both UV and visible light 
irradiation. Nitrogen has narrowed the TiO2 band gap 
energy that enhanced the TiO2 activity under visible light 
for AMX degradation. AMX degraded 68.5% under 
visible light radiation, higher than bare TiO2 (38.7%). 
Therefore, N-doped TiO2 had good potential as a 
photocatalyst for the degradation of pharmaceutical 
pollutant under visible light irradiation in a natural 
aqueous solution without an additional oxidative agent. 

■ ACKNOWLEDGMENTS 

The authors acknowledge the financial support 
from the PMDSU scholarship by the Ministry of 
Research, Technology and Higher Education, Republic 
of Indonesia (Contract No. 3139/UN1.DITLIT/DIT-
LIT/PT/2020). 

■ AUTHOR CONTRIBUTIONS 

Kusuma Putri Suwondo performed the 
experiment, analyzed the data, and wrote the article. 
Nurul Hidayat Aprilita contributed to supervise the data 
interpretation and revised the manuscript, and Endang 
Tri Wahyuni contributed to conceive the idea of this 
research, supervised the data interpretation, and revised 
the manuscript. 

■ REFERENCES 

[1] Center for Systems Science and Engineering (CSSE) 
at Johns Hopkins University, 2023, COVID-19 
Dashboard [Updated 2023 January], 
https://coronavirus.jhu.edu/, accessed on January 
10, 2023. 

[2] Langford, B.J., So, M., Raybardhan, S., Leung, V., 
Soucy, J.P.R., Westwood, D., Daneman, N., and 
MacFadden, D.R., 2021, Antibiotic prescribing in 
patients with COVID-19: Rapid review and meta-
analysis, Clin. Microbiol. Infect., 27 (4), 520–531. 

[3] Salimi, M., Behbahani, M., Sobhi, H.R., Gholami, 
M., Jonidi Jafari, A., Rezaei Kalantary, R., Farzadkia, 
M., and Esrafili, A., 2019, A new nano-
photocatalyst based on Pt and Bi co-doped TiO2 for 



Indones. J. Chem., 2023, 23 (2), 523 - 532    

 

Kusuma Putri Suwondo et al. 
 

530 

efficient visible-light photo degradation of 
amoxicillin, New J. Chem., 43 (3), 1562–1568. 

[4] Munguia, J., and Nizet, V., 2018, Pharmacological 
targeting of the host-pathogen interaction: 
Alternatives to classical antibiotics to combat drug-
resistant superbugs, Trends Pharmacol. Sci., 38 (5), 
473–488. 

[5] Comber, S.D.W., Upton, M., Lewin, S., Powell, N., 
and Hutchinson, T.H., 2020, COVID-19, antibiotics 
and one health: A UK environmental risk assessment, 
J. Antimicrob. Chemother., 75 (11), 3411–3412. 

[6] Alygizakis, N.A., Gago-Ferrero, P., Borova, V.L., 
Pavlidou, A., Hatzianestis, I., and Thomaidis, N.S., 
2016, Occurrence and spatial distribution of 158 
pharmaceuticals, drugs of abuse and related 
metabolites in offshore seawater, Sci. Total Environ., 
541, 1097–1105. 

[7] Khan, A.H., Khan, N.A., Ahmed, S., Dhingra, A., 
Singh, C.P., Khan, S.U., Mohammadi, A.A., Changani, 
F., Yousefi, M., Alam, S., Vambol, S., Vambol, V., 
Khursheed, A., and Ali, I., 2020, Application of 
advanced oxidation processes followed by different 
treatment technologies for hospital wastewater 
treatment, J. Cleaner Prod., 269, 122411. 

[8] Cuerda-Correa, E.M., Alexandre-Franco, M.F., and 
Fernández-González, C., 2020, Advanced oxidation 
processes for the removal of antibiotics from water. 
An overview, Water, 12 (1), 102. 

[9] Wang, J., and Zhuan, R., 2020, Degradation of 
antibiotics by advanced oxidation processes: An 
overview, Sci. Total Environ., 701, 135023. 

[10] Byrne, C., Subramanian, G., and Pillai, S.C., 2018, 
Recent advances in photocatalysis for environmental 
applications, J. Environ. Chem. Eng., 6 (3), 3531–3555. 

[11] Balarak, D., and Mostafapour, F.K., 2019, 
Photocatalytic degradation of amoxicillin using 
UV/Synthesized NiO from pharmaceutical 
wastewater, Indones. J. Chem., 19 (1), 211–218. 

[12] Elmolla, E.S., and Chaudhuri, M., 2010, 
Photocatalytic degradation of amoxicillin, ampicillin 
and cloxacillin antibiotics in aqueous solution using 
UV/TiO2 and UV/H2O2/TiO2 photocatalysis, 
Desalination, 252 (1-3), 46–52. 

[13] Moradi, M., Hasanvandian, F., Isari, A.A., Hayati, 
F., Kakavandi, B., and Setayesh, S.R., 2021, CuO and 
ZnO co-anchored on g-C3N4 nanosheets as an 
affordable double Z-scheme nanocomposite for 
photocatalytic decontamination of amoxicillin, 
Appl. Catal., B, 285, 119838. 

[14] Chinnaiyan, P., Thampi, S.G., Kumar, M., and 
Balachandran, M., 2019, Photocatalytic degradation 
of metformin and amoxicillin in synthetic hospital 
wastewater: Effect of classical parameters, Int. J. 
Environ. Sci. Technol., 16 (10), 5463–5474. 

[15] Dimitrakopoulou, D., Rethemiotaki, I., Frontistis, 
Z., Xekoukoulotakis, N.P., Venieri, D., and 
Mantzavinos, D., 2012, Degradation, mineralization 
and antibiotic inactivation of amoxicillin by UV-
A/TiO2 photocatalysis, J. Environ. Manage., 98, 
168–174. 

[16] Xing, X., Du, Z., Zhuang, J., and Wang, D., 2018, 
Removal of ciprofloxacin from water by nitrogen 
doped TiO2 immobilized on glass spheres: Rapid 
screening of degradation products, J. Photochem. 
Photobiol., A, 359, 23–32. 

[17] Wetchakun, K., Wetchakun, N., and Sakulsermsuk, 
S., 2019, An overview of solar/visible light-driven 
heterogeneous photocatalysis for water 
purification: TiO2- and ZnO-based photocatalysts 
used in suspension photoreactors, J. Ind. Eng. 
Chem., 71, 19–49. 

[18] Bergamonti, L., Graiff, C., Bergonzi, C., Potenza, 
M., Reverberi, C., Ossiprandi, M.C., Lottici, P.P., 
Bettini, R., and Elviri, L., 2022, Photodegradation of 
pharmaceutical pollutants: New photocatalytic 
systems based on 3D printed scaffold-supported 
Ag/TiO2 nanocomposite, Catalysts, 12 (6), 580. 

[19] Lalliansanga, L., Tiwari, D., Lee, S.M., and Kim, 
D.J., 2022, Photocatalytic degradation of 
amoxicillin and tetracycline by template 
synthesized nano-structured Ce3+@TiO2 thin film 
catalyst, Environ. Res., 210, 112914. 

[20] Çağlar Yılmaz, H., Akgeyik, E., Bougarrani, S., El 
Azzouzi, M., and Erdemoğlu, S., 2020, 
Photocatalytic degradation of amoxicillin using Co-
doped TiO2 synthesized by reflux method and 



Indones. J. Chem., 2023, 23 (2), 523 - 532    

 

Kusuma Putri Suwondo et al. 
 

531 

monitoring of degradation products by LC–MS/MS, 
J. Dispersion Sci. Technol., 41 (3), 414–425. 

[21] Mhemid, R.K.S., Salman, M.S., and Mohammed, 
N.A., 2022, Comparing the efficiency of N-doped 
TiO2 and commercial TiO2 as photo catalysts for 
amoxicillin and ciprofloxacin photodegradation 
under solar irradiation, J. Environ. Sci. Health, Part A: 
Toxic/Hazard. Subst. Environ. Eng., 57 (9), 813–829. 

[22] Gomes, J., Lincho, J., Domingues, E., Quinta-
Ferreira, R.M., and Martins, R.C., 2019, N-TiO2 
photocatalysts: A review of their characteristics and 
capacity for emerging contaminants removal, Water, 
11 (2), 373. 

[23] Zhao, W., Liu, S., Zhang, S., Wang, R., and Wang, K., 
2019, Preparation and visible-light photocatalytic 
activity of N-doped TiO2 by plasma-assisted sol-gel 
method, Catal. Today, 337, 37–43. 

[24] Asahi, R., Morikawa, T., Irie, H., and Ohwaki, T., 
2014, Nitrogen-doped titanium dioxide as visible-
light-sensitive photocatalyst: Designs, developments, 
and prospects, Chem. Rev., 114 (19), 9824–9852. 

[25] Nolan, N.T., Synnott, D.W., Seery, M.K., Hinder, S.J., 
Van Wassenhoven, A., and Pillai, S.C., 2012, Effect of 
N-doping on the photocatalytic activity of sol-gel 
TiO2, J. Hazard. Mater., 211-212, 88–94. 

[26] Verma, M., and Haritash, A.K., 2020, Photocatalytic 
degradation of Amoxicillin in pharmaceutical 
wastewater: A potential tool to manage residual 
antibiotics, Environ. Technol. Innovation, 20, 101072. 

[27] Hanaor, D.A.H., and Sorrell, C.C., 2011, Review of 
the anatase to rutile phase transformation, J. Mater. 
Sci., 46 (4), 855–874. 

[28] Odling, G., and Robertson, N., 2015, Why is anatase 
a better photocatalyst than rutile? The importance of 
free hydroxyl radicals, ChemSusChem, 8 (11), 1838–
1840. 

[29] Zhao, Z., Omer, A.A., Qin, Z., Osman, S., Xia, L., and 
Singh, R.P., 2019, Cu/N-codoped TiO2 prepared by 
the sol-gel method for phenanthrene removal under 
visible light irradiation, Environ. Sci. Pollut. Res., 27 
(15), 17530–17540. 

[30] Li, H., Hao, Y., Lu, H., Liang, L., Wang, Y., Qiu, J., 
Shi, X., Wang, Y., and Yao, J., 2015, A systematic 

study on visible-light N-doped TiO2 photocatalyst 
obtained from ethylenediamine by sol-gel method, 
Appl. Surf. Sci., 344, 112–118. 

[31] Yang, G., Jiang, Z., Shi, H., Xiao, T., and Yan, Z., 
2010, Preparation of highly visible-light active N-
doped TiO2 photocatalyst, J. Mater. Chem., 20 (25), 
5301–5309. 

[32] Huo, Y., Jin, Y., Zhu, J., and Li, H., 2009, Highly 
active TiO2-x-yNxFy visible photocatalyst prepared 
under supercritical conditions in NH4F/EtOH fluid, 
Appl. Catal., B, 89 (3-4), 543–550. 

[33] Cheng, X., Yu, X., and Xing, Z., 2012, 
Characterization and mechanism analysis of N 
doped TiO2 with visible light response and its 
enhanced visible activity, Appl. Surf. Sci., 258 (7), 
3244–3248. 

[34] Liu, C., Yu, T., Tan, X., and Huang, X., 2017, 
Comparison N-Cu–codoped nanotitania and N-
doped nanotitania in photocatalytic reduction of 
CO2 under UV light, Inorg. Nano-Met. Chem., 47 
(1), 9–14. 

[35] Reda, S.M., Khairy, M., and Mousa, M.A., 2020, 
Photocatalytic activity of nitrogen and copper 
doped TiO2 nanoparticles prepared by microwave-
assisted sol-gel process, Arabian J. Chem., 13 (1), 
86–95. 

[36] Wang, H., Yang, X., Xiong, W., and Zhang, Z., 2015, 
Photocatalytic reduction of nitroarenes to azo 
compounds over N-doped TiO2: Relationship 
between catalysts and chemical reactivity, Res. 
Chem. Intermed., 41 (6), 3981–3997. 

[37] Etacheri, V., Seery, M.K., Hinder, S.J., and Pillai, 
S.C., 2010, Highly visible light active TiO2-xNx 
heterojunction photocatalysts, Chem. Mater., 22 
(13), 3843–3853. 

[38] Bergamonti, L., Bergonzi, C., Graiff, C., Lottici, P.P., 
Bettini, R., and Elviri, L., 2019, 3D printed chitosan 
scaffolds: A new TiO2 support for the photocatalytic 
degradation of amoxicillin in water, Water Res., 
163, 114841. 

[39] Kanakaraju, D., Kockler, J., Motti, C.A., Glass, B.D., 
and Oelgemöller, M., 2015, Titanium 
dioxide/zeolite integrated photocatalytic 



Indones. J. Chem., 2023, 23 (2), 523 - 532    

 

Kusuma Putri Suwondo et al. 
 

532 

adsorbents for the degradation of amoxicillin, Appl. 
Catal., B, 166-167, 45–55. 

[40] Moreira, N.F.F., Orge, C.A., Ribeiro, A.R., Faria, J.L., 
Nunes, O.C., Pereira, M.F.R., and Silva, A.M.T., 
2015, Fast mineralization and detoxification of 
amoxicillin and diclofenac by photocatalytic 
ozonation and application to an urban wastewater, 
Water Res., 87, 87–96. 

[41] Gar Alalm, M., Tawfik, A., and Ookawara, S., 2016, 
Enhancement of photocatalytic activity of TiO2 by 
immobilization on activated carbon for degradation 
of pharmaceuticals, J. Environ. Chem. Eng., 4 (2), 
1929–1937. 

[42] Klauson, D., Babkina, J., Stepanova, K., Krichevskaya,  
 

M., and Preis, S., 2010, Aqueous photocatalytic 
oxidation of amoxicillin, Catal. Today, 151 (1-2), 
39–45. 

[43] Wahyuni, E.T., Yulikayani, P.Y., and Aprilita, N.H., 
2020, Enhancement of visible-light photocatalytic 
activity of Cu-doped TiO2 for photodegradation of 
amoxicillin in water, J. Mater. Environ. Sci., 11 (4), 
670–683. 

[44] Nguyen, T.L., Pham, T.H., Viet, N.M., Thang, P.Q., 
Rajagopal, R., Sathya, R., Jung, S.H., and Kim, T., 
2022, Improved photodegradation of antibiotics 
pollutants in wastewaters by advanced oxidation 
process based on Ni-doped TiO2, Chemosphere, 
302, 134837. 

 
 



Indones. J. Chem., 2023, 23 (2), 533 - 541    

 

Kim Ngan Thi Tran et al.   
 

533 

Short Communication: 
Adsorption of Methyl Orange Dyes on Oriented Co/Fe-MOF Bimetallic Organic 
Framework in Wastewater Treatment 

Kim Ngan Thi Tran1,2*, Cao Phuong Khanh Phan3, Vuong Thinh Ho3, 
Hung Dung Chau1, and Thi Nhu Dung Nguyen2,4 
1Institute of Applied Technology and Sustainable Development, Nguyen Tat Thanh University, Ho Chi Minh City 70000, Vietnam 
2Faculty of Environmental and Food Engineering, Nguyen Tat Thanh University, Ho Chi Minh City 70000, Vietnam 
3Faculty of Chemical Engineering, Ho Chi Minh City University of Technology, Ho Chi Minh City 70000, Vietnam 
4Ho Chi Minh City University of Natural Resources and Environment (HCMUNRE), Ho Chi Minh City 70000, Vietnam 

* Corresponding author: 

tel: +84-765712086 
email: nganttk@ntt.edu.vn 

Received: June 21, 2022 
Accepted: August 23, 2022 

DOI: 10.22146/ijc.75636 

 Abstract: The production of highly efficient and reusable adsorbents that can be used in 
pigment treatment has been of great scientific interest. Metallic organic frameworks 
(MOFs) are considered a new type of material with extremely diverse structures and can 
be used as adsorbents to remove environmental pollutants. The selected Co/Fe-MOF 
material was synthesized in this study by using the solvent-thermal method. Then, the 
effects of several influencing factors such as adsorbent dosage, pH, initial concentration 
of MO, and exposure time on the adsorption capacity of methyl orange (MO) dyes by 
Co/Fe-MOF were evaluated. Under acidic conditions (pH 4), the effective removal of MO 
from aqueous solution reached equilibrium after 60 min upon exposure to MO at the 
concentration of 200 mg/L, and the adsorption capacity was 137.6 mg/g. The two models 
of adsorption isotherms, Freundlich and Langmuir, showed good compatibility with the 
experimental data, and the calculated correlation coefficients (R2) were both greater than 
0.96. The MO adsorption efficiency was proposed to fit the pseudo-quadratic and pseudo-
first-order kinetic models. Therefore, MOF materials can be considered as a potential agent 
for wastewater treatment, thereby providing a possible solution to solve water pollution. 

Keywords: bimetallic-organic framework; adsorption; methylene orange; kinetic model; 
isotherms model 

 
■ INTRODUCTION 

In recent years, rapid industrialization development 
has been associated with the disposal of a large amount of 
wastewater and environmental pollution. One of the 
leading causes of environmental pollution has been 
widely known as textile dyes [1]. Previous studies have 
shown that direct disposal of untreated wastewater that 
contains toxic organic substances would significantly 
harm human health and destroy the natural environment 
[2-3]. Methyl orange (MO) is an anionic dye that is 
commonly used in the textile industry, with varied colors 
depending on the pH values. MO is recognized as a highly 

toxic substance and is associated with many health 
hazards [4]. 

Several methods have been used to remove 
chromogenic organic substances from aqueous media, 
such as precipitation, filtration, reverse osmosis, and 
adsorption. With the goal of achieving high efficiency at 
a reduced cost while reducing wastewater volume and 
improving the treatment quality, adsorption has been 
considered an effective method with numerous 
outstanding advantages [5-7]. Recently, the bimetallic 
organic framework (M/MOFs) containing the second 
metal (e.g., Ni, Co, Mn, and Cu) has much better 
adsorption capacity as compared with monometallic 
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materials [8-12]. The structure and properties of MOFs 
can vary depending on different ligands and metal ions, 
resulting in materials with high pore structure, large 
surface area, and multifunctional surface [13-14]. 
Therefore, MOFs have high applicability in the field of 
catalysis, gas storage, gas separation, adsorbent or 
electrode materials in sensors. 

Recent studies have shown that the methylene blue 
removal efficiency of mixed MOFs was 2.8 times higher 
than that of Fe-MOF [15]. The Ni/Fe-MOFs became more 
porous, and the surface area was increased due to the 
formation of mixed metal clusters, as compared to the 
single-metal Fe-MOFs [16]. Wang et al. [17] successfully 
synthesized Ti-doped Fe-MOFs bimetallic materials to 
increase the yield and shorten the decomposition time of 
Orange II. In another study, MM−MOF was synthesized 
by replacing Fe3+ in Fe-BDC with Cu2+ to obtain FeCu-
BDC. Significantly, the synergistic effect of Fe and Cu on 
the material surface as a heterogeneous catalyst was 
evaluated for the antimicrobial activity of 
sulfamethoxazole (SMX) [12]. 

Therefore, in order to promote the attractive 
properties and increase the adsorption capacity of MOF 
materials, the present study has combined Fe-MOF with 
Co2+ metal ions to prepare Co/Fe-MOF material based on 
the solvothermal method in N,N-dimethylformamide 
solvent with the combination of metal salts and 1,4-
benzenedicarboxylic acid ligand. The MO dyes were used 
in this study to evaluate the adsorption capacity of the 
material. 

■ EXPERIMENTAL SECTION 

Materials 

Chemicals and reagents used in this study were 
FeCl3·6H2O (99%), Co(NO3)2·6H2O (99%), and 1,4-
benzenedicarboxylic acid (99.8%) from Xilong-China. 
Meanwhile, N,N-dimethylformamide (DMF) was 
purchased from Macron-Fisher and methyl orange dye 
was obtained from Sigma-Aldrich. 

Instrumentation 

Equipment used in this study included a Memmert 
UN110 oven (108 L, 300 °C), a thermostatic shaker 

Jeotech IST–4075 (20 erlen, 250–300 mL), a Teflon-lined 
solvothermal synthesis autoclave reactor (100 mL), 8D 
Advance Bruker (Germany) for XRD, Nicolet 6700 
device-Thermo Fisher Scientific (USA) for FTIR, S4800-
JEOL Japan for SEM, Micromeritics 2020 (USA) for 
BET, and UV-Vis spectrophotometer (Thermo, USA). 

Procedure 

Synthesis of Co/Fe-MOF sample 
The Co-doped Fe-MOF material was synthesized 

through the solvent-thermal method, following the 
previous protocol by Ding et al. [18] with slight 
modifications. At first, FeCl3·6H2O (99%) and 
Co(NO3)2·6H2O were mixed at a mass ratio of Co2+:Fe3+ 
of 0.267 and 2.482 g. Subsequently, 0.83 g of 1,4-
benzenedicarboxylic acid was dissolved in 60 mL of 
DMF under constant stirring for 30 min. The solution 
was allowed to react at 150 °C for 20 h in a 100 mL Teflon 
tube with a stainless steel-based protective case. The 
mixture was then allowed to cool reaching room 
temperature, centrifuged to separate the solids, and 
washed with DMF and ethanol. The synthesized 
material was then vacuum dried at 120 °C for 24 h. 

Characterization of the synthesized materials 
The physical properties and structural 

composition of the were analyzed by several methods. X-
Ray Diffraction (XRD) was measured by using Cu-K𝛼 
radiation at 2θ scanning angle from 10 to 35°. The 
characteristic functional groups on the surface of materials 
through FTIR spectroscopy. The structure and crystal 
morphology of the materials were analyzed by SEM 
images. The surface area and porosity of the adsorbent 
were determined by N2 adsorption-desorption isotherm 
(BET). The MO adsorption capacity of the materials was 
determined using a UV-Vis spectrophotometer. 

Methyl orange (MO) adsorption experiments 
The adsorption capacity of the MO-removing 

materials was evaluated based on several influencing 
factors such as contact time, pH, adsorbent dosage, and 
initial MO concentration. The adsorption was carried 
out in a 250 mL conical flask and placed on a heat shaker 
at 200 rpm. In each experiment, adsorbent at various 
concentrations of 0.002–0.030 g/L was accurately 
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weighed and mixed with 50 mL of MO solution 
(concentrations ranged from 30 to 300 ppm). The pH 
factor of the medium was also adjusted within the range 
of 2–12. After 10 to 240 min, 4 mL of sample solution was 
removed and centrifuged at 6000 rpm for 5 min to 
separate the adsorbent. The concentration of MO dye was 
determined at λmax = 465 nm on a UV-Vis instrument. 

■ RESULTS AND DISCUSSION 

The structural characteristics and crystalline phase 
composition of the synthesized materials were 
determined based on the results of the XRD analysis. Fig. 
1(a) has shown that Fe-MOF and CoFe-MOF samples 
have characteristic diffraction peaks appearing at 2θ angle 
< 30°, which are the characteristic diffraction peaks for Fe-
MOF. It is significant to be noted that the positions of 
XRD diffraction peaks of these CoFe-MOF materials have 
a slight shift towards the smaller 2θ angle than that of the 
synthesized Fe-MOF under the same conditions, 
indicating that Co has been phased doped into the Fe-
MOF lattice. Blake et al. [19] firstly explained that the 
partial replacement of Fe3+ ions with other divalent metal 
ions (M2+) would lead to a slight decrease in the Fe−O 
bond length and a slight increase in the Fe−O−Fe angle. 
The process of doping Co in Fe-MOF causes the 
diffraction intensity to decrease but still maintains the Fe-
MOF structure. In addition, the ionic charge significantly 
affects the material modification efficiency. Competition 
for electron affinity between two metal ions with the same 

charge leads to distortion of the original material 
structure [20]. 

The FTIR spectra of Fe-MOF and CoFe-MOF 
samples show that the sample has a full range of 
material-specific oscillations at the absorption bands at 
532, 751, 1390, 1589 and 3600–3000 cm−1, respectively 
(Fig. 1(b)). The symmetric and asymmetrical elongation 
of O−C−O is shown by oscillations in the region 1600–
1400 cm−1. Fe-O oscillations and C-H bending 
vibrations of benzene are located at the maximum peaks 
of 532 and 751 cm−1, respectively. In addition, the 
formation of bimetallic centers of CoFe-MOF was 
determined based on the clear appearance of the peak at 
622 cm−1, corresponding to the Co-O oscillations. This 
result is in high agreement with the previous study by 
Liang et al. [21]. 

The surface morphology of the material was 
determined by SEM images, and the results are 
presented in Fig. 2. The results show a clear change in 
the shape and size of the material in the presence of Co2+. 
In the Fe-MOF sample, the surface morphology is 
uneven, the particle size is large, the grain boundary is 
not clear, and there is a clump of particles. When doping 
Co2+ ions into the Fe-MOF lattice framework occurs, the 
particles are uniform in size and shape. The grain size is 
more obvious, and the catch shape tends to have sharp 
peaks. The ratio difference in the reaction between Fe3+ 
and Co2+ with H2BDC facilitates the growth of bimetallic 
MOFs. 

 
Fig 1. XRD patterns (a) and FTIR spectra (b) of Fe-MOF, CoFe-MOF 
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Fig 2. SEM image of the as-synthesized MOF 

 
The N2 adsorption and desorption isotherms of the 

composites are shown in Fig. 3. The results show that the 
isotherm curve belongs to type II, according to the IUPAC 
classification. The synthesized Fe-MOF and CoFe-MOF 
materials have a BET surface area of 32.8 and 52.6 m2.g−1 
and pore volumes of 0.06 and 0.09 cm³/g, respectively. 
The presence of Co metal in the Fe-MOF framework 
increases the specific surface area and porous volume, 
thus increasing the accessibility of the active sites and 
molecular diffusion to facilitate the high adsorption 
efficiency of water pollutants [22]. The inclusion of the 
second metal in the Fe-MOF framework is beneficial to 
promoting complete contact of the active sites of the 
resulting bimetallic M/Fe-MOF. The modification of 
metal ions into the original structure will contribute to the 
release of charges, making the material more porous and 
increasing the surface area. Recent research by Wang et al. 

[23] showed an increase in specific surface area in the 
presence of the second metal Co at different ratios with 
Fe-MOF (32.8 m2.g−1) and FeCo-MOF-1/3 (466.3 m2.g−1). 
The presence of Co metal in the Fe-MOF framework 
increases the specific surface area and porous volume 
because the Co radius (65 nm) is slightly larger than that 
of Fe (64 nm), and the carboxyl groups react 
simultaneously with two metal ions. 

One of the important parameters that directly affect 
the adsorption process is pH. Fig. 4(a) shows that the MO 
adsorption capacity of CoFe-MOF is higher than that of 
Fe-MOF in the pH range from 2 to 12. The MO adsorption 
capacity of the materials increases continuously from 
pH 2 to 4, yet sharply decreases when pH continues to 
increase to 12. The highest MO adsorption capacity of 
CoFe-MOF (104 mg/g) was achieved in an acid medium 
at  pH 4.  Therefore,  it  can be  seen  that  the  adsorption  
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Fig 3. N2 adsorption-desorption isotherms (a) and pore size distributions (b) of Fe-MOF and CoFe-MOF samples 
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Fig 4. Effect of initial pH MO (a) and zero charge point (b) of Fe-MOF and CoFe-MOF 

 
capacity of both materials strongly depends on the pH 
value. Furthermore, the surface charge of the adsorbent is 
also an important factor that requires attention. The 
surface charge of the material is evaluated based on the 
pHpzc parameter when the pH variation reaches zero. Fig. 
4(b) shows that the pHpzc values of Fe-MOF and CoFe-
MOF are 3.0 and 3.2, respectively. With the value of pHpzc 
< pH, it is possible to determine the surface of the material 
exhibits a negative charge, which corresponds to the 
previous study [24]. The doped metals reduce the specific 
surface area of Fe-MOF, and the changes in the crystal 
structure and appearance morphology mainly produce 
the enhancement of adsorption capacity, which is due to 
competitive coordination between metal ions doped with 

saturated iron ions to bind carboxylic groups in the BDC 
and thus an increasing number of active Fe sites are 
generated. 

Subsequently, the effect of time, the dose of 
adsorbent, and the initial concentration of MO on the 
removal of MO colorant in an aqueous solution by Fe-
MOF and CoFe-MOF samples were then investigated. 
For the effect of time, the adsorption reached 
equilibrium within 240 min under the conditions of 
fixed pH, adsorbent dosage, and initial MO 
concentration (Fig. 5(a)). The MO adsorption capacity 
of CoFe-MOF took place quickly within 60 min with an 
adsorption capacity of 105.2 mg/g. In contrast, the 
adsorption  capacity of  Fe-MOF  material  only  reached  
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Fig 5. Effect of time (a), dose (b) and MO concentration initial (c) on the adsorption capacity of Fe-MOF and CoFe-
MOF 
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95.7 mg/g after 60 min, and it took another 30 min to 
achieve the adsorption capacity of 100.6 mg/g. To increase 
the MO processing capacity, the amount of investigated 
material was in the range of 0.002–0.030 g/L, with other 
conditions being fixed. The results of Fig. 5(b) show that 
the adsorption capacity of both materials tends to sharply 
decrease when increasing the adsorbent dosage. Typically, 
CoFe-MOF at the concentration of 0.005 g/L has a much 
higher MO removal capacity (125.7 mg/g) than Fe-MOF 
at the concentration of 102.9 mg/g. Such an increase in 
MO removal efficiency may be dependent on increasing 
the adsorbent dosage, yet using a high dosage can reduce 
the diffusion capacity of the solution to the surface or 
change the physical properties of the material. The effect 
of the initial MO concentration (30–300 ppm) on the 
adsorption capacity was also evaluated in Fig. 5(c). The 
results have shown that the adsorption capacity strongly 
depends on the initial concentration of MO, with the 
highest MO removal capacity of Fe-MOF being 130.5 mg/g 
at the concentration of 100 ppm, while that of CoFe-MOF 
being 137.6 mg/g at the concentration of 200 ppm. When 
continuing to increase the MO concentration, the 
adsorption capacity decreased markedly since once the 
adsorption process have reached an equilibrium state, the 
MO residue was still high, thus filling the surface of the 
material. The influence of the pH factor is considered 
essential in the adsorption process, suggesting that the 
interaction between the surface of the adsorbent and the 
charge of the dye is an electrostatic interaction necessary 
for the adsorption mechanism. In addition, the size of the 
dye molecules (MO) is also considered a key factor in the 
adsorption process. The strong interaction can cause the 
migration of the dyes closer to the adsorbent and cause 

the dyes to be adsorbed rapidly. Besides, the π–π 
interaction of materials and aromatic rings of MO also 
facilitated the adsorption process [25]. 

In this study, the MO adsorption kinetics was 
evaluated based on four models of pseudo-first order 
and pseudo-second order. The results of the kinetic 
constants of both models are listed in Table 1 and Fig. 
6(a). The influence of the contact time of the MO 
adsorption on CoFe-MOF was investigated from 0 to 
240 min. According to Fig. 6(a), the equilibrium 
adsorption time was obtained at 60 min. Results have 
shown that the MO adsorption kinetics is suitable for 
both pseudo-first-order and pseudo-second-order 
models with correlation coefficients R2 of 0.993 and 
0.998, respectively. Therefore, the adsorption of MO on 
CoFe-MOF materials was chemisorption through the 
electrostatic interaction between the adsorbents. 

To describe the adsorption behavior of CoFe-MOF 
materials, Langmuir and Freundlich's models are used to 
assume that the adsorption mechanism occurs on the 
surface of the material. Fig. 6(b) shows the effect of 
different concentrations (30 to 300 mg/L) on the 
equilibrium adsorption capacity of MO. From the study 
of Langmuir and Freundlich adsorption isotherm 
models, it can be seen that the experimental data are 
more consistent with the Langmuir isotherm model 
(Table 2). The Langmuir correlation coefficient R2 is 
0.982, which is larger than the Freundlich correlation 
coefficient R2 (0.969). According to calculations from 
the Langmuir adsorption heat transfer equation, the 
maximum adsorption capacity (Qm) is 136.19 mg/g. The 
results confirm that the Langmuir isotherm can be used 
to study the adsorption process. 

Table 1. The adsorption kinetic constants 
Kinetic models Equation Parameters Value 

Pseudo-first-order Qt = Q1 (1 – exp(-k1t)) 
k1 (min−1/(mg/L)1/n) 

Q1 (mg/g) 
R2 

0.21 
104.34 
0.993 

Pseudo-second-order Qt = ୲
భ

ౡమ్మ
మା

౪
్మ

 
k2

.104 (g/(mg.min)) 
Q2 (mg/g) 

R2 

0.0054 
106.79 
0.998 
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Fig 6. Kinetic and isothermal model of MO adsorption onto CoFe-MOF 

Table 2. The adsorption isotherm constants 
Kinetic models Equation Parameters Value 

Langmuir 
Qe= ୕ౣైେ

ଵାైେ
 

RL = ଵ

ଵାైେ
 

KL (L/mg) 
Qm (mg/g) 

R2 

0.093 
136.19 
0.982 

Freundlich Qe = KFCୣ
ଵ/୬ 

KF (mg/g)/(mg/L)1/n 
1/n 
R2 

74.56 
1/0.1024 

0.969 
 
■ CONCLUSION 

Fe-MOF and CoFe-MOF adsorbents were 
successfully synthesized at 150 °C by using the 
solvothermal method and DMF as the solvent. The results 
have shown that the CoFe-MOF material sample has a 
higher adsorption capacity than Fe-MOF in terms of MO 
removal. In acidic media (pH 4), the adsorption capacity 
reached 137.6 mg/g at the MO concentration of 200 ppm, 
the adsorbent dosage was 0.005 g/L, and the time to reach 
equilibrium after 60 min. The interaction between MO 
and CoFe-MOF dyes has been demonstrated through two 
kinetic models, i.e., pseudo–first order and pseudo-
second order, and adsorption equilibrium data which is 
consistent with Langmuir isotherm with a maximum 
adsorption capacity of 136.19 mg/g. 
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 Abstract: Spectroscopic method in the UV-Vis region is considered the most molecular 
spectrometric method for content determination of a single component. However, a lot of 
pharmaceutical dosage forms comprise two or more components which lead to peak 
overlapping. Moreover, in the chemical stability test, active pharmaceutical ingredient 
(API) was also found along with the degradation products, impurities, and adulterant 
compounds. UV-Vis spectroscopy is one of the methods of choice for the determination or 
quantification of a single component in pharmaceutical preparations. The 
pharmaceutical products typically contain two or more APIs having chromophoric agents 
capable of absorbing UV-Vis beams and the absorbance values are summative from the 
absorption of each UV-Vis active compound according to the additive nature of Lambert-
Beer law. The main problem for the simultaneous determination of API along with 
impurities and the degradation products in pharmaceutical preparations is the presence 
of overlapping peaks of UV-Vis spectra. The chemometrics-assisted spectroscopy is one of 
the analytical efforts to solve these problems. This review highlighted the application of 
chemometrics in combination with UV-Vis spectroscopy for the assay of API, impurities, 
adulteration issues and degradation products present in pharmaceutical dosage forms. 

Keywords: UV-Vis spectroscopy; chemometrics; API; degradation products; 
pharmaceutical dosage forms 
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GA-PLS = Genetic algorithm partial least square 
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GMI = Gemifloxacin 
GRV = Grazoprevir 
GUA = Guaifenesin 
HB = p-Hydroxybenzaldehyde 
HCT = Hydrochlorothiazide 
HP = Haloperidol 
HPLC = High-performance liquid chromatography 
IBU = Ibuprofen 
IMB = Imatinib 
IMD = Imidapril hydrochloride 
ISX = Isoxsuprine 
LAM = Lamivudine 
LDV = Ledipasvir 
LES = Lesinurad 
LEV = Levodopa 

LS-SVM = Least squares support vector machine 
LV = Latent variable 
MCR = Mean centering ratio spectra 
MET = Metformin hydrochloride 
MF = Mometazone furoate 
MNZ = 2-Methyl-5-nitro-1H-imidazole 
MP = Methylparaben 
MTZ = Metamizole 
NAP = Naproxen 
NAPH = Naphazoline hydrochloride 
NEO = Neomycin 
NF = Norfloxacin 
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OXI = Oxidative degradation products  
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PCT = Paracetamol 
PH = Phenobarbitone 
PHE = Phenylephrine 
PHEN = Phenylephrine hydrochloride 
PHZ = Phenazopyridine hydrochloride 
PIM = Pimozide 
PIO = Pioglitazone 
PLSR = Partial least square regression 
PP = Papaverine hydrochloride 
PROPI = Propyphenazone 
PrP = Propylparaben 
PZ = Prazosin 
RAM = Ramipril 
RIS = Risperidone 
ROS = Rosuvastatin Calcium 
RMSEC = Root mean square error of calibration 
RMSECV = Root mean square error of cross-validation 
RMSEP = Root mean square error of prediction 
RSE = Relative standard error 
SAX = Saxagliptin 
SFB = Sofosbuvir 
SL = Salbutamol sulfate 
SMLR = Stepwise multiple linear regression 
SMT = Simvastatin 
SOF = Sofosbuvir 
SPR = Spironolactone 
SRA = Spectral residual augmented 
STA = Stavudine 
STG = Sitagliptin 
SVR = Support vector regression 
TAF = Tenofovir alafenamide fumarate 
TC = Thiocolchicoside 
THEO = Theophylline 
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TMP = Trimethoprim 
TRM = Tramadol 
TZ = Tinidazole 
VAL = Valsartan 

VDG = Vildagliptin 
VEP = Velpatasvir 
VNC = Vancomycin 
GLZ = Gliclazide 

 
■ INTRODUCTION 

Spectroscopy is a discipline concerned with the 
interaction between electromagnetic radiation in certain 
wavelengths and samples. Ultraviolet-Visible (UV-Vis) 
spectrophotometry is a common analytical method used 
in the routine analytical laboratory and pharmaceutical 
industry due to its simplicity and rapidity. The versatility 
of instruments, the simplicity of analytical procedures, 
and the method performance make UV-Vis spectroscopic 
method widely used for content determination of 
pharmaceutical dosage forms. This spectroscopic 
technique is also more economical compared to other 
spectroscopic techniques like infrared and NMR and 
other instrumental methods like chromatography and 
electrophoresis [1-2]. In UV-Vis spectroscopy, electrons 
in analytes absorbing UV radiation (200–400 nm) and 
visible radiation (400–800 nm) are excited from the 
ground state into excited states. UV-Vis spectroscopy is 
quantized, in which only electromagnetic radiation with a 
precise energy level can make electronic transitions [3]. 

UV-Vis spectroscopy is a method of choice for the 
determination of a single component in pharmaceutical 
preparations. Unfortunately, pharmaceutical products 
typically contain two or more active pharmaceutical 
products having chromophoric agents capable of 
absorbing UV-Vis beams [4], causing signal overlapping 
that challenges the analysis. Quantitative analysis of 
spectroscopic methods is based on Lambert-Beer’s law, 
which relates to the absorbance and concentration of 
analytes, as depicted in Eq. (1). 
A abc  (1) 
in which A is the absorbance value, a is the specific 
absorptivity of analytes which depends on wavelength and 
solvents used, b is the cuvette thickness, and c expresses 
the concentration of analytes. 

The main challenge of UV-Vis spectroscopy for 
simultaneous quantitative analysis of more than one 
active chromophoric compound in the same mixtures is 

the presence of overlapping UV spectra. Consequently, 
the absorbance value in a certain wavelength is added 
from each chromophoric compound in the mixture. 
Under computer-controlled spectrophotometers, some 
efforts have been made to resolve the overlapping UV-
Vis spectra coming from the mixtures of compounds, 
including derivative spectrophotometry or its 
combination with chemometrics [5-6], Vierordt’s 
method and its modified method [7], H-point standard 
addition method [8], and chemometrics of multivariate 
calibration such as CLS, SMLR, PCR, PLSR, GA-PLS and 
ANNs [9]. 

■ METHOD 

Reputable databases including Scopus 
(http://www.scopus.com/), Web of Science 
(http://webofknowledge.com/), DOAJ (doaj.org), 
ScienceDirect (http://www.sciencedirect.com/), 
PubMed (http://www.ncbi.nlm.nih.gov/pubmed), 
Springer Link (http://link.springer.com/), American 
Chemical Society (https://pubs.acs.org/), Wiley Online 
Library (http://onlinelibrary.wiley.com/), recognized 
books, abstracts and non-indexed journals were 
explored while searching the literature. The keywords 
used were “UV-Vis spectroscopy”, “Chemometrics”, 
“UV-Vis spectroscopy for assay for Active 
Pharmaceutical Ingredients”, “UV-Vis spectroscopy for 
assay for Pharmaceutical Products”. This procedure was 
adopted by Hosssain et al. [10]. 

■ DISCUSSION 

Chemometrics 

Chemometric methods are powerful tools used in 
analytical chemistry to extract chemical data into more 
understandable information. The application of 
chemometrics in the quality control of pharmaceutical 
products is continuously increasing due to the advanced 
development in statistical software and instrumentation 
that allow the exploration of new issues in analytical 
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chemistry [10]. The term chemometrics originated from 
the word kemometri (kemo refers to chemistry and metri 
refers to measure) and was first introduced by Svante 
Wold in 1972. Chemometrics is considered an 
interdisciplinary study combining mathematical and 
statistical methods with chemistry to extract chemical 
information from chemical data. Chemometrics is a 
science related to the measurements of responses, 
including from UV-Vis spectra, to be extracted into more 
understandable information [11]. In spectroscopic 
applications, the chemometric techniques widely used in 
pharmaceutical analysis are UV-Vis spectral processing, 
pattern recognition or classification methods, and 
regression methods using multivariate data [12], as shown 
in Fig. 1. 

Among chemometrics techniques, multivariate 
calibrations such as CLS, SMLR, PCR, PLSR, GA-PLS, 

and ANNs [9] are typically used. PCR and PLSR 
methods are considered inverse calibration methods in 
which the concentrations in y-axes are modeled using 
absorbance values in x-axes [13]. The inverse calibration 
of PLS and PCR in which the concentration (y-axis) is 
modeled with UV-Vis spectra (x-axis) is the most widely 
multivariate calibration applied for the quantitative 
analysis of API, degradation products, and impurities with 
overlapping UV-Vis spectra. Multivariate calibrations 
offered reliable prediction models of analytes because 
they used some absorbances in large wavenumber ranges, 
thus enhancing the model's accuracy. In PCR and PLSR, 
the original variables were converted to LVs, and then 
LVs used as variables to be modeled with analyte 
concentrations. The phenomena of under-fitting and 
over-fitting must be considered by comparing the model 
performances in calibration and validation models [14]. 

 
Fig 1. The Schematic representation regarding the chemometrics technique application using UV-Vis spectral 
absorbances variables. See list of abbreviation 
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Application of UV-Vis Spectroscopy and 
Chemometrics for Determination of Active 
Pharmaceutical Ingredients 

The combination of chemometrics with UV-Vis 
spectroscopy as a non-destructive analytical method has 
been widely employed to: (1) determine the levels of API 
in pharmaceutical preparations, (2) quantify APIs and 
their metabolites in the biological fluids, (3) determine the 
degradation products of APIs occurring during process 
and storage, (4) perform the quantitative analysis of 
impurities in APIs, and (5) identify the counterfeits in 
pharmaceutical products [15-17]. 

UV-Vis spectra contain a lot of data that can be used 
for multivariate analysis. The absorbance values could be 
extracted for the analytical assay of the targeted 
compounds. To analyze multiple compounds, 
chemometrics is required to obtain more selective and 
sensitive results. The spectra pre-processing treatments 
could be applied prior to data extraction, such as spectra 
normalization, baseline correction, and spectra 
derivatization, to improve the analysis results. Hundreds 
of variables resulting from data extraction are used for 
chemometrics analysis. Several data pre-processing could 
also be applied before chemometrics analysis, such as data 
scaling and mean-centering to obtain good data variation. 
For quantitative analysis, multivariate calibrations of PLS 
and PCR could predict the concentration of compounds 
with high accuracy and high precision using the 
optimized variables. PLSR searches the latent variables 
which have essential roles in concentration prediction. 
Meanwhile, PCR builds a regression model using factors 
from principal components generated from variables. The 
optimization of variables was evaluated using the 
coefficient of determination (R2) both in the calibration 
and validation model to measure good fitness and error 
values demonstrated by RMSEC, RMSEP, and RMSECV. 
High R2 values and low error values are required to be 
categorized as good models. Chemometrics offers 
advantages for the simultaneous analysis of analytes. 
However, the calibration model used for certain 
pharmaceutical products could not be extended to other 
formulations with different compositions. Therefore, the 

different formulas of pharmaceutical products need new 
model optimization of the multivariate calibrations [18]. 

Assay of Active Pharmaceutical Ingredients in 
Pharmaceutical Dosage Form 

Table 1 compiled the reported publications 
regarding the use of UV-Vis spectroscopic methods in 
combination with multivariate calibrations for the 
determination of API in raw materials and in 
pharmaceutical preparations. Multivariate calibration-
assisted UV spectroscopy was developed for the 
simultaneous analysis of four APIs, namely PCT, DPH, 
CAFF, and PHEN in the tablet. Seventeen samples 
mixture of these ingredients prepared in different ratios 
were used for PCR and PLSR analysis. UV measurement 
was performed at 240–320 nm with an interval of 1 nm. 
The UV spectra were then extracted for PCR and PLSR 
analysis. Additionally, HPLC analysis was performed 
coupled with chemometrics for the assay of PCT, DPH, 
CAFF, and PHEN. HPLC was carried out in isocratic 
mode using the mobile phase of MeOH-KH2PO4 buffer 
(pH 3, 10 mM) (50:50 v/v) delivered isocratically at 
0.81 mL/min. Compound separation was performed 
using a Phenomenex ODS column and the detection of 
analytes was carried out at 220 nm. The HPLC method 
was validated by determining the performance 
characteristics, including linearity, selectivity, accuracy, 
precision, and robustness. The results obtained from UV 
spectroscopy measurement were compared statistically 
with the results obtained using the HPLC method. The 
initial step in UV measurement was wavelength 
optimization providing the best calibration models 
providing the best predictive capability between actual 
and predicted values of analytes using PCR and PLSR, as 
indicated by the highest R2 and low RMSEC, RMSEP and 
RMSECV. Finally, the absorbance values at 240–320 nm 
applying an interval of 1 nm were selected. The 
calibration and validation samples were prepared in the 
concentration ranges of 2–16, 80–400, 4–14, and 20–
120 μg/mL for PCT, DPH, CAFF and PHEN, 
respectively. The results showed that PCR and PLSR 
showed good accuracy and precision at the selected 
variables (PCs and LVs) with  low values of RMSEC and  



Indones. J. Chem., 2023, 23 (2), 542 - 567    

 

Laela Hayu Nurani et al.   
 

547 

Table 1. The use of spectroscopy UV-Vis in combination with chemometrics for determination of active 
pharmaceutical ingredients in pharmaceutical dosage forms* 

Drugs Chemometrics Wavelength Pharmaceutical 
dosage form 

Sample preparation Results Ref. 

PCT and CAFF PLSR and ANN 205–300 nm with 
an interval of 1 
nm 

Tablet The calibration and 
validation samples were 
prepared in 
concentration levels of 
8.0–40.0 μg/mL (PCT) 
and 5.0–36.0 μg/mL 
(CAFF). The powdered 
tablet was dissolved in 
methanol. 

ANN revealed a better 
prediction model than PLSR. 
Using ANN, the R2-values 
were 99.28% (PCT) and 
99.13% (CAFF). The recovery 
percentages of PCT and 
CAFF were 75–86% and 77–
92% from labeled claims for 
PCT and CAFF, respectively. 

[34] 

PCT, ENM and 
HCT 

MLR, CLS, and 
TLRC 

200–320 nm with 
an interval of 1 
nm 

Invozide® tablet 
containing 325 mg 
PCT, 25 mg HCT 
10 mg ENM 

The standard solutions 
in the range of 5–35 
μg/mL (PCT), 1.5–40 
μg/mL (HCT) and 5–40 
μg/mL (ENM) were 
prepared. Tablet was 
powdered, added with 
methanol 0.1 M in HCl 
and filtered. 

TLRC, MLRC and CLS were 
accurate and valid for the 
prediction of these drugs. 
ANOVA-test revelated that 
the recoveries obtained using 
these three methods and 
HPLC did not differ 
significantly (p > 0.05).  

[35] 

ET and TC PLS, PCR, and 
CLS 

Absorbance was 
measured in 
240–440 nm with 
an interval of 1 
nm. 

Tablet containing 
of 400 mg ET and 
8 mg TC.  

Calibration samples (25 
sets) and validation 
samples (8 sets) in the 
binary mixture 
consisting of ET in the 
range of 15–75 μg/mL 
and TC in the range of 
1–10 μg/mL through 
factorial design. 
Methanol is used as 
extracting solvent. The 
mixture was sonicated for 
15 min. 

All multivariate calibrations 
(PLSR, PCR, and CLS) 
yielded acceptable validation 
parameters. PLSR and PCR 
offered better calibration and 
validation models. The 
recovery percentages 
obtained in tablet using PLS, 
PCR, and CLS were 98.26, 
98.16, and 98.17% for ET as 
well as 99.14, 98.26, and 
98.15% for TC. 

[36] 

CPX and ONZ. PLS and PCR 267–330 nm with 
interval λ of 0.5 
nm 

Tablet, containing 
CPX 500 mg and 
ONZ 500 mg 

The calibration and 
validation sample sets (36 
mixtures) with 
concentration ranges of 
2.0–12.0 μg/mL. The 
powder is dissolved in 
methanol and sonicated 
for 15 min. 

Both PLS and PCR methods 
resulted in R2 of 0.9893–
0.9949 either in calibration or 
validation models. The 
percentages of recovery were 
101.6-102.0%. RMSEP and 
RMSEC values were 0.26–
0.35.  

[37] 

CPX and DOX PLSR and PCR 200–400 nm with 
intervals 2 nm 

CPX tablets labeled 
to contain 500 mg 
and DOX capsule 
labeled to contain 
100 mg 

Calibration and 
validation samples were 
prepared in the 
concentration ranges of 
1–10 μg/mL for CPX and 
5–25 μg/mL for DOX. 
The powdered tablets or 
capsules were added with 

PLSR and PCR models 
previously optimized were 
accurate and precise for the 
prediction of CPX and DOX 
in the samples with recovery 
percentages of 97.50–
101.87% and RSD values < 
2%. RMSEP and RMSEC 

[38] 
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aquadest, ultrasonicated 
for 15 min, filtrated, and 
subjected to UV spectra 
measurement. 

values were 0.142–0.208 and 
0.278–0.824. High recoveries 
and low values of RSD, 
RMSEC and RMSECV 
indicated that the developed 
method was acceptable for 
predicting unknown samples 
containing CPX and DOX. 

ATV and EZT PLSR and PCR 230–260 nm with 
an interval of 0.5 
nm 

Tablet, containing 
ATV 10 mg and 
EZT 10 mg 

Twenty-eight (28) 
calibration sample sets 
and eight (8) validation 
sample set at the level of 
5.0–30.0 μg/mL were 
prepared. The powder 
was dissolved in 
methanol. 

Both PLSR and PCR resulted 
in recovery percentages of 
about 100% (for accuracy 
studies) with RSD values 
< 2% (for precision studies). 
The LoD and LoQ values 
using PLS or PCR were 0.53 
and 1.61 μg/mL (ATV) and 
0.18 and 0.57 μg/mL (EZT). 

[39] 

MET and GLZ PLSR and CLS 220–278 nm with 
an interval of 3 
nm 

Tablet Fixed Dose 
Combination 
(FDC) containing 
500 mg MET and 
GLZ 30–80 mg 

The concentration 
ranges were 8–20 μg/mL 
(MET) and 1–5 μg/mL 
(GLZ). FDC Tablet was 
powdered, added with 
MeOH and sonicated for 
10 min, filtered, and 
scanned. 

PLSR offered a better 
accuracy model than CLS. 
The values of LOD using 
PLSR were 0.0965 μg/mL 
(MET) and 0.0441 μg/mL 
(GLZ). 

[40] 

PCT, PROPI, 
and CAFF 

PLSR 220–313 nm with 
an interval of 3 
nm 

Tablet containing 
250 mg PCT, 150 
mg PROPI, and 50 
mg CAFF  

Tablet was powdered, 
dissolved with methanol, 
sonicated for 10 min, 
filtered, and scanned. 

The R2 values for the 
relationship between actual 
and calculated values were 
0.9994, 0.9878, and 0.9919 for 
PCT, PROPI, and CAFF, 
respectively. RMSEC values 
were 0.027–0.082%. The 
recovery percentages 
obtained were 90.70, 90.49, 
103.38% for PCT, PROPI, 
and CAFF from the labeled 
claim. 

[41] 

BET and NEO) PLSR 200–400 nm Cream containing 
BET 1 mg and 
NEO 5 mg 

Creams were added with 
96% EtOH and 
homogenized. The 
mixture was subjected to 
sonication for 15 min. 
The standard addition 
method was used by 
spiking samples with 
standard solutions. 

The recovery percentages of 
BET and NEO were 91.35% 
and 97.56% from labeled 
claimed. RSD values for BET 
and NEO were 0.93% and 
1.73%. RMSEC values were 
0.0230 and 0.3553, with 
RMSEP values of 0.1558 and 
0.0820. The predictive ability 
of the developed method 
meets the requirement for 
cream dosage form according 
to USP XXX. 

[42] 

VEP and SOF CLS, PCR, 
PLSR and 
GAPLS  

230–400 nm with 
an interval 1 nm 

Tablet consisted of 
VEP 100 mg and 
SOF 400 mg. 

VEP and SOF were 
prepared in the levels of 
5–9 μg/mL and 24–

The recovery percentages and 
RSD values of VEP and SOF 
using CLS, PCR, PLS, and 

[43] 
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32 μg/mL. The powdered 
tablet was dissolved in 
methanol. 

GAPLS are acceptable. One-
way ANOVA indicated that 
there is no significant 
difference (p > 0.05) for four 
recoveries. 

EBV and GRV ANN and 
GAANN 
models 

230–400 nm with 
1 nm interval 

Tablets containing 
of EBV 50 mg and 
GRV100 mg. 

13 calibration samples 
and 12 validation 
samples at levels of 1–9 
μg/mL EBV and 6–14 
μg/mL GRV. The 
powdered tablet was 
dissolved in methanol. 

The recovery percentages 
were in the range of 99.76–
100.27%. RMSEC and 
RMSEP values were 0.1247–
0.2968 and 0.2065–0.3018. 
The results obtained using 
UV spectroscopy combined 
with ANN and GAANN do 
not differ statistically from 
HPLC method based on 
ANOVA test. 

[44] 

LES and ALP PLSR, PCR, and 
GAPLS 

240–280 nm with 
an interval of 1 
nm 

172, Tablets 
containing 200 mg 
LES and 300 mg 
ALP 

Thirteen sample 
mixtures were applied in 
the calibration set, and 
twelve samples were used 
in the validation set at 
levels of 4–12 μg/mL LES 
and 6–18 μg/mL ALP. 
The powdered tablet was 
dissolved in methanol. 

All multivariate calibrations 
were acceptable, as indicated 
by R2 and low values. The 
mean recoveries for LES and 
ALP were 99.56 and 99.85 
(PCR), 100.63 and 100.73 
(PLSR), 100.37 and 100.01 
(GAPLS). There is no 
significant difference 
(p > 0.05) between UV 
spectroscopy combined with 
PLSR, PCR, and GAPLS with 
HPLC method. 

[45] 

PHEN and CTM CLS and PCR 200–400 nm with 
an interval of 3 
nm 

Sine Up syrup 
labeled to contain 
100 mg% PHEN 
and 50% CTM 

10 calibration solutions 
and 10 validation 
solutions with 
concentrations range 10–
60 μg/mL (PHEN) and 
4–30 μg/mL (CTM). 

Determination of PHEN and 
CTM in authentic, 
laboratory-made samples and 
syrup dosage form using CLS 
and PCR resulted in 
acceptable values of 
recoveries (98.1–100.7%). UV 
spectroscopy is comparable 
with HPLC (P > 0.05). 

[46] 

DRV and CBS CLS and PLSR UV spectra at 
235–285 nm with 
an interval of 1 
nm 

Binary mixture 
and tablets. Tablet 
consisted of DRV 
800 mg and CBS 
150 mg. 

Twenty-five and eight 
samples for calibration 
and validation datasets 
were designed using the 
experimental design of a 
multilevel multifactor 
with concentration 
ranges of 5–30 μg/mL 
either in DRV or CBS. 

Both PLSR and CLS methods 
provide high R2 (0.996–0.999) 
for DRV and CBS. PLSR 
provided better sensitivity 
and accuracy than CLS. The 
recoveries of DRV and CBS 
in tablets using PLS were 
99.71 ± 0.13 and 99.27 ± 0.54. 
ANOVA test informed that 
there is no significant 
difference (p > 0.05) between 
UV spectroscopy-
multivariate calibrations and 
HPLC method. 

[47] 
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GLM and PIO  Residual 
augmented CLS 
(ARCLS), PCR, 
and PLSR 

215–235 nm in 
the intervals of 
Δλ of 0.4 nm 

Amaglust® tablets 
containing 4 mg 
GLM and 30 mg 
PIO 

Set calibration and 
validation mixtures were 
prepared with 
concentration ranges of 
24–60 μg/mL for PIO 
and 3.2–8 μg/mL for 
GLM. The powder 
equivalent to PIO 30 mg 
and GLM 4 mg was 
dissolved with ACN, 
sonicated for 15 min and 
filtered using filter paper 
0.45 μm. 

PLSR and PCR were selected 
because the statistical 
performances were 
acceptable, as indicated by 
high R2 and low values of 
RMSEC, RMSEP, and 
RMSECV. There is no 
significant difference for 
mean recovery between the 
HPLC and UV spectroscopy-
PLSR, UV-PCR and UV-
ARCLS. 

[48] 

AML and VAL 
related 

ANN and LS-
SVM 

200−500 nm 
with an interval 
of 1 nm 

Tablet dosage 
forms containing 
10 mg AML and 
160 mg VAL  

The standard solutions 
used as calibration and 
validation samples were 
prepared with levels of 
5−25 μg/mL AML and 
9−5 μg/mL VAL. Ethanol 
was used as the solvent. 

LS-SVM is the preferred 
method offering recovery 
percentages of 100.22% (RSD 
of 2.719%) for AML and 
100.37% (RSD of 0.7342%) 
for VAL. No significant 
differences were observed (p 
> 0.05) between HPLC and 
the proposed method. 

[49] 

ATN, RAM, 
HCT, SMT and 
ASP 

PLSR and 
Genetic 
algorithms-PLS 

210–330 nm with 
interval of 1 nm 

Polycap™ capsules 
containing ATN50 
mg, HCT 12.5 mg, 
RAM 5 mg, SMT 
20 mg and ASP100 
mg. 

The calibration and 
validation solutions were 
prepared in methanol 
with levels of 6–22, 4–16, 
10–30, 10–30 and 2–8 
μg/mL for ASP, SMT, 
ATN, RAM, and HCT, 
respectively. 

The recovery percentages 
obtained using PLSR, GA-
PLS and HPLC methods are 
not significantly different (p 
> 0.05) using ANOVA test. 
The recovery percentages of 
all drugs were in the range of 
98.06–100.07%. 

[50] 

Sulphonamides 
and TMP 

CLS, PCR and 
PLSR 

200–350 nm with 
an interval of 1 
nm 

Tablets of 
Sulphonamides 
(sulfadiazine, 
sulfamethoxazole, 
sulfadimidine and 
sulphanilamide) 

The synthetic mixtures 
containing these 
compounds were used in 
calibration (16 mixtures) 
and validation (16 
samples) models 
spanning the 
concentration ranges of 
2–6 μg/mL. 

PLSR and PCR provide better 
prediction models than CLS. 
The percentages of relative 
errors were 2–10%. The 
recovery percentages were 
close to 100% indicating that 
UV spectra combined with 
PLS and PCR were accurate 
and precise for 
sulphonamides drugs 
analysis. 

[51] 

VEP and SOF ANN and 
GAANN 

UV spectra at 
200–380 nm with 
an interval of 1 
nm  

Tablets (VEP 100 
mg and SOF 400 
mg) 

Tablet was powdered, 
added with methanol, 
filtered, and subjected to 
UV spectral 
measurement. The 
calibration and 
validation sets were 
prepared with levels of 
5–9 μg/mL VEP and 24-
30 μg/mL SOF. 

Both methods offered 
acceptable accuracy and 
precision with recovery 
percentages of 99.48–
100.75% (VEF and SOF). 
RSD values were < 2%. No 
significant difference between 
the student t-test and the F-
test. 

[52] 

LEV and CAR PLSR UV spectra at 
200–300 nm and 

Five laboratory 
samples were made 

LEV was prepared at 
15.4–57.1 μg/mL and 

LEV and CAR can be 
simultaneously analyzed 

[53] 
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at 300–600 nm 
after reaction 
with KIO4 

by mixing LEV 
and CAR and 
tablet formulation 

CAR at 3.4–17.1 μg/mL. 
The powder was added 
with 0.1 M HCl, 
sonicated for 30 min, 
centrifugation at 3500 
rpm for 15 min and 
filtered. 

using PLSR without sample 
pre-treatment. No significant 
difference between the 
proposed and HPLC methods 
(p > 0.05). 

Quaternary 
mixture of IMB, 
GMI, NLP and 
NAP 

PLSR using 
normal and 
derivative 
spectra 

200–400 nm with 
0.2 nm intervals 

Tablets containing 
100 mg IMB per 
tablet, 320 mg 
GMI per tablet, 
500 mg NAP per 
tablet and ampule 
containing 20 mg 
NLP per mL 

Concentration of IMB, 
GMI, NLP and NAP in 
the calibration and 
validation sets were 4–8, 
3–11, 10–18, and 1–3 
μg/mL, respectively. For 
tablet: the powder was 
added with MeOH, 
sonicated for 30 min, 
filtered, and scanned. 

PLSR using original (normal) 
and first derivative spectra 
provide a close correlation 
between predicted values and 
labeled claims with recovery 
percentages of 98.5–102.4%. 

[54] 

EMP and MET PLS-2 200–300 nm with 
0.1 nm intervals 

Tablets containing 
12.5 mg EMP and 
500 mg MET per 
tablet 

Both EMP and MET in 
calibration and 
validation sets were 
prepared in the 
concentration ranges of 
2–10 μg/mL. The 
powdered tablet was 
dissolved with methanol. 

The levels of EMP and MET 
in the tablet yielded the mean 
of the recovery percentages 
and SD was 95.57% ± 0.49 
and 102.16% ± 0.35, 
respectively using PLS-2 
method. T-test of recovery 
percentages showed no 
significant difference between 
UV-PLS-2 and UPLC. 

[55] 

DP, PH, and PP PLSR and PCR 200–380 nm with 
1 nm intervals 

Tablet containing 
DP150 mg, PH 20 
mg, and PP 30 mg. 

Calibration and 
validation sets were 
prepared using 23 
sample mixtures at 
ranges of 10–25 μg/mL 
for DP and 1.5–5 μg/mL 
for PH and PP. 
Powdered tablet was 
dissolved with methanol. 

Both multivariate calibration 
methods were reliable for 
simultaneous quantification 
of DP, PH and PP as 
indicated by high R2 and low 
values of RMSEC and 
RMSECV. Student’s t-test 
and the F-ratio showed no 
significant differences 
observed (p > 0.05) between 
HPLC and the proposed 
methods. 

[56] 

THEO PLSR 210–350 nm with 
an interval of 1 
nm 

Syrup containing 
8.0 mg/mL THEO 

Syrups containing THEO 
were subjected to 
dilution with NaOH 0.1 
M. 

PLS could accurately predict 
the levels of THEO in syrup. 
There is no significant 
difference for THEO levels 
using UV spectroscopy-PLS 
and HPLC methods. 

[57] 

GUA, SL, with 
the presence of 
preservatives of 
MP and PrP 

PLSR and PCR 232–300 nm with 
intervals of 0.8 
nm 

Syrup (5 mL) 
containing GUA 
50 mg, SL 2 mg, 
MP 3 mg and PrP 
1.5 mg  

A training set of 25 
mixtures in calibration 
and validation sets in 0.1 
M NaOH with a 
concentration range of 
20–60, 1–3, 1–5, and 0.6–
1.8 μg/mL for GUA, SL, 
MP, and PrP, 

Both methods could provide 
accurate and precise results 
with recovery percentages (± 
SD) of 100.0–100.1% (± 0.15–
0.48). One-way ANOVA 
indicated that both methods 
were not significantly 

[58] 
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respectively. Syrup was 
diluted with NaOH 0.1 
M. 

different to HPLC method 
with a P-value of > 0.05. 

AC and BX with 
the presence of 
preservatives of 
MP and PP. 

PLSR and PCR 235–275 nm with 
an interval of 0.4 
nm 

Each 5 mL Syrup 
contains AC 100 
mg, BX 4 mg, MP 
4.5 mg, and PP 0.5 
mg. 

A training set of 25 
mixtures in calibration 
and validation sets 0.1M 
HCl in the concentration 
range of 20–80, 1–5, 1–5, 
and 0.2–1.8 μg/mL for 
AC, BX, MP and PP, 
respectively. Syrup was 
diluted with HCl 0.1 M. 

Both methods could provide 
reliable results with recovery 
percentages (± SD) of 99.8–
100.1% (± 0.13-2.10). One-
way ANOVA indicated that 
both methods were not 
significantly different to 
HPLC method with a P-value 
of > 0.05. 

[58] 

LAM and STA CLS and PCR 200–310 nm with 
an interval of 1 
nm 

Tablet containing 
150 mg LAM and 
30 mg STA 

Standard solutions were 
prepared for calibration 
and validation sets at 
levels of 2–12 and 3–15 
μg/mL for LAM and 
STA. The powdered 
tablet was diluted with 
0.1 M HCl, sonicated, 
and filtered. 

The methods were accurate, 
with acceptable recoveries in 
most cases. The deviation 
ranges of LAM and STA 
between actual and predicted 
were 0.28% and 1.57% (CLS), 
0.03% and 1.77% (PCR), 
respectively. 

[59] 

PCT and TRM PLSR and GA-
PLS 

200–320 nm with 
interval 1 nm 

Tablets containing 
PCT 325 mg and 
Tramadol 37.5 mg. 

The working solution 
was in the range of 15–37 
μg/mL for PCT and 1.7–
4.3 μg/mL for TMD. A-
25 standard mixtures 
were used in the 
calibration and 
validation dataset. 

The reliable model was 
achieved using PLSR method 
for PCT with a mean 
recovery of 99.5% and RSE of 
0.89%. GA-PLS was the 
preferred method for TRM 
with a mean recovery of 
99.4% and RSE 1.69%. 

[60] 

MTZ, B1, and B6  Multivariate 
calibration of 
PLSR 

200–400 nm with 
a 2 nm interval 

The tablet dosage 
form containing 
500 mg of MET, 50 
mg of B1, 100 mg 
of B6, and 100 μg of 
B12 

The stock solutions were 
prepared freshly in HCl 
0.1 M and used for 
preparing 20 calibration 
samples and 10 
validation samples at 
levels of 9–48, 0.01–0.19, 
and 2–19 μg/mL for 
MET, B12, B1 and B6. 

The methods have good 
accuracy with R2 (RMSEP) 
values were 0.999 (0.3993%); 
0.999 (0.1926%); 0.999 
(0.1434%) for MET, B1 and 
B6, respectively. 

[61] 

SFB and LDV PLS, CWT, and 
DS 

200 to 400 nm 
with a 1 nm 
interval 

Commercial 
tablets containing 
SFB 400 mg and 
LDV 90 mg. 

The calibration and 
validation datasets were 
made at ranges of 24–64 
and 6–16 μg/mL in ACN 
for SFB and LDV, 
respectively. 

Each method has a good 
correlation coefficient with a 
value of R2 > 0.99. The 
method was compared with 
HPLC. ANOVA reveals there 
are no significant differences 
among methods (p > 0.05). 

[62] 

RIS and HP LS-SVM, FIS, 
ANFIS 

200–300 nm  Tablets containing 
RIS and HP 

The standard solutions 
in calibration and 
validation datasets were 
prepared in MeOH at 6–
75 μg/mL for RIS and 
HP. 

RMSE values using FIS and 
ANFIS models were 0.878, 
2.124, and 0.285, 0.206 for 
RIS and HP. ANOVA test 
exhibited no significant 
differences between the 

[63] 
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proposed and HPLC 
methods. 

VDG, SAX and 
STG 

PLSR, GA-PLS, 
ANN, and GA-
ANN 

190–400 nm with 
0.5 nm intervals 

Januvia® tablets 
(100 mg STG), 
Onglyza® tablets (5 
mg SAX), 
Galvus®tablets 
(50 mg VDG) 

Training sets in 
calibration and 
validation datasets were 
prepared at ranges of 10–
22, 24–40, and 82–130 
μg/mL for VDG, SAX, 
and STG, respectively. 

PLSR, GA-PLS, ANN, and 
GA-ANN were successfully 
developed for the prediction 
of analytes. No different 
results (p > 0.05) between the 
proposed method and HPLC. 
RMSEC values were low, 
indicating a precise method. 

[64] 

PIM CLS, PCR, and 
PLSR 

240–370 nm Orape forte® 
containing 4 mg of 
PIM per tablet 

The samples was 
prepared in a 
concentration range of 
30–60 μg/mL PIM in 
methanol, 20–60 μg/mL 
in alkaline, and 20–60 
μg/mL in Acidic 
solution. 

The proposed method was 
successful for PIM 
quantification in tablets 
without interference. No 
significant difference (p > 
0.05) between the proposed 
and HPLC methods. RMSEP 
values were 0.0030, 0.0028, 
and 0.0072 for CLS, PCR, and 
PLSR. 

[65] 

PCT, IBU and 
CAFF 

PLSR, GA-PLS, 
and PC-ANN 

200–400 nm with 
interval of 1 nm 

Tablet containing 
PCT 325 mg, IBU 
200 mg and CAFF 
40 mg. 

Standard solutions were 
prepared in MeOH -0.1 
M HCl (3:1). Two sets of 
calibration and 
validation samples were 
prepared in 25 and 20 
mixtures. 

UV spectra combined with 
these multivariate 
calibrations are accurate and 
precise methods as indicated 
by acceptable recoveries and 
RSD-values. 

[66] 

AML, VAL and 
HCT 

PLS-1, GA-PLS, 
ANN, GA-
ANN and 
PCA-ANN 

200–400 nm EXFORGE HCT® 
tablets containing 
AML5 mg, Val160 
mg, and HCT 12.5 
mg. 

Training sets used in 
calibration and 
validation data sets were 
prepared in methanol. 

The combination of UV 
spectra and five multivariate 
calibrations provide an 
accurate and precise 
quantitative analysis. 

[67] 

CEL and DIA CLS, ILS, PCR, 
and PLSR 

200–400 nm Capsule 
OSTEGARD®, 
Containing 100 mg 
and 200 mg. 

Twenty-five training sets 
in calibration and 
validation datasets were 
prepared in the range of 
5–25 μg/mL (CEL) and 
3–15 μg/mL (DIA). 

The proposed methods 
provide comparable results, 
and there are no significant 
differences among methods 
(p > 0.05). 

[68] 

HCT and BZ PLSR and SVR 220–350 nm Cibadrex® tablets 
containing 20 mg 
of BZ and 25 mg of 
HCT 

The stock solutions were 
made to obtain 100 
μg/mL of HCT and BZ 
and 30 μg/mL of HCT 
and DSA working 
solutions. The samples 
were dissolved in 
methanol, filtered, and 
diluted to obtain 100 
μg/mL working solution. 

UV spectra-multivariate 
calibrations provide accurate 
analysis of HCT and BZ in 
the presence of HCT 
impurities as indicated by 
acceptable mean percentage 
recoveries of 100.01–
101.01%, which are 
comparable to HPLC 
method. 

[69] 

SMT and EZT polynomial 
least squares 
based on 

200-400 nm Tablets (40 mg of 
SMT and 10 mg of 
EZT), Tablets (20 
mg SMT and 10 

Stock solutions were 
made at a concentration 
of 1 mg/mL of SMT and 
EZT, respectively. 

The proposed method is 
reliable for the simultaneous 
determination of drugs in 
mixtures with acceptable 

[70] 
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Savitzky-Golay 
(SG) filters. 

mg of EZT), 
Zocozet tablets (10 
mg SMT and EZT) 

Working solutions of 
SMT were made at a 
concentration of 100 
μg/mL of SMT and EZT. 

accuracy and precision. The 
method is successful in the 
analysis of raw materials and 
pharmaceutical preparations. 

PAR, GUA, and 
PHE 

CRACLS, 
MCR-ALS, 
PCA-ANN 

200-400 nm with 
2 nm intervals 

Panadol® COLD + 
FLU All in One 
Tablet (containing 
250 mg of PAR, 
100 mg GUA, and 
5 mg PHE) 

The standard solutions 
were made at 100 mg/mL 
in MeOH. The 
calibration and 
validation samples were 
made at ranges of 40–50, 
16–20, and 1–9 μg/mL 
for PAR, GUA, and PHE. 

The proposed method was 
valid for the simultaneous 
determination of PAR, GUA, 
and PHE in tablets without 
any separation step. 

[71] 

ENT, LEV and 
CAR 

Multivariate 
calibration of 
PLSR 

UV-Vis spectra 
at 200–600 nm 
with an interval 
at 2 nm 

Stalevo® tablets 
(market sample) 
nominally 
containing 200 mg 
ENT, 150 mg LEV 
and 37.5 mg of 
CAR per tablet 

The standard solutions of 
ENT, LEV and CAR at 
100, 300, and 300 μg/mL 
were dissolved in 
methanol-water (7:3). 

The developed method was 
reliable for simultaneous 
quantitative analysis of drugs 
in tablets without any 
separation step. 

[72] 

DPF and SAX FZM, FDM, 
and FRM 

200-400 nm Onglyza® tablets 
contain 5 mg SAX 
and Forxiga® 
tablets contain 10 
mg DPF per tablet. 

The stock solutions were 
made at a concentration 
of 1 mg/ML of each DPF 
and SAX, and each 
working solution were 
made at a concentration 
0.1 mg/mL. 

The methods provide good 
accuracy and precision for 
the simultaneous 
determination of drugs over 
the concentration ranges of 
2.5–50.0 (DPX) and 2.5–60.0 
μg/mL (SAX). 

[73] 

CEF and ERD CLS and PLSR 200-400 nm Suprax® 200 
capsules labeled to 
contain 223.8 mg 
CEF/capsule and 
Mucotec® contain 
300 mg 
ERD/capsule 

The standard solutions of 
CEF and ERD were 
prepared in 1 mg/mL 
concentration. The 
working solutions were 
made at concentration 
ranges of 20–30 (CEF) 
and 15–45 μg/mL (ERD). 

The developed method was 
reliable for the simultaneous 
determination of drugs in 
dosage form with acceptable 
recoveries. The accuracy and 
precision of the proposed 
method were comparable 
with the HPLC reference 
method. 

[74] 

AML, CEL, and 
RAM 

ACM  210–400 nm Cardace®AM 
tablets containing 
AML 10 mg and 
RAM 10 mg. 

The standard stock 
solutions were made in 
100 μg/mL concentration 
for AML and CEL. The 
sample solutions were 
prepared at 5–60, 5–30 
and 5–110 μg/mL for 
AML, CEL and RAM. 

The LoD is 0.5781–0.7132, 
0.6497–1.0450, and 0.0001–
0.0003 μg/mL for AML, CEL, 
and RAM. No significant 
difference between the 
proposed method and the 
reference method (p > 0.05). 

[75] 

VNC and CPX PLSR and ANN 190-400 nm Vancomycin with 
99.80% purity and 
Ciprofloxacin with 
99.30% 

The stock solutions were 
made in 100 μg/mL 
concentration. The 
working solutions were 
prepared in the 
concentration range 3–
30 and 1–10 μg/mL for 
VNC and CPX. 

The methods have 
high %recovery, 98.79 and 
98.23% for VNC and CPX. 
There are no significant 
differences between the 
proposed and reference 
methods. The RMSEP values 
for PLS-1 were 0.07 and 
0.06% for VNC and CPX and 

[76] 
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the RMSEP values of ANN 
were 0.12 and 0.11% for VNC 
and CPX. 

AML and MET Isosbestic point 
and dual-
wavelength 
methods 

200–400 nm Amlodipine 
besylate (99.40%) 
and metoprolol 
succinate (99.20%) 

The standard solutions 
were made in 100 μg/mL 
concentration. The 
sample solutions were 
made at 2–25 and 2–30 
μg/mL for AML and 
MET. 

The developed method (UV 
spectra-chemometrics) was 
reliable for the simultaneous 
determination of AML and 
MET. 

[77] 

*See list of abbreviation 
 
RMSECV. The R2 values obtained were 0.9991–0.9999 
either in calibration or validation models using PLSR and 
PCR. An assay of pharmaceutical drugs revealed that the 
recoveries of drugs were 101.076–103.603% (PCR) and 
100.943–103.814% (PLSR), respectively. On the other 
hand, validation analysis using HPLC also revealed good 
linearity (> 0.999), good precision showed by the RSD 
value of less than 2%, as well as good accuracy 
demonstrated by the recovery values (100.85 ± 0.59 for 
PCT; 101.72 ± 0.31 for DPH; 101.93 ± 0.43 for CAFF; 
102.91 ± 0.65 for PHEN). Statistical analysis using One-
way ANOVA (p = 0.05) revealed that recoveries obtained 
using UV spectroscopy-PLSR, UV spectroscopy-PCR, 
and HPLC methods were not significantly different 
(p > 0.05). It can be concluded that the combination of 
UV spectroscopy and chemometrics (PLSR and PCR) can 
be used as an alternative method to HPLC with the main 
advantages of simple, rapid, inexpensive and not 
requiring a sophisticated instrument [14]. 

Analysis of APIs in Biological Fluids 

The combination of UV-Vis spectroscopy with 
chemometrics of PLSR has been used for quantitative 
analysis not only in pharmaceuticals but also in biological 
fluids. Analysis of CBM in the presence of the main 
metabolite of CBME in human serum was successfully 
performed using absorbance values of second derivative 
spectra at the wavelength range of 280–350 nm with 
interval 1 nm. The use of the second derivative could 
eliminate the shift baseline effect present in the original 
UV spectra. The extraction of CBM and CBM-EP was 
done using benzene. Recovery percentages obtained in 
spiked plasma samples with 4 different levels of CBM 

using the proposed method were in the range of 98.0–
101.7% with low relative percentage difference, 
indicating acceptable accuracy and precision. Statistical 
evaluations using Student’s t-test and F-test revealed 
that both methods did not reveal a significant difference 
at a confidence interval of 95% (p > 0.05). From this 
result, UV spectroscopy combined with PLS could be an 
alternative method for the determination of API in 
biological fluids with the presence of API’s metabolite 
[63]. PLS using the variable of absorbance values at 190–
350 nm with an interval 1 nm was also successful for the 
determination of CBM along with its metabolite 
(CBME). The mean recovery percentages for the 
determination of CBM and CBME were also performed 
using reference HPLC methods as a comparison to the 
proposed method (PLSR-UV spectra). The results 
showed that the recovery percentages of CBM and 
CBME in synthetic mixtures were 102.57 and 103.00% 
(for PLS) and 99.40% and 102.20% (HPLC), respectively. 
Based on the statistical test, there are no significant 
differences between CBM and CBME using PLSR-UV 
and HPLC methods (p > 0.05) [19]. UV-spectroscopy 
and PLSR were also successful in the analysis of 
amoxicillin and its metabolites in human urines with 
acceptable validation performance [20]. 

Analysis of API and Its Degradation Products 

UV spectroscopy using MCR and multivariate 
calibrations of PLSR and PCR was successfully applied 
for simultaneous analysis of CS and its alkaline 
degradation products identified as Deg-1 and Deg-2 as 
shown in Fig. 2. UV spectra revealed the extensive 
overlapping, therefore  the chemometrics  was applied to  
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Fig 2. UV spectra and chemical structures of Cromolyn Sodium (a) and its degradation products identified as Deg-1 
(b) and Deg-2 (c) scanned at 200–400 nm. Taken with CC-BY license 
 
facilitate the quantification of analytes. The absorbance 
values after MCR at 367.8, 373.8, and 310.6 nm were used 
within linear concentration ranges of 2–40, 5–40, and 10–
100 μg/mL for CS, Deg-1, and Deg-2, respectively. Using 
MCR method, the recovery percentages ± SD obtained 
were 99.91 ± 1.33, 100.28 ± 1.44, and 100.61% ± 1.55 for 
CS, Deg-1, and Deg-2, respectively indicating that MCR 
is an accurate and precise method for stability-indicating 
assay of CS, Deg-1 and Deg-2. PCR and PLS-2 models 
using variables of absorbance values at wavelength 230–
400 nm with 0.2 nm intervals (851 data points) at 
concentration ranges of 5–13 (CS), 8–16 (Deg-1), and 10–
30 μg/mL (Deg-2). The developed method has been 
successfully used for quantitative analysis of CS and its 
degradation products in eye drops dosage form. The levels 
of CS in eye drops dosage form (labeled to contain 40 mg 
of CS/mL) were 102.40 ± 0.83 and 101.75% ± 0.69 from 
the claimed label [21]. 

The UV-Vis spectroscopy and chemometrics 
method were performed for the determination of MF in 
the presence of its degradation product. The study was 

conducted in a forced degradation study of MF 
performed in basic conditions. Samples were scanned at 
the range of 220–350 nm. The UV spectra of mixtures of 
MF with its degradants were used for the quantification 
of MF. Chemometrics of PLS regression was carried out 
for the determination of MF concentration. The 
calibration model demonstrated a good mean recovery 
of 100.2% with low error indicated by the low value of 
RMSEC (0.002%). Meanwhile, the mean recovery of the 
validation model was 97.24%, with RMSEP of 0.04%. 
The recoveries obtained from sample measurement 
ranged from 98.47–102.66% indicating no interference 
from the MF degradation products [22]. 

UV-Vis spectrophotometry and chemometrics 
have also been used for the analysis of paracetamol in the 
presence of its degradants resulting from the basic 
condition. PCA was performed to differentiate 
compounds obtained from UV-Vis measurement. The 
results of PCA suggested the presence of four 
compounds, namely a reactant (PCT), a degradant, and 
two intermediate compounds. Chemometrics of MCR-
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ALS was further used to confirm the results from PCA. 
MCR-ALS was aimed at the constraint of non-negativity, 
either spectral or concentration profiles. Besides, it was 
also used for the unimodality of the concentration 
profiles. Results demonstrated that chemometrics of 
MCR-ALS had a similar result to PCA, recognizing the 
presence of four compounds. The study was compared 
using HPLC measurement and it proved the presence of 
two intermediates. The concentration profiles obtained 
from UV-Vis and MCR-ALS were in agreement with 
those obtained from HPLC measurement [23]. 

UV-Vis spectrophotometry method combined with 
MCR-ALS has been used to analyze tamoxifen and its 
degradation products. The acquisition of the UV-Vis 
spectra was conducted from 0 to 160 min using an 
irradiation power 400 W/m2 and from 0 to 120 min at 
irradiation power of 765 W/m2. The degradation process 
could be observed by UV-Vis spectra indicated by the 
changing of spectra profiles. The use of chemometrics 
MCR-ALS using variables of absorbance extracted from 
UV-Vis spectra demonstrated four species of degradation 
products of tamoxifen as the impurities. It suggested that 
UV-Vis spectrophotometry method combined with 
chemometrics of MCR-ALS could be used for the analysis 
of tamoxifen and its degradation products [24]. Table 2 
demonstrates the summary of some analysis of API and 
its degradation products in pharmaceutical dosage form 
using a combination of spectroscopy UV-Vis and 
chemometrics. 

Analysis of API and Its Impurity 

Combination of UV spectroscopy and multivariate 
calibration is applied for simultaneous analysis of NF, TZ 
and impurity of TZ, namely MNZ. Three multivariate 
calibrations, namely CLS, PLSR and SVR were used for 
making calibration and validation models for three 
compounds. The 16 calibration samples and 18 validation 
8 samples sets were prepared in the concentration ranges 
of 4.0–6.5 (NF), 6.0–10.0 (TZ), and 0.10–0.17 (MNZ) 
μg/mL. The variables used were absorbance values at 220–
360 nm using a 1 nm interval. PLSR and SVR revealed 
better prediction models; therefore, both multivariate 
calibrations were used for the prediction of NF, TZ and 

MNZ in tablets. The analytical results using PLSR and 
SVR on commercial tablets (Tinidol Plus®) exhibited 
acceptable recoveries (97.84–101.33%) with RSD values 
less than 2%. Statistical tests of mean recoveries using the 
independent-t test for both multivariate calibrations did 
not differ significantly (p > 0.05), while ANOVA test for 
mean recoveries of UV spectroscopy-PLSR, UV 
spectroscopy SVR and HPLC method was not different 
significantly with P-value of 5.050 (p > 0.05). This 
indicated that the combination of UV spectroscopy and 
PLSR/SVR could be an alternative method over HPLC 
for simultaneous analysis of API and its impurity [25]. 

The chemometrics models of PLSR and ANN 
models were optimized and developed for the 
simultaneous determination of PCT and CZX along 
with their related impurities namely AP, ACA, NP, CP 
and ACP. PLS and ANN were compared using all UV 
spectra at the wavelength range of 200–400 nm and 
using wavelength of 220–360 nm based on wavelength 
selection using GA. Therefore, four models were 
compared namely PLSR, GA-PLS, ANN and GA-ANN. 
All analyzed compounds and capsules containing PAR 
and CZX were dissolved in methanol. Fifteen calibration 
models and 9 validation models were constructed 
consisting of 8–16 (PAR), 6–22 (CZX), 2–6 (AP, CA, NP 
and CP), and 5–13 (ACP) μg/mL. The four 
chemometrics models were successfully used for 
quantitative analysis of PAR and CZX either in raw 
materials or in the pharmaceutical dosage form. The 
recovery percentages for the accuracy study were in the 
range of 98.62–102.7% for PAR, CZX, AP, CA, NP, ACP, 
and CP, with RSD values of < 3.00%. The statistical test 
using one-way ANOVA revealed that the mean 
recoveries of the developed methods and HPLC method 
for PAR and CZX are not significantly different 
(p > 0.05). It can be concluded that the proposed method 
can be easily applied for the simultaneous determination 
of PAR and CZX without any separation [26]. 

UV-Vis spectrophotometry method combined 
with chemometrics has been used for determining NIF 
and impurities. Spectra acquisition was carried out using 
a double-beam UV-Vis spectrophotometer with a 
spectral  band  of  2 nm  employing  a scanning  speed of  
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Table 2. The use of spectroscopy UV-Vis in combination with chemometrics for the determination of active 
pharmaceutical ingredients and its degradation products in pharmaceutical preparations* 

Drugs and 
degradation products 

Chemo-metrics Wave-length Pharmaceutical 
dosage form 

Sample preparation Results Ref. 

CFS and Deg-CFS PCR, PLS, GA-
PLSR, ANNs, 
GA-ANNs, and 
CLS 

200 to 400 
nm, with an 
interval of 1 
nm 

IV injection and 
IV infusion 
containing 1 g 
CEF per vial.  

Alkali degradation 
product of CFS was 
prepared by refluxing 
CFS with 0.1 M NaOH 
for 10 min. The 
calibration and validation 
solutions were in the 
range of 16–24 μg/mL 
CFS and CFS-Deg.  

All chemometrics techniques 
provide acceptable accuracy 
and precision. The percentage 
recoveries for CFS using PCR, 
PLS, GA-PLS, ANNs, GA-
ANNs, and CLS were 100.98, 
100.31, 100.54, 99.53, 100.36, 
and 100.98%, respectively. 

[78] 

ISX and its 
photodegradation 
products, namely 
ACH, AM, BZA and 
HB 

PLSR, GA-PLS, 
ANN and GA-
ANN 

200 to 400 nm 
with interval 
of 0.1 nm 

Tablets 
comprising 20 
mg ISX 

The standard solutions 
for calibration and 
validation sets were 
prepared in the ranges of 
concertation ranges of 
10–20 (ISX), 1–3 (ACH 
and HB), 100–140 (AM) 
and 1–5 (BZA) μg/mL. 
The powdered tablet was 
added with methanol, 
sonicated for 10 min, 
centrifuged at 4000 rpm, 
and clear supernatant was 
subjected to UV spectral 
measurement. 

The chemometric methods 
have been successfully applied 
for the evaluation of stability, 
indicating methods for the 
simultaneous quantitative 
determination of ISX and its 
photothermal degradation 
products either in bulk 
materials and/or in tablets. 
One-way ANOVA test 
indicated that the proposed 
methods did not differ 
significantly (p > 0.05) 

[79] 

NAPH, CTM, and 
NAPH-Deg 

PLSR and PCR 200 to 400 nm 
with an 
interval of 2 
nm 

Eye/nose drops 
labeled to 
contain 0.5 
mg/mL NAPH 
and 0.5 mg/mL 
CTM 

25 synthetic mixtures for 
calibration and validation 
sets were prepared in 5–
25, 5–25 and 5–13  μg/mL 
for NAPH, CLO, and 
NAPH-Deg. Eye drop 
samples were diluted with 
methanol  

Three methods (HPTLC, PLS 
and PCR using normal and 
derivative spectra) were 
successfully applied for 
simultaneous analysis of 
NAPH, CTM, and NAPH-Deg 
with acceptable accuracy and 
precision. Based on the t-test 
and F-test, mean recoveries 
and SD of three methods 
revealed no significant 
difference (p > 0.05) 

[80] 

IMD in the presence 
of AKN and OXI 

PLSR and PCR 205–305 nm 
with an 
interval of 1 
nm 

Tablets 
containing 10 
mg IMD  

25 synthetic mixtures for 
calibration and validation 
sets were prepared in 12–
18 μg/mL for IMD, 2.4–
3.6 μg/mL for AKN and 
OKI 

Both multivariate calibrations 
offered acceptable accuracy 
and precision as indicated by 
recovery percentages of 99.96–
100.09% and RMSEP value of 
0.004–0.012. There is no 
significant difference between 
PLS-UV, PCR-UV and HPLC 
methods (p > 0.05). 

[81] 

ROS and FEN along 
with ROS-Deg and FA  

PLS and PCR 200–400 nm 
with 

Tablets 
containing 5 mg 

The concentration ranges 
of mixtures used in 
calibration and validation 

PLSR and PCR-assisted UV 
spectroscopy was successfully 
applied for the determination 

[82] 
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wavelength 
interval 1 nm 

ROS and 160 
mg FEN 

sets were 2.00–18.00 
(ROS), 5.00–17.00 (FEN), 
2.00–4.00 (FA) and 2.00–
10.00 μg/mL (ROS-Deg). 
The powdered tablet was 
dissolved in methanol 

of drugs with recovery 
percentages of 99.30–100.45% 
with SD values of 0.547–1.591. 
No significant differences 
among PLSR-UV, PCR-UV, 
and HPLC methods (P > 0.05)  

ETB and TAF ANN, PLSR, 
and PCR 

200–400 nm 
with a 
wavelength 
interval of 2 
nm 

Tablet 
containing ETB 
200 mg and 
TAF 25 mg per 
tablet 

30 synthetic mixtures 
were produced randomly 
in different 
concentrations. 19 and 11 
synthetic mixtures for 
calibration and validation 
set were prepared in the 
concentration range of 5–
18 (EMT) and 5–40 
μg/mL (TAF). Stock 
solutions dissolved with 
distilled water.  

Based on LM and GDX 
algorithms layer = 5 with 
neuron 3 and layer = 7 with 
neuron 7 were considered as 
the best layers of FM for ETM 
and TAF, respectively. The 
best number of components of 
ETB is 7 and 11 for PLS and 
PCR methods, with RMSE 
0.0160 and 0.0158, 
respectively. The best number 
of components for TAF is 5 
and 6 in PLS and PCR 
techniques with RMSE 0.2432 
and 0.2815. 

[83] 

PCT, GUA and CTM PLS 200–400 nm 
with a 
wavelength 
interval of 2 
nm 

Twenty 
different tablets 
containing 
PCT, GUA, and 
CTM 

30 mixtures for 
calibration and validation 
were prepared to contain 
2–15 (PCT), 3–19 (GUA), 
and 2–20 (CTM) μg/mL 
in methanol: hydrochloric 
acid 0.1 M (3:1). The 
solution is shaken 
vigorously for 30 min and 
filtered for UV 
measurements. 

UV spectrophotometry 
combined with PLS can be 
used for quantitative analysis 
of PCT, GUA, and CTM with 
R2 for the relationship between 
actual values and predicted 
values was 0.999972, 0.999826, 
0.999725 and the RMSEC 
values of 0.022019, 0.067889, 
0.083875, respectively. 

[84] 

HCT and SPR PLSR and GA-
PLSR 

216–300 nm 
with 
wavelength 
interval 0.4 
nm 

Tablet 
containing 25 
mg of HCT and 
SPR 

30 concentration 
mixtures for calibration 
and validation were 
prepared to contain 2.00–
6.00 (HCT), 3.00–7.00 
(SPR), and 1.00–5.00 (CT, 
DSA, and SPR deg) 
μg/mL. 

The developed method 
provides reliable results for the 
simultaneous determination of 
HCT, SPR, and its degradation 
products and its impurities 
with R2 of 0.9994 and 0.9987 
for HCT and SPR.  

[85] 

HCT and SPR CLS, ILS, PCR 
and PLS 

220–290 with 
wavelength 
interval 2 nm 

Tablets 
containing 25 
mg SPR and 25 
mg HTC per 
tablet 

25 standard synthetic 
mixture for calibration 
and validation sets 
containing SPR and HCT 
was prepared at level of 2-
/20 μg/mL. 

Four chemometrics methods 
applied to UV spectra were 
successful for the simultaneous 
determination of drugs in 
mixtures and tablets with R2 
for calibration and validation 
of > 0.99 and the lowest error. 
ANOVA test exhibited no 
significant difference among 
the methods (p > 0.05). 

[86] 

CBT and MET PCA and PLSR 190–600 nm 
with 
wavelength 

Injection 
solution 
containing 

The central composite 
design was used for 
optimization of the 

The combination of UV-Vis 
spectra and chemometrics was 
reliable for determining the 

[87] 
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interval 0.5 
nm 

0.100 mg CBT 
and 1 mg MET 

developed method. 90 
and 12 samples for 
calibration and validation 
were prepared. The 
tablets were dissolved in a 
buffer solution. 

content of CBT and MET in 
injection solution with R2 and 
RMSE of 0.991 (1.2), 0.989 
(1.34) for calibration, and 
0.993 (1.21), 0.989 (1.11) for 
validation, respectively.  

*See list of abbreviation 
 
2800 nm/min. Chemometrics of CRACLS and SRACLS 
were used for the analysis of NIF and its four carcinogenic 
impurities. The impurities are named as (S[4‐hydroxy 
benzohydrazide(p‐hydroxybenzohydrazide)], [methyl 4‐
hydroxybenzoate], [(5‐nitrofuran‐2‐yl)methylidene 
diacetate], and [(E,E)‐N,N‐bis[(5‐nitrofuran‐2‐
yl)methylidene]hydrazine(5‐nitrofurfuralazine)] and they 
are coded as A, B, C, and D,respectively. Chemometrics of 
PLSR was also performed for comparative study purposes. 
The concentration range of NIF from 10.00 to 
50.00 μg/mL was used for creating regression models. 
Meanwhile, the concentration range of impurities A and 
B was 0.05 to 0.45 μg/mL and for impurities, C and D was 
0.10 to 0.90 μg/mL. Result revealed that chemometrics of 
CRACLS, SRACLS, and PLSR was successfully used to 
determine NIF and its four impurities either in the 
pharmaceutical formulation or in the prepared mixtures 
[27]. 

Simultaneous determination of PHZ and TMP in 
the presence of phenazopyridine HCl impurity, namely 
DAP has been performed using spectroscopy UV-Vis 
combined with univariate and multivariate analysis. The 
univariate method was performed for the determination 
of phenazopyridine at the wavelength of 412 nm in the 
concentration range of 1.00–10.00 μg/mL. Univariate 
method was also successfully used for determination of 
PHZ, TMP, and DAP. For multivariate analysis, 
chemometrics multivariate calibration of PLS and PCR 
was applied for the determination of PHZ and TMP in the 
presence of DAP. Result demonstrated that PLS and PCR 
could be used for simultaneous determination of PHZ 
and TMP in the presence of DAP at the concentration 
range of 24.00–56.00 μg/mL of TMP. The proposed 
method was successfully applied to determine the 
concentration of PHZ and TMP in the pharmaceutical 
formulation [28]. 

Detection of Counterfeit Pharmaceutical Products 

The presence of Counterfeit pharmaceutical 
products is a global problem, not only in developing 
countries but also in developed countries. The United 
States Food and Drug Administration (FDA) estimates 
that counterfeits make up more than 10% of the global 
medicines market [29]. The counterfeits include drugs 
without sufficient active ingredients, without any active 
ingredients, or fake packaging [30]. 

The use of UV-Vis spectroscopy method has been 
applied for the analysis of counterfeit in acetaminophen. 
Samples were prepared by mixing binary mixtures of 
pure acetaminophen with other compounds as 
adulterants, namely cement, rice flour, vitamin C, and 
lactose in several concentration levels. The mixtures 
were dissolved in three different solvents; H2O (neutral), 
0.1 M HCl (acid), and 0.1 M NaOH (alkaline). The 
samples were scanned using UV-Vis spectrophotometer 
at a wavelength of 240–500 nm. The concentration used 
was ranging from 0.01–0.04 mg/mL). Results revealed 
that the presence of adulterants decreased the 
absorption of acetaminophen at 254 nm while other 
parts showed a slight increase in the spectrum. This 
method here could be used for the quality control of API 
from counterfeit adulterants [31]. 

UV-Vis spectroscopy method has been used for the 
analysis of PCT tablets to determine the concentration 
of PCT compared to its label. The tablet samples were 
obtained from several countries on several continents, 
including Africa, Asia, Europe and Caribbean Island. 
Sample preparation was performed to extract PCT from 
tablets. Samples were then analyzed using UV-Vis 
spectrophotometer method at a wavenumber of 244 nm. 
It was found that in some samples from different 
countries, PCT tablets contained an insufficient level of 
PCT. The actual concentration obtained from the 



Indones. J. Chem., 2023, 23 (2), 542 - 567    

 

Laela Hayu Nurani et al.   
 

561 

measurement did not match the label claim. It suggested 
that UV-Vis spectrophotometry method is the potential 
to be used for analysis of counterfeit drugs in quality 
control of API concentration. Another drug successfully 
studied using UV-Vis spectrometry has been carried out 
on Tylenol. UV-Vis spectrophotometry could separate 
peaks of Tylenol and its ingredients, and the 
concentration of Tylenol could be determined accurately 
[32]. 

Determination of TZ in the presence of PZ as a 
counterfeit drug has been performed using UV-Vis 
spectrophotometry and chemometrics of machine 
learning. Spectra acquisition was carried out in 
absorbance mode at intervals of 0.1 nm. The region used 
for measurement was 200–400 nm. Machine learning was 
performed for the determination of PZ and TZ at five 
concentration levels. The variables used for creating a 
machine learning model were absorbance values selected 
using a variable selection algorithm to obtain the most 
important variables. Machine learning method was 
evaluated using RMSE, R2, and AME. Result showed that 
the linear model provided the best prediction model 
among other models. The obtained RMSE, R2, and AME 
for the training dataset or calibration model were 0.159, 
0.997, and 0.131, respectively, whereas for the prediction 
model or test dataset, the RMSE, R2, and AME were 0.196, 
0.99, and 0.161, respectively. The model could be applied 
for the determination of PZ in the presence of TZ in all 
the pharmaceutical formulation samples [33]. 

■ CONCLUSION 

The development of analytical methods for quality 
control of pharmaceutical products has grown rapidly. 
UV-Vis spectrophotometry method has become a 
method of choice for the analysis of API in 
pharmaceutical products. It offers rapid analysis as well as 
easy sample preparation and it can be applied for wide 
range of API analysis. Moreover, it has been used for 
routine analysis for quality control purposes of 
pharmaceutical products. Combined with chemometrics 
of multivariate analysis including pattern recognition 
such as PCA, LDA, and PLS-DA as well as multivariate 
calibration such as PLS, PCR, and MCR-ALS, UV-Vis 

spectrophotometry method could be an ideal technique 
for quality control of pharmaceutical products. Some 
spectra pre-treatment techniques in chemometrics, such 
as baseline correction, normalization, and 
derivatization, could be used to improve the 
simultaneous analysis of compounds. The data 
treatment on chemometrics such as scaling, is widely 
used to obtain a good variety of multivariate data. 
Chemometrics model evaluation could be performed 
using R2 of calibration and validation to evaluate model 
fitting. Meanwhile, RMSEC, RMSECV, and RMSEP 
were used for the evaluation of model error and 
precision. This technique can be applied to analysis of 
API in pharmaceutical products and analysis of API in 
biological fluids. Moreover, it can be used for analysis of 
API in the presence of degradation products, impurities, 
and detection of counterfeit pharmaceutical products. 
Therefore, it suggested that a combination of UV-Vis 
spectrophotometry and chemometrics method has been 
proved as a good analytical technique for quality control 
of pharmaceutical products. 
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Table S1. Data collection for Metaanalysis 
Study 

ID 
Subgroup* 

Research 
place 

Year Solvent 
Phytochemical 

constituent 
Nc Xc SDc Ne Xe SDe 

1 Cassia siamea India 2012 Ethanol Cassiamin A 3 0.012 0.02 3 41.8 2.078461 
2 Murdannia 

loriformis 
Thailand 2012 Aqueous Phenolic 3 1.34 0.225167 3 110 0.017321 

3 Stevia rebaudiana Thailand 2012 Aqueous Phenolic 3 1.34 0.225167 3 530 0.034641 
4 Centella asiatica Thailand 2012 Aqueous Phenolic 3 1.34 0.225167 3 120 0.017321 
5 Carthamus 

tinctorius 
Thailand 2012 Aqueous Phenolic 3 1.34 0.225167 3 560 0.069282 

6 Ginkgo biloba Thailand 2012 Aqueous Phenolic 3 1.34 0.225167 3 500 0.069282 
7 Orthosipon aristatus Thailand 2012 Aqueous Phenolic 3 1.34 0.225167 3 130 0.017321 
8 Cassia angustifolia Thailand 2012 Aqueous Phenolic 3 1.34 0.225167 3 810 0.051962 
9 Gynostemma 

penthaphyllum 
Thailand 2012 Aqueous Phenolic 3 1.34 0.225167 3 580 0.086603 

10 Morus alba Thailand 2012 Aqueous Phenolic 3 1.34 0.225167 3 100 0.017321 
11 C. Fenestratum Thailand 2012 Hexane:Dichloromethane:

Ethanol (1:1:1) 
Flavonoid 3 9.25 1.25 3 160 0.02 

12 Cassia auriculata UK 2012 Methanol Flavonoid 4 0.72 0.14 4 6.0 2 
13 Achillea santolina Algeria 2013 Ethyl acetate fraction Phenolic 3 0.2 0.00 3 370 0.00 
14 Achillea santolina Algeria 2013 Butanol fraction Phenolic 3 0.2 0.00 3 50 0.00 
15 Achillea santolina Algeria 2013 Butanol fraction Saponin 3 0.2 0.00 3 1190 0.03 
16 Zizyphus lotus Algeria 2013 Ethyl acetate fraction Phenolic 3 0.2 0.00 3 450 0.00 
17 Zizyphus lotus Algeria 2013 Butanol fraction Phenolic 3 0.2 0.00 3 60 0.00 
18 Zizyphus lotus Algeria 2013 Butanol fraction Saponin 3 0.2 0.00 3 1153 0.46 
19 Passiflora nitida Japan 2013 20% Ethanol + 80% water Flavonoid 3 0.8 0.173205 3 21.2 1.385641 
20 Garcinia vilersiana Thailand 2015 Ethanol Flavonoid, 

Alkaloid 
3 0.08 0.20 3 0.11 1.10 

21 P. Chamaepeuce Thailand 2015 Ethanol Flavonoid, 
Alkaloid 

3 0.08 0.20 3 0.45 2.40 

22 Hibiscus sabdariffa Germany 2015 Methanol Polyphenol 3 0.0019 0.03 3 36 0.001 
23 Hibiscus sabdariffa Germany 2015 Aqueous Polyphenol 3 0.0019 0.03 3 41 0.006 
24 Mentha aquatica Germany 2015 Methanol N/A 3 0.0019 0.03 3 76 0.002 
25 Mentha aquatica Germany 2015 Aqueous N/A 3 0.0019 0.03 3 9940 0.081 
26 Punica granatum Germany 2015 Methanol N/A 3 0.0019 0.03 3 109 0.012 
27 Punica granatum Germany 2015 Aqueous N/A 3 0.0019 0.03 3 2261 0.372 
28 Tamarindus Indica Germany 2015 Methanol N/A 3 0.0019 0.03 3 152 0.007 
29 Tamarindus Indica Germany 2015 Aqueous Oleanolic acid 3 0.0019 0.03 3 212 0.002 
30 Olea europaea Germany 2015 Methanol Oleanolic acid 3 0.0019 0.03 3 186 0.012 
31 Olea europaea Germany 2015 Aqueous N/A 3 0.0019 0.03 3 6772 0.479 
32 Punica granatum Germany 2015 Methanol N/A 3 0.0019 0.03 3 186 0.009 
33 Punica granatum Germany 2015 Aqueous N/A 3 0.0019 0.03 3 188 0.014 
34 Rosmarinus 

officianalis 
Germany 2015 Methanol N/A 3 0.0019 0.03 3 196 0.017 

35 Rosmarinus 
officianalis 

Germany 2015 Aqueous N/A 3 0.0019 0.03 3 4598 0.645 

36 Peumus boldus 
Molina 

Germany 2015 Methanol N/A 3 0.0019 0.03 3 217 0.015 

37 Peumus boldus 
Molina 

Germany 2015 Aqueous N/A 3 0.0019 0.03 3 2268 0.171 
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38 Ocimum 
gratissimum 

Nigeria 2016 Methanol then by 
separatory funnel with 
hexane, aqueous phase 
extracted by ethyl acetate 

Phenolic, 
Flavonoid 

3 3.48 0.13 3 20.69 2.14 

39 Ocimum basilicum Nigeria 2016 Methanol then by 
separatory funnel with 
hexane, aqueous phase 
extracted by ethyl acetate 

Phenolic, 
Flavonoid 

3 3.48 0.13 3 52.14 3.96 

40 Moringa oleifera Indonesia 2016 Methanol Niazirin 3 0.02126 0.00536 3 17.05 3.87 
41 Moringa oleifera Indonesia 2016 Methanol Niazirin 3 0.02126 0.00536 3 42.31 16.39 
42 Dendrobium 

formasum Roxb 
Thailand 2017 Methanol (FII2 of Fraction 

Ethyl acetate, hexane 
gradient chromatography 
column) 

Confusarin 3 0.013 0.004 3 154.61 8.58 

43 Dendrobium 
formasum Roxb 

Thailand 2017 Methanol (GIII2 of 
fraction CH2-Cl2-Hexane 
gradient chromatography 
column) 

5-Methoxy-7-
hydroxy-9,10-
dihydro-1,4-
phenanthrenequi
none 

3 0.013 0.004 3 69.45 10.14 

44 Adiantum capillus-
veneris 

Jordan 2017 Water Ferulic Acid 3 0.114 0.00693 3 1600 173.21 

45 Ficus carica South Africa 2018 Hexane Malic acid 3 1894 0.017 3 26885.5 550.9 
46 Ficus carica South Africa 2018 Ethyl acetate Malic acid 3 1894 0.017 3 2492.36 234.77 
47 Ficus carica South Africa 2018 Ethanol Malic acid 3 1894 0.017 3 230475 96521 
48 Ficus carica South Africa 2018 Aqueous Malic acid 3 1894 0.017 3 310.16 13216 
49 Ficus carica South Africa 2018 Hexane Malic acid 3 1894 0.017 3 113019.5 317.3 
50 Ficus carica South Africa 2018 Ethyl acetate Malic acid 3 1894 0.017 3 2943.07 220.90 
51 Ficus carica South Africa 2018 Ethanol Malic acid 3 1894 0.017 3 364.96 2176 
52 Ficus carica South Africa 2018 Aqueous Malic acid 3 1894 0.017 3 442.8 129.14 
53 Ficus carica South Africa 2018 Hexane Malic acid 3 1894 0.017 3 276085.1 1403.4 
54 Ficus carica South Africa 2018 Ethyl acetate Malic acid 3 1894 0.017 3 41574.56 20.25 
55 Ficus carica South Africa 2018 Ethanol Malic acid 3 1894 0.017 3 688.56 69.9 
56 Ficus carica South Africa 2018 Aqueous Malic acid 3 1894 0.017 3 842.70 151.34 
57 Grapefruit China 2018 70% Ethanol Phenolic, 

Flavonoid 
3 0.103 0.004 3 216.7 3.87 

58 Pomelo China 2018 70% Ethanol Phenolic, 
Flavonoid 

3 0.103 0.004 3 248.91 11.35 

59 Kumquat China 2018 70% Ethanol Phenolic, 
Flavonoid 

3 0.103 0.004 3 292.11 1.60 

60 Citrus Mandarin, 
Owari unshu 

China 2018 70% Ethanol Phenolic, 
Flavonoid 

3 0.103 0.004 3 129.40 7.96 

61 Ponkan China 2018 70% Ethanol Phenolic, 
Flavonoid 

3 0.103 0.004 3 126.62 7.46 

62 Tingerine China 2018 70% Ethanol Phenolic, 
Flavonoid 

3 0.103 0.004 3 109.44 5.51 

63 Lemon China 2018 70% Ethanol Phenolic, 
Flavonoid 

3 0.103 0.004 3 164.82 1.41 

64 Sweet orange China 2018 70% Ethanol Phenolic, 
Flavonoid 

3 0.103 0.004 3 87.25 7.15 

65 Solenostemma argel Egypt 2019 Methanol (ultrasonic) Flavonoid 3 35.34 0.21 3 36.31 1.63 
66 Solenostemma argel Egypt 2019 Aqueous (ultrasonic) Flavonoid 3 35.34 0.21 3 40.11 0.00 
67 Solenostemma argel Egypt 2019 50% Ethanol (Ultrasonic) Flavonoid 3 35.34 0.21 3 62.65 3.93 
68 Solenostemma argel Egypt 2019 70% Ethanol (ultrasonic) Flavonoid 3 35.34 0.21 3 29.04 0.08 
69 Solenostemma argel Egypt 2019 90% Ethanol (ultrasonic) Flavonoid 3 35.34 0.21 3 31.22 0.004 
70 Rumex maderensis Portugal 2019 Methanol Flavonol, 

Catechin 
3 0.47 0.02 3 6.59 0.32 
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71 Rumex maderensis Portugal 2019 Methanol Flavononol, 
Catechin 

3 0.47 0.02 3 5.17 0.25 

72 Rumex maderensis Portugal 2019 Methanol Flavonol, 
Catechin 

3 0.47 0.02 3 4.27 0.18 

73 J. Communis India 2020 Toluene Tanin, Phenolic 3 68.75 0.14 3 102.93 0.44 
74 J. Communis India 2020 Cloroform Tanin, Phenolic 3 68.75 0.14 3 112.12 1.05 
75 J. Communis India 2020 Methanol Tanin, Phenolic, 

Flavonoid 
3 68.75 0.14 3 69.93 1067 

76 J. Communis India 2020 Ethyl acetate Tanin, Phenolic, 
Flavonoid 

3 68.75 0.14 3 82.31 2.01 

77 J. Communis India 2020 aqueous Tanin, Phenolic, 
Flavonoid 

3 68.75 0.14 3 116.19 0.86 

78 Echium 
angustifolium 

Palestine 1 2020 Hexane Saponin 3 12.3 0.35 3 29.1 0.62 

79 Echium 
angustifolium 

Palestine 1 2020 Acetone Saponin 3 12.3 0.35 3 26.3 0.23 

80 Echium 
angustifolium 

Palestine 1 2020 Methanol Flavonoid 3 12.3 0.35 3 34.67 0.46 

81 Echium 
angustifolium 

Palestine 1 2020 Aqueous Flavonoid 3 12.3 0.35 3 24.54 0.66 

82 Anchusa ovata Palestine 2 2020 Hexane fraction Saponin 3 12.3 0.35 3 501.18 0.65 
83 Anchusa ovata Palestine 2 2020 Acetone fraction Tannin, Phenolic 3 12.3 0.35 3 331.1 0.47 
84 Anchusa ovata Palestine 2 2020 Methanol fraction Phenolic, Tannin, 

Terpenoid 
3 12.3 0.35 3 53.7 0.41 

85 Anchusa ovata Palestine 2 2020 Aqueous fraction Phenolic, Tannin, 
Alkaloid 

3 12.3 0.35 3 75.85 0.62 

86 P. mildbraedii Nigeria 2021 Ethanol Flavonoid, 
Saponin 

3 0.089 0.001732 3 19.87 0.467654 

87 P. mildbraedii Nigeria 2021 Hexane fraction Flavonoid, 
Saponin 

3 0.089 0.001732 3 9.74 1.316359 

88 M. flagellipes Nigeria 2021 Ethanol Flavonoid, 
Saponin 

3 0.089 0.001732 3 15.88 1.195115 

89 M. flagellipes Nigeria 2021 Hexane Fraction Flavonoid, 
Saponin 

3 0.089 0.001732 3 10.67 0.779423 

90 M. flagellipes Nigeria 2021 Butanol fraction Flavonoid, 
Saponin 

3 0.089 0.001732 3 8.25 0.398372 

91 Elettaria 
cardamomum L 

Saudi Arabia 2021 Aqueous Phenolic, 
Flavonoid 

3 23.8 1.4 3 288.75 1.3 

*References of Subgroup 1-91 = [28-46]. Abbreviation: Nc = Sample size of control (Orlistat); Xc = Average of IC50 Pancreas Lipase; SDc = Standard deviation 
of control; Ne = Sample size of experiment (plant); Xe = Average of IC50 Pancreas lipase of experiment; SDe = Standard deviation of control; N/A= Not 
Available. 
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Fig S1. Research mapping with a focus on anti-obesity plants 
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Fig S2. Mapping of anti-obesity plants research visualize by VoS viewer 
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 Abstract: Obesity is a complex and multifactorial disease resulting from excessive 
accumulation of fat. With a significant annual increase, it has become a health concern 
across the globe in the last decades. To tackle this problem, an exploration of traditional 
medicinal plants (TMP) functioning as anti-obesity drugs using an ethnopharmacology 
approach has been carried out. Research on the drug development of obesity treatment 
was directed at how to inhibit pancreatic lipase as the enzyme accounted for lipid 
absorption. Using a systematic review and meta-analysis, this current study investigated 
TMP anti-obesity from the articles published in 6 scientific databases, i.e., Scopus, Science 
Direct, Proquest, Cengage Library, Ebsco, and Emerald, using particular keywords. The 
review resulted in 19 articles containing 91 eligible data based on inclusive and exclusive 
criteria. Meta-analysis extracted data as follows: IC50, number of replications, and 
standard error, regarding the anti-obesity effects of medicinal plants and orlistat as a 
positive control. The results showed 8 medicinal plants showing anti-obesity via 
inhibition of pancreatic lipase, including Solenostemma argel, Garcinia vilersiana, 
Phyllanthus chamaepeuce, Cassia auriculata, Moringa oleifera, Ficus carica, Ocimum 
gratissimum, and Adiantum capillus-veneris. 

Keywords: anti-obesity; ethnopharmacology; medicinal plants; meta-analysis; lipase 
inhibition 

 
■ INTRODUCTION 

The obesity problem has been on the rise worldwide, 
with a dramatic increase [1]. Obesity refers to a 
multifactorial state that harms health due to excessive fat 
accumulation in adipose. The disparity results from a 
chronic imbalance between food intake and energy 
expenditure. Energy excess is restored as triglycerides in 
adipose, and it continues to expand, which can lead to an 
increment of fat storage and then impair health [2-3]. 

Obesity is often defined using a body mass index (BMI) 
of ≥ 30 kg/m2 [1]. 

Obesity as a complex disease relies on the 
combination of several factors, including genetics, 
environment, behavior, social, and economic [4-5]. 
Besides genetic factors, the current human lifestyle, 
which is characterized by limited physical activities and 
dysregulation of the meal, is deemed able to stimulate 
the pathogenicity of obesity [6-7]. In addition, obesity is 
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the cause of comorbidities, including the development of 
type 2 diabetes mellitus, coronary disease, cardiovascular 
disease, various cancers and other health problems which 
can lead to further morbidity and mortality [8-9]. 
Specifically, some diseases, including hypertension, 
diabetes, insulin resistance, atherosclerosis, and sleep 
apnea, are associated with obesity [10]. With the increase 
of obesity-related diseases and becoming a global health 
concern, there is a crucial demand for how to develop 
attempts in the prevention, treatment, and management 
of obesity [11]. 

Orlistat, an anti-obesity drug, inhibits the activity of 
pancreatic lipase, thus reducing fat absorption into cells 
[12]. European Medicines Agency (EMEA) and the US 
still recommend orlistat as an anti-obesity drug which is 
considered a safe alternative compared with other drugs 
[12]. Therefore, research discussing obesity management 
without producing side effects have been increased 
incredibly. In this regard, ethnopharmacology becomes 
the foremost approach for future drug development [13-
14]. 

The most common active compounds exhibiting 
anti-obesity effects, involved in weight loss, fat mass, and 
plasma triglycerides/cholesterol both in vitro and in vivo 
are flavonoids [15-17]. Sub-class of flavonoid compounds 
commonly found in plants (fruits, stems, roots) that have 
anti-obesity effects are tiliroside (kaempferol 3-O-
glucoside-6”-E-coumaroyl or [(2R,3S, 4S,5R,6S)-6-[5,7-
dihydroxy-2-(4-hydroxyphenyl)-4-oxo-chromen-3-yl]oxy- 
3,4,5-trihydroxyoxan-2-yl]methyl(E)-3-(4-hydroxyphenyl) 
-prop-2-enoate) [15]. Trans-tiliroside in doses of 0.1, 1, 
and 10 mg/kg bw strongly inhibited weight gain, 
especially visceral fat weight, and increased plasma 
glucose levels after glucose loading in rats [15]. It was also 
found that tiliroside can inhibit triglyceride accumulation 
and glycerol-3-phosphate dehydrogenase activity in 3T3-
L1 cells [18]. Tiliroside shows the ability to be an anti-
obesity which is better than orlistat [19]. 

Next, flavonoid compounds commonly found in 
plants with great bioactivity potential are quercetin [20-
21]. In addition to flavonoids, pancreatic lipase inhibitory 
phytochemicals contained in plants or isolated from 
plants have been reported to be saponins, polyphenols, 

alkaloids, carotenoids, and terpenes [22-23]. Phenolic 
derivatives such as chlorogenic acid, catechin, and 
caffeic acid have a positive correlation with pancreatic 
lipase inhibition [24]. 

Some countries have their own empiric evidence 
on how diseases, primarily obesity, are treated by using 
herbs and medicinal plants [25]. There are 5 groups of 
herbal-based treatments for obesity, i.e., reduction of 
energy intake, increment of energy expenditure, 
reduction of lipogenesis and enhancement of lipolysis, 
attenuation of differentiation and proliferation of pre-
adipose, as well as reduction of fat absorption [14]. The 
mechanism of fat absorption reduction via inhibition of 
pancreatic lipase can be noted as an important base in 
the exploration of herb-based treatment, with the mode 
of similar action to orlistat [14]. 

Although sample evidence on pancreatic lipase 
inhibition by traditional medicinal plants (TMP) has 
been reported, there is no systematic review and meta-
analysis focusing on the topic, especially aiming to 
compare the efficacy of such plants compared with 
orlistat as standard. This present work aimed to screen 
medicinal plants able to function as anti-obesity agents 
recognized globally via inhibition of pancreatic lipase. 
The main data used in the meta-analysis referred to the 
ability of lipase inhibition based on inhibition of 
pancreatic lipase at 50% (expressed as IC50) while also 
compared with orlistat. 

■ MATERIALS AND METHODS 

Literature Search 

The present systematic review and meta-analysis 
complied with Preferred Reporting Items for Systematic 
Reviews and Meta-analyses (PRISMA) according to the 
guideline handbook [26-27]. During the study, we did a 
checklist based on the PRISMA statement table. 
Numerous kinds of literature discussing anti-obesity 
were collected through various article databases such as 
Science Direct, Proquest, Ebsco, Emerald and Cengage 
Library (up to May 2021). A total of 19 research articles 
selected were able to be accessed through PubMed and 
Embase databases. The search of articles employed the 
following keywords: “anti-obesity”, “medicinal plants”, 
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and “lipase inhibition”. We screened the titles and 
abstract, then excluded irrelevant research articles by 
using Collandrapp. Subsequently, we examined the full 
text of all remaining articles to determine eligibility. The 
discrepancies were verified by discussion and consensus. 
We also reviewed the identified trials and reviewed 
articles in reference lists to find any other potential proper 
articles. 

Eligibility Criteria 

Studies were eligible for the present systematic 
review and meta-analysis according to the following 
criteria: (1) design: lipase inhibition experiment; (2) 
population: all research articles carried out using in vitro 
protocols for anti-obesity treatment published in the last 
10 years; (3) intervention: comparison between lipase 
inhibition IC50 properties selected medicinal plants and 
orlistat; and (4) data: adequate information (data) for 
calculating the standardized mean difference (SMD) and 
the corresponding 95% confidence interval (CI). Further, 
all published papers were written in English. 

Data Extraction 

Extraction and integration of data collected from the 
selected articles were performed by using Collandrapp. 
The following information was extracted using a 
predefined form, i.e., first author name, year of 
publication, country of origin, number of experiments, 
intervention, control, solvent, method, and outcomes 
data (IC50 lipase inhibition). The discrepancies were 
verified by discussion and consensus. 

Statistical Analysis 

Meta-analysis was conducted in qualified research 
papers according to certain criteria. The papers shall 
contain the following information: averaged 
concentration of compounds in traditional medicinal 
plants and orlistat for IC50, number of replications, and 
standard deviation. Since all the observation indexes are 
continuous and the measurement time of outcome is 
inconsistent across studies, we pooled the SMD with a 
corresponding 95% CI using the random-effects model. 

■ RESULT 

Trial Selection and Risk of Bias Assessment 

The initial search from 6 scientific databases 
successfully collected and identified 810 articles, of 
which 326 articles were chosen for full-text review, 
resulting in 19 articles [28-46] that met the inclusion 
criteria. Meanwhile, the rest (484 articles) was rejected 
due to incompatible substance from the title and 
abstract. Nine additional articles from reference lists of 
the identified trials were included in the study because 
they met the inclusion criteria. Following a full review, a 
total of 331 articles were excluded (8 review articles, 291 
not having data compatible with analysis). Totally the 
meta-analysis involved 19 articles. The stage of article 
selection is exhibited in Fig. 1. 

Characteristics of Articles 

Nineteen selected articles contained 91 
experimental data published between 2011 and 2021. 
The PICO of this research is defined as Participants, 
Interventions, Comparisons, Outcomes, and Study 
Design. Participants in the in vitro experiment were IC50 
pancreatic lipase inhibition. Interventions used were 
medicinal plants. Comparisons were orlistat as an anti-
obesity drug. The outcome of this research was the best 
potential lipase inhibition activity by medicinal plants. 
The study design used in this research was randomized 
control. 

The Most Promising Anti-Obesity Plants 

Inhibition of pancreatic lipase 
In this work, our systematic review and meta-

analysis used IC50 of pancreatic lipase inhibition as the 
criteria for screening studies. Summary table of meta-
analysis (Table 1) and additional table about data 
collection for meta-analysis (Table S1), meta-analysis 
modeling indicated an overall standardized mean 
difference (SMD) of 12.75 (95% CI 10.144-15.362) with 
I2 = 89.83% and P < 0.001. There were 8 medicinal plants 
from all studied countries that showed smaller effect size 
than the average, i.e., Solenostemma argel (Hargel) 
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Fig 1. The Prisma flow diagram of the systematic review process 

 
-2.166 (95% CI -12.211-7.875), Garcinia vilersiana 0.030 
(95% CI -1.570-1.777), Phyllanthus chamaepeuce 0.173 
95% CI -1.430-1.777), Cassia auriculat (Tanner’s Cassia) 
3.235 (95% CI -12.211-7.875), Moringa oleifera (Drumstick 
tree) 3.610 (95% CI 3.689-14.467), Ficus carica 6.178 (95% 
CI 1.703-5.517), Ocimum gratissium (African basil) 9.058 
(95% CI 3.689-14.467), and Adiantum capillus-veneris 
(southern maidenhair fern) 10.422 (95% CI 4.312-16.533). 

Bioactive compounds contributing to anti-obesity 
Medicinal plants with anti-obesity effects were 

screened in the previous stage according to their inhibitory 
activity against pancreatic lipase (expressed as IC50). The 
further stage focused on the selection of bioactive 
compounds most contributing to anti-obesity via inhibition 
of pancreatic lipase. The results indicated different scores 
of SMD between compounds, i.e., flavonoid-alkaloid 0.102 
(95% CI -1.031-1.234], niazirin 3.610 (95% CI 1.703-
5.517), mallic acid 6.178 (95% CI 2.645-9.711), flavonoid 
6.316 (95% CI 0.507-12.126], 5-Methoxy-7-hidroxy-9,10-
dihydro-1,4-phenanthrenequinone 7.727 (95% CI 3.071-
12.382), combination of tannin, phenolic and flavonoid 

7.977 (95% CI -2.379-18.333), and ferulic acid 10.422 
(95% CI 4.312-16.533); those compounds are lower than 
the average 12.753 (95% CI 10.144-15.362). Niazirin 
belongs to a group of phenolic glycosides [47]. Based on 
the forest plot, herbal plants with flavonoids and 
alkaloids exerted a powerful inhibitory activity towards 
pancreatic lipase compared with those with flavonoids 
or phenolics alone. The inhibition rate of plants 
containing flavonoids and alkaloids reached 60, higher 
than those containing flavonoids. 

Solvents used to isolate the bioactive compounds 
The most proper solvent to extract bioactive 

compounds for anti-obesity was ordered as follows: 
ethanol 70% with a homogenizer, ultrasonication, ethanol 
90% with ultrasonication, methanol with ultrasonication, 
ethanol 50% with ultrasonication, methanol, water, and 
ethyl acetate. From Table 1 comparison of solvent to IC50 
indicated that ultrasonication-assisted extraction would 
improve the inhibition of pancreatic lipase in comparison 
with maceration. Ethanol 70% is the best solvent. 
Compared  to  methanol,  extraction  of  the  anti-obesity  
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Table 1. Summary table of the Metaanalysis 
Subgroup* Country Solvent 

Bioactive 
molecule 

N 
Effect size (random effect model) 

SE p-value 
Heterogeneity Egger’s 

test SMD C.L (Lower to Upper) I2 Q 
Cassia Siamea India Ethanol Cassiamin A 3 22.69 9.75 35.62 43.55 NA NA NA NA 
Miurdannia 
ioriformis 

Thailand  Aqueous Phenolic 3 543.38 235.93 860.83 24564.61 NA NA NA NA 

Stevia 
rebaudiana 

Thailand Aqueous Phenolic 3 2619.73 1137.50 4101.96 571366.70 NA NA NA NA 

Centella 
asiatica 

Thailand Aqueous Phenolic 3 593.39 257.65 929.13 29293.91 NA NA NA NA 

Carthamus 
tinctorius 

Thailand Aqueous Phenolic 3 2678.56 1163.05 4194.08 596666.30 NA NA NA NA 

Ginkgo biloba Thailand Aqueous Phenolic 3 2390.89 1038.14 3743.63 475385.10 NA NA NA NA 
Orthosipon 
aristatus 

Thailand Aqueous Phenolic 3 643.39 279.36 1007.43 34439.29 NA NA NA NA 

Cassia 
angustifolia 

Thailand Aqueous Phenolic 3 3951.29 1715.67 6186.91 1299331 NA NA NA NA 

Gynostemma 
penthaphyllum 

Thailand Aqueous Phenolic 3 2706.69 1175.26 4238.12 610454.50 NA NA NA NA 

Morus alba Thailand Aqueous Phenolic 3 493.38 214.22 772.53 20251.41 NA NA NA NA 
C. fenestratum Thailand Hexane:Dichloro

methane:Ethanol 
(1:1:1) 

Flavonoid 3 136.06 59.06 213.06 1543.48 NA NA NA NA 

Cassia 
auriculata 

UK Methanol Flavonoid 4 3.24 1.13 5.34 1154 NA NA NA NA 

Achillea 
santolina 

Algeria    575508.82 -118268.27 1269285.91 693777.09 <0.01 90.84 NA 0.410 
Ethyl acetate 
fraction 

Phenolic 3 4172746.16 1011836.15 6533656.17 1.45 × 1012 - - - - 

Butanol fraction Phenolic 3 561932.83 243995.27 879870.41 2.63 × 1010 - - - - 
Butanol fraction Saponin 3 44751.52 19431.43 70071.61 1.67 × 108 - - - - 

Zizyphus lotus Algeria    689657.39 -179526.11 1556640.91  <0.01 91.63% NA 0.412 
Ethyl acetate 
fraction 

Phenolic 3 5075449.49 220379.37 7947102.61 2.15 × 1012 - - - - 

Butanol fraction Phenolic 3 674770.742 292990.27 1056551.21
5 

3.79 × 1010 - - - - 

Butanol fraction Saponin 3 1556640.91 -179526.12 4427.78 666379.40 - - - - 
Passiflora 
nitida 

Japan 20% Ethanol + 
80% water 

Flavonoid 3 14.49 7.02 25.94 23.31 NA NA NA NA 

Garcinia 
vilersiana 

Thailand Ethanol Flavonoid, 
Alkaloid 

3 0.03 -1.57 1.63 0.67 NA NA NA NA 

P. 
chamaepeuce 

Thailand Ethanol Flavonoid, 
Alkaloid 

3 0.17 -1.43 1.78 0.67 NA NA NA NA 

Hibiscus 
sabdariffa 

Germany    1423.98 853.34 1994.42  0.78 0% NA NA 
Methanol Polyphenol 3 1353.23 567.58 2116.80 152603.70 - - - - 
Aqueous Polyphenol 3 1512.10 656.56 2367.63 190538.20 - - - - 

Mentha 
aquatica 

Germany    60821.94 -63161.18 184805.07  <0.01 91.28% NA NA 
Methanol NA 3 2852.16 1239.42 4465.99 677901.10 - - - - 
Aqueous NA 3 129859.26 56381.91 203310.62 1.41 × 109 - - - - 

Punica 
granatum 

Germany    5312.83 3668.78 6957.48  0.34 9.74 NA <0.001 
Methanol NA 3 3806.40 1652.80 5960.16 1207443 - - - - 
Aqueous NA 3 4836.04 2969.25 10703.92 3894288 - - - - 
Methanol:aqueou
s (1:1) 

NA 3 6700.83 2909.55 10492.12 3741769 - - - - 

Methanol:aqueou
s (2:1) 

NA 3 6407.71 2792.27 10033.15 3421569 - - - - 

Tamarindus 
Indica 

Germany   3 6352.69 3771.78 8933.58  0.39 0% NA NA 
Methanol NA 3 5567.49 2417.44 8717.62 2583087 - - - - 
Aqueous NA 3 7956.14 3454.61 12457.67 5275024 - - - - 
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Olea europaea Germany    10274.50 1220.34 19328.65  0.06 72.27% NA NA 
Methanol NA 3 4495.51 2820.39 10170.62 3515973 - - - - 
Aqueous NA 3 15921.58 6913.26 24929.90 21124736 - - - - 

Rosmarinus 
officianalis 

Germany    7044.81 4208.66 9880.96  0.59 0% NA NA 
Methanol NA 3 6413.81 2784.92 1604.69 3428079 - - - - 
Aqueous NA 3 8035.16 3409.93 12591.40 5380326 - - - - 

Peumus boldus 
Molina 

Germany    10102.09 3036.16 17168.01  0.12 59.27% NA NA 
Methanol NA 3 7300.20 3169.79 11430.60 4441077 - - - - 
Aqueous NA 3 1474.73 6400.53 2300.93 18107421 - - - - 

Ocimum 
gratissimum 

Nigeria Methanol then by 
separatory funnel 
with hexane, 
aqueous phase 
extracted by ethyl 
acetate 

Phenolic, 
Flavonoid 

3 9.06 3.69 14.43 7.50 NA NA NA NA 

Ocimum 
basilicum 

Nigeria Methanol then by 
separatory funnel 
with hexane, 
aqueous phase 
extracted by ethyl 
acetate 

Phenolic, 
Flavonoid 

3 13.85 5.85 21.86 16.67 NA NA NA NA 

Moringa 
oleifera 

India    3.61 1.70 5.51  0.31 2.93% NA NA 
Methanol Niazirin 3 4.97 1.73 8.19 2.72 - - - - 
Methanol Niazirin 3 2.91 0.61 5.21 1.37 - - - - 

Dendrobium 
formasum 
Roxb 

Thailand    12.86 0.72 24.99  0.05 74.35 NA NA 
Methanol (FII2 
of Fraction Ethyl 
acetate, hexane 
gradient 
chromatography 
column) 

Confusarin 3 20.33  8.71 31.94 35.11 - - - - 

Methanol (GIII2 
of fraction CH2-
Cl2-Hexane 
gradient 
chromatography 
column) 

5-Methoxy-
7-hydroxy-
9,10-
dihydro-1,4-
phenanthren
equinone 

3 7.73 3.07 5.21 5.64 - - - - 

Adiantum 
capillus-veneris 

Jordan water Ferulic acid 3 10.42 4.31 16.53 9.72 NA NA NA NA 

Ficus carica South 
Africa 

  3 55.06 23.87 86.26  <0.01 87.56% NA 0.03 
Hexane  Malic acid 3 11.97 5.01 18.93 253.34 - - - - 
Ethyl acetate Malic acid 3 2.69 0.46 4.90 12.61 - - - - 
Ethanol Malic acid 3 0.03 -1.57 1.63 1.27 - - - - 
Aqueous Malic acid 3 0.02 -1.57 1.63 0.67 - - - - 
Hexane  Malic acid 3 401.91 174.50 629.31 13461.78 - - - - 
Ethyl acetate Malic acid 3 15.02 6.37 23.67 19.48 - - - - 
Ethanol Malic acid 3 0.188 -1.41 1.79 0.67 - - - - 
Aqueous Malic acid 3 3.85 1.15 6.56 1.90 - - - - 
Hexane  Malic acid 3 221.98 96.37 347.58 4106.92 - - - - 
Ethyl acetate Malic acid 3 2316.53 1005.85 3627.20 447192.90 - - - - 
Ethanol Malic acid 3 11.01 4.61 17.55 10.91 - - - - 
Aqueous Malic acid 3 6.27 2.38 10.16 3.94 - - - - 

Grapefruit China 70% Ethanol Phenolic, 
Flavonoid 

3 63.15 27.38 98.92 333.03 NA NA NA NA 

Pomelo China 70% Ethanol  Phenolic, 
Flavonoid 

3 24.74 10.65 38.82 51.65 NA NA NA NA 

Kumquat China 70% Ethanol Phenolic, 
Flavonoid 

3 205.93 89.40 322.46 3534.72 NA NA NA NA 
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Citrus 
Mandarin, 
Owari unshu 

China 70% Ethanol Phenolic, 
Flavonoid 

3 10.33 7.83 38.82 28.66 NA NA NA NA 

Ponkan China 70% Ethanol Phenolic, 
Flavonoid 

3 19.14 0.19 30.08 31.18 NA NA NA NA 

Tingerine China 70% Ethanol Phenolic, 
Flavonoid 

3 22.40 9.66 35.16 42.45 NA NA NA NA 

Lemon China 70% Ethanol Phenolic, 
Flavonoid 

3 131.82 57.22 206.41 1448.65 NA NA NA NA 

Sweet orange China 70% Ethanol Phenolic, 
Flavonoid 

3 13.75 5.81 21.70 16.43 NA NA NA NA 

Solenostemma 
argel 

Egypt    -2.17 -12.21 7.87  <0.01 91.06% NA 0.74 
Methanol 
(ultrasonic) 

Flavonoid 3 0.66 -0.98 2.31 0.70 - - - - 

Aqueous 
(ultrasonic) 

Flavonoid 3 25.63 11.04 40.22 55.41 - - - - 

50% Ethanol 
(ultrasonic) 

Flavonoid 3 7.83 3.12 12.54 5.78 - - - - 

70% Ethanol 
(ultrasonic) 

Flavonoid 3 -31.63 -49.60 -13.66 84.06 - - - - 

90% Ethanol 
(ultrasonic) 

Flavonoid 3 -22.13 -34.76 -9.50 41.49 - - - - 

Rumex 
maderensis 

Portugal    22.01 14.75 29.27  0.96 0% NA 0.08 
Methanol Flavonol, 

Catechin 
3 21.54 9.25 33.83 39.33 - - - - 

Methanol Flavononol, 
Catechin 

3 21.14 9.07 33.22 37.93 - - - - 

Methanol Flavonol, 
Catechin 

3 23.67 10.11 37.16 47.38 - - - - 

J. communis India    20.13 7.45 32.81  <0.01 90.93% NA 0.23 
Toluene Tanin, 

Phenolic 
3 46.19 20.01  72.38 582.08 - - - - 

Chloroform Tanin, 
Phenolic 

3 46.19 20.01 72.38 178.53 - - - - 

Methanol  Tanin, 
Phenolic, 
Flavonoid 

3 0.001 -1.59 1.60 0.67 - - - - 

Ethyl acetate Tanin, 
Phenoluc, 
Flavonoid 

3 7.59 3.00 12.18 5.472 - - - - 

Aqueous Tanin, 
Phenolic, 
Flavonoid 

3 61.43 7.90 29.06 315.20 - - - - 

Echium 
angustifolium 

Palestine    27.94 17.13 38.74  0.17 40.34% NA 0.01 
Hexane Saponin 3 26.62 11.47 41.77 59.75 - - - - 
Acetone Saponin 3 37.72 16.31 59.12 119.23 - - - - 
Methanol Flavonoid 3 43.67 18.91 69.43 159.59 - - - - 
Aqueous Flavonoid 3 16.40 7.90 29.06 29.15 - - - - 

Anchusa ovata Palestine    200.59 69.81 331.37  <0.01 87.35% NA 0.08 
Hexane fraction Saponin 3 747.23 324.45 1170.02 46531.08 - - - - 
Acetone fraction Tannin, 

Phenolic 
3 613.86 266.54 961.19 31403.24 - - - - 

Methanol 
fraction 

Phenolic, 
Tannin, 
Terpenoid 

3 96.65 37.60 135.71 626.46 - - - - 

Aqueous fraction Phenolic, 
Tannin, 
Alkaloid 

3 109.72 43.71 157.73 846.02 - - - - 
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P. mildbraedii Nigeria    25.66 -12.72 64.06  0.01 87.35% NA NA 
Ethanol Flavonoid, 

Saponin 
3 47.72 20.67 74.78 190.50 - - - - 

Hexane fraction Flavonoid, 
Saponin 

3 9.27 3.32 13.22 6.37 - - - - 

M. flagellipes Nigeria    16.54 10.96 22.11  0.56 0% NA 0.01 
Ethanol Flavonoid, 

Saponin 
3 14.90 6.32 23.49 19.19 - - - - 

Hexane Fraction Flavonoid, 
Saponin 

3 15.31 6.50 24.13 20.22 - - - - 

Butanol fraction Flavonoid, 
Saponin 

3 23.11 9.93 36.29 45.19 - - - - 

Eletaria 
cardamomium 

Saudi 
Arabia 

Aqueous Phenolic, 
flavonoid 

3 156.48 67.93 245.04 156.49 NA NA NA NA 

Overall      12.75 10.14 15.36  <0.01 89.93% NA <0.01 
*References of Subgroup 1-91 = [28-46]. Abbreviation: N = Sample size of study; SMD = Standardized Mean Difference; SE = Standard Error; Q = homogeneity 
test; I2 = Index 95%; CI = Confidence Interval around I2; NA = Not available 

 
compound by ethanol produced a much higher amount 
of yield, reaching up to 2.5 times higher than methanol. 

Countries with the most appreciable anti-obesity 
effect 

From the screening of articles published in 6 
databases, there was no research paper from Indonesia 
that meets the criteria of meta-analysis. The absence of 
Indonesian research articles could relate to a scarcity of 
research publications on herbal plants promoting anti-
obesity activities. In addition, the published articles did 
not fit the criteria. Meta-analysis indicated some potential 
countries that are associated with plants containing an 
inhibitor of pancreatic lipase, i.e., Egypt, the UK, South 
Africa, India, Thailand, and Jordan, respectively. The effect 
size of these countries was better than the overall score. 

Research mapping related to anti-obesity 
In this work, we portrayed research focusing on 

anti-obesity. Analysis of bibliometric data accessed from 
6 databases suggested 4 research clusters of obesity, each 
displayed in different colors. Green cluster represented in 
vivo anti-obesity experiments using experimental animals 
such as a rat. The experiment applied various methods 
and evaluated the lipid profile of the animals. Meanwhile, 
the yellow cluster delineated studies on the mode of action 
of anti-obesity drugs, covering the investigation of PPARу 
gene expression, adipose alteration, lipogenesis, and lipid 
accumulation. However, this group of research was 
scarcely conducted, as presented in pale-yellow color. In 
addition, the red cluster displayed studies on other 

bioactivities, such as anti-diabetic activity via α-
glucosidase and α-amylase test, and their relationship 
with bioactive compounds in drugs such as flavonoids. 
The blue cluster depicted pharmacotherapy 
experiments, disease diagnosing, and evaluation of 
potential plants for medicines. However, the pale blue 
color indicated that the studies on this cluster were scant 
(Supplementary File). 

Based on bibliometric data from 6 databases within 
the last 10 years analyzed using VoS viewer, we noted 
current anti-obesity research discussing phytochemical 
profiles and obesity management directly on obese 
individuals. From this bibliometric, a considerable rise in 
anti-obesity studies started in 2015. As illustrated in the 
graph, research topics on light colors indicated that they 
were intensively carried out; on the contrary, topics on 
dark color were rarely studied. We also found that TCM 
became massively published topics, while research on the 
mechanism of anti-obesity effect by lipase inhibition and 
phytochemicals was rarely investigated (Fig. S1 and S2). 

■ DISCUSSION 

In this meta-analysis, we present 91 experimental 
data regarding the use of medicinal plants from 
numerous countries, in which these plants provide anti-
obesity effects via inhibition of pancreatic lipase under 
in vitro experiments. The data used are eligible, 
following verification based on inclusion criteria, 
including the presence of IC50 value, number of 
replications, and standard deviation. As one of the key 
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criteria, we define IC50 as a minimum concentration 
required to inhibit the activity of pancreatic lipase by 50%. 
It is well-known that pancreatic lipase constitutes a 
pivotal enzyme that dictates fat absorption [14]. Hence, a 
drug or a compound showing lower IC50 is more powerful 
as an inhibitor. Actually, the mechanism of anti-obesity 
through pancreatic lipase inhibition is applied by a 
conventional drug, i.e., orlistat [48]. Furthermore, the 
inhibition of such enzymes has been massively studied. 
This condition provokes exploration of medicinal plants 
highlighting their ability to retard pancreatic lipase as an 
attempt in search of anti-obesity drugs. 

Among 91 plants studied, we show 8 TMP 
exhibiting the most appreciable source of anti-obesity 
according to effect size compared with orlistat. These 
plants include Solenostemma argel, Garcinia vilersiana, P. 
chamapeuce, Cassia auriculata, Moringa oleifera, Ficus 
carica, Ocimum gratissium and Adiantum capillus-
veneris. These plants are applied in different parts of the 
plant, such as the leaf, fruit, and root. Meanwhile, there 
are 5 bioactive compounds functioning as a pancreatic 
lipase inhibitor, i.e., phenolic, flavonoid, saponin, 
alkaloid, and terpenoid [36,48]. Other studies reported 
some potential bioactive compounds for inhibiting 
pancreatic lipase, i.e., flavonoid, phenol, and alkaloid [48-
50]. Consistent with former studies, this meta-analysis 
also demonstrates that secondary metabolites suitable for 
anti-obesity include a combination of flavonoid-alkaloid, 
niazirin, malic acid, flavonoid, 5-methoxy-7-hidroxy-
9,10-dihydro-1,4-phenanthrenequinone, a combination 
of tannin, phenolic, and flavonoid, as well as ferulic acid. 

Regarding the relationship between solvent and 
pancreatic lipase inhibition, extraction of bioactive 
compounds using ethanol and methanol with an 
ultrasonication system is associated with higher 
inhibitory activity. Ultrasonication-assisted extraction 
enables the enhancement of efficiency, selectivity of the 
process, high reproducibility, less amount of solvent used, 
shorter time, and higher production content yield [51]. 
Hence, these advantages are reasons for the popularity of 
ultrasonic in plant-source extraction for drug 
development [52]. Solvents are often selected for their 
polarity. A polar solvent is highly effective in isolating and 

dissolving polar and semi-polar compounds, and vice 
versa [53]. Solvent classification according to a degree of 
polarity can be sequenced (non-polar to polar) as 
follows: hexane < chloroform < ethyl acetate < acetone < 
ethanol < methanol < water [53]. Ethanol is the ideal 
solvent for the extraction of polyphenols, including 
flavonoids. In addition, concerning safety, ethanolic 
extract appears to be safer for humans. Meanwhile, 
methanol is proper for the extraction of flavonols with a 
higher molecular weight and alkaloid is best extracted by 
ethanol rather than methanol and water [54-55]. 

Solenostemma argel is a traditional perennial herb 
widely distributed in some regions such as Egypt, Africa, 
and Arabian Peninsula [56]. Besides providing 
inhibition towards pancreatic lipase, the anti-obesity 
mechanism by the argel is based on its stimulatory effect 
on the expression of β-oxidation, modulation of 
adipokine activity, regulation of satiation hormone, 
control of body weight, and improvement of lipid profile 
[57]. The flavonoid in the argel is reported as a main 
contributor to anti-obesity [31]. Another potential plant 
for anti-obesity management is Garcinia vilersiana, 
popular as yellow mangosteen. Several species of 
Garcinia can be found in tropical regions of Asia, Africa, 
and Polynesia, and they are included in ayurvedic 
medicine [58]. In this meta-analysis, Garcinia vilersiana 
originates from Thailand. Flavonoids and alkaloids in 
yellow mangosteen are two bioactive compounds 
responsible for anti-obesity activity [29]. Phyllanthus 
chamapeuce, a member of Phyllanthus, mostly occurs in 
tropical and sub-tropical areas in Asia, Africa, America, 
and Oceania, and for Phyllanthus chamaepeucea, it is 
distributed in Asia countries such as Malaysia and 
Thailand [59-60]. In addition, we also observed P. 
chamaepeuce from Thailand as one of the anti-obesity 
agents, in which flavonoids and alkaloids are also key 
bioactive compounds for curing obesity [29]. 

Moreover, Cassia auriculata, widely recognized as 
avartaki in India, is an annual or biennial shrub found 
throughout the country and in this work, Indian avartaki 
is one of the ayurvedic plants [61]. Avartaki exerts anti-
obesity properties regarding its ability to reduce the 
action of pancreatic lipase as well as diminishing 



Indones. J. Chem., 2023, 23 (2), 568 - 582    

 

Hasim et al.   
 

577 

adiposity differentiation which leads to body weight loss 
[62]. Flavonoid is a bioactive compound responsible for 
the anti-obesity effect of avartaki [34]. Moringa oleifera, 
also known as the drumstick tree, is a popular plant 
throughout the world and spread in most parts of the 
globe, including India, Asia, and Africa [63]. With its 
stunning bioactivity, moringa leaf is listed in the top 50 
future plants [64]. Anti-obesity activity by moringa leaf 
relates to its action on inhibition of pancreatic lipase as 
well as regulation of fat storage through the down-
regulating expression of adipogenesis-associated proteins 
peroxisome proliferator-activated receptor gamma 
(PPARγ) and fatty acid synthase (FAS), up-regulating the 
expression of the lipolysis-related protein, i.e. adipose 
triglyceride lipase (ATGL), suppressing content of leptin, 
retarding expression of lipogenesis, and adipogenesis-
related proteins [65-66]. In addition, moringa leaf is 
reported to be able to improve lipid profile by reducing 
the content of total cholesterol, triglyceride, low-density 
lipoprotein (LDL), and very low-density lipoprotein 
(VLDL), but at the same time, increasing high-density 
lipoprotein (HDL) [65]. The experiment in animal 
subjects indicates that moringa enables to decline in body 
weight of obese rats significantly [67]. The incredible 
activity of moringa as an anti-obesity agent is associated 
with the presence of niazirin [46], which belongs to a 
member of phenolic glycoside [68]. 

Ficus carica, also known as fig, originates from 
Southwest Asia and East Mediterranean; and the plant is 
believed as one the first cultivated plants in human history 
[69]. In this meta-analysis, Ficus carica is from South 
Africa. Ficus carica often relates to management of 
diabetes; hence its activity as an anti-obesity agent is 
linked to the ability of the plant to regulation of glucose, 
lipid metabolism, and oxidative stress [70]. The malic acid 
in Ficus carica is the main actor in its anti-obesity effect 
[30]. In addition, Ocimum gratissium can be found in 
tropical regions of Asia and Africa, such as Nigeria, which 
is widely applied in folkloric medicine [71-72]. In this 
work, Ocimum gratisimum studied originates from 
Nigeria, emphasizing the performance of anti-obesity by 
phenolic and flavonoids in the plant [73]. Some fern 
species, Adiantum capillus-veneris is popularly applied in 

traditional medicine in many parts of the world, 
including China, India, and the United States 
Pharmacopoeia [74]. Ferulic acid isolated from the plant 
is revealed to provide an anti-obesity effect [45]. 
Regarding the mode of action, the anti-obesity effect of 
bioactive compounds in fern species depends on how 
they regulate the activity of gastrointestinal enzymes, 
especially those that account for the digestion and 
absorption of carbohydrates and lipids. This suggests 
that bioactive compounds in fern plants can perform 
dual targets in the regulation of glycemia, which is 
associated with obesity and diabetes [73]. 

Brief Description of the Mechanism of Pancreatic 
Lipase Inhibition by Bioactive Compounds 

Pancreatic lipase is an important enzyme of 
pancreatic juice responsible for the digestion of dietary 
triglycerides in the small intestine into free fatty acids 
and diacylglycerol [49]. The way of inhibiting pancreatic 
lipase enzymes by orlistat or tetrahydrolipstatin itself is 
to form a covalent bond with the active serine moiety site 
of lipases and then inactivate them to hydrolyze dietary 
fat [75]. The bioactive molecules that have potential as 
pancreatic lipase inhibitors are also the same, which will 
bind to the active site of the lipase enzyme located in the 
stomach and small intestine, changing the conformation 
of the enzyme, thereby inhibiting catalytic activity, 
thereby reducing digestion and absorption of fat and 
accumulation in tissues. Adipose tissue to achieve 
obesity control [76-77]. The advantage of lipase 
inhibitors acting on peripheral elements in the 
development of new drugs is that they do not enter the 
human blood vessels and nervous system and do not 
affect the balance between the body’s minerals and bone 
circulation lipase inhibition [77-78]. The lipase inhibitor 
has proven to be relatively safe [49]. 

Limitations and Strengths of This Study 

This present systematic review and meta-analysis 
possess several limitations that are worth nothing. First, 
although the search strategy of this study was 
comprehensive, it is possible that pertinent unpublished 
reports or studies published in languages other than 
English are not included in this study. Future studies 
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should consider gray literature apart from easily 
accessible international databases and include 
publications with no language limitation, unpublished 
resources, including books, dissertations, and non-
English publications.  Second, the trials involved in this 
work include studies published in the last 10 years (2010–
2021) considered as recent research reporting pancreatic 
lipase inhibition by anti-obesity plants. Future works 
covering previous years' research should be envisaged. 
Third, there are several articles in which the procedure fits 
our criteria for pancreatic lipase inhibition. However, the 
description of the intervention is inadequate to explain 
the number of repetitions of samples and orlistat, and the 
value of the standard deviation or standard error is not 
shown. Therefore, some articles are excluded after full-
text reading because they only show % inhibition without 
providing the IC50 value of pancreatic lipase inhibition. 

The strength of the current meta-analysis is the 
coverage of traditional plant medicines from many parts 
of the world as anti-obesity with specific mechanisms as 
an inhibitor of pancreatic lipase. Moreover, we perform 
subgroup analysis to identify the main sources of 
heterogeneity and introduce the influence of secondary 
metabolites in each intervention, as well as specific 
solvents used in the extraction procedure. Ultimately, 
using VoS viewer, this study is enriched with a review of 
how far studies pertaining to obesity are carried out. 

■ CONCLUSION 

The electronic search collected 810 research articles 
from 6 scientific databases, and 91 of them contained 
eligible data reporting the use of TMP for treating anti-
obesity via inhibition of pancreatic lipase. Among these 
plants, we found some plants showing the best anti-
obesity activity, i.e., Solenostemma argel, Garcinia 
vilersiana, P. chamaepeuce, Cassia auriculata, Moringa 
oleifera, Ficus carica, Ocimum gratissimum, and 
Adiantum capillus-veneris, respectively. Their anti-
obesity effects were evaluated according to the inhibition 
of pancreatic lipase expressed as IC50. One explanation of 
their bioactivity is related to the content of bioactive 
compounds such as flavonoid, alkaloid, phenolic, malic 
acid, and ferulic acid. To isolate specific compounds 

acting as pancreatic lipase inhibitors, the use of solvents, 
i.e., 70% ethanol, 90% ethanol, and methanol, combined 
with ultrasonication, were reported to show the best 
outcome. 
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