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 Abstract: The gelcasting technique was employed to fabricate porous ceramics utilizing 
kaolinite clay as the base material with a combination of 20 wt.% cassava starch. The 
utilization of cassava starch as a pore-template material is a sustainable and eco-friendly 
approach. The dry mixture compacted pellets underwent calcination for 2 h at three 
distinct sintering temperatures, namely 900, 1000, and 1100 °C. The present study 
investigated the impact of sintering temperatures on various ceramic properties, including 
but not limited to porosity, hardness, crystallinity, lattice strain, and morphology. 
Furthermore, an increase in sintering temperature led to a reduction in crystallinity of 
the ceramic material from 81.71 to 78.06%, while the lattice strain increased, as 
determined by the full width at half maximum peak diffraction calculation. The study 
determined that the pore size remained microporous (21 Å) across all temperature 
treatments. Ultimately, a porous ceramic material was fabricated, exhibiting a porosity 
of 39.44% by volume and a desirable hardness of 94 HB. The optimal sintering 
temperature for this material was found to be 900 °C. The anticipated application of the 
porous ceramic, which has taken on a pellet shape, is as a catalyst support for wastewater 
filtration in the future. 
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■ INTRODUCTION 

Customized porosity of materials gives unique 
qualities and features, which are difficult to be obtained 
and achieved in conventional materials. Porous materials 
are being used in many end products and technologies 
presently. Furthermore, porous materials are also used in 
many different ways and forms in everyday human life. 
For example, polymer foams are used for packaging. 
Lightweight aluminum structures are used in buildings 
and airplanes while porous ceramics are used to clean 
water. Porous ceramics provide the opportunity to 

combine high porosity with crucial properties such as 
high thermal conductivity, high strength, and chemical 
stability, which are essential for industrial applications 
and development. The implementation of the materials 
includes catalytic support [1-2], removal of heavy metal 
ions or azo dyes from wastewater [3-4], thermal 
insulators [5], combustion analyzers [6], and membrane 
for microfiltration [7]. However, due to pricey raw 
materials and production techniques, the usage of 
porous ceramics in more widespread applications is 
restricted [8]. Therefore, the development of porous 
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materials made from natural resource materials and the 
fabrication route using low temperatures are of interest 
and goal in this study. 

Several methods have been employed to fabricate 
porous ceramics, including the direct consolidation 
method [9], fused deposition [10], freeze casting [11], 
gelcasting [12], foam gelcasting [13], and sol-gel [14]. 
Among these methods, gelcasting is a simple low-cost 
method because the fabrication process does not require 
high temperatures and pressures [15]. Gelcasting is one 
method of shaping process that is entirely developed with 
basic principles of in-situ polymerization of monomers in 
a ceramic slurry, creating a strong, cross-linked polymer-
solvent gel that acts as a pore template [16]. Our previous 
research produced porous ceramic by the gelcasting 
method, and the material has good properties (high 
porosity with high ceramic body strength) as adsorbent 
for azo dyes [2]. In addition, Han et al. [17] also produced 
a porous ceramic body with good thermal conductivity 
for heat insulation applications. As a result, gelcasting will 
unquestionably become a crucial technique for producing 
ceramic parts in various shapes. 

The most often used gel, acrylamide (AM), is a 
neurotoxic, and the raw materials employed are synthetic 
metal oxide powders such alumina, nitride, and zirconia 
[18-19], which is expensive. As a result, the industry is 
hesitant to use the gelcasting technology. Therefore, it is 
necessary to discover alternative natural polymers and 
raw materials. Several natural polymers, such as chitosan 
[18], rice flour [20], cassava starch [21], and egg white 
[22], have been developed as pore templates by several 
researchers. The raw material that has attracted the 
attention of researchers is clay [23]. Besides being quite 
abundant, this natural mineral also has good chemical 
resistance, good thermal stability, and good mechanical 
properties. 

Liu et al. [24] have successfully used natural clay as 
a raw material in the gelcasting process to fabricate porous 
ceramics and reported that porosity could be controlled 
by adjusting sintering temperatures. In addition, low-cost 
porous ceramics by gelcasting method using clay have 
also been successfully carried out with a sintering 
temperature of 1100–1500 °C, reporting that by adjusting 

sintering temperatures, pore size distribution and gas 
permeability can be controlled [25]. However, both of 
these studies still use AM as a gelling agent. As for the 
use of cassava starch as a pore template, we have 
observed previously. The resulting porous ceramics can 
be used as catalyst support [26]. In addition, Barros 
Calado et al. [27] using a combination of sunflower oil 
as a gelling agent and starch consolidation, reported that 
the manufacturing methods were effective in the 
production of cellular porous ceramics with low energy, 
low amounts of gelling agent and low environmental 
costs. However, the raw material used is synthetic metal 
oxide powder, i.e., alumina. Based on these perspectives, 
the challenge to investigate how the sintering 
temperature affects the microstructure behavior of 
porous ceramics is necessary for this field. As an 
improvement, the base material made of clay and 
cassava starch is applied, which is certainly more 
environmentally friendly and can be suggested for the 
industry. To the best of our knowledge, no previous 
studies have investigated the combination of clay as raw 
material and cassava starch as a pore template. In 
addition, quantitative analyses to illustrate the 
relationship between crystallinity and crystallite size to 
the porosity response of ceramics are also reported in 
detail. 

■ EXPERIMENTAL SECTION 

Materials 

Natural clay was taken from South Sulawesi (was 
slightly ground and sieved to pass 60 mesh, containing 
71.12 wt.% SiO2, 11.98 wt.% Al2O3, 5.68 wt.% Fe2O3, and 
less than 0.80 wt.% of TiO2, CuO, K2O, ZnO by XRD 
analysis). The cassava starch (containing 59.97% of 
starch) and carboxy methyl cellulose (CMC) were used 
as the dispersant. 

Instrumentation 

Determination of thermal treatment 
Thermal analysis using the thermogravimetric 

(TG) and differential thermal analysis (DTA) Hitachi 
STA7300 was used to determine the thermal treatment. 
On an alumina crucible, 5.947 mg of gelcasted green 
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body ceramic was weighed. It was isothermally heated at 
30 °C for 10 min under airflow (8 L/min) and then heated 
to 1100 °C in a static air environment. The reference 
material was alumina, and the heating rate was 30 °C/min. 

Mechanical stability 
Mechanical stability was measured using 

Galdabini’s Universal Testing Machine (UTM) type PM 
100, with a cross-sectional area of 20 × 20 mm. 

Chemical stability 
Chemical stability is determined by acid and alkali 

resistance, which is calculated by the weight loss after acid 
and alkali treatment. The acid solution used is 50% H2SO4, 
while the alkali solution is NaOH is 35% aqueous solution, 
porous ceramics soaked with chemical reagents for a day. 

Procedure 

As much as 5 g of natural clay and 0.1 g of CMC 
were added to distilled water in a ratio of 50:1 (50% vol). 
Then, the aqueous suspension was added to cassava starch 
of 9 wt.% [27]. The suspension was moulded, aerated to 
dry, and heated at 70 °C for 2 h, resulting in gelcasted 
green body ceramics. After that, the body ceramic was 
sintered at 900, 1000, and 1100 °C with a heating rate is 
50 °C/30 min and thermal treatment based on TGA/DTA 
results. The fabrication scheme of porous ceramic by 
gelcasting method in the study as shown in Fig. 1. 

Sample characterization 
The phase of the specimen was characterized by X-

ray diffraction (XRD, Shimadzu 7000) with CuKα 
radiation (λ = 1.5405 Å). The average crystallite size was 
determined by the Debye-Scherrer equation. The 
microstructures of the specimen were observed by 
scanning electron microscopy (SEM, JEOL-6000PL), 
which qualitatively indicated a grain size of 60 mesh. The 
quantitative analysis was also examined with energy 
dispersive analysis (EDX), and phase quantification was 
obtained from SEM-EDX maps by processing EDX area 
maps using Image JED-2300 software. 

Mass shrinkage is determined by calculating the 
ratio of the difference between the mass of the specimen 
before and after sintering to the mass before sintering. 
The bulk density and apparent porosity were measured 
by the Archimedes principle according to the ASTM 
C373-88. The hardness test (Hardness Brinell/HB) of 
porous ceramic samples is made using a microhardness 
tester. Ceramics are smoothed using Ipolising and 
sandpaper. Ceramics are placed on the stand and then 
pressed by a steel ball with a diameter of 10 mm and a load 
of 5 kg in order to determine the magnitude of hardness. 

The pore characteristic of the specimen, including 
surface area, pore volume, and pore distribution, was 
determined by adsorption N2 using a surface area analyzer 
(SAA, type Quantachrome Nova 4200e) with outgas time 

 
Fig 1. Schematic illustration of fabrication porous ceramic by gel casting method 
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of 3 h at a temperature of 250 °C. The textural 
characteristics, such as surface area and pore volume, 
were determined through the application of the 
Brunauer-Emmet-Teller (BET) method. The total pore 
volume was estimated by measuring the amount of 
adsorbed gas at a relative pressure of P/P0 = 0.99. 
Additionally, the pore distribution was analyzed using the 
Barret-Joyner-Halenda (BJH) method. 

■ RESULTS AND DISCUSSION 

Thermal Cycling 

Thermal treatment is an extremely important step in 
the porous ceramic manufacturing process. In this study, 
the stages of thermal treatment based on TGA/DTA 
analysis of gelcasted green body ceramics are shown in 
Fig. 2. The results showed there are three stages of weight 
loss during heating. The first stage, noted by the 
elimination of free and physically adsorbed water from 
the piece's surface as well as in the starch consolidation, 
occurs between 25 and 130 °C with a weight loss of 
31.66%. This phenomenon agreed with Barros Calado et 
al. [27]. The second stage corresponds to 23.33% of weight 
loss at a temperature between 150 and 390 °C possibly due 
to the thermal decomposition of starch beginning and 
continuing in the third step with oxidative 
decomposition. This phenomenon is followed by the 
exothermic peak at 385 °C on the DTA curve. It is 
estimated that at this stage, the formation of pores on the 
green body ceramic has started to occur. The third stage 
occurs between 400 and 600 °C with a weight loss of 
12.80%, possibly due to carbon dioxide released by the 
degradation of the starch polymer and the release of the 
hydroxide group from aluminum hydroxide to alumina, 
respectively [28]. It is also supported by Nie and Lin [29], 
which reported that the crucial temperature range for 
burning starch out before ceramic sintering is from 300 to 
600 °C. 

In addition, the DTA thermogram showed, at 
460 °C, an exothermic peak, as shown by the formation of 
a down peak, indicating the rearrangement of metal oxides 
to become denser; hence, an exothermic peak develops 
after 500 °C. Additionally, at temperatures between 600 
and 1000 °C associated with the phase transformation from 
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Fig 2. Thermal analysis of gelcasted green body ceramic 
using TGA/DTA 

meta kaolinite to Al-Si spinel [30]. Thus, thermal 
treatment is carried out by holding temperatures at 100, 
400, and 600 °C for 1 h followed by sintering with 
temperature variations of 900, 1000, and 1100 °C for 2 h. 

Mineralogy and Crystallinity 

The XRD patterns of the samples sintered at 900, 
1000, and 1100 °C are shown in Fig. 3. The crystalline 
phases are identified as quartz (SiO2) PDF# 00-046-1045 
as a main phase existing in clay [31], mullite 
(3SiO2·2Al2O3) PDF# 00-002-0452, and hematite (Fe2O3) 
PDF# 00-002-0919. As the sintering temperature is 
raised to 1100 °C, the orthoclase ((Na,K)(Si3Al)O8) 
PDF# 00-009-0478 reflection intensities increase while 
the quartz reflection starts to decrease as a result of 
consumption by the ongoing mineral processes. This 
agrees with Lu et al. [32] who reported the partial 
dissolution of quartz in glass melts facilitating the 
nucleation and crystallization of the anorthite phase. 
The formation of anorthoclase indicates that the Si sites 
in the clay are retaining the K released at a temperature 
over 1000 °C [33]. As a result, the produced porous 
ceramic's mineralogical phases are considerably 
influenced by the sintering temperature. 

In addition, the sintering temperature also affects the 
crystallinity, crystallite size, and microstrain of samples, 
as shown in Fig. 4. Crystallinity increased with increasing 
temperature to 1000 °C and decreased significantly 
when the sintering temperature was increased to 1100 °C. 
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Fig 3. XRD patterns of gelcasted porous ceramics, and the enlarged of spectrum to shows the phase shift as the result 
of with various sintering temperatures. Q: Quartz, An: Anorthoclase, M: Mullite, H: Hematite 
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Fig 4. The evaluation of crystallinity, the crystallite size, and microstrain vs full-width half maximum 

 
This is due to the melting of the microstructure typical of 
the sintering liquid phase and can be attributed to the 
decrease in mullite intensity (Fig. 3) with increasing 
sintering temperature. The increase in crystallinity up to 
1100 °C was observed with full width at half maxima 
(FWHM) and did not change with increasing sintering 
temperature. Sintering temperature up to 1100 °C does 
not change the crystal phase but only causes an increase 
in the intensity of the diffraction peak [34]. 

From the maximum peak FWHM amount, the 
crystallite size of specimens calculated using the Debye-
Scherrer equation as Eq. (1) [35-36], 

0.9D
cos



 

 (1) 

where λ (1.5406 Å) is the x-ray wavelength radiation of 
CuKα, β is the full width at FWHM of the diffraction 
peak, and θ is the Bragg angle. Based on Fig. 4, the 
crystallite size increased with the increasing sintering 
temperature of 1000 °C and increased at 1100 °C. It is well 
known that the higher sintering temperature promotes 
grain growth, and consequently, crystallite size increases 
as a function of sintering temperature [37]. The present 
investigation reveals that the samples' crystallite size 
exhibited a decreasing trend with an increase in sintering 
temperature up to 1100 °C. The observed anomalous 
behavior may be accounted for by positing a significant 
increase in defect concentration resulting from 
densification at a temperature of 1000 °C. This 
phenomenon may be attributed to the relatively low 
degree of crystallinity exhibited by the specimen at the 
sintering temperature of 1000 °C, as evidenced by Fig. 4, 
and the consequent rapid deformation of particles. The 

utilization of the Williamson-Hall method was 
employed to verify the structural parameters of the 
specimens, whereby the strain was determined through 
the application of Eq. (2). 

 hkl
kB cos 4 sin
D


      (2) 

When using the Williamson-Hall calculation 
method, it is presumed that the strain is constant 
throughout crystallographic space and that the 
material’s characteristics are independent of space [38]. 
Fig. 4 shows the correlation between crystallite size and 
microstrain; the smaller crystallite size, the 
microstructure increases. This is corresponded by 
Venkatesh et al. [39], reported that the decrease in the 
FWHM of the diffraction peaks with sintering 
temperature, indicating an improvement in the 
crystallization process by elimination of defects such as 
voids or vacancies, crystallite growth, and crystallite 
coalescence. 

Surface Morphology 

The SEM images of the samples sintered at 900, 
1000, and 1100 °C are shown in Fig. 5. The surface 
morphology shows heterogeneous microstructures with 
large pores in the sample sintered at 900 °C. The high 
porosity is responsible for the thermal degradation of 
starch. The sample is more microstructurally dense 
when sintered at 1000 °C, but the porosity is still 
significant, which can be attributed to a lack of vitreous 
phase to completely fill all the narrow pores. In contrast, 
the number of narrow pores decreases at a sintering 
temperature of 1100 °C, due to the fluxing effects of these  
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Fig 5. Digital photos of (a) green body porous ceramic, sintered porous ceramic at temperatures (b) 900 °C, (c) 1000 °C, 
(d) 1100 °C, (e) grayscale of SEM image for more visibility of porosity boundary, (f) SEM images of samples with 
various sintering temperature with 2000× magnification 
 
oxides. The presence of alkaline-rich phases in the sample 
speeds up the vitrification process [40]. A vitreous phase 
may also be induced by the amorphous silica produced 
during the breakdown of metakaolin [33]. As the 
temperatures increase, the number of narrow pores is 
decreased by this phase’s binds the particles strong. 

Apparent Porosity, Density, and Hardness 

The sintering temperatures have a significant effect 
on the apparent porosity, density, and hardness of 
gelcasted porous ceramics, as shown in Table 1. Porosity 
decreases as the sintering temperature increases, which 
parallels the increase in mass shrinkage and density. It can 
be explained by body densification, which promotes 
partial removal of porosity at high temperatures. This 
result is supported by the results obtained by SEM (Fig. 5), 
where the formation of the vitreous phase increases with 
the highest sintering temperature [33]. When the sintering 
temperature was increased to 1100 °C the porosity 
decreased, and the mass shrinkage and density increased. 
This is due to the driving force of densification increased. 

Thus, when excessive sintering temperature leads to the 
collapse of the ceramic structure, and therefore, cracks 
in the ceramic body are observed (Fig. 6). These results 
imply that there is an upper limit for sintering. 

Based on the result of chemical stability, the 
porosity of ceramic has a significant impact on the 
chemical stability of specimens. Based on Fig. 5(e) and 
(f), the increase in porosity will deteriorate the chemical 
resistance of the specimen. It can be attributed to the 
increasing porosity of a material, the easier it is for acids 
and bases to be adsorbed [15], which can be associated 
with a decrease in the hardness of the specimen. The 
porous ceramic is least resistant in sulfuric acid solution 
than in sodium hydroxide solution. Chemical stability 
results were carried out with two different solvents, such 
as acid and alkali solutions. The stability results can be 
written as follows: (1) in acid solution are presented 
0.0350 ± 0.002, 0.0027 ± 0.019, and 0.0110 ± 0.006% for 
900, 1000, and 1100 °C, respectively; (2) in alkali solution 
are presented 0.022 ± 0.015, 0.009 ± 0.013, and 0.008 ± 
0.008%  for 900,  1000, and  1100 °C,  respectively.  These  
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Table 1. Effect of sintering temperature on mass shrinkage, apparent porosity, density, and hardness of gelcasted 
porous ceramics 

Sintering temperature 
(°C) 

Mass shrinkage 
(%) 

Apparent porosity 
(%) 

Density 
(g/cm3) 

Hardness 
(HB) Ref. 

900 12.93 ± 0.20 39.44 ± 0.30 10.54 ± 0.02 94.00 This study 
1000 16.37 ± 0.10 37.88 ± 0.20 18.56 ± 0.02 101.00 This study 
1100 20.48 ± 0.20 29.19 ± 0.20 46.88 ± 0.01 108.00 This study 
500 18.70 0.00 - 25.27 ± 1.00  
600 18.60 0.20 - 22.74 ± 1.50 [41] 
700 9.15 26.80 - 6.87 ± 1.20  

1350 17.42 11.17 - 5.80  
1400 20.79 4.42 - 7.70 [42] 
1450 21.73 1.19 - 11.10  
1500 22.66 0.29 - 13.20  
1550 22.33 0.42 - 12.50  
1250 0.48 ± 0.17 50.56 ± 0.30  1.37 ± 0.01 25.95 ± 3.46 [43] 
1550 2.38 ± 0.62 48.05 ± 1.45 1.44 ± 0.04 36.00 ± 9.28 [43] 
1270 15.30 49.90 0.97 - [44] 
1100 - 50.00 1.05 - [45] 
800 - 50.20 1.26 - [46] 

Note for (-) is not reported 
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Fig 6. (a) Isotherm of adsorption-desorption curves and (b) pore size distribution of samples 

 
results are associated with the presence of iron 
compounds in the ceramic body according to the results 
of the XRD analysis in Fig. 3, which then react with acids 
to form water-soluble iron sulfate compounds and 
exchange alkaline ions contained in the ceramic body 
with hydrogen ions from the acid. The results of the XRD 
analysis also indicated the presence of silica in the form of 
quartz. The low acid resistance is also caused by the 
hydrolysis of the Si–O bond, which is known as the 
breakdown of the silica framework. 

The hardness of samples increases when the 
sintering temperature increases and is inversely 
proportional to porosity. The increase of hardness 
properties at the sintering temperature of 1100 °C was 
due to the progressive formation of anorthoclase (a 
vitreous phase that fills the narrow pores) and mullite 
(strong crystalline phase) (as shown in Fig. 3), which 
increases the mechanical strength [47]. However, in 
order to obtain porous ceramic with high porosity 
(39.44%)  and  sufficient  hardness  property  (94.00 HB),  
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Table 2. Pore characteristics of samples 
Sintering temperatures 

(°C) 
SBET 

(m2/g) 
Vt 

(cm3/g) 
Average pore diameter 

(Å) 
900 16.58 0.14 21.26 

1000 17.83 0.09 21.19 
1100 16.61 0.13 21.41 

 
the optimal temperature suitable for sintering is 900 °C. 
The resulting hardness is almost the same as the results of 
our previous study using acrylamide polymer as a pore 
template [48]. For the result of mechanical stability, the 
effect of sintering temperature shows linear results on 
compression strength. Specimen dimensions were used as 
a benchmark in determining sample mechanics, where 
the 1100, 1000, and 900 °C have pressure results with 
10.90, 10.27, and 9.56 MPa, respectively. This difference 
in pressure resistance can be influenced by changes in 
microstructure and d-spacing properties at the unit 
crystal scale [49-51]. 

Pore Characteristics 

Pore characteristics consist of specific surface area 
(SBET), volume total (Vt), and average pore diameter are 
shown in Fig. 6 and the corresponding in Table 2. There 
are no obvious hysteresis loops, as can be seen in the N2 
adsorption-desorption isotherms curves of the samples 
(Fig. 5(a-d). According to the Brunauer-Deming-Deming-
Teller classification, the adsorption isotherms for all 
samples are close to type III, indicating the interaction of 
the adsorbate with the adsorbed layer is greater than the 
interaction with the adsorbent surface [52]. 

Based on Table 2, the pore characteristics of 
gelcasted porous ceramic are not affected by sintering 
temperatures. The specific surface area in this study is 
higher when compared to our previous study, which used 
polyacrylamide as the pore template [53]. The specific 
area observed by Salomão and Brandi [54] which used 
chitosan as a pore template of 7 m2/g, is lower than in this 
study. The average pore size of all samples was 
microporous, indicating the material suitable as a support 
catalyst and wastewater filter [55]. The specific surface 
area increases at the sintering temperature of 900 to 
1000 °C, and decreases at 1100 °C. This is related to the 
formation of the molten phase at temperatures above 

1000 °C, which promotes sintering of the liquid phase 
[8]. However, this contradicts the apparent porosity of 
the sample (Table 1), which shows a decrease in porosity 
with increasing sintering temperature. This anomalous 
behavior is thought to be related to the defects produced 
during densification which are associated with sample 
crystallinity and rapid particle deformation [32]. 

■ CONCLUSION 

Porous ceramics were formed by the gelcasting 
method using clay and cassava starch. Pore formation 
was largely caused by the thermal degradation of starch 
so a thermal study was carried out using TGA/DTA to 
determine thermal cycling. The crystalline phase is 
identified as quartz, mullite, and hematite for the 
samples sintered at 900, 1000, and 1100 °C. Based on the 
XRD results, the crystallinity of the ceramic decreased 
while the lattice strain increased when the sintering 
temperature increased. Then, the porosity of the ceramic 
decreased with increasing sintering temperatures. The 
hardness properties were significantly improved as the 
sintering temperatures were increased from 900 to 
1100 °C. The pore characteristics are not affected by 
sintering temperatures, and the average pore size for all 
samples was microporous. The findings imply that the 
sintering temperature can be used to continually 
regulate the microstructure properties of porous 
ceramics based on clay. 
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 Abstract: This study aims to estimate a simple, rapid and sensitive method for a trace 
amount of atropine (ATR) in medicinal compounds. Two approaches were followed to 
accomplish this aim, i.e., spectrophotometric determination of pure ATR and 
pharmaceutical preparations using SbI4

2− ion as a new reagent. The procedure involves 
the implementation of an ion-association complex with this alkaloid. The resulting 
complex was extracted and detected spectrophotometrically at 492 nm. Appropriate 
parameters were investigated, including the ion SbI4

2− concentration and the pH value of 
the complex formation. Using chloroform to extract the complex, taking into 
consideration extraction time and volume of solvent used. The calibration graph is linear 
in the ranges of 0.5–5.0 × 10−3 M. Precision, accuracy, detection limit, and RSD %, as well 
as relative standard deviation (n = 5), were calculated. The test sensitivity was 
0.013 μg cm−2. Several interference additives were studied by investigating the effect of 
equal and duplicate quantities of some common excipients on selectivity, such as starch, 
glucose, lactose, glycerin, and talc. The molar ratio of the SbI4

2−_ATR was determined. 
The amount of ATR in the pharmaceutical tablets and eye drop preparation was 
calculated using Erel at ratios of 2.24 and 2.75%, respectively. 

Keywords: atropine; spectrophotometer; SbI4
2−-atropine complex; solvent extraction; 

pharmaceutical compounds 

 
■ INTRODUCTION 

Numerous effects of atropine (ATR), such as 
treating slow heart rate or lowering secretions or 
intraocular pressure, are irreplaceable without this 
substance at specific concentrations when urgently 
needed and for a variety of objectives. For this reason, a 
number of research groups and scientists, including 
chemists and pharmacists, are working together to 
establish a valid procedure to estimate a trace amount of 
ATR, which leads to learning more about ATR, as well as 
the numerous analytical methods for determining trace 
amounts, following simple and rapid steps, and 
understanding its features. As a result, the concept of 
research was born [1-5]. 

Many analytical techniques are competing in 
research and focus on this important medicinal substance, 
its locations in the parts of plants and their concentration 
sites. We outline here some of the important results and 

key findings in this field. Optimization of parameters for 
conventional heated solid-liquid extraction of ATR from 
Datura stramonium seeds was obtained by the particle 
size, temperature, and ethanol concentration [6]. 

Electrochemiluminescence sensors are used for 
forensic analysis to detect and quantify ATR with 
linearity across a concentration range of 0.75 to 100 μM 
[7]. To measure ATR in belladonna leaves, an HPLC 
method was designed and validated. Analysis of the 
analytical curves of atropine revealed linearity 50–
200 μg mL−1 with R2 = 0.9996, LOD and LOQ of 3.75 and 
11.4 μg mL−1, respectively. The approach was precise, 
repeatable, and accurate, with a recovery rate of 103% 
[8]. 

Two methods have been applied for the 
spectrophotometric determination of ATR in bulk 
sample and in dosage form. The first with 
bromphenolblue (BPB). The calibration graph is linear 
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in the ranges of 0.5–40 μg mL−1. The second method with 
2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) with a 
linearity range of 2.5–50.0 μg mL−1 [9]. A planar 
electrochemical cell was used for the first time for the 
voltammetric determination of ATR with a LOD reaching 
0.08 μM [10]. 

Methods for determining pharmaceuticals using 
extractive, sensitive spectrophotometers, and 
spectrofluorometric preparations such as tablets and 
suppositories have been carried out. Meralazine and 2,6-
dihydroxybenzoic acid were found to yield colored 
products where oxidative coupling reaction with other 
reagents shows the highest absorption, Beer's rule was 
consistent at concentrations ranging from 1.25–30 and 
0.5–12.5 μg mL−1 when measured at 640 and 515 nm 
alternately [11-14]. The utilization of ion pair production 
allows multiple analytical techniques, like as extraction, 
spectrophotometry, and their combination [15-16]. 

In this regard, the new research falls within the scope 
of competition for the speed and simplicity of the 
innovative scientific method, as well as minor quantities 
in the concentration found. Using the SbI4

2− ion reagent, 
a new procedure for determining a pure alkaloid in 
pharmaceutical preparations was described. The goal of 
the method involves producing a simple, rapid, and 
sensitive, involve extracting an ion pair complex between 
the organic base ATR and the inorganic ion and 
measuring the intensity of the color complex in the 
organic phase using spectrophotometric analysis at 
492 nm. In this procedure, the ideal experimental settings 
were investigated, including SbI4

2− concentration, pH 
value, types of extraction solvents, volume and shaking 
time, phase ratio, and the number of extractions. In 
addition, to study the expected interactions of such 
compounds, we conducted stoichiometric studies on the 
molar ratio and compared the results with previous studies. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were eye-drop 
atropine sulfate 1% cooper (S.A Pharmaceuticals) 
(C17H23NO3)2·H2SO4·H2O). L-Ascorbic acid (Alpha 
chemika, Batch No.LA503). Different organic solvents 

were used, such as dichloromethane, chloroform, 1,2-
dichloroethane, xylene and toluene. Sb(II) stock standard 
solution (BDH) and ATR sulfate analar from Fluka (Mr. 
694.63) were purchased. The drugs used in this work 
were taken from the local market. 

Instrumentation 

The instrumentations used in this study were a 
Shimadzu UV-1800 UV/visible scanning 
spectrophotometer; 115 VAC, was used to measure the 
absorbance of all samples in this work. Operational 
spectrum was 190 to 1100 nm. The instrument was 
equipped with a quartz cell. The pH of samples was 
measured using Eutech Instruments/pH 700/pH/mV 
°C/°F meter. 

Procedure 

In this study, each 1 mL of eye-drop ATR sulfate 
contains 10 mg ATR sulfate. Alkaloid stock standard 
solutions were prepared. Lower concentrations of the 
stock solutions were prepared by dilution of 0.0600 g of 
ATR sulfate in a 50 mL volumetric flask. ATR 
1000 μg mL−1 was prepared by dissolving 0.0600 g of 
atropine sulfate in a 50 mL volumetric flask. The 
working solution of SbI4

2− was prepared by adding 
1.0 mL of antimony stock solution to 50 mL volumetric 
flask with 10 mL of 1:1 H2SO4, 5 mL of 2% (wt/v) 
ascorbic acid, and 10 mL of 40% (wt/v) KI, stand for 
10 min and proceed with deionized water (DIW) to the 
mark and shake for homogeneity and reading the 
maximum absorbance against H2O as a blank [17]. A 
1,000 μg mL−1 of Sb(II) stock standard solution was 
used. Intermediate standard solution concentrations 
were freshly generated by dilution ten times. 
Pharmaceutical grade ATR tablets SDI, Entro-stop, ATR 
sulfate (0.025 mg) were used in this work. All other 
chemicals and reagents were of analytical grade. DIW 
was used throughout this work.  

Optimization of experimental parameters 
The influence of varying parameters on the color 

intensity was studied to attain maximal sensitivity. A 
number of preparatory experiments were established for 
the fast and quantitative synthesis of colored complexes, 
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such as concentration of SbI4
2−, pH-value, reaction time, 

kinds of extracting solvents, number of extractions, and 
shaking time. 
Effect concentration of SbI4

2−. The effect of SbI4
2− 

concentration was studied by using a fixed quantity each 
time of ATR with different amounts of prepared SbI4

2− 
(from 0.5 to 3.5 mL) of 2.0 × 10−4 M and extracting the 
colored complex with 4 mL of chloroform and measure 
the absorbance, at 492 nm (Table 2). It was concluded that 
2.0 mL of the prepared concentration of SbI4

2− is required 
to obtain maximum absorbance and remains constant by 
increasing the volume of the reagent, and it has no effect 
on the determination of the alkaloid. The influence of pH 
on the development of the SbI4

2−-ATR complex has been 
investigated also. This is performed by changing the pH 
by 0.1 M of HCl or NaOH from pH 1 to 8 and measuring 
the absorbance. This is performed after fixing all the other 
conditions. Then the complex formed was extracted with 
4 mL chloroform and the absorbance at 492 nm was 
measured against the blank; the highest absorbance was 
obtained at pH 2.0–3.0 (Table 1). 
Influence of the reaction time. The reaction was carried 
out at different times (2–20 min) while keeping other 
conditions constant. It was estimated that 5 min is 
sufficient for a complete reaction to reach maximum 
absorbance. 
Quantity of extractions, types of extraction 
solvents, and shaking duration. Different organic 
solvents were used to get better efficiency of extraction, 
such as dichloromethane, chloroform, 1,2-
dichloroethane, xylene, and toluene. Extraction time and 
the number of extractions were studied to reach the 
maximum absorbance. Chloroform was found to be a 
sufficient solvent, and 1 min with one batch extraction is 
enough to complete extraction. 

A spectrum of the SbI4
2−-ATR 

The maximum absorption of the complex was 
studied by scanning the spectrum of the extracted colored 
ion-association complex of SbI4

2−-ATR from 200–600 nm, 
and it indicates that the maximum absorbance is at 492 nm. 

Interferences sample preparation 
Stock solutions of 1,000 ppm of the common 

excipients such as starch, glucose, lactose, glycerin, and 

talk were prepared by dissolving 0.025 g each with 
suitable solvents and continued to 25 mL of the solvent. 

M/L ratio 
An aliquot of the ATR standard solution (0.5 to 

4.0 mL) was transferred to 10 mL test tubes, each 
containing 1.0 mL of SbI4

2− standard solution at the 
greatest wavelength. 

Analytical procedure 
Calibration graph. The calibration graph was managed 
using standard solutions at the optimum conditions of 
the experiment. A series of 10 mL graduated cylinders 
are added aliquots of stock solution of 2.0 × 10−5 M ATR 
concentration. A stock solution of 2.0 mL of SbI4

2− was 
then added to the mixtures. After shaking the mixture, it 
was left to stand for 5 min. The volume was subsequently 
increased to 5.0 mL with DIW and extracted with 4.0 mL 
chloroform. The absorbance of the purple-colored ion-
pair complex was measured at 492 nm using a 1 cm path 
cell against a blank constructed in the same way but 
without the addition of medication. 

To calculate the phase ratio, the volume of the 
aqueous layer was fixed by increasing the organic layer 
volume from 4.0 to 8.0 mL after stabilizing other 
optimum conditions. The volume of the organic layer 
was then fixed at 4.0 mL, with an increase in the aqueous 
layer from 4.0 to 8.0 mL. The complex was extracted, 
and the absorbance was measured. To determine the 
adequacy of the extraction, this factor was determined 
after completely removing the organic layer for the first 
time. This is followed by withdrawing the aqueous layer 
to another separating funnel. Finally, an equal volume of 
the organic solvent used in the first time was added. This 
process was repeated again to find the second 
absorbance. After observing the adequacy of the solvents 
used in extracting the formed complex and determining 
the appropriate ones, it was used to experiment on a 
blank solution containing the same concentration of 
SbI4

2− ion solution with the application of optimal 
conditions and absorbance measurement. 
Analytical characteristics. Standard solutions were 
prepared and analyzed in triplicates to study the 
linearity, Sandell sensitivity, slope (b), correlation 
coefficient (R2), and LOD values. 
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Stoichiometry between ATR and SbI4
2−. This was 

investigated using the mole ratio method, equimolar from 
the reagent and the ATR 2.0 × 10−4 M, to a series of 10 mL 
graduated cylinder, volume from a stock solution of the 
ligand ATR with exceeding volumes of the reagent and 
applied the optimum conditions and read the absorbance 
at λmax against the mole ratio, and plot the curve [18]. 
Interferences. The selectivity of the present method was 
tested by examining the effect of equal and duplicate 
quantities of some common excipients (starch, glucose, 
lactose, glycerin, and talk) on selectivity. Stock solution 
for these excipients was prepared by dissolving 0.0250 g 
in a 25 mL volumetric flask, from each one in an 
appropriate solvent and continue to the mark to get 
1,000 μg mL−1. The results indicated that excipients do not 
affect or interfere with the determination of ATR in 
pharmaceutical preparations or dosage forms. 
Analytical applications. The standard addition method 
procedure was used to determine the content of ATR in 
tablets and eye drop preparations; the contents of 10 
tablets (entro-stop) were grounded and mixed well. A 
0.05 g of this powder was dissolved in ethanol:water 
solvent and then filtered and poured into a 10 mL 
volumetric flask and continue with solvent to the mark. 
Then, we took 500 μL to several test tubes containing a 
series increasing amount of ATR and continued with all 
optimum conditions and extraction with 4 mL 
chloroform, and established the standard calibration 
curve. The same procedure for eye drops was used after 
preparing the suitable sample by taking 1 mL from the 
content and diluting it to 25 mL in a volumetric flask. 

■ RESULTS AND DISCUSSION 

The ion-pair complex's absorbance was measured in 
the region of 200–600 nm in comparison to a blank 
solution. Fig. 1 illustrates the maximum absorbance peak 
which was found to λmax equal to 492 nm. Fig. 2 depicts 
the influence of SbI4

2− ion concentration on the formation 
of the [ATR-SbI4

2−] complex. There was an increase in 
absorbance as we added the reagent. It was anticipated 
that the reaction would be concluded with the addition of 
2 mL of the reagent. Fig. 3 depicts the influence of pH 
values on the absorbance of the alkaloid complex in 

question. It was discovered that a pH range of 2–3 was 
the best setting for the reaction; alkaloids do not ionize 
at pH above 7, therefore, no ion-association complex 
formation is expected [19]. In an acidic media, the 
alkaloid's nitrogen atom is protonated. 

nnAlkaloid ML Alkaloid ML
     

MLn
− symbolizes the SbI4

2− and Alkaloid+ is the 
protonated ATR [17].  The interaction of  two oppositely 

 
Fig 1. Absorption spectra of the complex SbI4

2−-ATR 
formed against reagent blank 

 
Fig 2. The absorbance of the complex produced is 
influenced by the concentration of SbI4

2− 

 
Fig 3. The effect of pH on the development of the SbI4

2−-
ATR complex 
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charged species under optimal conditions results in the 
production of an ion-pair complex in an aqueous medium 
when ATR combines with the SbI4

2− ion in an acidic 
medium. The outcomes demonstrated that an ion pair 
complex was produced in a 1:1 ratio (Scheme 1) via 
electrostatic attraction between the positive protonated 
ATR and the SbI4

2− reagent's anion. 
The interaction of two oppositely charged species 

under suitable conditions results in the production of an 
ion-pair complex in an aqueous medium when ATR 
combines with the SbI4

2− ion in an acidic medium. The 
outcomes demonstrated that an ion pair complex was 
produced in a 1:1 ratio via electrostatic attraction between 
the positive protonated ATR and the SbI4

2− reagent's 
anion. 

Experiments have demonstrated that 4 mL of the 
organic phase is sufficient for the complete depletion of 
the organic-SbI4

2− complex in the aqueous phase as well as 
reading the absorbance. The extraction of the ATR 
complex required only 1 min of shaking time. 

Table 1 shows the appropriate concentration of the 
SbI4

2− reagent, as well as the optimal pH range and 
absorbance for one (A1) and two (A2) batch extractions, 
also with the comparison with the blank extraction (A). It 
can be concluded that the former is the most suitable. The 
complex formed is slightly soluble in aqueous media but 
freely soluble in organic solvent, and a 5 min interval is 
sufficient. One extraction was shown to be sufficient for 
achieving a quantitative recovery of the complex in the 
minimum amount of time. 

The results indicate that satisfactory accuracy and 
precision could be attained by the current method (Table 
2). The Erel % value was 2.38, which appeared a high value 

of accuracy with the RSD% of 3.76. The maximum color 
intensity was attained almost instantly, and 5 min was 
enough to complete the formation of the ion-association 
complex between the reagent SbI4

2− and ATR, and the 
color intensity was stable for more than 10 h. 

Table 3 shows regression value, slope, and 
correlation coefficient of the procedure, and it appears 
interesting results. Linear regression was used to derive 
a linear equation for the standard curve. Fig. 4 illustrates 
the linearity from the range 0.5–5.0 × 10−5 M. After this 
concentration the line start to be little bit bending to 
appositive deviation. 

The present method has been effective for the 
evaluation of ATR in pharmaceutical preparations. The 
obtained results are shown in Tables 4 and 5. It refers to 
the ATR content measured by the proposed method 
being in good agreement with those results by manual 
reference  British pharmacopeia  method [20],  and these 

 
Scheme 1. Proposed reaction pathway between atropine-
SbI4

2− ion pair complex under recommended procedure 

Table 1. Effect of SbI4
2− concentration and pH-values 

Alkaloid 
conc. (× 10−5 M) SbI4

2− conc. (M) pH 
Absorbance 

Extr. 1 A1 Extr. 2 A2 Extr. blank A 
ATR (2.0) 2.0 × 10−4 2–3 0.280 0.025 0.012 

Table 2. Linearity, precision, accuracy, limit of detection (LOD), sensitivity, and confidence limit are all analytical 
parameters 

Comp. 
Linearity 
(× 10−5 M) 

RSD% 
(n = 5) Erel% 

D.L 
(μM) 

Sensitivity 
(μg cm−2) Confidence limit 

ATR 0.5–5.0 3.76 2.38 1.13 0.013 0.420±0.018 
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Table 3. Regression value, slope, and correlation coefficient 

Sample Regression 
Y = BX + A 

Slope Corr. coeff. 
(R2) 

ATR Y = 0.1001X + 0.0008 0.1001 0.9999 

 
Fig 4. The linearity of the determination of the ATR 

experiments are used easily and rapidly on 
pharmaceutical preparations. 

Table 6 demonstrates that a comparison with an 
earlier technique for the determination of Qunidine 
(QND) using another reagent (PdI4

2−) was made [17], and 
it was discovered that the treatment is competitive in 
these areas. This demonstrates that a more sensitive LOD 
allows the linearity to reach the lowest concentration. 

Fig. 5 and 6 demonstrate the results obtained using 
the standard addition method to find the exact 
concentrations in the pharmaceutical preparations, and 
these results prove that the method of standard 
additions is appropriate and compatible with this 
method and can be used in a simple and accurate 
manner in this line of work. 

Fig. 7 shows the molar ratio method used in 
estimating the rate of the ligand to the reagent used at 
492 nm, and it is  clear from the obtained  figure that the 

 
Fig 5. The standard addition method for the 
determination of ATR in the Entro-stop tablet 
pharmaceutical preparations 

Table 4. Comparison between the concentrations found against the stated one (Entro-stop) using the standard 
addition method 

Alkaloid 
Preparation 
sample Manufacture 

Stated concentration 
(mg) 

Concentration found 
(mg) %Erel 

ATR tablet Entro-stop SDI/IRAQ 0.0250 0.0255 2.24 

Table 5. Comparison between the concentrations found against the stated ATR using the standard addition method 

Alkaloid Preparation 
sample Manufacture Stated concentration 

(mg mL−1) 
Concentration found 

(mg mL−1) %Erel 

ATR eye-drop Atropine 
sulfate/cooper 

Cooper 
pharmaceutical 1.0 1.027 2.75 

Table 6. A comparison of the novel method to the prior one that used the SbI4
2− reagent 

Alkaloid Inorganic complex Linearity 
(× 10−5 M) 

D.L 
(μm) RSD% 

ATR SbI4
2− 0.5–5.0 1.13 3.76 

QND PdI4
2− 2.0–6.0 1.50 2.84 
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Fig 6. The standard addition method for the 
determination of ATR in the eye-drop pharmaceutical 
preparation 

 
Fig 7. Molar ratio method for SbI4

2−-ATR complex 

results are proven after reaching the result 1:1, the curve 
begins to take the form of a straight line parallel to the x-
axis, which indicates the sufficiency of the interaction. 

■ CONCLUSION 

The proposed method was new, simple, and proved 
to be sensitive for the spectrophotometric determination 
of Atropine (ATR) drugs in pure and pharmaceutical 
preparations by the formation of the ion association 
complex using a new reagent SbI4

2−. It is evident from the 
data presented in this work that we can use the SbI4

2− ion 
in analytical technique as a suitable one when we need to 
analyze trace or ultra-trace quantities of ATR in 
pharmaceutical samples. When compared to previous 
methods that used different techniques and metals, the 
detection limits for the three alkaloids detected were 
found to be between 0.006–0.011 ppm, Precision RSD = 

0.73–2.69%, and Accuracy Erel 0.45–1.11%, for three 
alkaloids detected. The proposed method was a simple 
one and did not contain any difficult reaction conditions 
and can be used as a new method for determining the 
presence of ATR in pharmaceutical tablets and eye drop 
preparations. For future research, we recommend 
combining different hybridization techniques with other 
techniques to improve sensitivity. 
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 Abstract: Differential scanning calorimetry (DSC) is one of the most widely developed 
thermal analysis methods for meat samples for halal authentication of food or processed 
products. Research on adulteration detection for various types of meat and its derivatives 
has been developed before and still requires organic solvents. Therefore, the concept of the 
"green method" is being tried to develop in this research. DSC analyses are performed in 
the same experimental conditions for all sample powder: sample mass 2 mg, temperature 
range 30–400 °C, and heating rate 20 °C min−1. The results showed there is a 
characteristic minor endothermic peak for each meat. Chemometric analysis was carried 
out using the principal component analysis (PCA) method to ensure that the thermal 
characteristics of each meat were utterly different in both pure and mixed meat. The 
results of this analysis indicate that each pure meat has a different score plot. Therefore, 
the developed thermal analysis method is quite reliable in determining the different types 
of meat based on the characteristic minor endothermic peak in the thermogram and the 
score plot from PCA analysis. 

Keywords: DSC; chemometric analysis; method development; minor endothermic peak; 
pork 

 
■ INTRODUCTION 

Adulterating beef with pork or other meats is still 
common in many countries, such as China and Indonesia. 
That was done for economic concerns or to obtain greater 
profits [1]. Adulterating meat has not been a significant 
problem for a long time if consumed fresh or because it is 
available in small quantities. However, with improved 
technology and modern storage facilities, meat 
adulteration has become a significant problem. In this 
case, a food product that does not list or mention the 
ingredients used on the final product label is considered a 
food adulteration. Food fraud or adulteration has huge 
economic potential, believed to be worth several billion 
dollars annually [2]. For example, it was reported in the 
Guardian newspaper that 900 people were imprisoned in 
China for meat fraud involving 20,000 tons of unsuitable 
meat, including mink, rat, and fox. In addition, 4% of 

lamb is sold for takeaway dishes containing other types 
of meat [1]. 

Research on adulteration detection for various 
types of meat and its derivatives has been carried out 
using various methods such as high-pressure liquid 
chromatography (HPLC), gas chromatography (GC), 
electronic nose (EN), polymerase chain reaction (PCR), 
enzyme-linked immunosorbent assay (ELISA), nuclear 
magnetic resonance (NMR), near-infrared (NIR) 
spectroscopy, laser-induced breakdown spectroscopy 
(LIBS), fluorescent light spectroscopy, Fourier 
transform infrared (FTIR) spectroscopy, mass 
spectrometry (MS), Raman spectroscopy (RS), and 
thermal analysis such as differential scanning 
calorimetry (DSC) for the detection of fat in meat at low 
temperatures [2]. Naturally, the analytical methods that 
have been developed have advantages and 
disadvantages, including the complexity of sample 
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preparation, measurement, and data processing. In 
addition, the detection method that has been developed 
still requires organic solvents. 

Real-time PCR is one standard method for analyzing 
non-halal meat [3]. In recent years PCR has been widely 
developed for DNA analysis of non-halal meat in 
processed products containing halal meat [4-5]. DNA-
based identification is a reliable technique with high speed 
and sensitivity [6]. However, one of the drawbacks of this 
method is that it requires sophisticated instruments and 
trained operators, making it unsuitable for field-based 
analysis [7]. In addition, the use of organic solvents used 
during sample preparation and analysis induces that this 
method can pollute the environment if the waste is not 
handled correctly, which can cause a reduction in the 
number of wild animals, a decrease in ecosystem function, 
and threaten human health [8]. Thus, the development of 
environmentally friendly analytical methods can be an 
option to prevent negative impacts on the environment 
and living things. One of the solid analysis methods, such 
as thermal analysis, can be a prospective environmentally 
friendly method for the future [9]. Several modern 
thermal analysis methods, such as DSC, DTA, and TGA, 
have been used to determine the ingredients' 
characteristics to see the safety and quality of these foods. 
DSC is one of the most widely developed methods, 
especially for food samples, namely meat or its 
derivatives, for halal authentication of food or processed 
products. DSC makes analysis can be simple and fast. In 
addition, the small sample requirement for analysis is one 
of the advantages of this method [2]. 

Therefore, the development of an analytical method 
with the concept of the "green method" [9], using a 
combination of thermal analysis with DSC as a 
confirmation tool and electrothermal for the routine 
analysis carried out at high temperatures by looking at the 
decomposition temperature of the sample makes this 
method more efficient because it does not use organic 
solvents and the steps of measuring and processing data 
are shorter and easier. This study aims to develop a 
reliable and environmentally friendly thermal analysis 
method, especially for determining various types and 

assessing the halal-ness of meat products using DSC 
instruments and electrothermal semi-manual tools. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were beef, pork, 
rabbit, and chicken obtained from the Yogya Junction 8 
Toserba (Bandung, Indonesia) and traditional markets 
in the Bandung area. In addition, Indium (Merck, 
Bandung, Indonesia) was used for DSC analysis. 

Instrumentation 

The tools used were a 5" kitchen knife (Qian Jin, 
Singapore), 245 mL small jar (Yoshikawa SW TX07, 
Japan) vial, spatula, tweezers, capillary tube, watch glass, 
alcohol thermometer, analytical glass scale (Fujitsu FSR-
A220, Japan), 9 L toaster oven (KLAZ, Ace Hardware, 
Indonesia), blender & chopper (Homu, China) 
electrothermal (Electrothermal AZ 9003 IA9000, UK), 
DSC (Rigaku Thermo Plus EVO2 DSC8231, Japan), 
aluminum pans & plate, and hydraulic presses for DSC 
analysis obtained from Rigaku (Rigaku, Tokyo, Japan). 

Procedure 

Meat powder manufacturing 
The manufacture of meat powder begins with 

collecting each meat by choosing the same part, namely 
the breast of meat. Furthermore, meat powder was made 
by a convective drying method using an oven at 40 °C 
[10-11]. The meat is first separated from the fat that 
looks white using a kitchen knife, then sliced thinly 1–
2 mm thick, and then placed in a container lined with 
aluminum foil. Drying was carried out using an oven for 
22 h, then the dry weight of the meat was weighed. If it 
has been constant for weighing several times, the drying 
is considered complete [11]. An alcohol thermometer 
inserted into the oven at the same time as the meat 
drying is used to control the temperature stable at 
±40 °C. The following process is smoothing dried meat 
using a blender and filtering using a 200-mesh sieve to 
produce a fine powder with uniform particle size. 
Determination of drying shrinkage can be done by 
looking at the difference between wet weight and dry 
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weight, which is expressed as a percentage of drying 
shrinkage in the meat [10-12]. 

Sample preparation 
The sample for electrothermal observation was 

prepared by weighing 2 mg of meat powder with an 
analytical balance. The sample was inserted into the 
mouth of the capillary tube and gently tapped until it 
reached the bottom of the tube. In addition, for the sample 
analysis of DSC, into an aluminum pan that had been 
previously tare, as much as 2 mg of meat powder was 
added and then weighed with an analytical balance. 
Furthermore, the sample is evenly spread as thin as 
possible to cover the container's bottom. Then the pan is 
covered with a cover plate and compressed until it is 
tightly closed. Pans that have been closed can be directly 
analyzed by DSC [13]. 

Method validation 
The specificity of a method can be determined by 

analyzing the thermogram of an empty aluminum pan 
and ensuring that there is no pan interference in the 
qualifying sample. In this case, the ability to choose 
between compounds of closely related structures must be 
demonstrated. This ability should be confirmed by 
obtaining a positive result by comparing the characteristic 
thermogram profile of pork with a negative result of a 
sample that does not contain analytes, i.e., beef powder. 
Furthermore, the results were confirmed by ensuring that 
a positive response was not obtained from beef powder. 
In this study, the resulting thermogram must show that 
the procedure is not affected by impurities or adding 
other substances to the sample. It can be done by spiking 
or adding the beef powder to pork powder in a ratio (1:1), 
or 1 mg each is mixed into a mortar, homogenized, put 
into a pan, and weighed with an analytical balance. A 
good thermogram from the spiking results will show that 
the test results are not affected by the presence of foreign 
materials [14-15]. 

Accuracy and precision are not needed in the 
validation of qualitative analytical methods, but to ensure 
good repeatability in measurement and recovery of 
analytical results that are close to the actual value. In this 
study, accuracy and precision tests are still carried out [14-

15]. The accuracy and precision tests were carried out on 
one sample concentration with three measurements on 
each meat sample. The accuracy test that is carried out 
to assess the measure of accuracy or proximity of the 
analysis results to the average can use the recovery 
parameter by the difference between the obtained 
analysis results and the average measurement results, 
which is expressed as a percentage of the recovery. The 
precision test is determined by the Relative Standard 
Deviation (RSD) parameter by the difference between 
the calculation result of the standard deviation and the 
average measurement result [14]. 

Sample analysis 
Electrothermal observations were carried out by 

entering a capillary tube filled with samples into a semi-
manual electrothermal furnace, then heated in the range 
of 30–350 °C with a heating rate of 10 °C min−1. 
Observations were assisted with a smartphone camera, 
and the reading was carried out three times. In addition, 
the DSC analysis was carried out to study the thermal 
profiles of various types of meat. The meat powder 
sample that has been put in an aluminum pan and tightly 
closed is heated at a temperature of 30–400 °C with a 
heating rate of 20 °C min−1 [16]. An empty aluminum 
pan is used as a reference. 

Data analysis 
DSC thermogram data is analyzed with the help of 

software related to various available programming. 
Thermogram data analysis was performed using the 
ThermoPlus software. The resulting data is stored in 
Excel, then processed by making an overlay of the 
sample thermogram profile to see the difference in 
thermal characteristics of both pure and mixed samples. 
Chemometric analysis for multivariate data 
classification using the PCA technique was performed 
using Minitab software version 19 (Minitab, LLC). 

■ RESULTS AND DISCUSSION 

Meat Drying 

Meat drying is the first step to obtaining meat 
powder samples that will be used to analyze various 
types of meat using the thermal analysis method (Table 
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1). The most abundant component in meat is water, 
followed by protein and fat, while carbohydrates, 
minerals, and vitamins are contained in much smaller 
amounts [17]. The great water content makes the meat 
unable to last long at room temperature, so it must be 
stored in a cold refrigerator to extend its shelf life of the 
meat. 

In this study, the meat was made into powder by 
conventional drying methods using an oven at 40 °C to 
prevent protein denaturation, which began at around 
40 °C [11,18]. Drying time was carried out for 22 h 
because it is the optimal time for drying meat so it can be 
mashed into powder [11]. Meat that has been in powder 
form, as shown in Table 1, can be stored at room 
temperature for an extended period so it could be used for 
the thermal analysis method which is one of the solids 
analysis methods to measure the heat profile of a sample 
[9]. 

From the results of weighing the meat before and 
after drying, the drying shrinkage from the largest to beef, 
followed by pork, chicken, and rabbit. The drying 
shrinkage plays an essential role in water transport during 
heating [19]. In this case, the drying process can cause a 

loss of water content in the meat. Based on the research 
by Bampi et al. [11], showing that the maximum 
temperature reached inside the samples while using the 
convective drying method was 40 °C, and 22 h were 
necessary to reduce the meat moisture from 2.50 to 
1.25 g g−1 (dry basis), it means that during drying there 
is a drying shrinkage of 50%. However, in this research 
that has been done on meat that also uses an oven at a 
temperature of 40 °C, the percentage of drying shrinkage 
shows almost the same results, even exceeding the 
average water content of meat in general. That means the 
meat's water content can evaporate completely at that 
temperature. Naturally, the water content of meat is 
approximately 75% and 20% protein, with the remaining 
5% representing a combination of fat, carbohydrate, and 
minerals. Still, the percentage of water can vary 
depending on the type of meat [20]. Based on the 
research from Li et al. [21], fresh beef has 65–80% water 
content, which is highly perishable, while dehydrated 
beef is more suitable for transport and storage due to its 
longer shelf life and lower mass and volume. 
Furthermore, Table 2 shows that the drying residue data 
for each  meat can be  representative to  explain  that  the  

Table 1. Pictures of meat before and after dried to powder 
Meat Types Beef Pork Rabbit Chicken 

Raw meat 

    

Dry meat 

    

Meat powder 
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Table 2. Drying shrinkage of meat 
Meat types Wet weight (g) Dry weight (g) Drying shrinkage (%) Drying residue (%) 

Beef 20.255 3.950 20.255 3.950 100 80.5
20.255


   19.5 

Pork 33.885 8.018 33.885 8.018 100 76.3
33.885


   23.7 

Rabbit 48.481 13.249 48.481 13.249 100 72.7
48.481


   27.3 

Chicken 28.476 7.514 28.476 7.514 100 73.6
28.476


   26.4 

 
drying carried out has wholly evaporated the water and 
left only other content of the meat such as protein. 

Specificity Test 

Method validation is carried out to provide 
sufficient evidence that the analytical method can fulfill its 
objectives [15]. In this case, the validation process is 
determined through laboratory testing, which shows that 
the performance characteristics of the procedure have met 
the requirements following its intended use [14]. The 
development of the analytical method carried out in this 
study is qualitative analysis or identification so that the 
specificity test is selected as a characteristic of analytical 
performance in method validation [14]. 

The results of the pork specificity test showed that 
at a temperature of 186.9 °C, the pork sample obtained 
an actual positive result (True Positive), and the beef 
obtained an actual negative result (True Negative). That 
can be seen in Fig. 1, where a minor endothermic peak 
appears in the pork sample's thermogram profile with a 
peak temperature of 186.9 °C, while in the beef sample, 
there is no peak at that temperature. To ensure that the 
analytical procedure is not affected by the presence of 
impurities or the addition of other substances to the 
sample, spiking or addition of beef to pork is carried out 
in a ratio (1:1). The test results on the mixed sample 
showed that the minor endothermic peak which was the 
characteristic thermal  characteristic of the  pork sample  

 
Fig 1. DSC thermogram of pork specificity test results 



Indones. J. Chem., 2023, 23 (5), 1220 - 1235    

 

Ilma Nugrahani and Aditya 
 

1225 

still appeared at the peak temperature of 187.4 °C. In this 
case, a peak temperature shift of 0.5 °C and a reduction in 
enthalpy occurred in the pork sample after adding beef. A 
previous study by Talik et al. [22] showed a significant 
effect on the composition of the mixture or analyte 
concentration on enthalpy, where the analyte 
concentration was directly proportional to the enthalpy. 
The smaller the analyte concentration, the smaller the 
enthalpy. In another study, a sample adulterated showed 
a peak temperature shift from the initial position [23]. 

Accuracy and Precision Test 

The method has good precision, determined for one 
concentration level of 2 mg of meat sample. The results 
were expressed as the RSD with the condition that the 
value is < 1.3% [24]. Based on Table 3, the RSD value for 
various types of meat has met the requirements, and the 
smaller the RSD value from a series of measurements, the 
more precise the method used. In addition, the recovery 
of various types of meat is in the range of 99.99–100.02%. 
These results are still included in the recovery 
requirements, namely 98–102%, according to the level of 
analyte concentration [24]. 

Meat Powder Analysis 

In its development, the DSC method was used to 
observe the behavior of the denaturation process in the 
muscle tissue of halal and non-halal animals without 
being dried into a powder. The thermogram results clearly 

show each sample's thermal characteristics of the 
denaturation process [25]. The development of the DSC 
method in this study was carried out for the halal 
authentication of food ingredients in the form of meat. 
This method was developed for the identification of 
non-halal meat or qualitative analysis. In Islamic law, if 
a food has been contaminated with ingredients that are 
forbidden, then the food becomes haram [26]. In this case, 
there is no tolerance for haram ingredients in a food, so 
regardless of the concentration of haram ingredients 
detected, the food will still have haram status. Therefore, 
this research focuses on developing an environmentally 
friendly qualitative analysis method for identifying non-
halal meat as an effort for halal authentication. 

The DSC signal is presented in the form of a 
thermogram, with the x-axis representing temperature 
and the y-axis representing heat flow. To carefully 
compare the results of the thermograms of each meat 
sample before and after mixing, the unit of heat flow on 
the y-axis is made an arbitrary unit while the 
temperature on the x-axis is fixed with the unit °C. This 
is done to see in detail the differences in thermal 
characteristics, especially the characteristic minor 
endothermic peaks of each sample, through an overlay 
of a thermogram profile made using Excel. To create the 
overlay, the raw data from the ThermoPlus software 
integrated with DSC is exported in the form of an Excel 
file. Furthermore, temperature (°C) and heat flow (mW)  

Table 3. Validation of the DSC method based on the characteristic minor endothermic peak of meat 

Sample Repeatability of 
measurements (n=3) (°C) 

Average minor 
endothermic peak (°C) 

Mean 
recovery (%) 

% RSD 

Beef 
228.1 

229.1 99.99 0.48 228.9 
230.3 

Pork 
186.9 

186.9 99.99 0.09 186.9 
186.7 

Rabbit 
193.4 

192.5 99.99 0.68 193.1 
191.0 

Chicken 
177.9 

178.9 100.02 0.65 178.7 
180.2 
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data from each sample are collected to be overlayed by 
changing the heat flow value either by adding or 
subtracting values so that the resulting thermogram 
profile can be seen clearly when you want to compare 
differences between samples. 

The DSC thermogram profile from Fig. 2 contains 
major endothermic peaks that appear in the temperature 
range of 103–113 °C in the beef, pork, rabbit, and chicken 
samples, with peak temperatures being at 112.4, 112.8, 
109.5, and 103.4 °C. In addition, minor endothermic 
peaks that are characteristic of both beef, pork, rabbit, and 
chicken and only appear in samples are at peak 
temperatures of 229.1, 186.9, 192.5, and 178.9 °C, 
respectively. Another endothermic peak in the 
temperature range of 320–340°C was only found in the 
beef, pork, and rabbit samples with peak temperatures at 
339.4, 327.2, and 324.7 °C, respectively. Meanwhile, the 
DSC thermogram profile did not show any endothermic 
peaks in that temperature range in the chicken sample. 
The DSC thermogram profile also indicates the presence 
of exothermic peaks in the beef, pork, rabbit, and chicken 

samples in the temperature range of 280–300 °C with peak 
temperatures being at 286.3, 281.3, 284.5, and 297.9 °C. 

Furthermore, Table 4 shows that the first major 
endothermic peak in the temperature range of 103–
113 °C in the DSC thermogram profile Fig. 2 in each 
sample is the release temperature of water molecules. 
That can be observed by electrothermal, where the 
sample looks drier than the initial before heating. In 
addition, the top of the capillary tube looks dewy after 
the heating is complete. This is caused by the sample 
releasing water molecules in the form of gas at that 
temperature range so that the sample looks dry and there 
is dew on the top of the capillary tube. 

The other endothermic peak in the temperature 
range of 170–230 °C is a characteristic minor peak of 
every meat because it appears consistently in three 
measurements using DSC. On direct electrothermal 
observation and from the results of video recording with 
a smartphone camera, it can be seen that a small portion 
of the sample undergoes a physical transformation, and 
a big portion does not undergo physical transformation.  

 
Fig 2. DSC thermogram profile of various types of meat 
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Table 4. Results of observing various types of meat with electrothermal 
Sample Results of observing 

Chicken 

 

Rabbit 

 

Pork 

 

Beef 

 
 
That can be caused by the small concentration of 
components in the sample and still in the multi-
component sample, not in pure form, so it is more 
difficult to observe. 

In addition, the exothermic peak that appears on the 
DSC thermogram profile of each sample in the 
temperature range of 280–300 °C is the decomposition 
temperature where, if observed by electrothermal, each 
sample undergoes a carbonation process or only leaves 
carbon as a residue. In the temperature range of 320–

340 °C, it can be seen in the DSC thermogram profile 
that there is an endothermic peak when observed by 
electrothermal. Each sample undergoes a melting process 
or phase change from solid to liquid. However, in the 
chicken sample in this temperature range, there is no 
endothermic peak in the DSC thermogram profile, and 
observations made by electrothermal up to 350 °C in the 
sample do not show that there is no melting process. 

Based on research conducted by Weiss et al. [27] 
regarding the thermal stability tested on eight standard 



Indones. J. Chem., 2023, 23 (5), 1220 - 1235    

 

Ilma Nugrahani and Aditya 
 

1228 

amino acids, including glycine, cysteine, aspartic acid, 
asparagine, glutamic acid, glutamine, arginine, and 
histidine, shows that several processes can occur on 
heating, such as chemical decomposition or sublimation 
without decomposition. 

This is in line with research that has been carried out 
on samples of meat powder which is known to contain 
amino acids where information on thermal characteristics 
starts from the temperature of the release of water 
molecules, which is indicated by the sample appearing 
dry, then the decomposition temperature which is 
indicated by a change in color to black in the sample, and 
the point at which the sample turns black. Melting can be 
observed by electrothermal so that the purpose of 
determining the type of meat using the thermal analysis 
method can be achieved. 

Mixing pork and beef with several comparisons was 
carried out to study the thermal characteristics of pork 
before and after being mixed. In addition, the research 
design based on cases that occurred in the field related to 
contaminated meat or adulteration of beef with pork is 
expected to make an analytical method developed that 
reliably detects the presence of pork in beef which can be 
seen with the DSC thermogram, profile. 

Several previous studies related to the detection of 
the presence of pork in food products have been 
successfully carried out using DSC with the research 
design of mixing pork content in food products 
intentionally to study the thermogram profile before and 
after mixing [23,28-30]. However, the research focuses on 
detecting lard instead of protein or muscular tissue from 
pork [2]. Azir et al. [23] conducted a study on fatty acid 
composition, triacylglycerol profile, and thermal 
properties of lard in cocoa butter showed a real difference 
between lard and cocoa butter in their thermal 
characteristics. In another study, lard was intentionally 
mixed into butter with various concentrations; 
qualitatively, the thermogram profile analysis showed 
subtle differences between butter, lard, and their mixtures 
[28]. 

Based on the experiments, the characteristic minor 
endothermic peak at pork up to a concentration of 33.3% 
in the mixed sample can still be detected with a very small 

enthalpy. In addition, there is a shift in the peak 
temperature at a concentration ratio of 1:2, which seems 
to decrease by 0.6 °C (Fig. 3). Meanwhile, at a 
concentration ratio of 1:1, the peak shift was seen to 
increase by 0.5 °C. A shift in peak temperature due to the 
adulteration of pork content in food samples has been 
reported by Azir et al. [23]. In this study, a sample of 
butter adulterated with lard showed a peak temperature 
shift after adding lard. 

In the experimental results, the mixed sample not 
only produces a shift in peak temperature, but the 
enthalpy also affects the ratio of the pork concentration 
in the mixed sample. The enthalpy of the unmixed pork 
sample at its characteristic endothermic peak is 
1.275 J/g. In contrast, the mixed pork-beef sample with 
a concentration ratio of 2:1, 1:1, and 1:2 each has an 
enthalpy of 0.705, 0.445, and 0.114 J/g. In this case, the 
enthalpy at pork's characteristic minor endothermic 
peak is directly proportional to the concentration. This 
result is in line with the research of Nurrulhidayah et al. 
[28], where the enthalpy at the characteristic 
endothermic peak of the butter sample appears to 
decrease along with the decrease in sample 
concentration due to adulteration of lard added 
intentionally. 

Mixing beef with other meat powders, such as 
chicken and rabbit, was carried out to ensure that each 
meat powder's characteristic minor endothermic peak 
would still appear in the peak temperature region after 
being mixed. The ratio of 2:1 was chosen so that the 
characteristic peak of each meat powder still appears 
with a peak that can still be seen so that it can be 
considered in distinguishing the beef mixture from each 
meat powder. In addition, the design of this study was 
also carried out to see the purity of beef, which can be 
observed from the DSC thermogram profile. Fig. 4 
shows that the characteristic endothermic peak in beef 
at 229.1 °C is not visible in the DSC thermogram profile 
when mixed with other meat powders, even at the largest 
beef concentration (66.67%) in the beef-pork mixture 
(2:1) seen in Fig. 3 still does not show the characteristic 
endothermic peak of beef. This thing can be a marker of 
the presence of a mixture in the beef. 
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Fig 3. DSC thermogram profile of beef and pork mixing with comparison of 2:1, 1:1, and 1:2 

 
Fig 4. DSC thermogram profile of beef mixing with various meat in 2:1 comparison 
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From the experimental results, the characteristic 
minor endothermic peak in the peak temperature area of 
each meat powder still appears after being mixed. 
However, there is a shift in peak temperature and a 
reduction in enthalpy in each mixed sample. Fig. 4 shows 
that the characteristic peak temperature of chicken in the 
mixed sample is 179.1 °C, while the rabbit and pork are at 
190.8 and 186.9 °C, respectively. The peak shift in 
characteristic endothermic peaks significantly occurred in 
the mixed sample containing rabbits, which experienced 
a peak decrease of 1.7 °C. In contrast, in the mixed sample 
containing chicken, the peak shift only occurred by 0.2 °C. 
However, the peak temperature does not change in the 
sample mixture of pork. The characteristic peak 
enthalpies of the pork, rabbit, and chicken samples before 
mixing were 1.275, 2.189, and 1.044 J/g, but after mixing, 
the enthalpies of pork, rabbit, and chicken were reduced 
to each of 0.705, 1.510, and 0.590 J/g. 

Peak shifts and a decrease in enthalpy at the 
characteristic endothermic peak of a food sample due to 
adulteration of pork content have also been reported by 
Azir et al. [23]. In this study, a sample of butter added 
intentionally with lard showed a decrease in enthalpy 
along with a reduction in the concentration of butter due 
to the addition of concentration. Adulteration of lard, in 
addition to impurity carried out, can cause a shift in 
butter's characteristic minor endothermic peak [23]. 

DSC parameter data starting from Ton, Tp, Tof, 
and enthalpy were obtained from the processing of the 
thermogram profile of each sample using the 
ThermoPlus software integrated with DSC (Table 5). At 
the same time, the data range is the distance between 
Ton and Tof. Three peaks that appeared below 300 °C 
were chosen for chemometric analysis because they were 
peaks that could still be observed when electrothermal 
observations were carried out. 

Table 5. DSC parameters obtained from thermograms of pure and mixed samples 

Sample Peak 
DSC Parameters 

Ton (°C) Tp (°C) Tof (°C) Enthalpy (J g−1) Range (°C) 

Beef 
1 83.1 112.4 141.1 −126.047 58.0 
2 223.5 229.1 234.4 −1.575 10.9 
3 231.0 286.3 312.7 76.548 81.7 

Pork 
1 81.1 112.8 136.5 −143.363 55.4 
2 170.9 186.9 195.3 −1.275 24.4 
3 248.2 281.3 299.2 145.267 51.0 

Rabbit 
1 79.5 109.5 133.2 −185.652 53.7 
2 175.1 192.5 199.6 −2.189 24.5 
3 244.5 284.5 298.7 77.295 54.2 

Chicken 
1 70.4 103.4 130.2 −129.579 59.8 
2 166.2 178.9 191.1 −1.044 24.9 
3 245.8 297.9 324.7 162.412 78.9 

Pork-Beef (1:2) 
1 92.5 115.2 136.4 −196.271 43.9 
2 180.3 186.3 193.4 −0.114 13.1 
3 247.9 280.3 321.4 116.892 73.5 

Pork-Beef (1:1) 
1 94.4 117.8 137.5 −229.405 43.2 
2 177.7 187.4 193.6 -0.445 13.9 
3 250.9 283.9 324.8 148.625 73.9 

Pork-Beef (2:1) 
1 86.5 112.3 134.7 −185.647 48.3 
2 176.7 186.9 194.8 −0.705 19.1 
3 245.7 281.8 325.4 139.132 79.7 

Rabbit-Beef (2:1) 
1 84.9 114.7 137.6 −182.283 52.7 
2 172.3 190.8 196.7 −1.510 24.4 
3 242.7 282.6 313.8 93.281 71.1 
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Sample Peak 
DSC Parameters 

Ton (°C) Tp (°C) Tof (°C) Enthalpy (J g−1) Range (°C) 

Chicken-Beef (2:1) 
1 83.0 111.4 136.5 −129.711 53.5 
2 168.7 179.1 190.3 −0.590 21.6 
3 245.7 284.8 314.1 136.162 68.4 

Ton: Temperature onset; Tp: Temperature peak; Tof: Temperature offset 
 

Nine samples of pure and mixed meat powder were 
subjected to chemometric analysis using the PCA 
technique to see the differences in each sample based on 
the closeness of the score plots and the similarity of 
physicochemical properties. PCA is a technique for 
reducing the amount of data when there is a correlation 
present, and it is not helpful if the variables are 
uncorrelated [31]. 

To construct a validation model in adulteration 
studies, pork and beef mixtures were used as adulteration 
in the 0–100% w/w range. All DSC parameters in the 
thermogram, including onset, peak, offset, enthalpy, and 
range, are subjected to Partial Least Square (PLS) 

regression (Fig. 5). Table 6 shows the R2, RMSE, and SE 
values obtained during cross-validation using the leave-
one technique for validating chemometric models. The 
R2 value for the actual value of pork is 0.9982, while the 
DSC prediction value (y-axis) is 0.9967; the results 
showing > 0.99 on both values illustrate the match 
between the predicted value and the actual value [29]. 
Furthermore, the RMSE and SE values for the 
calibration sample were lower than the validation 
sample, but the difference in values for the two samples 
was not too significant. The smaller the RMSE and SE 
values in the calibration and validation samples, the 
lower the error model will be developed [29]. 

 
Fig 5. Scatterplot of actual vs predicted values of pork powder as an adulterant in beef powder using Partial Least 
Square Regression (PLSR) 

Table 6. Multivariate statistical summary from DSC-PLSR calibration for characteristic minor endothermic peak 
thermograms of pork, and their admixtures with beef 

Calibration models Factor 
Calibration Validation 

R2 RMSEC SEC R2 RMSEP SEP 
Characteristic minor endothermic peak PLS 2 0.9982 1.0248 4.2012 0.9967 3.0948 7.8516 

RMSEC, root mean square error for calibration; RMSEP, root mean square error for prediction; SEC, standard error for 
calibration; SEP, standard error for prediction 
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Fig 6. The results of the scree plot sample using PCA analysis 

 
Fig 7. Score plot of pure and mixed samples. A peak of pure beef (red); A peak of pure pork (blue); A peak of beef and 
pork mix (violet); A peak of pure and mixed rabbit (grey); A peak of pure and mixed chicken (yellow) 
 

The PCA score plot of the sample was described by 
the first and second principal components (PC1 and 
PC2). PC1 and PC2 explain the maximum variance of the 
entire sample with a value of 98.5% consisting of 95.8% 
PC1 and 2.7% PC2. 

The result of PCA is referred to as PC and two or 
more samples with the same PC may be considered 
similar. The closest score plot between PC1 and PC2 
shows the similarity of characteristics between the 
samples [32]. Fig. 7 shows three peaks of samples 

observed based on the closeness of the score plots and 
the similarity of the thermal characteristics. In pure 
samples of meat powder the score plot between PC1 and 
PC2 for each meat showed different results or there were 
differences in the thermal characteristics of each sample. 
This classification explains that the samples are divided 
into four different groups a fact that is not easy to see 
from the original data [31]. PCA is not only used for the 
classification of pure samples being analyzed but also to 
detect sample adulteration which in this study was 
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intentionally mixed between samples of meat powder to 
see differences in the thermal characteristics of pure and 
mixed meat. The shift in the score plot of the pure sample 
for each meat powder after being mixed with other meat 
(beef) can be a consideration in determining the purity of 
a sample, meaning that there are differences in the 
thermal characteristics of the pure sample and the mixed 
sample. 

Previously the potential use of DSC in combination 
with multivariate calibration was reported to verify boar 
meat adulteration in processed food products, namely 
meatballs; these data support the effectiveness of DSC in 
analyzing and detecting wild boar meat adulteration. 
Which was successfully classified in meatball samples 
using the chemometric method of PCA [29]. In another 
study, the DSC and PCA methods successfully detected 
differences in samples of lard forgery into beef and 
chicken fat up to a concentration of 0.5%, as seen in the 
heating thermogram profile [30]. 

Based on the results of the research that has been 
carried out. It is hoped that the analytical method that has 
been developed can be used routinely for testing the halal-
ness of food products, especially those made from meat. 
Suppose the sample has been appropriately classified. 
Halal authentication should only be sufficient until 
qualitative analysis. Still, to see the quantitative 
relationship between the sample and the emerging 
thermal characteristics. Further research is needed to see 
the sensitivity of the thermal analysis method that has 
been developed. 

■ CONCLUSION 

Developing a thermal analysis method with an 
environmentally friendly concept has succeeded in 
identifying differences in beef, pork, rabbit, and chicken. 
This method can determine the type of meat that is 
analyzed through the DSC thermogram profile, which is 
a thermal characteristic of each meat. The PCA technique 
has successfully classified meat samples based on their 
thermal characteristics. The difference in thermal 
characteristics between pure and mixed meat samples can 
also be seen clearly after chemometric analysis. 
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 Abstract: Sensitive detection of infectious diseases is crucial for effective clinical care. 
However, commercial rapid tests may be limited in their ability to detect pathogen 
variants across different countries. It was found that the sensitivity of a chikungunya 
rapid test on local strain was only 20.5% as compared to the East, Central, and South 
Africa (ECSA) phylogroup. Therefore, the development of geographically specific 
diagnostics is essential. Investigating the distinctive structural properties of a locally 
sourced antigenic protein is an important initiative for the development of a specific 
antibody. This study utilized structural bioinformatics and molecular dynamics 
simulations to investigate the differences between the E1-E2 antigenic proteins of the 
Indonesian chikungunya virus (Ind-CHIKV) and that of ECSA. The results showed that 
some of the mutation points are located at the antibody binding sites of Ind-CHIKV. 
G194S and V318R mutations were proposed as distinctive features of Ind-CHIKV, 
leading to weaker antibody binding compared to ECSA. It suggests that modifying the 
antibody to accommodate bulkier side chains at positions 194 and 318 could improve its 
effectiveness against Ind-CHIKV. These insights are valuable for developing a highly 
sensitive immunoassay for Ind-CHIKV and other regional pathogens, ultimately 
enhancing diagnostic capabilities in Indonesia. 

Keywords: chikungunya; bioinformatics; diagnostics; Indonesia; molecular dynamics 
simulation 

 
■ INTRODUCTION 

Sensitive diagnosis of infectious diseases plays an 
important role in maintaining the quality of health 
services. Despite the availability of imported rapid tests in 

Indonesia, the genetic variation of pathogens amongst 
different countries has created some causes for concern. 
Kosasih and colleagues [1] found that the sensitivities of 
commercial chikungunya rapid tests in detecting the 
local strains were not satisfying. Two imported products 



Indones. J. Chem., 2023, 23 (5), 1236 - 1247    

 

Bevi Lidya et al. 
 

1237 

had sensitivities of only 20.5 and 50.8% on the local 
samples, as compared to 90.3% when tested on the East, 
Central, and South Africa (ECSA) phylogroup. A similar 
result was also reported by the Center for Diseases 
Control (CDC) in 2016, where at least five commercial 
chikungunya rapid test performance was unacceptable 
[2]. The genotype variation between Asian and ECSA 
strains was suggested as the main source of different 
results. Therefore, the development of a diagnostic test 
that is specific to local strains should become a priority. 
Moreover, chikungunya was recently found to be endemic 
in Bandung, one of the big cities in Indonesia and some of 
them belong to acute infection [3-5]. 

Chikungunya is a disease caused by chikungunya 
virus (CHIKV). This virus is transmitted to humans by 
two species of mosquito: Aedes albopictus and Aedes 
aegypti. CHIKV causes a range of clinical manifestations, 
including high fever, headache, erythematous skin rash, 
and incapacitating arthralgia [6]. CHIKV is an enveloped, 
positive-stranded RNA virus that belongs to the 
alphavirus genus of the Togaviridae family [7-8]. The 
genome of CHIKV is ~11.8 kb long and encodes nine viral 
proteins, five of which are structural proteins, i.e., capsid, 
E3, E2, E1, and 6K [9-10]. In the mature virion, two 
surface glycoproteins (E1 and E2) facilitate the viral 
binding and entry through receptor-mediated 
endocytosis and low-pH-mediated fusion within the 
endosomes [11-12]. Proteins E1 and E2 form a 
heterodimer that covers the viral surface. Kam and 
colleagues [13] showed that E2 is the primary target for 
the anti-CHIKV antibody response. Therefore, variations 
in E1-E2 sequences might lead to the different sensitivity 
of IgM-based rapid tests. Currently, there are 14 and 6 
entries of E1-E2 and E1-only CHIKV sequences of the 
Bandung strain, respectively found in NCBI [3]. From 
those sequences, at least six amino acids were found to be 
different, indicating the polymorphism of CHIKV in 
Bandung itself. These variabilities also might contribute 
to the different sensitivity of the IgM-based rapid test. 

In recent years, advances in molecular design have 
contributed to developing "tailored" molecules for 
diagnostics and therapeutics [14-16]. Recently, Holstein 
et al. [17] have developed an influenza-specific paper-

based diagnostic test based on the computationally 
designed protein. The selection of this tailored protein 
could be an antibody fragment, such as a single-chain 
variable fragment (ScFv), or the other functional protein 
that could bind to the antigenic protein. The accessibility 
of genetic and structural information of pathogenic 
molecules, in addition to the sophisticated 
bioinformatics method, has provided a great 
opportunity to design molecules with desired properties. 
Structural information on ECSA chikungunya’s 
antigenic protein and its antibody is available in the 
Protein Data Bank [18]. 

This study aims to investigate the structural 
differences between the E1-E2 antigenic protein of 
Indonesia's CHIKV (Ind-CHIKV) and that of ECSA 
using a bioinformatics approach. The protein sequence 
of Ind-CHIKV and the crystal structure of E1-E2 of 
ECSA CHIKV were used to construct the structural 
model of local antigens. Then, the behavior of both 
structures was investigated using molecular dynamics 
simulation. The affinity of the antibody towards E1-E2 
CHIKV was computed using protein docking and 
molecular mechanics generalized Born surface area 
(MM/GBSA) methods. 

■ EXPERIMENTAL SECTION 

Materials 

The GenBank number AHA87256.1 which 
consists of amino acid sequences of E1-E2 antigen of 
Ind-CHIKV, complex structure of E1-E2 ECSA CHIKV 
(PDB ID: 3J2W) and its antibody (anti-CHIKV CHK-
152, PDB ID: 3J30), and a crystal structure of E1-E2 
CHIKV with PDB ID of 3N44 were used in this work. 

Instrumentation 

This study was carried out on a computer running 
Ubuntu 20.04.2.0 LTS and equipped with a processor 
core i7 CPU 920@2.67 GHz, a GPU NVIDIA GeForce 
RTX 980 4 GB, RAM memory 8 GB, and a hard disk 2 TB. 

Procedure 

Homology modelling of E1-E2 antigen of Ind-CHIKV 
The model structure of the E1-E2 antigen of Ind-

CHIKV was constructed by homology modeling method 
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using MODELLER9.17 in command line mode [19]. The 
amino acid sequences of the E1-E2 antigen of Ind-CHIKV 
were retrieved from NCBI (http://www.ncbi.nlm.nih.gov/) 
with GenBank number of AHA87256.1, which consist of 
E1 and E2 sequences [3]. The template for protein 
modeling was selected based on the high sequence 
similarity using BLASTP in NCBI, the quality of template 
structure, and also the condition of the experimental. The 
discrete optimized protein energy (DOPE) score, a 
statistical potential used to assess homology models in 
protein structure prediction, was calculated for the 
structure model. The structure with the lowest DOPE 
score was selected as the best model. The quality of the 
model was assessed by Ramachandran plot using the 
PROCHECK server, Z-score using ProSA-web, and 
VERIFY-3D method [20-22]. 

Molecular dynamics simulation 
All the minimization and molecular dynamics (MD) 

simulations were performed using pmemd.cuda from 
AMBER14 [23]. The type of cysteine and protonation 
states of histidine were adjusted based on their specific 
chemical environment manually. A box of TIP3P water 
was added to the system, where the distance between the 
protein and the edge of the box was set to 10 Å. The 
system was neutralized by the addition of sodium ions. 

The structure was optimized by using 1000 steps of 
steepest descent, which was followed by 2000 steps of 
conjugate gradient minimization with 500 kcal mol Å−2 of 
harmonic restraints applied to the backbone atoms. A 
final 5000 steps of unrestrained conjugate gradient 
minimization were performed in order to remove any 
steric clashes. 

The system was gradually heated to 300 K in the 
NVT ensemble using harmonic restraints on the 
backbone atoms under control by the Langevin 
thermostat. Then, 1000 ps of NPT equilibration was 
performed with a gradual decrease of harmonic restraints 
by 1 kcal mol Å−2 until it reached zero. A 100 ns of the 
production run in the NPT ensemble was performed with 
all hydrogen atoms constrained using the SHAKE 
algorithm. The temperature was controlled with a 
Langevin thermostat with a collision frequency of 1 ps−1, 
while pressure was controlled using a Berendsen barostat 

with a coupling constant of 1 ps and a target pressure of 
1 bar. The time step used during the production stage 
was set to 2 fs. A non-bonded cut-off value of 10 Å was 
used, and the long-range electrostatics were treated 
using the Particle Mesh Ewald method. The MD 
trajectories were analyzed using the cpptraj module in 
AmberTools 15. 

Evaluation of binding energy 
Before computing the binding energy, a cryo-EM 

resolved the complex structure of E1-E2 ECSA CHIKV  
and its antibody was shortly minimized in vacuo to 
remove the major sterical clashes at the interface region 
without affecting the core structure. Each of the 250 
steps for steepest descent and conjugate gradient 
minimization was performed using the sander module 
in AMBER 14. The minimized complex was submitted 
to the FireDock server (http://bioinfo3d.cs.tau.ac.il/Fire 
Dock) as well as Ind-CHIKV with CHK-152 and CHK-
152 mutants [24-25]. 

FireDock is a docking program specifically built 
for refining and re-scoring the docked protein-protein 
interactions. In the program options, the type of system 
was selected for the antibody-antigen complex. One 
hundred cycles of docking were performed, with a full 
refinement option activated. 

Furthermore, the docked complex by FireDock 
was minimized in the explicit solvent system. A 100 ns 
of MD simulation was performed using a similar 
parameter as described in the previous subsection. 
Finally, the binding energy and its decomposition 
analysis were done by the MMPBSA.py module in 
AmberTools 14. 

■ RESULTS AND DISCUSSION 

Structural Model of E1-E2 of Ind-CHIKV 

The sequence of E1-E2 of Ind-CHIKV was 
retrieved from NCBI. This virus was isolated from the 
human serum of infected patients from Bandung, 
Indonesia. Twenty entries were found, which were 
composed of 14 complete sequences of E1-E2 and 6 
sequences of E1 only. Six variations within 20 Ind-
CHIKV sequences were detected, but they are not 
located at the antibody binding site (Fig. S1). For this 
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reason, the sequence with the GenBank number 
AHA87256.1 was chosen to represent E1-E2 of Ind-
CHIKV [3]. Sequence alignment showed that E1 and E2 
of Ind-CHIKV shared sequence similarities of 98 and 
96%, respectively, with that of the ECSA virus. 

The selection of a template is a crucial step in protein 
modeling [26]. The first attempt in template searching 
using NCBI resulted in the PDB ID of 2XFC, which is a 
cryo-electron microscopy (cryo-EM) structure of E1-E2 
CHIKV from Semliki Forest (African). However, a cryo-
EM structure usually has a low atomic resolution. Hence, 
it is not suitable to be used as a template for homology 
modeling. For this reason, further searching was done 
using sequence similarity with the PDB ID of 2XFC in the 
PDB server. As a result, a crystal structure of E1-E2 
CHIKV with PDB ID of 3N44, with the best resolution of 
2.35 Å, was selected as a template. This structure is a 
mature glycoprotein E1-E2 CHIKV which was soaked in 
osmium to improve the quality of X-ray structure 
determination [18,27]. The template covered 729 residues 
of E1-E2 Ind-CHIKV without any gaps. 

After five models of E1-E2 Ind-CHIKV were built 
using MODELLER, the best model was chosen based on 
the lowest DOPE score of −74029. Furthermore, the 
model quality was assessed by the Ramachandran plot 
(Fig. 1). It is shown that 91.3% of residues were located in 
the most favored regions, including all mutations in Ind-
CHIKV. As many as 8.1 and 0.5% of residues fall into the 
additional allowed regions and generously allowed 
regions, respectively. Only one residue falls in the 
disallowed regions. Upon visual inspection, this residue is 
located at the backbone of the secondary structure, i.e., 
beta-sheet. Therefore, a loop optimization step was not 
required. In general, a protein model with more than 90% 
residues in the allowed region is categorized as a good 
model [18,26]. Moreover, model assessment using 
ProSA-web showed a small difference in Z-score between 
the model and the template structure (Fig. 2). VERIFY-
3D method showed that the score of 94.10% residues of 
the model is higher than 0.2 (Fig. 3), which considered as 
a high-quality structure [21,28]. 

 
Fig 1. Ramachandran Plot of E1-E2 Ind-CHIKV model 

 
Fig 2. Z-score of E1 and E2 structure of template and 
model 

 
Fig 3. The VERIFY-3D score of E1-E2 Ind-CHIKV model 
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Mapping of Mutations to the Structure of E1-E2 
IndCHIKV 

As many as 21 mutations were detected when the 
sequences of E1-E2 of Ind-CHIKV and ECSA were aligned 
(Fig. 4). These mutations were found in almost all E1-E2 
Ind-CHIKV sequences (Fig. S1). These mutations were 
visually mapped to the model of E1-E2 Ind-CHIKV. By 
using a solvent probe with a radius of 1.4 Å, only 2 out of 
21 mutations were found to be buried in the solvent, V255 
and I317 (Fig. 5). 

Due to their location, these 19 residues were 
predicted to be involved in the interactions with 
antibodies. Among the 19 mutations, a polymorphism of 
L248F was detected in 6 out of 14 sequences of E2. This  
 

mutation is known as part of the B-cell epitope [13]. 

Mutations at the Epitopes 

In short, the epitope is part of an antigen (E1-E2 of 
CHIKV) that is recognized by the immune system, e.g., 
antibodies, and B-cells. Rapid diagnostic kits that were 
tested by Kosasih and colleagues [1] were based on the 
detection of anti-chikungunya IgM. In the serum, IgM 
was produced as a response to the presence of epitope in 
CHIKV. Therefore, different epitopes would produce 
different antibodies. In this study, the structural 
differences between Ind-CHIKV and ECSA were 
observed to investigate the possibilities of structural 
changes at the epitope regions. 

 
Fig 4. Sequence alignment between E1-E2 of Africa’s (PDB ID: 3N44) and Ind-CHIKV virus (based on PDB ID: 3N44 
numbering). Mutations are highlighted in dark color 

 
Fig 5. Different residues at E1-E2 Ind-CHIKV as compared to that of African origin. Mutations that are exposed to 
the solvent are visualized in the space-filling model while the buried in the ball and stick model. E1 and E2 are 
represented in dark and light green colored ribbons, respectively 
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In 2014, Kam et al. [13], have identified B-cell 
epitopes that were recognized by anti-CHIKV antibodies. 
There were seven linear epitopes located at the E2 protein 
of CHIKV. Upon comparison with the sequence of E1-E2 
Ind-CHIKV, there were five mutations located in the 
epitope regions of E2, i.e., N5H, G194S, I255V, V318R, 
and L248F (Fig. 6). In V318R mutation, valine is a 
relatively small hydrophobic residue, while arginine is a 
bulky, positively charged amino acid. Therefore, the 
presence of arginine at position 318 would cause a steric 
hindrance to the antibodies. Whereas the changes from 
aliphatic to aromatic residues in N5H and L248F 
mutations would result in different flexibility to adopt the 
antibody binding. 

Molecular Dynamics Simulation 

The deviation and fluctuation of both E1-E2 from 
ECSA and that of Ind-CHIKV were evaluated by 
computing root mean square deviation (RMSD) and root 
mean square fluctuation (RMSF) values with respect to 
the initial and average conformations, respectively. Fig. 
7(a) shows that, in general, both systems have reached 
equilibrium after 3000 ps. Therefore, fluctuations were 
calculated from 3000–10000 ps to avoid bias from the 
unequilibrated motions. It is shown that the deviation of 
E1-E2 of Ind-CHIKV was higher, especially after 65 ns 
and reached up to 5.5 Å compared to that of ECSA which 
showed more stability during the simulation. This slight 
difference was due to dissimilar residues at positions 248 
and 255, as suggested by the higher RMSF around 

position 250 in Fig. 7(b). Nevertheless, the residual 
fluctuation of E1-E2 Ind-CHIKV was generally 
comparable to that of ECSA. For this reason, it can be 
suggested that the overall dynamic behavior of both 
systems was similar. 

Furthermore, the observation was more focused on 
the antibody binding site. Sun et al. [29] have also 
identified the footprints of a neutralizing antibody using 
cryo-EM, i.e., CHK-9, CHK-152, m242, and m10. These 
structures provide an opportunity to explain the 
mutation effect at the atomic level. All the antibody 
structures bound to G194 (Fig. 8) thus, it was interesting 
to be investigated. In addition, the CHK-152 suggests 
more effective neutralization at a lower concentration 
than the others [28]. Hence, CHK-152 was used to study 
the effect of G194S. However, it is noted that the 
structure should be treated carefully due to the low 
resolution of cryo-EM structures in general. 

 
Fig 6. The mutations in the epitope regions of the E2 
protein of Ind-CHIKV 

 
Fig 7. (a) RMSD and (b) RMSF profiles of both ECSA and Ind-CHIKV throughout MD simulation 
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Fig 8. Molecular interactions between E1-E2 Ind-CHIKV and antibody (m242, m10, CHK-152, and CHK-9). The 
mutations on E1-E2 Ind-CHIKV are drawn in the black and green ball, with the antibody binding site drawn in the 
black circle. The E1-E2 Ind-CHIKV are colored in black and grey stick, while the antibody of m242, m10, CHK-152, 
and CHK-9 are colored in purple, blue, pink, and green, respectively 
 
The Effect of G194S in Ind-CHIKV on the Binding of 
CHK-152 

Based on the FireDock calculation, the binding 
energy of CHK-152 to the ECSA CHIKV was 
−81.76 kcal mol−1. Furthermore, a mutant model of 
G194S (representing Ind-CHIKV) was built to observe 
the possible impact of this mutation on the binding of 
CHK-152. Interestingly, the computed affinity of CHK-
152 to G194S (−71.17 kcal mol−1) was predicted to be 
weaker than the ECSA. At first sight, it can be deduced 
that the bulkier side chain of serine (–CH2OH group) 
resulted in an unfavorable binding to the CHK-152. A 
visual inspection showed that serine 8 was positioned 
closer to the Y244 of CHK-152, as compared to that of 
glycine (Fig. 9). 

A short distance between S194 and Y244 might 
result in a repulsive force. This hypothesis was tested by 
modifying the structure of CHK-152 by Y244G mutation. 
It is noted that glycine is the smallest residue among 20 
amino acids. It was expected that modification of Y244G 
in the CHK-152 structure would improve its binding to 
the G194S by removing sterical clashes between S194 and 
Y244. Table 1 shows that the affinity between G194S and 
Fab Y244G was increased to −80.48 kcal mol−1, similar to 
that of WT (ECSA). This result indicates that the 

mutation of G194S in Ind-CHIKV is one of the reasons 
behind the different affinities with CHK-152. Thus, it 
can be used as a distinctive feature in developing a 
specific antibody for Ind-CHIKV. 

Since the FireDock refinement was done in the 
implicit solvent model system, a more realistic 100 ns of 
the explicit solvent simulation was performed using 
AMBER. The docked conformation resulting from 
FireDock was submitted to the MD preparation protocol 
as described in the method section. The binding energy 
from the explicit solvent simulation was computed by 
MM/GBSA method. As a result, a similar trend of binding 
energy between the two systems is shown in Table 2. 
 

 
Fig 9. The closer distance between Y244 of the CHK-152 
with the bulkier S194 in Ind-CHIKV (right) than to 
G194 in ECSA CHIKV (left) 
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Table 1. The calculated binding energy between E1-E2 CHIKV and Fab CHK-152 using Firedock 

Energy component 
Energy (kcal mol−1) 

ECSA and CHK-152 Ind-CHIKV and CHK-152 Ind-CHIKV and CHK-152 (Fab Y244G) 
Global energy −81.76 −71.17 −80.48 
Attractive VdW −55.97 −55.97 −55.44 
Repulsive VdW 17.35 35.41 14.83 
ACEa* 11.68 12.33 12.27 
H-bond −10.56 −11.51 −10.04 

*aatomic contact energy 

Table 2. The calculated binding energy between E1-E2 of ECSA and Ind-CHIKV with the Fab CHK-152 using the 
MM/GBSA method 

 ECSA Ind-CHIKV 
Binding energy (kcal mol−1) −30.62 −24.48 
Decomposition of electrostatic energy between residue 194 
and Y244 (kcal mol−1) −0.08 +0.37 

 
The binding of ECSA to the CHK-152 (−30.62 kcal mol−1) 
was better than that of Ind-CHIKV (−24.48 kcal mol−1). 
Furthermore, the decomposition energy between residues 
at position 194 and the Y244 from the CHK-152 was 
analyzed. The result showed that S194 has a positive 
electrostatic energy (+0.37 kcal mol−1) with the Y244, as 
compared to that of G194 in the ECSA (−0.08 kcal mol−1). 

Structural Bioinformatics Study 

Similar clinical manifestations between CHIKV, 
DENV, and Zika virus represent a diagnostic challenge to 
differentiate itself. Hence a sensitive diagnosis is needed 
[30-31]. Some diagnostic methods that usually be used to 
differentiate amongst them are RT-PCR, ELISA, and 
indirect immunofluorescence (IFA). Unfortunately, these 
methods require special equipment, need more time, and 
technical skills from medium to high levels that may not 
be available in many laboratories, especially in rural areas. 
Diagnostic using rapid tests has many advantages, such as 
being highly cost-effective, easy to use, and the results can 
easily be evaluated and fast. Nevertheless, the commercial 
rapid test of CHIKV was reported poorly and needs major 
improvement [2]. This study proposes that the difference 
in sensitivity of chikungunya rapid tests on the 
Indonesian strain was due to the genetic variation 
between ECSA and Ind-CHIKV. Since the rapid tests 
were based on the detection of IgM anti-CHIKV, then the 

differences in sensitivity would derive from the 
distinctive features of epitopes on the surface of CHIKV. 
Several mutations were found on the surface of E1-E2 of 
Ind-CHIKV. Two of them were positioned at the 
antibody binding sites, i.e., G194S and V318R. In 
addition, these two mutations were found in all E1-E2 of 
Ind-CHIKV. These results can be used as a structural 
basis to develop a more specific molecule to detect 
antibodies or antigens to develop more sensitive rapid 
tests. Liu et al. [32] proposed that a single chain variable 
fragment (ScFv) of antibodies can also be engineered to 
be used for immunoassay. In addition, Holstein et al. 
[17] also suggested that a recombinant antibody 
fragment could be used as a functional protein for a 
paper-based diagnostic test. ScFv is widely used for 
diagnostic purposes in many fields, and there are to 
detect diseases in humans or plants [33-35]. 

MD simulation on E1-E2 of Ind-CHIKV and 
CHK-152 revealed that the binding affinity of this 
antigen-antibody was low compared to the ECSA. This 
approach can also be used to design a new antibody, 
especially ScFv, that has a high affinity to E1-E2 of Ind-
CHIKV. Leong et al. [36] designed ScFv against 
Salmonella typhi TolC protein using MD simulation. 
This ScFv was designed de novo by evaluating the shape 
complementarity and calculating the binding affinity 
against TolC protein to 74 ScFv designs originating from 
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five crystal structures. The top five of ScFv designs have 
high binding affinity against TolC protein, and the top 
one originated from PDB ID of 3JUY, a variant of b12 
antibody targeting HIV‐1 gp120 envelope protein. These 
results can be used to develop the diagnosis for typhoid. 
Another study of MD simulation reported for evaluating 
the binding of ScFv against ESAT-6 for TB diagnostic. In 
this study, two high affinities of ScFv were isolated and 
built a model structure. MD simulations revealed that the 
hydrogen bond between amino acid residues of the light 
chain and residue of ESAT-6 was more in ScFv-7 than in 
ScFv-3. Hence, joining the heavy chain of ScFv-3 to the 
light chain of ScFv-7 is good for making new ScFv which 
may have higher affinity [37,38]. From these cases, MD 
simulation can be used to design and evaluate the protein-
protein interactions, especially antigen-antibody 
interaction [39-40]. 

■ CONCLUSION 

A possible reason for the low sensitivity of the 
current diagnostic test to the Ind-CHIKV was due to the 
genotype variations among strains of viruses. Using a 
structural bioinformatics approach, this study was able to 
identify the mutation points at the E1-E2 protein surface 
of Ind-CHIKV, especially at the antibody binding sites. 
Furthermore, G194S and V318R mutations were 
proposed as distinctive features of Ind-CHIKV, different 
from that of ECSA’s. To develop a tailored antibody that 
would bind to the E1-E2 of Ind-CHIKV, one should 
accommodate a bulkier side chain at positions 194 and 
318. It is expected that the results would provide valuable 
insight into developing an antibody-based functional 
protein for the further development of a highly sensitive 
immunoassay for the Ind-CHIKV or the other regional 
pathogens. 
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 Abstract: The usage of antiradical agents is pivotal for suppressing the negative effects 
of free radicals on human health. Curcumin, a well-known natural antiradical agent, 
suffers from its low stability and high price, thus, limiting its potential in real applications. 
In this work, we carried out the impregnation of encapsulated curcumin from Aceh 
curcuma source on commercial titanium dioxide. The isolation of curcumin was 
performed using a simple maceration method, while the encapsulation process was done 
employing carboxymethylcellulose and maltodextrin to give ethanol-curcumin and 
triacetin-curcumin powders in 30.35% and 37.21% yield, respectively. The composite 
materials contained curcumin in a range of 0.016–0.374 mg/g. The characterization data 
revealed that the curcumin was located on the surface of titanium dioxide through 
hydrogen bonds. The in vitro DPPH assay of the titanium dioxide-curcumin composite 
material exhibited 39.61 ± 1.36 to 79.70 ± 1.33% antiradical activity which was higher 
than titanium dioxide (31.78 ± 1.48%). Furthermore, the composite material also gave 
higher antiradical activity than its curcumin sources, i.e., Aceh curcuma (75.12 ± 1.79%), 
ethanol-curcumin (56.66 ± 0.25%), and triacetin-curcumin (63.58 ± 0.20%) 
demonstrating a synergistic antiradical effect of titanium dioxide and curcumin as the 
antiradical agents. These findings demonstrate the importance of the impregnation and 
encapsulation of curcumin in composite materials for antiradical applications. 

Keywords: titanium dioxide; curcumin; Aceh curcuma; antiradical; composite material 

 
■ INTRODUCTION 

Free radicals, including reactive oxygen species, 
generate serious effects on human health, such as 
inflammation, cancer, and heart diseases [1]. 
Unfortunately, these free radicals are spontaneously 
generated from air pollution, ultraviolet irradiation, and 
modern lifestyles, i.e., smoking, consuming fast food, and 
doing less exercise, thus cannot be avoided reaching the 
human body [2]. Therefore, the use of an antiradical agent 
is highly required. The antiradical agent is a chemical 
compound that could convert the free radical to the non-
radical species, thus protecting biomolecules and cells 
from a radical chain reaction [3]. From the molecular 

point of view, free radical contains at least one unpaired 
electron; thus, the antiradical agent shall give a hydrogen 
atom and/or a single electron to deactivate the free 
radical [4]. 

Natural sources serve as an abundant source of 
thousands of chemical compounds that could act as 
antiradical agents [5]. Among the natural antiradical 
agents, curcumin is one of the most well-known 
compounds due to its high antiradical activity, well-
established isolation process, and good biocompatibility. 
The antiradical activity of curcumin is generated from 
the hydrogen atom donor from its phenolic functional 
group, in which the formed phenoxy radical is stabilized 
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through the electron delocalization process [6]. However, 
curcumin suffers from some serious disadvantages to being 
applied for commercial purposes, such as low solubility in 
water, poor stability, and high-cost material [7]. 

Encapsulation is a useful technique to protect and 
prevent the degradation of natural compounds. Either 
carboxymethylcellulose or maltodextrin has been widely 
employed as the encapsulating agent due to its high 
efficiency, low toxicity, and low price [8-10]. It was 
reported by Tomé Constantino and Garcia-Rojas [11] 
that betanin encapsulation with carboxymethylcellulose 
could increase the chemical and thermal stabilities of 
betanin. Furthermore, Negrão-Murakami et al. [12] 
reported that the encapsulated Ilex paraguariensis A St. 
Hil. extract with maltodextrin increased its 
physicochemical properties and stability. Furthermore, 
the antiradical activity of the extract is maintained, as 
revealed by the in vitro 1,1-diphenyl-2-picrylhydrazyl 
(DPPH) assay. 

On the other hand, the encapsulation of curcumin 
using carboxymethylcellulose and maltodextrin has been 
reported [13-17]. It was reported that curcumin 
encapsulation on carboxymethyl cellulose-
montmorillonite clay nanocomposite could enhance the 
stability and solubility of curcumin in water [18]. Taking 
consideration for antiradical purposes, higher curcumin 
solubility in water and/or other polar solvents leads to 
stronger antiradical activity due to less aggregation 
structure. However, the antiradical activity of 
encapsulated curcumin is rarely investigated. 

Instead of the encapsulation process, the 
impregnation of natural compounds could suppress the 
production cost as the expensive natural compounds are 
homogenously spread on the surface of the substrate [19]. 
Among the solid substrates, titanium dioxide gives great 
benefits due to its excellent stability, low cost, and non-
toxic properties [20]. Impregnation of natural 
compounds using titanium dioxide has been massively 
reported, including curcumin [21-26]. However, the 
application of titanium dioxide-curcumin material as the 
antiradical agent has not been comprehensively studied. 

In this work, a series of titanium dioxide-curcumin 
composite materials were prepared through extraction, 

encapsulation, and impregnation of curcumin on the 
titanium dioxide substrate. The curcumin was isolated 
from Aceh curcuma through a maceration technique, 
while the curcumin encapsulation was carried out 
utilizing carboxymethyl cellulose and maltodextrin as 
the encapsulated agents. The impregnation of the 
encapsulated curcumin on the titanium dioxide 
substrate was conducted by stirring the mixture in a dark 
condition at room temperature to yield a series of 
titanium dioxide-curcumin composite materials. The 
curcumin content in the extracts and composite 
materials was quantified using a calibration curve from 
the UV-vis measurement. The antiradical activities of 
the composite materials, as well as Aceh curcuma and its 
extracts, were examined using in vitro DPPH assay to 
study the effect of curcumin isolation, encapsulation, 
and impregnation on the antiradical activity. 

■ EXPERIMENTAL SECTION 

Materials 

The used materials in this work, i.e., titanium 
dioxide, carboxymethylcellulose, maltodextrin, 
methanol, ethanol, triacetin, and DPPH were purchased 
from Merck and employed without further purification. 
The curcuma powder from Aceh was kindly donated by 
PT. Bukit Warna Abadi, West Java, Indonesia while the 
curcumin standard was obtained from Merck with 84% 
purity based on HPLC analysis. 

Instrumentation 

The diffuse-reflectance ultraviolet-visible (DR UV-
vis) analysis was carried out using a UV-vis 
spectrophotometer (Jasco V-760). The X-ray diffraction 
(XRD) data were measured by an XRD diffractometer 
(Shimadzu XRD 6000) with Cu Kα (1.54060 Å) as the 
radiation source at a voltage of 40 kV and current of 
30 mA. The Fourier-transform infrared (FTIR) spectra 
of the samples were recorded by FTIR 
spectrophotometer (Shimadzu Prestige-21) while the 
scanning electron microscope (SEM) micrographs of the 
composite materials were taken by JEOL JSM-6510 LA. 
On the other hand, the UV-vis analysis was performed 
on a double-beam spectrophotometer (Shimadzu UV-
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1800) for curcumin quantification on its maximum 
wavelength, as well as, for evaluation of the antioxidant 
activity of composite materials. 

Procedure 

Extraction and encapsulation of curcumin 
The extraction and encapsulation of curcumin were 

carried out following the previous report [27]. The 
curcuma powder (10 g) from the Aceh region was 
extracted employing ethanol as the solvent (100 mL) with 
a mass-to-volume ratio at 1:10 m/v through a stirring 
technique at 750 rpm stirring speed for 3 h at room 
temperature. The extract (100 mL) was added to distilled 
water (100 mL) containing carboxymethylcellulose 
(0.6 g) and maltodextrin (12 g) for the encapsulation 
process. The mixture was evaporated at 80 °C to eliminate 
the ethanol and then sprayed at an inlet temperature of 
140 °C to obtain ethanol-curcumin sample. The 
extraction process using triacetin-ethanol-distilled water 
(1:3:1 v/v/v) solvent mixture was also carried out to yield 
triacetin-curcumin sample. 

Curcumin quantification 
The quantification of curcumin was performed 

according to the standard method employing a UV-vis 
spectrophotometer [28]. The curcumin standard was 
dissolved in ethanol and measured from 300–800 nm to 
find its maximum wavelength. A series of curcumin 
standards with different concentrations was prepared to 
make the calibration curve. The absorbance of the sample 
solution in ethanol was recorded and then the curcumin 
purity of the samples was calculated using the calibration 
curve. 

Preparation of composite materials 
Titanium dioxide (1.00 g) was added to the sample 

solution containing curcumin (Aceh curcuma, ethanol-
curcumin, and triacetin-curcumin) with various 
concentrations of 5, 25, and 50 mg/L in ethanol (20 mL). 
The mixture was stirred in a dark condition at room 
temperature. After 24 h, the mixture was filtered using 
Whatman filter paper. The solid residue was washed with 
cold ethanol until the filtrate became colorless. Afterward, 
the absorbance of the filtrate was measured to quantify the 
impregnated curcumin on the titanium dioxide materials. 

The composite materials were characterized using DR 
UV-vis, XRD, and FTIR analyses. 

In vitro antiradical activity measurement 
The in vitro antiradical activity of composite 

materials was measured following the previous method 
with slight modification [29]. The composite material 
(10 mg) was added to methanol (8 mL). Then, DPPH 
0.1 mM solution in methanol (2 mL) was added to the 
mixture. The mixture was shaken in a dark condition for 
30 min. The mixture was filtered, and the absorbance of 
the filtrate was measured using a UV-vis 
spectrophotometer at 517 nm. The control solution was 
prepared by mixing methanol (8 mL) and DPPH 
0.1 mM solution (2 mL) with the same procedure above. 
The antiradical activity percentage was determined by 
calculating the difference between the absorbance of the 
control and the sample over the absorbance of the 
control. The antiradical activity of bare titanium dioxide, 
Aceh curcuma, ethanol-curcumin, and triacetin-
curcumin was also measured to evaluate the effect of the 
impregnation process on the antiradical activity. 

■ RESULTS AND DISCUSSION 

Extraction and Encapsulation of Curcumin 

In this work, the curcumin was isolated from Aceh 
curcuma powder using a simple maceration method. 
Ethanol and a mixture of triacetin-ethanol-distilled 
water were used as the solvent because curcumin is 
soluble in both media [30]. Carboxymethylcellulose and 
maltodextrin were employed as the encapsulating agents 
to enhance the stability of curcumin, as it was known 
that curcumin could be gradually degraded at room 
temperature [7]. The curcumin-ethanol sample was 
obtained as a yellowish orange solid (6.86 g) in 30.35% 
yield, while curcumin-triacetin was obtained as a 
yellowish orange solid (8.41 g) in 37.21% yield. The yield 
of curcumin-triacetin was higher than curcumin-
ethanol due to the higher solubility of curcumin in 
triacetin than in ethanol as previously reported [30]. The 
curcumin-ethanol sample was checked by thin layer 
chromatography (TLC) using chloroform:ethanol 97:3 
(v/v), yielding retention factor (Rf) values of 0.60, 0.38, 
and 0.26 for curcumin, demethoxycurcumin, and 
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bisdemethoxycurcumin, respectively, as reported before 
[31]. Similar to this, the curcumin-triacetin also yielded 
three TLC spots at Rf values of 0.60, 0.34, and 0.24 for 
curcumin, demethoxycurcumin, and 
bisdemethoxycurcumin, respectively. These results 
demonstrate the successful isolation and encapsulation of 
curcumin from Aceh curcuma as the starting material. 

Curcumin Quantification 

The UV-vis spectrum of the curcumin standard 
solution at 0.84–8.40 mg/L concentration is shown in Fig. 
1. It was found that the maximum wavelength of 
curcumin in ethanol was observed at 420 nm as 
previously reported [28]. The absorbance signal at 
420 nm originated from π–π* electronic transition of 
curcumin. The absorbance of curcumin standard 
solutions at 420 nm was plotted against the curcumin 
concentration (Fig. 1(a)). The calibration curve with a 
mathematic formula of “Absorbance = 0.1555 [curcumin 
concentration] + 0.0077” was obtained with a coefficient 
of determination (R2) value of 0.9991, demonstrating the 
validity of the calibration curve (Fig. 1(b)). 

By using the equation, it was found that Aceh 
curcuma contained 4.24% curcumin. On the other hand, 
curcumin-ethanol and curcumin-triacetin contained 
2.43% and 2.56% curcumin, respectively, which were 
lower than originated Aceh curcuma (4.24%) due to the 
presence of maltodextrin and carboxymethylcellulose as 
the encapsulating agents. Compared to the curcumin-
ethanol, the curcumin content in curcumin-triacetin 
sample was higher than curcumin-ethanol due to the 

higher solubility of curcumin in triacetin as reported 
before [30]. 

Preparation of Composite Materials 

The titanium dioxide-curcumin composite 
materials were prepared to evaluate the effect of 
encapsulation of curcumin on the antiradical activity. 
The composite materials were obtained in 91–99% yield 
based on the initial mass of titanium dioxide (1 g). Fig. 2 
shows the photographed image of the composite 
materials with different curcumin sources and 
concentrations. The presence of curcumin generated 
yellow color in the composite material as curcumin 
powder existed in yellowish orange color [32]. The color 
intensity was stronger when the initial concentration of 
curcumin was higher. 

The titanium dioxide-Aceh curcuma composite 
materials were obtained as orange solid, while the 
titanium dioxide-ethanol-curcumin and titanium 
dioxide-triacetin-curcumin composite materials were 
obtained as yellowish color solid. This phenomenon 
might be caused by the presence of other components 
besides curcumin in the Aceh curcuma sample. It was 
reported that crude curcumin powder contains α-
phellandrene, β-caryophyllene, turmerone, bisabolone, 
and sesquiphellandrene [33]. These compounds might 
be eliminated during the extraction and encapsulation 
process; thus, the color of titanium dioxide-ethanol-
curcumin and titanium dioxide-triacetin-curcumin 
composite materials originated mainly due to the 
curcumin color. 

 
Fig 1. The (a) UV-vis spectra and (b) calibration curve of standard curcumin solution 
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Fig 2. The photographed image of (a) titanium dioxide, (b1–b3) titanium dioxide-Aceh curcuma, (c1–c3) titanium 
dioxide-ethanol-curcumin, and (d1–d3) titanium dioxide-triacetin-curcumin composite materials. Terms (1), (2), and 
(3) stand for the initial concentration of curcumin solution of 5, 25, and 50 mg/L, respectively 
 

The composite materials were then characterized 
using DR UV-vis, XRD, and FTIR instruments. The DR 
UV-vis spectra of the composite materials are shown in 
Fig. 3. In accordance with the photographed image of the 
curcumin samples, Aceh curcuma, curcumin-ethanol, and 
curcumin-triacetin showed broad absorption signal at 
400–550 nm, which corresponded to its orange-yellowish 
color as previously reported [21]. Meanwhile, bare 
titanium dioxide had no absorption signal at the visible 
region (400–800 nm). Consequently, the impregnation of 
curcumin on the titanium dioxide material showed a 
weak absorption band at 420 nm. The titanium dioxide-
curcumin sample showed the strongest absorption signal 
at 420 nm among the composite materials, as indicated by 
its orange color. Meanwhile, the absorption signals of 
titanium dioxide at 200–380 nm were not significantly 
influenced, indicating that the curcumins were located on 
the  surface  of  titanium  dioxide  as  the  preparation  was  

 
Fig 3. The DR UV-vis spectra of (a) Aceh curcuma, (b) 
ethanol-curcumin, (c) triacetin-curcumin, (d) titanium 
dioxide, (e) titanium dioxide-Aceh curcuma 50 mg/L, (f) 
titanium dioxide-ethanol-curcumin 50 mg/L, and (g) 
titanium dioxide-triacetin-curcumin 50 mg/L composite 
materials 
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performed using a stirring method at room temperature. 
This phenomenon was also reported for the impregnation 
of betalain and chlorophyll pigments on the titanium 
dioxide substrate [22,26]. 

Fig. 4 shows the XRD data of the titanium dioxide, 
Aceh curcuma, curcumin-ethanol, curcumin-triacetin, 
and the titanium dioxide-curcumin composite materials. 
The Aceh curcuma, curcumin-ethanol and curcumin-
triacetin existed as amorphous phases. On the other hand, 
the unmodified titanium dioxide existed in the anatase 
crystalline phase of (101), (004), (200), (105), (211), (204), 
(116), (220), (215), and (224) according to JCPDS No 00-
021-1272. Therefore, the XRD data of the composite 
materials were very similar to the unmodified titanium 
dioxide. This result strengthened the DR UV-vis data that 
curcumin was located on the surface of titanium dioxide 
as no observed changes in the crystalline phase of the 
titanium dioxide after the impregnation process. A 
similar result was observed for the in-situ synthesis of 
polyaniline on anatase TiO2 nanorod [34]. The 
incorporation of the amorphous phase into the crystalline 
structure did not change the anatase crystalline structure. 

The FTIR spectra of the composite materials are 
shown in Fig. 5. The FTIR spectrum of Aceh curcuma 
showed the absorption signals at 3487, 2924, 1627, 1504, 
1273, and 1018 cm−1 for ArO–H, Csp3–H, C=O, C=C, C–
O–C, and C–O vibrations, respectively, on its FTIR 
spectrum. This result agreed with other curcuma samples 
[35-37]. After the encapsulation process, the vibration 
signals of curcumin-ethanol were shifted from the Aceh 
curcuma one. The ArO–H signal was shifted from 3487 to 
3364 cm−1 due to the encapsulation of curcumin with 
carboxymethylcellulose and maltodextrin. Meanwhile, 
the other functional groups of curcumin-ethanol remain, 
i.e., Csp3–H (2924 cm−1), C=O (1627 cm−1), C=C 
(1504 cm−1), and C–O (1018 cm−1) vibrations. On the 
other hand, the FTIR spectrum of curcumin-triacetin 
showed an additional C=O ester signal of triacetin at 
1743 cm−1, while the other signals were not significantly 
different from the Aceh curcuma sample. 

On the other hand, titanium dioxide showed three 
major peaks at 3433, 678, and 517 cm−1 for the vibration 
of TiO–H, Ti–O–Ti, and Ti–O functional groups, 

respectively [38]. Therefore, the FTIR spectra of 
titanium dioxide-curcumin composite materials were 
similar to the FTIR spectrum of bare titanium dioxide 
sample except for the slight shift of the O–H functional 
group from 3433 to 3425–3387 cm−1 and the addition of 
very  weak absorption  signals at 1627–1018 cm−1 region  
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Fig 4. The XRD patterns of (a) Aceh curcuma, (b) 
ethanol-curcumin, (c) triacetin-curcumin, (d) titanium 
dioxide, (e) titanium dioxide-Aceh curcuma 50 mg/L, (f) 
titanium dioxide-ethanol-curcumin 50 mg/L, and (g) 
titanium dioxide-triacetin-curcumin 50 mg/L composite 
materials 

 
Fig 5. The FTIR spectra of (a) titanium dioxide, (b) Aceh 
curcuma, (c) ethanol-curcumin, (d) triacetin-curcumin, 
(e) titanium dioxide-Aceh curcuma 50 mg/L, (f) titanium 
dioxide-ethanol-curcumin 50 mg/L, and (g) titanium 
dioxide-triacetin-curcumin 50 mg/L composite materials 
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due to the presence of impregnated curcumin on the 
composite materials. In the previous reports, these weak 
absorption signals indicated the presence of natural 
compounds in the titanium dioxide [22,26]. Besides, the 
titanium dioxide signals, i.e., TiO–H, Ti–O–Ti, and Ti–O, 
were not significantly influenced by the presence of 
curcumin. This result agreed with the DR UV-vis and 
XRD data indicating that curcumin was impregnated on 
the surface of titanium dioxide. 

The SEM micrographs of titanium dioxide and its 
composite materials are shown in Fig. 6. It was found that 
the impregnation of curcumin either from Aceh curcuma 
or ethanol-curcumin or triacetin-curcumin did not 
significantly change the surface morphology of the 
titanium dioxide. This result agreed with the DR UV-vis, 
XRD, and FTIR data. The distribution of the impregnated 
curcumin on titanium dioxide was evaluated through the 
elemental mapping of titanium dioxide and its composite 
materials shown in Fig. 7. The carbon (C) atoms (red 
color) appear clustered in several spots for TiO2-curcuma 

samples and tend to be more evenly distributed in the 
composite materials for curcumin (Fig. 7(c) and 7(d)). 
This indicates a better particle distribution for curcumin 
compared to curcuma on TiO2 surfaces. The better 
solubility of curcumin in the solvent system also resulted 
in better curcumin distribution (Fig. 7(d)). This is in line 
with the previous quantitative fact that the amount of 
curcumin in the triacetin-curcumin sample (2.56%) is 
higher than that in the ethanol-curcumin sample 
(2.43%). 

The EDX analysis (Table 1) shows the presence of 
carbon atoms in the composite materials which come 
from the impregnated curcumin on the titanium 
dioxide’s surface. The carbon atom percentages in the 
titanium dioxide-Aceh curcuma-50 mg/L composite 
material were much higher than titanium dioxide-
ethanol-curcumin-50 mg/L and titanium dioxide-
triacetin-curcumin-50 mg/L composite materials. This 
result was reasonable as Aceh curcuma contained not 
only curcumin but also other organic compounds, such as 

 
Fig 6. The SEM micrographs of (a) titanium dioxide, (b) titanium dioxide-Aceh curcuma 50 mg/L, (c) titanium 
dioxide-ethanol-curcumin 50 mg/L, and (d) titanium dioxide-triacetin-curcumin 50 mg/L composite materials 
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Fig 7. Elemental mapping of (a) titanium dioxide, (b) titanium dioxide-Aceh curcuma 50 mg/L, (c) titanium dioxide-
ethanol-curcumin 50 mg/L, and (d) titanium dioxide-triacetin-curcumin 50 mg/L composite materials. Blue, green, 
and red colors represent titanium, oxygen, and carbon atoms 

Table 1. The EDX results of titanium dioxide and its composite materials 

Sample 
%Atom 

Ti O C 
Titanium dioxide 27.16 72.84 - 
Titanium dioxide-Aceh curcuma-50 mg/L 12.37 47.20 40.43 
Titanium dioxide-ethanol-curcumin-50 mg/L 29.80 63.80 6.41 
Titanium dioxide-triacetin-curcumin-50 mg/L 27.46 66.09 6.45 

 
α-phellandrene, β-caryophyllene, turmerone, bisabolone, 
and sesquiphellandrene, that may be adsorbed on the 
surface of titanium dioxide. These compounds may result 
in clustering on the surface of titanium dioxide, as 
observed in the SEM mapping images. 

From the quantitative analysis, it was found that 
titanium dioxide-Aceh curcuma contains 0.016–0.040 mg 
curcumin/g composite material. The titanium dioxide-
ethanol-curcumin composite materials contain higher 
curcumin content of 0.093–0.218 mg/g composite 
material while the titanium dioxide-triacetin-curcumin 
composite materials contain a much higher curcumin 

content of 0.059–0.374 mg/g composite material. The 
highest content of curcumin in the titanium dioxide-
triacetin-curcumin composite materials supports the 
deduction drawn from the SEM mapping data. Even 
though both ethanol-curcumin (2.43%) and triacetin-
curcumin (2.56%) samples contain lower curcumin 
content compared to the Aceh curcuma sample (4.24%), 
the impregnated curcumin on titanium dioxide-
ethanol-curcumin and titanium dioxide-triacetin-
curcumin composite materials is higher due to the 
encapsulation process. The encapsulation of curcumin 
with carboxymethylcellulose and maltodextrin changes 
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the hydrophilicity of curcumin through host-guest 
complexation. Therefore, the curcumin complex could be 
impregnated onto the titanium dioxide surface through 
hydrogen bonds. The presence of hydrogen bond 
interactions was supported by the shift O–H signal at the 
FTIR data of the composite materials (3425–3387 cm−1) 
compared to the bare titanium dioxide (3433 cm−1). The 
plausible interaction of curcumin complex with 
carboxymethylcellulose and maltodextrin on the surface 
of titanium dioxide is displayed in Fig. 8. 

In Vitro Antiradical Activity Measurement 

The antiradical activity of the composite material 
was evaluated through an in vitro assay using DPPH as the 
artificial free radical. The antiradical activity of titanium  
 

dioxide, Aceh curcuma, curcumin-ethanol, curcumin-
triacetin, and the composite materials is listed in Table 
2. When the DPPH radical attracts a hydrogen atom 
and/or receives an electron from the antiradical agent, 
the color change occurs from purple to yellow. Because 
of that, DPPH has become the most common artificial 
free radical used in the in vitro antiradical activity assay 
due to its simple colorimetric quantification using a 
spectrophotometer [29]. The qualitative observation of 
the DPPH assay for the determination of the antiradical 
activity of the composite materials is shown in Fig. 9. 

Aceh curcuma, ethanol-curcumin, and triacetin-
curcumin gave antiradical activity of 75.12 ± 1.79%, 
56.66 ± 0.25%, and 63.58 ± 0.20%, respectively. Aceh 
curcuma, ethanol-curcumin, and triacetin-curcumin  
 

 
Fig 8. Plausible interaction of curcumin on the surface of titanium dioxide 

Table 2. Antiradical activity of titanium dioxide, Aceh curcuma, curcumin-ethanol, curcumin-triacetin, and the 
composite materials against DPPH radicals 

Sample %Antiradical activity 
Aceh curcuma 75.12 ± 1.79 
Ethanol-curcumin 56.66 ± 0.25 
Triacetin-curcumin 63.58 ± 0.20 
Titanium dioxide 31.78 ± 1.48 
Titanium dioxide-Aceh curcuma-5 mg/L 55.31 ± 0.63 
Titanium dioxide-Aceh curcuma-25 mg/L 58.45 ± 2.03 
Titanium dioxide-Aceh curcuma-50 mg/L 76.80 ± 0.65 
Titanium dioxide-ethanol-curcumin-5 mg/L 49.66 ± 2.35 
Titanium dioxide-ethanol-curcumin-25 mg/L 57.05 ± 2.43 
Titanium dioxide-ethanol-curcumin-50 mg/L 73.74 ± 0.20 
Titanium dioxide-triacetin-curcumin-5 mg/L 39.61 ± 1.36 
Titanium dioxide-triacetin-curcumin-25 mg/L 62.03 ± 1.46 
Titanium dioxide-triacetin-curcumin-50 mg/L 79.70 ± 1.33 
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Fig 9. Photographed observation of DPPH solution  
(a) before and after the addition of (b) titanium dioxide, 
(c) titanium dioxide-curcumin composite material, and 
(d) Aceh curcuma as the antiradical agent 

contained ArO–H functional group that could also 
donate its hydrogen atom to scavenge the DPPH radical. 
High antiradical activity of Aceh curcuma was indicated 
from the orange color solution composed of yellow color 
of DPPH and orange color of Aceh curcuma extract as 
shown in Fig. 9. The antiradical activity of Aceh curcuma 
was higher than triacetin-curcumin and much higher 
than ethanol-curcumin. This result was caused by the 
higher curcumin content in Aceh curcuma (4.24%) than 
curcumin-triacetin (2.56%) and curcumin-ethanol 
(2.43%). Furthermore, other bioactive compounds in the 
Aceh curcuma samples may act as antiradical agents. Even 
though Aceh curcuma contains curcumin in 1.74–1.66 
times higher than the curcumin-ethanol and curcumin 
triacetin, the antiradical activity of curcumin-ethanol and 
curcumin triacetin was only 1.18–1.33 times lower than 
Aceh curcuma. This phenomenon could be caused by the 
prevention of curcumin aggregation in curcumin-ethanol 
and curcumin triacetin due to the encapsulation process 
thus, each impregnated curcumin molecule could serve as 
a hydrogen atom donor to the DPPH radical as previously 
reported [39]. A high aggregation tendency for curcuma 
impregnated onto titanium dioxide has also been detected 
in SEM mapping results (Fig. 7(b)). 

On the other hand, the antiradical activity of 
unmodified titanium dioxide was 31.78 ± 1.48%. From 
the FTIR data, titanium dioxide had TiO–H functional 
groups, which could donate the hydrogen atom to 
deactivate the DPPH radical. However, since the 
antiradical activity was low, the color of the DPPH 
solution remained purple after 30 min incubation period.  
 

The antiradical activity of the composite material was in 
a range of 39.61 ± 1.36% to 79.70 ± 1.33%. Fig. 8(d) 
shows the DPPH solution color after the addition of 
titanium dioxide-Aceh curcuma-50 mg/L with an 
incubation period of 30 min. High antiradical activity of 
the composite material was shown from the 
disappearance of the purple color of DPPH chemicals. 
The antiradical activity is enhanced by increasing 
impregnated curcumin content. Titanium dioxide-Aceh 
curcuma, titanium dioxide-ethanol-curcumin and 
titanium dioxide-triacetin-curcumin composite 
materials contain 0.016–0.040, 0.093–0.218 and 0.059–
0.374 mg curcumin/g composite material, respectively. 
Therefore, it is reasonable if titanium dioxide-Aceh 
curcuma (55.31 ± 0.63% to 76.80 ± 0.65%) and titanium 
dioxide-ethanol-curcumin (49.66 ± 2.35% to 
73.74 ± 0.20%) exhibited lower antiradical activity than 
the titanium dioxide-triacetin-curcumin (39.61 ± 1.36% 
to 79.70 ± 1.33%). 

It was also interesting to note that the antiradical 
activity of the composite material was higher than the 
antiradical activity of the titanium dioxide and curcumin 
samples. For example, the antiradical activity of titanium 
dioxide-Aceh curcuma-50 mg/L (76.80 ± 0.65%) was 
higher than titanium dioxide (31.78 ± 1.48%) and Aceh 
curcuma (75.12 ± 1.79%). Additionally, the antiradical 
activity of titanium dioxide-ethanol-curcumin-50 mg/L 
(73.74 ± 0.20%) was higher than titanium dioxide 
(31.78 ± 1.48%) and ethanol-curcumin (56.66 ± 0.25%). 
The antiradical activity of titanium dioxide-triacetin-
curcumin-50 mg/L (79.70 ± 1.33%) was also higher than 
titanium dioxide (31.78 ± 1.48%) and triacetin-curcumin 
(63.58 ± 0.20%). These results indicated the synergistic 
effect of titanium dioxide and curcumin as the antiradical 
agent. Furthermore, the difference in the antiradical 
activity of titanium dioxide-ethanol-curcumin-50 mg/L 
with ethanol-curcumin (Δ = 17.08%) and titanium 
dioxide-triacetin-curcumin-50 mg/L with triacetin-
curcumin (Δ = 16.22%) was higher than of titanium 
dioxide-Aceh curcuma-50 mg/L with Aceh curcuma 
(Δ = 1.68%) indicating that encapsulation process is 
crucial on the stability of curcumin on the composite 
material on its application as the antiradical agent. 
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■ CONCLUSION 

Titanium dioxide-curcumin composite materials 
derived from Aceh curcuma and its extracts have been 
successfully prepared. The isolation and encapsulation of 
curcumin using ethanol and triacetin-ethanol-distilled 
water yielded orange-yellowish solids in 30.35% and 
37.21% yield, respectively. TLC analysis revealed that the 
extracts contained curcumin, demethoxycurcumin, and 
bisdemethoxycurcumin. The curcumin content was 
quantified using a calibration method employing a UV-
vis spectrophotometer at a fixed maximum wavelength of 
420 nm. The Aceh curcuma contains 4.24% curcumin 
while the curcumin-ethanol and curcumin-triacetin 
contains 2.43% and 2.56% curcumin, respectively. These 
materials were further employed for the preparation of 
titanium dioxide-curcumin composite materials in 91–
99% yield with curcumin content in a range of 0.016–
0.374 mg/g composite material. The composite materials 
have been characterized by DR UV-vis, XRD, FTIR, and 
SEM-EDX-mapping analyses, which indicated that the 
curcumin complex with carboxymethylcellulose and 
maltodextrin was impregnated on the surface of titanium 
dioxide through hydrogen bonds. The in vitro antiradical 
activity assay of the composite material exhibited 
39.61 ± 1.36% to 79.70 ± 1.33%, which could be higher 
than that of titanium dioxide (31.78 ± 1.48%), Aceh 
curcuma (75.12 ± 1.79%), ethanol-curcumin 
(56.66 ± 0.25%), and triacetin-curcumin (63.58 ± 0.20%) 
due to the synergistic effect of titanium dioxide and 
curcumin as the antiradical agents. It meant that both 
impregnation and encapsulation processes are critical for 
the antiradical activity and stability of curcumin on the 
surface of titanium dioxide. 
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 Abstract: Gadolinium (Gd) is an important material for advanced technology; hence, 
the development of a sensitive and efficient alternative for the Gd-detection method to 
reduce the dependency on complicated and expensive methods has been massively 
investigated. Furthermore, the combination of differential pulse voltammetry (DPV) and 
the experimental design to detect Gd provides a simple, effective, and efficient method. In 
this study, the Steepest Ascent and Box-Behnken designs were chosen to determine the 
maximum voltammetry responses. The optimum conditions used for this study showed 
an amplitude modulation of 0.0884 V, potential deposition of 1.4382 V, and deposition 
time was 60.3615 s with the obtained recovery value, accuracy, and precision values being 
98.37, 95.91, and 5.12% in relative standard deviation (RSD), respectively. Meanwhile, 
the detection and quantization limit values are 3.46 and 11.53 mg/L, respectively. Under 
optimum conditions, the presence of Gd in acetonitrile is determined in a mixture with 
Eu and Sm. Based on the results, the DPV method is capable of determining the presence 
of Gd in acetonitrile. 

Keywords: Gadolinium; differential pulse voltammetry; acetonitrile; Box–Behnken; 
Steepest Ascent 

 
■ INTRODUCTION 

Gadolinium (Gd) belongs to the lanthanide group or 
rare earth elements that have great potential for the 
preparation of modern materials, specifically medical items 
[1-5]. Given that Gd has an important role in human 
welfare development, studies for the determination of its 
presence have significantly increased [6-7]. Furthermore, 
sophisticated methods such as inductively coupled plasma-
mass spectrometry (ICP-MS) and inductively coupled 
plasma-atomic emission spectroscopy (ICP-AES) have 
shown great performance in determining the availability 
of Gd in samples, but they also have some drawbacks 
including complicated maintenance and high cost [8-10]. 

Voltammetry is one of the electrochemical methods 
used for measuring the current generated against the 
potential difference applied to the working electrode [11]. 
Advantages of the voltammetric method include a simple 
procedure, simultaneous analysis, and better detection 

limits [12-14]. An experimental design such as Steepest 
Ascent is a method used to detect the direction that the 
factor is moving to get the maximum response, while 
Box-Behnken design is used to estimate the interactions 
that occur to obtain an optimal process [15-16]. 
Determination of Gd using this method with Plackett-
Burman and Box-Behnken experimental design has 
been carried out by using water solvent and NH4Cl 
electrolyte solution, but the voltammogram of rare earth 
elements’ mixture is complicated as it has the same 
standard reduction potential value [17]. 

The demand for organic solvents for metal 
electrodeposition is increasing as it provides an 
alternative pathway for electrochemical processes as 
they accelerate the dissolution and reaction of metal ions 
[18-20]. In this study, the determination of Gd by 
differential pulse voltammetry (DPV) with acetonitrile 
as an organic solvent has been developed using the 
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optimum factor determined by Steepest Ascent and Box-
Behnken experimental designs to optimize the 
experiment time and reduce the chemicals used. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were 65% nitric acid 
(HNO3) and acetonitrile (CH3CN), as well as aquabidest, 
which were obtained from Merck and aquamiliQ, 
respectively. The other reagents used were from Sigma 
Aldrich, which include 99% gadolinium oxide (Gd2O3), 
99% dysprosium oxide (Dy2O3), 99.9% samarium oxide 
(Sm2O3), and 99.9% europium oxide (Eu2O3). 

Instrumentation 

The apparatus and equipment used include 
scanning electron microscope (SEM) JEOL JSM-7500F, 
Ag/AgCl electrodes (eDAQ), ANOVA 7.0.0 program, 
potentiostat (Metrohm® μAutolab), Pt wire for the counter 
electrode (Antam), Minitab 17.1 program, analytical 
balance (Sartorius), and Pt working electrodes (Antam). 

Procedure 

Preparation of Gd2O3 stock solution 1000 mg/L 
The stock solution was made by dissolving 0.1153 g 

of Gd2O3 in 65% solution of HNO3, which was stirred and 
boiled until a homogeneous solution was obtained, mixed 
with 100 mL of distilled water and stirred again. The 
solution was diluted with acetonitrile to produce varied 
amounts of Gd. 

Background current measurement  
A pipette was used to pour 10.0 mL of acetonitrile 

into a voltammetric cell. DPV was used to determine the 
current responsiveness of acetonitrile under the following 
conditions: a potential range, potential deposition, 
deposition time, amplitude modulation, and scanning 
rate of −1.0 to +1.0 V, −1.0 V, 60.0 s, 0.05 V, and 0.05 V/s, 
respectively. 

Gd current measurement 
DPV was used to determine the current response of 

a 30.0 mg/L Gd2O3 solution under the following 
conditions with potential range, deposition potential, 

deposition time, amplitude modulation, and scanning 
rate of −1.0 to +1.0 V, −1.0 V, 60.0 s, 0.05 V, and 0.05 V/s. 

Surface morphology analysis of Pt working electrode 
The surface morphology of the Pt working 

electrode (about 1 cm) was examined before and after 
deposition using SEM. 

Measurement of Gd with steepest ascent 
The selected upper and lower limit factors were set 

to measure Gd, namely the deposition potential of −1.0 
and −2.0 V, deposition time of 40.0 and 80.0 s, and 
amplitude modulation of 0.05 and 0.10 V, then adjusted 
to the first-order model in the RStudio program [21-23] 
and the equation of the first-order model was used to 
determine the direction of the steepest ascent. The 
center was made along the direction of the experiment 
until the maximum response was generated, and then 
the experiment was designed. The result of Steepest 
Ascent optimization is shown in Table 1. 

Measurement of Gd with Box-Behnken design 
experimental design 

The current responses of 30 mg/L Gd were 
analyzed using differential pulse voltammetry for 45 
measurements (3 repetitions) while Box-Behnken was 
used to optimize the selected factors with the lower and 
upper limits of steepest ascent experimental design 
results, namely the potential deposition of −1.4384 and  
 
Table 1. Selected factors to be optimized by Steepest 
Ascent 

No 
Potential 

deposition (V) 
Deposition 

time (s) 
Amplitude 

modulation (V) 
Current 

(μA) 
1 −1.4380 60.3300 0.0910 8.9326 
2 −1.4381 60.3362 0.0905 9.2975 
3 −1.4382 60.3462 0.0900 9.5924 
4 −1.4382 60.3489 0.0894 9.7140 
5 −1.4383 60.3552 0.0889 10.1540 
6 −1.4384 60.3615 0.0884 9.5479 
7 −1.4385 60.3678 0.0879 9.5768 
8 −1.4386 60.3741 0.0873 9.5768 
9 −1.4386 60.3804 0.0868 9.5321 

10 −1.4387 60.3867 0.0863 9.4800 
11 −1.4388 60.3931 0.0858 9.2071 
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Table 2. Selected factors to be optimized by Box-Behnken 

Factors 
Level 

Optimum condition 
−1 0 +1 

Potential deposition (V) −1.4384 −1.4383 −1.4382 −1.4382 
Deposition time (s) 60.3489 60.3552 60.3615 60.3615 
Amplitude modulation (V) 0.0894 0.0889 0.0884 0.0884 

 
−1.4382 V, deposition time of 60.3489 and 60.3615 s, and 
amplitude modulation of 0.0894 and 0.0884 V. The data 
obtained were analyzed using the Minitab 19 program; 
the result of Box-Behnken optimization is shown in Table 
2. 

Determination of Gd in the REE mixture with Sm, Eu, 
and Dy 

A 10 mL of a combination of Sm, Eu, Gd, and Dy 
was pipetted in acetonitrile. Subsequently, the quantitative 
determination of the current was conducted by DPV under 
the Box-Behnken optimal condition. 

Calibration curve of Gd 
A solution of 10.0, 20.0, 30.0, 40.0, and 50.0 mg/L Gd 

in acetonitrile were measured by DPV under the 
optimum condition obtained from Box-Behnken design. 

■ RESULTS AND DISCUSSION 

The Acetonitrile and Gadolinium Current Response 

The measurement of the acetonitrile current 
response was carried out to determine the effect of the 
solvent on the produced Gd response using the DPV 

method. As shown in Fig. 1, the acetonitrile did not 
produce any current response, while the 30 mg/L Gd in 
acetonitrile shows a characteristic peak near −0.40 V. 
From this preliminary result, the acetonitrile solvent 
does not interfere with the response of Gd. 

The Effect of Acetonitrile Concentration on the Gd 
Deposition on the Pt Electrode 

Various concentration of Gd in acetonitrile (25, 75, 
and 100%) was deposited on the Pt electrode by the 
cyclic voltammetry method. The surface morphology 
before and after the electrodeposition was analyzed 
using SEM instrument, and the results obtained are 
shown in Fig. 2. 

As shown in Fig. 2, the amount of Gd deposited on 
the Pt working electrode is indicated by the white particle 
aggregate. Furthermore, by increasing the concentration 
of acetonitrile, the aggregates were found to be highly 
distributed, and this indicates that an increase in the 
concentration of acetonitrile is proportional to the 
increase of white particle aggregate or deposition 
process of Gd on the working electrode of Pt. 

 
Fig 1. Current response of acetonitrile and Gd 30.0 mg/L in acetonitrile 
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Fig 2. Pt electrode surface images (4300× magnification) after deposition of Gd in (a) 25% acetonitrile, (b) 75% 
acetonitrile, (c) 100% acetonitrile, and (d) before deposition  
 
Determination of the Optimum Condition with 
Box-Behnken Design 

The main factors that considerably influence the 
optimum condition for Gd analysis are potential 
deposition, deposition time and amplitude modulation. 
They were optimized using Box-Behnken design in the 
Minitab 19 program. The three factors and three levels 
were selected, and the obtained current response is 
presented in Table 3. 

The effect of the regression coefficient on the model 
is presented in Table 4. The p-value of the amplitude 
modulation factor is 0.0000 and less than 0.05; hence, the 
factor that significantly influences the measurement of 
current is amplitude modulation. Additionally, the p-
values of deposition time and potential deposition are 
0.8059 and 0.3784, and this indicates that deposition time 
and potential have no effect on the resulting response. 

Furthermore,  a fit test was  carried out to determine 

Table 3. The current response of Gd by DPV 

Run 
Potential 

deposition (V) 
Deposition 

time (s) 
Amplitude 

modulation (V) 
Current 

(μA) 
1 −1.4384 60.3489 0.0889 11.5100; 11.1740; 11.3900 
2 −1.4382 60.3489 0.0889 11.7930; 10.9170; 11.2680 
3 −1.4384 60.3615 0.0889 11.7870; 11.3890; 11.3040 
4 −1.4382 60.3615 0.0889 11.8800; 11.6610; 11.0830 
5 −1.4384 60.3552 0.0884 10.9110; 10.9930; 10.7110  
6 −1.4382 60.3552 0.0884 10.4870; 10.8600; 10.9040 
7 −1.4384 60.3552 0.0894 10.8400; 10.8880; 10.5150 
8 −1.4382 60.3552 0.0894 10.1070; 10.5340; 10.3280 
9 −1.4383 60.3489 0.0884 10.7590; 10.1760; 10.4420 

10 −1.4383 60.3615 0.0884 10.6810; 10.6340; 10.4950 
11 −1.4383 60.3489 0.0894 9.9289; 9.9711; 9.9742 
12 −1.4383 60.3615 0.0894 9.8200; 9.7321; 9.6468 
13 −1.4383 60.3552 0.0889 9.2721; 9.3852; 9.2754 
14 −1.4383 60.3552 0.0889 9.8707; 9.8667; 9.6689 
15 −1.4383 60.3552 0.0889 9.5253; 9.6751; 9.3391 
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Table 4. Effect of the regression coefficient on the model 
Term Coefficient SE coefficient p 
Constant 95.4210 0.0824 0.0000 
Deposition potential −0.0450 0.0504 0.3784 
Deposition time 0.0125 0.0504 0.8059 
Amplitude modulation −0.2403 0.0504 0.0000 
Deposition potential*Deposition potential 12.0750 0.0742 0.0000 
Deposition time* Deposition time 0.7226 0.0742 0.0000 
Amplitude modulation*Amplitude modulation −0.0764 0.0742 0.3108 
Deposition potential*Deposition time −0.0225 0.0713 0.7543 

 
whether the model agrees with the prediction model. The 
obtained p-value is 0.0413, which was lower than α = 0.05 
and this indicated that the model is appropriate. 

Additionally, it is necessary to test for normality by 
observing the residual distribution curve. According to 
the hypothesis for the normality test, when H0 is accepted 
at a p-value ≥ 0.05, it shows that the result is normally 
distributed. Meanwhile, when H1 is accepted at a p-value 
less than 0.05, it shows that the result is not normally 
distributed. As illustrated in Fig. 3, the normal distribution 
curve of the hypothetical residual has a p-value above 
0.05. Therefore, when H0 is accepted shows that the 
residuals were normally distributed and significant. The 
best conditions for Gd detection include a potential 
deposition, deposition time, and amplitude modulation of 
−1.4382 V, 60.3615 s, and 0.0884 V, respectively. 

Detection of Gd in a Mixture with Sm, Eu, and Dy 
under the Optimum Condition 

The concentration of Sm, Eu, Gd, and Dy in naturally 
 

occurring monazite on Bangka Belitung Island was 
40.21, 0.01, 0.58, and 0.37%, respectively [14,24]. 
Therefore, various concentrations of Sm, Eu, Gd, and Dy 
were prepared in this study at 400, 1, 50, and 30 mg/L, 
respectively. The results are presented in Fig. 4. 

Fig. 4 shows that the voltammogram relatively 
shows no response to the individual Eu and Sm in 
acetonitrile. Meanwhile, the presence of Gd and Dy 
produces a high and low current response, respectively. 
The voltammogram analysis of the mixture of Gd, Eu, 
Dy, and Sm showed a high current peak at ip −0.70 V, 
which resembles the peak of Gd at −0.48 V. 

In addition, investigation on the mixtures of 
50 mg/L Gd with 30 mg/L Dy, 50 mg/L Gd with 1 mg/L 
Eu, and 50 mg/L Gd with 400 mg/L Sm were carried out, 
and the result is presented in Fig. 5. Fig. 5(a) shows that 
a low current response of Dy in acetonitrile is observed 
while a relatively high current response of Gd is 
observed. Also, the mixture of Gd and Dy in acetonitrile 
shows  a similar  response with a  higher response  to Gd  

 
Fig 3. Normality plot of Box-Behnken design 
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Fig 4. The individual current response of Gd 50 mg/L, Eu 1 mg/L, Dy 30 mg/L, and Sm 400 mg/L, and the mixture of 
Gd, Dy, Eu and Sm under the optimum conditions by DPV 

 

 

 
Fig 5. Voltammogram of (a) a mixture of Gd 50 mg/L and Dy 30 mg/L, (b) a mixture of Gd 5 mg/L and Eu 1 mg/L, 
and (c) a mixture of Gd 50 mg/L and Sm 400 mg/L under the optimum conditions by DPV 
 
peak. In contrast, the voltammogram of individual Eu 
(Fig. 5(b)) and individual Sm (Fig. 5(c)) in acetonitrile 

shows no current response; however, the mixture of Gd-
Eu and Gd-Sm shows a similar current response to 
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individual Gd peak. Conclusively, this result indicates that 
Gd is determinable in a mixture of Sm and Eu. 

The Gd Calibration Curves, Detection Limits, and 
Quantification Limits 

The Gd calibration curve was plotted at several 
concentrations, including 10, 20, 30, 40, and 50 mg/L. Fig. 
6 and 7 depict the current response and the calibration 
curve, respectively. The differential pulse voltammetry 
current response demonstrates that the growing current 
peak is proportionate to the increasing Gd concentration. 
The graph of current was plotted with a coefficient (R2) of 
0.9995. 

The precision, detection, and quantitation limit of 
the analytical parameters were determined to validate the 
level of acceptance and significance of the technique in the 
analysis. The average accuracy and precision were 95.91 
and 5.12% (RSD), respectively, while the detection and 
quantitation limits were 3.46 and 11.53 mg/L, respectively, 

and the recovery (%R) calculation was 98.37%. In 
addition, the comparison between the previous work and 
this work is shown in Table 5. This research shows better 
recovery results for the determination of Gd by DPV 
method. 

 
Fig 7. Calibration curve of Gd in acetonitrile under 
potential range −1.4382 to +1.0 V, potential deposition 
−1.4382 V, deposition time 60.3615 s, amplitude 
modulation 0.0884 V and scan rate 0, 05 V/s 

 
Fig 6. DPV of Gd in acetonitrile 10 to 50 mg/L under the potential range of −1.4382 to +1.0 V, deposition potential 
−1.4382 V, deposition time 60.3615 s, amplitude modulation 0.0884 V and scan rate 0.05 V/s 

Table 5. Result comparison with the previous work 
Method Solvent % Recovery Reference 
Determination of Sm as a complex with DTPA by 
DPV based on Plackett-Burman experimental design NH4Cl 95.754 [11] 

Determination of Gd and Tb as complexes with 
DTPA by DPV based on Plackett-Burman 
experimental design 

NH4Cl 95.754 [23] 

Determination of Dy by DPV based on the Box-
Behnken experimental design 

CH3CN 93.620 [14] 

Determination of Sm by DPV based on the Box–
Behnken experimental design 

CH3CN 98.070 [24] 
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Method Solvent % Recovery Reference 
Determination of Gd by DPV based on the Steepest 
Ascent and Box-Behnken experimental design CH3CN 98.375 

This 
research 

■ CONCLUSION 

The optimum measurement conditions for the 
detection of Gd in acetonitrile obtained from the Steepest 
Ascent experimental design and Box-Behnken are 
potential deposition of −1.4382 V, amplitude modulation 
of 0.0884 V, and deposition time of 60.3615 s. The 
recovery value, accuracy and precision were 98.37, 95.91, 
and 5.12% (RSD), respectively, while the LoD and LoQ 
obtained were 3.46 and 11.53 mg/L. Based on the results, 
the differential pulse voltammetry is usable in 
determining the presence of Gd in acetonitrile. Our 
research provides essential information for the further 
development of the Gd detection method from rare earth 
sources like monazite, which has a complex sample matrix 
potentially interfering with measurement. 
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 Abstract: Dyes are the most widely employed materials for coloring applications, 
especially for industrial purposes; thus, dyes are applied in the textile, cosmetics and 
foodstuffs. Dyes are very important owing to their applications in all aspects of human 
life. Accordingly, the production volume of dyes around the world is increasing. In this 
study, a new type of multifunctional material: polyaniline/Nb2O5/MnO2 and 
polyaniline/Nb2O5/Cr2O3 nanocomposites, was prepared by chemical polymerization 
from aniline monomer in the presence of metal oxides (Nb2O5, Cr2O3, and MnO2) and an 
oxidant (ammonium persulfate) in acidic aqueous solution for the elimination of dye 
from water. Herein, the nanocomposite was found to be a favorable adsorbent for 
wastewater treatment due to its high adsorption and efficiency, self-regeneration quality, 
low cost and easy synthesis. Fourier transform infrared spectroscopy, X-ray diffraction, 
scanning electron microscopy and UV-visible spectroscopy were used to assess the 
synthesized nanocomposites' characteristics. From the results, we discovered that 
polyaniline nanocomposites doped with Nb2O5 and MnO2 nanoparticles had a higher 
adsorption efficiency (~97.37%) than those found in polyaniline with Cr2O3 and MnO2 
(~94.3%). We looked at the adsorption conditions, including the medium's pH, the initial 
dye concentration, the dosage of the adsorbent, and the adsorption time. 

Keywords: adsorption; dye removal; polyaniline; metal oxide 

 
■ INTRODUCTION 

Dyes are the most widely employed materials for 
coloring applications, especially for industrial purposes. 
Dyes are used for textiles, cosmetics, foodstuffs and 
anticorrosion [1]. Dyes are very important due to their 
application in all aspects of human life. Accordingly, their 
production volume around the world is increasing. Over 
the last few decades, more attention has been placed on 
the discharge of about 10–15% of the dyes into the 
environment. So, there is a major environmental problem 
arising from the frequent colored wastewater, which is 
eco-toxic and hazardous in nature. In addition, the quality 
of water is decreased due to the dyes. Examples of such 
dye are methyl orange (MO). With this in mind, the 
treatment of dyes or dyestuffs before their discharge into 
the environment needs more attention. 

Two types of recent treatment techniques could be 
used: chemical and physical treatment; examples of such 

techniques are liquid chromatography, precipitation, 
ion exchange, and electrochemical [2]. However, the 
problems with these techniques are that they are 
expensive, and some of them are not effective. 
Subsequently, researchers are trying to find other 
techniques that are not expensive, more active, easy to 
use and able to be recycled for use multiple times to 
remove dye from wastewater. Researchers have been 
investigating several selective adsorbent materials in this 
area, such as zeolites, chitosan, and clay [3-4]. Owing to 
the fact that conducting polymer nanomaterials have 
various chemical and physical possessions, they have 
been employed in many applications as they are easy to 
prepare, have a low cost and allow ease of doping 
polymers polyaniline (PANI) as shown in Fig. 1. 

PANI has two functional groups, amine and imine, 
that facilitate the adsorption of dyes such as MO. 
Adsorption mechanisms can be affected by many factors  
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Fig 1. Chemical structure of PANI [13] 

related to adsorbent and adsorbate (morphology of the 
adsorbent and functional group found in both and the 
porosity of adsorbent). As mentioned in the literature, 
adsorption capacity can be affected by the interaction of 
adsorbent and adsorbate, which depend on the pores 
present on the surface of the adsorbent. To solve this 
problem, many materials have been employed by mixing 
them with PANI, for example, carbon nanotubes [5], 
metal oxides and metals [6]. 

Through in situ chemical oxidation or 
electrochemical procedures, a number of different noble 
metal nanoparticle types, such as MnO2 [7], Co3O4 [8], 
and MWCNTs/Fe3O4 [9], have recently been integrated 
into the PANI framework. Although there has been a lot 
of research on noble metal nanoparticles combined with 
conducting polymers, there is not a single study that 
sufficiently defines their use with increased reactivity, 
such as Nb2O5 and MnO2, when combined with PANI 
nanofibers (i.e., PANI/Nb2O5/MnO2 ternary 
nanocomposites). In this study, aniline monomer was 
used to polymerize with Nb2O5 and MnO2 nanoparticles 
in an acidic aqueous media. Ammonium persulfate was 
used as the oxidant. This study's primary objective is to 
investigate the effects of pure PANI powder and a novel, 
highly porous adsorbent material termed as 
PANI/Nb2O5/MnO2 ternary nanocomposite on the 
adsorption of MO dyes in the aqueous medium. The 4-
dimethylaminoazobenzene-40-sulphonic acid sodium 
salt, also known as MO, is an anionic dye that is widely 
used in paper [10-11], pharmaceutical, textile and 
printing industries [12]. MO is highly soluble in water. 

Several methods, including X-ray diffraction (XRD), 
Fourier transform infrared spectroscopy (FTIR) and 

scanning electron microscopy (SEM), were used to 
characterize the PANI/Nb2O5/MnO2 ternary 
nanocomposite. The batch equilibrium and UV-vis 
spectroscopy methods were used to determine the high 
capacity of this sample in dye adsorption during the 
following tests: effects of pH solutions, start-up 
adsorbent dosage, contact time, and dye concentration. 
The adsorption process's kinetics, isotherms and 
thermodynamics have all been identified. The 
information offers hope for several important 
inferences, such as economic viability and a reusable 
adsorbent for color removal. Therefore, a unique 
method is being used to investigate the efficacy of a 
PANI/Nb2O5/MnO2 ternary nanocomposite as an 
adsorbent for the removal of MO from wastewater. 

■ EXPERIMENTAL SECTION 

Materials 

Water solutions are used in this study. The 
materials were utilized exactly as obtained from Sigma-
Aldrich and included aniline monomer (99.5%), 
ammonium persulfate (APS, 98%), and acetone (99.5%). 
Without further purification, hydrochloric acid (Fisher 
Chemical, 37%), niobium(V) oxide (Fluka, 99%), 
chromium(III) oxide, ethanol, sodium hydroxide 
(99.8%), and manganese(IV) oxide (Panreac, 98%) were 
utilized. 

Instrumentation 

FTIR spectroscopy (PerkinElmer), X-ray diffractor 
(Model: Xrd-6000/Shimadzu, Japan), FE-SEM Thermo 
Fisher Scientific XL30, a UV-vis spectrophotometer 
(Shimadzu 1600, Japan), and pH meter (Oakton 550, 
USA) were used in this work. 

Procedure 

Synthesis of PANI/Nb2O5/MnO2 adsorbent 
Aniline (8 g) dissolved in 100 mL of 1 M HCl 

solution was then agitated for 1 h before being cooled for 
a further 30 min. Powder, 1 g of Nb2O5 and 1 g of MnO2, 
was added straight to the solution by dissolving 14 g of 
the oxidant solution (APS) in an 80 mL aqueous solution 
of 1 M HCl; thus, the oxidant solution was synthesized. 
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So, by using the magnetic stirring method and a 
thermometer [14-15], aniline and metal oxide were 
combined. These were then slowly exposed to the APS 
solution, which was released dropwise from a separating 
funnel. To keep the temperature of the polymerization 
solution process at around 1–2 °C, 10 drops of APS were 
added per minute. The PANI nanocomposite had already 
been constructed when the polymerization reaction 
continued for 6 h and the arrangement’s color slowly 
changed from grey to blue to green. The resulting 
PANI/Nb2O5/MnO2 nanocomposite was washed with 
acetone, 1 L of 1 M HCl, newly distilled water and a 
Buchner funnel; lastly, the product was dried in a vacuum 
oven for 24 h at 70 °C [16]. Similarly, PANI/Nb2O5/Cr2O3 
were synthesized in the same strategy that was used to 
prepare PANI/Nb2O5/MnO2 described above (Fig. 2). 

Batch adsorption experiments and experimental 
design 

Due to their large surface area and superior 
adsorption capability, the as-synthesized 

PANI/Nb2O5/Cr2O3 and PANI/Nb2O5/MnO2 
nanocomposites are useful adsorbents for water and 
wastewater purification. This study identified MO since 
it is a typical organic contaminant in industrial sewage. 
A number of factors, including the pH of the solution, 
the amount of adsorbent used, the MO dye's starting 
concentration and the reaction time, were studied in 
relation to the removal of MO dye's adsorption to 
PANI/Nb2O5/Cr2O3 and PANI/Nb2O5/MnO2 
nanocomposites. A MO dye adsorption equilibrium 
experiment was carried out using two 250 mL conical 
flasks with a constant adsorbent dosage (100 mg) with 
initial concentrations of 100 mL of MO dye ranging 
from 10 to 200 mg/L. A pH meter was used to monitor 
the pH of the setups, which was adjusted to pH 7. To 
ensure equilibrium conditions, the orbital shakers were 
shaken at a controlled speed of 300 rpm after 60 min. By 
making use of a UV-vis spectrophotometer set to its 
maximum wavelength of 463 nm, a comparison of MO 
concentrations  before and after  was determined.  Using  

 
Fig 2. Schematic of the synthesis of PANI/Nb2O5/MnO2 sample by in situ oxidative polymerization with its proposed 
interactions 
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the following methods, the percentage of dye removal 
(percent DR) was determined and noted in Eq. (1): 

i e

i

C C
Dye removal 100

C


   (1) 

where Ci is the initial concentration of MO dye (mg/L) 
and Ce is the equilibrium concentration of MO dye after 
adsorption (mg/L). The adsorption capacity (qe) was 
calculated using Eq. (2): 

 i e
e

C C V
q

M


  (2) 

where: V is the volume of MO dye solution (L) and M is 
the weight of the adsorbent (g). 

■ RESULTS AND DISCUSSION 

Characterization of PANI/Nb2O5/Cr2O3 and 
PANI/Nb2O5/MnO2 

FTIR analysis 
Fig. S1(a) and (b) display FTIR peaks for 

nanocomposites made of PANI/Nb2O5/Cr2O3 and 
PANI/Nb2O5/MnO2 in the 400–4000 cm−1 range. It is 
clear from Fig. S1(a) and (b) that the peak at 3740 cm−1 is 
observed for all PANI samples, which results from the 
aromatic amines' N–H stretching [17]. The C–H stretch 

of the aromatic ring can be assigned to the range 
between 2933 and 3039 cm−1. Although the peak at 1423 
and 1464 cm−1 refers to the C=C stretching of the 
benzenoid rings; the peak at 1550 cm−1 is suggestive of 
the quinoid rings. At 1550 cm−1, the C=N stretch reaches 
its maximum [16]. The C–H out-of-plane (o/p) bending 
vibration is maximized between 1097 and 1236 cm−1 
[18]. The quinoid and benzenoid rings found in 
PANI/Nb2O5/MnO2 suggested that the nanoparticles 
(Nb2O5, Cr2O3, and MnO2) were functionalized with 
PANI, even though peak intensities were seen for 
PANI/Nb2O5/Cr2O3 and PANI/Nb2O5/MnO2, and a set 
of broad bands was discovered between 489 and 
792 cm−1, confirming prior research findings that Nb–O, 
Cr–O and Mn–O interacted on the surface of PANI [19-
20]. Tables 1 and 2 present the vibrational assignments 
for PANI/Nb2O5/MnO2 and PANI/Nb2O5/Cr2O3 
nanocomposites. 

XRD analysis 
Further attributes of the PANI/Nb2O5/Cr2O3 and 

PANI/Nb2O5/MnO2 structures were researched with the 
means of XRD, as displayed in Fig. 3, to look at the 
crystallinity and undefined organization present in these  

Table 1. FTIR peak assignments for PANI/Nb2O5/MnO2 
Assignment Wavenumber (cm−1) 
N–H stretching from aromatic amines group 3740 
O–H stretching of hydroxyl group 3421 
C–H stretching of aromatic unit 3039 
C=C stretching of quinoid ring 1550 
C=C stretching of benzenoid ring 1423 
C–H bending 1236 
N–H out-of-plan bending 794 
Nb–O, Mn–O 563, 489 

Table 2. FTIR peak assignments for PANI/Nb2O5/Cr2O3 
Assignment Wavenumber (cm−1) 
N–H stretching from aromatic amines group 3740 
O–H stretching of hydroxyl group 3493 
C–H stretching of aromatic unit 2933 
C=C stretching of quinoid ring 1550 
C=C stretching of benzenoid ring 1464 
C–H bending 1097 
N–H out-of-plan bending 792 
Nb–O, Cr–O 563,480 
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Fig 3. XRD spectra for (a) PANI/Nb2O5/MnO2 and (b) PANI/Nb2O5/Cr2O3 samples 

 
Fig 4. FE-SEM micrographs of (a) PANI/Nb2O5/MnO2 and (b) PANI/Nb2O5/Cr2O3 nanocomposites 

 
examples [21]. The wide peaks were seen at 2θ = 9.65°, 
15.65°, 20.6°, 25.35°, 44.2°, 64.55° and 77.65°. These 
pinnacles confirmed that formless construction was 
available in PANI/Nb2O5/MnO2 in the lattice [20,22]. 
While, the PANI/Nb2O5/Cr2O3 nanocomposite XRD tops 
were basically indistinguishable from the PANI precious 
stone planes with 2θ = 9.2°, 15.2°, 21.25° and 25.7°, 44.35°, 
64.55° and 77.7° separately. The data showed that the 
metal oxides have adsorption interactions of a 
nanocrystalline type (Nb2O5 and additionally MnO2, 
Cr2O3) and have a PANI network. This suggests that 

PANI was collaborating with Nb2O5, Cr2O3, and MnO2 
in the great precious stone construction. These 
outcomes (i.e., XRD) and the close FTIR results have 
demonstrated that the surface-based polymerization of 
the aniline monomer of the Nb2O5, Cr2O3, and MnO2 
nanoparticles [23-24] was successful. 

Surface characterization by FE-SEM 
The surface morphologies of artificial metal 

oxides/PANI nanocomposite were investigated via FE-
SEM as shown in Fig. 4, where the morphology of Nb2O5, 
Cr2O3, and MnO2 can be seen. The majority of 
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nanoparticles had spherical shapes and had sizes of 
around 30–68 nm. The PANI/Nb2O5/MnO2 and the 
PANI/Nb2O5/Cr2O3 nanocomposites demonstrated that 
metal oxide nanoparticles had the same shape and were 
perfectly coated with thin polymer chains during the 
aggregation process [25-26]. It was assumed that there 
was a significant difference in morphology between the 
composites' surface and size of the PANI/Nb2O5/Cr2O3 
and PANI/Nb2O5/MnO2 nanocomposites. According to 
the XRD results, the chain diameter of the polymer 
nanocomposites ranged between 31 and 69 nm, changing 
the crystal growth's direction during adsorption. The 
doping of metal oxide nanoparticles in the polyaniline 
matrix was shown using FE-SEM. 

Zeta potential analysis  
The pH was 7.4, the zeta potential was 27.66 mV, 

and mobility was 2.16 V/cm. The addition of 20 mL of 

KCl resulted in a reduction in the zeta potential as well 
as an increase in particle size. At pH 10.2, around the 
isoelectric point, the biggest size was discovered. In 
other words, knowing the pH, adjusting and 
maintaining it at a stable value is required for 
PANI/Nb2O5/MnO2 suspensions [27]. The electric 
potential created by a charge on a particle's surface, 
which can either have a positive or negative polarity 
depending on the particle's chemistry, is known as the 
zeta potential. The degree of repulsion between similarly 
charged particles in a formulation is measured by the 
zeta potential [28]. A formulation's zeta potential of 
PANI/Nb2O5/Cr2O3 indicates its likely physical stability 
from the changes in the zeta potential along with the 
particle size (Fig. 5). In the present study, the pH level 
was 7.4, the value of the zeta potential was 35.22 mV and 
mobility was 2.75 V/cm. Thus, it does seem to depend on 

 
Fig 5. Zeta potential curves for (a) PANI/Nb2O5/MnO2 and (b) PANI/Nb2O5/Cr2O3 
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the pH value. Moreover, the zeta potential increases with 
decreasing value of pH. 

Optimization of as-synthesized PANI/Nb2O5/Cr2O3 
and PANI/Nb2O5/MnO2 nanocomposites as 
adsorbent for MO dye 
Influence of adsorbent dosage 

Removal tests were conducted using various 
concentrations of PANI/Nb2O5/Cr2O3 and 
PANI/Nb2O5/MnO2, ranging from 10 to 150 mg, to 
discover the effects of adsorbent dose on MO dye 
clearance. The impact of the adsorbent dose on removal 
effectiveness for each dosage is shown in Fig. 6. The 
removal effectiveness of the MO dye was found to be  
 

greatly increased by increasing the adsorbent dosage 
from 10 to 50 mg for PANI/Nb2O5/Cr2O3, from 10 to 
100 mg for PANI/Nb2O5/MnO2, from 77.0–87.0% and 

.070 –88.5%, respectively. This might be because more 
active sites became available when the adsorbent dosage 
was raised; eventually, at a dosage of 50 mg, the 
associated equilibrium was attained. For subsequent 
trials, an adsorbent dosage of 50 mg was chosen. 

Influence of differences in initial concentration of 
MO dye on removal process 

As shown in Fig. 7, the removal efficiency of 
PANI/Nb2O5/Cr2O3 and PANI/Nb2O5/MnO2 was 
investigated using a variety of initial MO dye  
 

 
Fig 6. Effect of adsorbent dosage on the removal of MO dye using PANI/Nb2O5/MnO2 (red) and PANI/Nb2O5/Cr2O3 
(blue) 

 
Fig 7. Effect of initial concentration of MO dye on the removal process using PANI/Nb2O5/MnO2 (red) and 
PANI/Nb2O5/Cr2O3 (blue) 
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concentrations ranging from 1 to 25 mg/L at a fixed 50 mg 
of PANI/Nb2O5/Cr2O3 and 100 mg of PANI/Nb2O5/MnO2. 
This graph shows that the original concentration of MO 
dye was increased. Accordingly, when the original MO dye 
concentration was increased, the removal effectiveness of 
the PANI/Nb2O5/Cr2O3 nanocomposite was high, 
demonstrating that each of the adsorbents and the MO 
dye molecules interacted strongly even at low starting 
concentrations [29]. Additionally, because of the larger 
surface area and strong electrostatic interactions, 
PANI/Nb2O5/Cr2O3 and PANI/Nb2O5/MnO2 
nanocomposites are two possible explanations for the 
effectiveness of these products in the removal of a high 
percentage of MO dye and the porosity of the adjusted 
PANI/Nb2O5/Cr2O3 and PANI/Nb2O5/MnO2 being 
nanocomposite. 

Influence of pH on removal of MO dye 
Fig. 8  illustrates how pH affects the proportion of 

MO dye removed by nanocomposite materials made of 
PANI/Nb2O5/Cr2O3 and PANI/Nb2O5/MnO2. Additionally, 
we investigated the initial and final (equilibrium) pHs. It 
is clear that at all chosen beginning pHs, the 
PANI/Nb2O5/MnO2 nanocomposite outperformed 
PANI/Nb2O3/Cr2O3 in the removal of MO dye from the 
aqueous solution (from 2 to 10). To regulate the pH levels 
during the experiment, 0.1 M HCl or 0.1 M NaOH was 
used. The orbital shaking speed, quantity of both 
adsorbents and solution temperature were altered, while 
the starting MO dye concentration was held constant at 
25 mg/L, 300 rpm, 50,100 mg, and 298 K. The findings of 

all the best studies pointed to the following: 
PANI/Nb2O5/Cr2O3 adsorbents performed better at pH 9 
and PANI/Nb2O5/MnO2 adsorbents at pH 7, respectively. 
Based on an estimated pKa value of MO, as a result, it 
becomes protonated at the initial pH values of 2 and 3 
(pH is less than the pKa of MO), where it is primarily 
present in anionic form. Additionally, the presence of 
basic amine groups causes PANI to build a positive 
charge on its conductive backbone in an acidic media. 
Consequently, at initial acidic pH values, there was a 
significant degree of change in the removal rates of 
adsorbents. This was a result of electrostatic attraction 
between the positively charged PANI backbone and 
protonated MO dye molecules. Thus, PANI/Nb2O5/Cr2O3 
nanocomposites for MO dye removal will decline [30-
31]. The preferred initial pH range was 2 to 8, with 
neutral being the best value about 94.20% 
PANI/Nb2O5/Cr2O3 and 95.37% for another 
nanocomposite. This was because, at neutral pH, the 
MO would primarily take the anionic form, thereby 
increasing the number of electrostatic interactions 
between the MO dye and PANI/Nb2O5/Cr2O3 and 
PANI/Nb2O5/MnO2 adsorbents [32]. 

Influence of adsorption time 
Another important factor in the color removal 

process is the adsorption time. Through a series of 
adsorption experiments with adsorption time ranges 
between 10 and 120 min, the impact of adsorption 
duration on MO dye's adhesion to the 
PANI/Nb2O5/Cr2O3 and PANI/Nb2O5/MnO2 adsorbents  

 
Fig 8. Effect of pH on removal of MO dye using PAI/Nb2O5/MnO2 (red) and PANI/Nb2O5/Cr2O3 (blue) 
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was investigated. The results for each of the adsorbents 
are shown in Fig. 9. It is obvious that the removal rate of 
MO dye increases from 10 to 60 min and then stays 
constant from 60 to 120 min. Thus, upon following 
detour shaking for 60 min, equilibrium is attained in the 
MO dye adsorption. However, it should be noted that the 
rate of MO dye removal was extremely rapid during the 
first 10 min, during which time the MO dye molecules 
were adsorbent to around 94.2% of the 
PANI/Nb2O5/Cr2O3 and 97.8% of the PANI/Nb2O5/MnO2 
adsorbents before slowly and gradually increasing until 
equilibrium was reached at roughly 60 min. Since several 
active sites were available for MO dye molecules on both 
adsorbents' surfaces [32], the initial rapid removal of MO 
dye was explained. The number of active sites that could 
be removed decreased as the removal time rose; further, 
the pushing force decreased, resulting in a slow removal 
rate. As a result, the optimal adsorption time for 
subsequent research was chosen to be 60 min. 

Batch MO Dye Adsorption Studies 

Experimentally, it was found that the 
PANI/Nb2O5/Cr2O3 and PANI/Nb2O5/MnO2 adsorbents' 
adsorption capabilities were best at pH 9 and 7, 
respectively, when used with 100 mL solutions of MO dye 
with concentrations ranging from 3 to 100 mg/L at room 
temperature (Fig. 10(a)). As can be seen from this figure, 
the maximal adsorption capabilities of the 
PANI/Nb2O5/Cr2O3 and PANI/Nb2O5/MnO2 with similar 

amounts of adsorbents are 148 and 84 mg/g, 
respectively. Three fundamental isotherm models, 
specifically the Langmuir, Freundlich, and Temkin 
models, were used to fit the adsorption data in order to 
assess the mechanism of adsorption and provide 
information on the maximum adsorption capacity (qm) 
for the relevant adsorbent [32]. The graphs of the 
isotherm parameters for the linearized equation for MO 
dye elimination at 298 K are shown in Fig. 10. The three 
equations for the isotherm models of adsorption at room 
temperature are listed in Table 3, together with their 
maximum adsorption capacities (qm), correlation 
coefficients (R2), and other data. Certain presumptions 
were connected with the Langmuir model, such as the 
monolayer adsorption of the adsorbate on an even 
surface of the adsorbent. In addition, chemisorption 
happens at designated homogenous sites inside the 
adsorbent to achieve adsorption. The Langmuir 
equation is given in Eq. (3) [33-34]. 

e e

e m m L

C C t
q q q K

   (3) 

where: qm and qe stand for the MO dye's maximum 
(mg/g) and empirical (qe) adsorption capacities, 
respectively. After the adsorption process, Ce is the 
amount of MO dye that is still present in the solution, 
and KL is the Langmuir constant (L/mg). In order to 
determine the adsorption capacity, Ce/qe versus Ce was 
plotted (Fig. 10(b)). 

 
Fig 9. Effect of adsorption time on MO removal using PANI/Nb2O5/MnO2 (red) and PANI/Nb2O5/Cr2O3 (blue) 
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Fig 10. (a) Adsorption isotherms of MO onto PANI/Nb2O5/Cr2O3 adsorbents (conditions: pH 9; dosage = 50 mg; V = 
100 mL; time = 60 min; T = 298 K). Fitting the adsorption isotherm curves of MO dye of adsorbents: (b) Langmuir, 
(c) Freundlich, and (d) Temkin isotherm models 

Table 3. Adsorption Langmuir, Freundlich and Temkin model isotherm parameters for MO dye by 
PANI/Nb2O5/Cr2O3 and PANI/Nb2O5/MnO2 

Isotherms Parameters PNAI/Nb2O5/Cr2O3 PNAI/Nb2O5/MnO2 

Langmuir 
qm (mg/g) 142 115 
KL (L/mg) 0.18 0.45 
R2  0.8895 0.9150 

Freundlich 
KF (mg/g)(mg/L)1/n 1.80 3.02 
n 4.00 2.37 
R2 0.9744 0.9398 

Temkin 
A 137.0 33.2 
B 48.00 2.38 
R2 0.8640 0.9660 

 
In Fig. 10 and 11, the gradient and intercept of this 

(straight) line were used to estimate qm and KL, 
respectively. The Freundlich model is used to fit 
multilayer adsorption onto a heterogeneous surface, and  
 

the postulated adsorption process is physisorption, 
which happens as a result of van der Waals interactions. 
Eq. (4) provides the Freundlich equation [35]. 

e F e
1logq logK logC
n

   (4) 
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Fig 11. (a) Adsorption isotherms of MO onto PANI/Nb2O5/MnO2 adsorbents (conditions: PH 7; dosage = 100 mg; V 
= 100 mL; time = 60 min; T = 298 K). Fitting the adsorption isotherm curves of MO dye of adsorbents: (b) Langmuir, 
(c) Freundlich, and (d) Temkin isotherm models 

Table 4. Comparison of the removal efficiency of MO with different adsorbents 

Adsorbent qm 

(mg g−1) 
Adsorbent dose 

(g L−1) 
Equilibrium time 

(min) 
pH References 

PANI-MWCNT 149.25 0.040 60 7.0 [40] 
PANI-AC 192.52 0.100 60 6.0 [41] 
Co/Fe-MOF 137.60 0.005 60 4.0 [42] 
PANI-TiO2/GO 69.23 ------- 80 ----- [43] 
PANI/Nb2O5/MnO2 76.00 0.100 60 7.0 This study 
PANI/Nb2O5/Cr2O3 118.00 0.050 60 9.0 This study 

 
According to Eq. (3), KF stands for the Freundlich 

constant, while adsorption capacity (mg/g) and 
heterogeneity factor (n) stand for the bond distribution. 
By graphing log qe against log Ce, the Freundlich linear 
equation was discovered. KF and n were then accurately 
calculated from the intercept and slope, respectively, of 
this linear connection (Fig. 10(c)). Eq. (5) specifies the 
Temkin equation, where the Temkin isotherm model 
makes significant assumptions about heterogeneous 

surface energy and non-uniform distribution of sorption 
heat on adsorbents [36] 

e eq A BlogC   (5) 
where: A is the Temkin isotherm constant (L/g) and B is 
a constant related to the heat of adsorption (J/mol). Plots 
of qe against log Ce were used to arrive at the Temkin 
linear equation (Fig. 10(d)). The gradient and intercept 
of the straight line provide the values of B and A, 
respectively. The parameters calculated for the  
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Langmuir, Freundlich, and Temkin models are listed in 
Table 3. The Langmuir isotherm appears to best describe 
the adsorption of MO dye against PANI/Nb2O5/Cr2O3 
and PANI/Nb2O5/MnO2 adsorbents, as evidenced by the 
coefficients of determination (R2) for the fits of the 
experimental data of the three isotherms, which showed 
greater R2 (0.9744 and 0.9398) and experimental 
equilibrium capacities (qe). This implies that both the 
PANI/Nb2O5/Cr2O3 and PANI/Nb2O5/MnO2 adsorbents 
have strong MO dye adsorption sites, and that the 
adsorption mechanism is monolayer in nature [37-39]. 
Table 4 represents the literature review of comparison of 
the removal efficiency of MO with different adsorbents. 

■ CONCLUSION 

In the current study, two types of the nanocomposite, 
PANI/Nb2O5/MnO2 and PANI/Nb2O5/Cr2O3, were first 
prepared and characterized as new adsorbents to remove 
MO dye. The physical and chemical nature of the 
nanocomposites such as structural, morphological, 
particle size, and functional groups of the fabricated 
PANI/Nb2O5/MnO2 and PANI/Nb2O5/Cr2O3 was 
established via XRD, FE-SEM, FTIR, UV-vis, and zeta 
potential, which can be summarized by showing that the 
adsorptive properties of nanocomposites were more 
active than pure PANI. The results have shown that the 
PANI/Nb2O5/Cr2O3 material has a higher adsorption 
capacity than PANI/Nb2O5/MnO2 in terms of MO 
removal. The maximal adsorption capabilities reached 
118 and 76 mg/g, respectively. The optimum conditions 
for the MO removal with PANI/Nb2O5/MnO2 were the 
dose was 100 mg, the temperature was 298 K, and the pH 
value was 7. For PANI/Nb2O5/Cr2O3 nanocomposite, the 
dose was 50 mg, the temperature was 298 K, and the pH 
value was 9. 
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Fig S1. Raw FTIR spectra of B7 and B10 acquired between 600 and 4000 cm−1 using a portable BRUKER spectrometer. 
The sample scan and resolution are 32 and 4 cm−1, respectively. These biodiesel-diesel samples were obtained in 
Mersing, Malaysia 

 
Fig S2. Raw FTIR spectra of B7 and B10 acquired between 1698 and 1777 cm−1 using a portable BRUKER spectrometer. 
The sample scan and resolution are 32 and 4 cm−1, respectively. The peak displayed here show C=O stretching peak at 
1747cm−1. These biodiesel-diesel samples were obtained in Mersing, Malaysia 
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Fig S3. Raw FTIR spectra of B7 and B10 acquired between 1129 and 1186 cm−1 using a portable BRUKER spectrometer. 
The peak displayed here show C–O stretching peak at 1169 cm−1. These biodiesel-diesel samples were obtained in 
Mersing, Malaysia 

 
Fig S4. Raw FTIR spectra of B7 and B10 acquired between 1184 and 1223 cm−1 using a portable BRUKER spectrometer. 
The peak displayed here show C–O stretching peak at 1196 cm−1. These biodiesel-diesel samples were obtained in 
Mersing, Malaysia 

 
Fig S5. Raw FTIR spectra of B7 and B10 acquired between 3400 and 4000 cm−1 using a portable BRUKER spectrometer 
The peaks displayed here are very likely showing stretching region of the hydrocarbon. These biodiesel-diesel samples 
were obtained in Mersing, Malaysia 



Suppl. 
 
 
 

Mohd Rashidi Abdull Manap et al. 
 
 

3 Indones. J. Chem., 2023, 23 (5), 1284 - 1293   

 
Fig S6. Two different algorithms included in the Opus software was evaluated for analysis of petrol biodiesel samples. 
Three reference libraries containing respectively 350 (General Library IR), 246 (Bruker Raman Demo library) and 200 
(Demo Database) commercialized spectra were used to identify unknown B7 and B10 spectra (n = 10) 
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 Abstract: Spectroscopists face an ongoing challenge in identifying fuel spectra due to a 
wide range of fuel formulations and the increasing abuse of biodiesel-diesel blends. In 
Malaysia, a new type of biodiesel-diesel blend known as B7 and B10 has been introduced, 
which requires rapid and reliable discrimination methods. However, current 
identification methods are costly and time-consuming. To overcome this issue, a 
spectroscopy study was conducted using a portable Fourier transform infrared (FTIR) 
spectrometer to identify biodiesel-diesel blends. The study found that direct identification 
using spectral libraries was reliable in identifying complex samples but unable to 
differentiate B7 and B10 due to the libraries' focus on hydrocarbons rather than esters. 
Instead, FTIR spectroscopy provided unique spectral peaks for each blend. Spectral range 
influences the discrimination, and the truncated region 1697–1777 and 1164–1224 cm−1 
was shown to be reliable for discriminating the B7 and B10. The study concluded that a 
combination of algorithms, libraries, and hierarchical cluster analysis (HCA) in FTIR 
spectroscopy could effectively differentiate the blends. The primary objective was to 
differentiate B7 and B10 by analyzing liquid samples collected in Malaysia using HCA 
and IR spectroscopies. FTIR spectroscopy provides molecular-specific vibrational signals 
and is proven as a rapid identification method. 

Keywords: biodiesel; diesel; discrimination; FTIR; Hierarchical Cluster Analysis 

 
■ INTRODUCTION 

Petroleum is a naturally occurring, oily, and 
flammable liquid composed mainly of hydrocarbon 
materials. On the other hand, vegetable oils consist of 
glycerol fatty acid esters (triglycerides). Vegetable oils are 
different from conventional diesel fuels, and vegetable oils 
are bigger in size than the ones found in petroleum diesel. 
Meanwhile, biodiesel blends are a renewable and 
oxygenated fuel that has properties close to petroleum 
diesel. It is a combination of methyl esters (C15–C17) 
with any level of petroleum diesel i.e., 1% of pure biodiesel 
blended with 99% of petrol-diesel [1]. 

In  many  countries,  including  Malaysia,  biodiesel- 

diesel blends, and petrol are the main energy sources 
consumed for road and maritime transportation. These 
fuels consist of hundreds of different hydrocarbon 
molecules. For example, petrol consists of alkanes 
(paraffin), alkenes (olefins), and aromatics, while diesel 
fuel contains paraffin, aromatics, and naphthene. 
Petroleum products (fuels and oil products) are also the 
most common environmental contaminants in most 
industrial countries [2]. 

The identification and discrimination of fuels and 
other related fuels is always needed because they are 
always abused by fuel traffickers in criminal activities 
such as fuel smuggling and fuel adulteration. For 
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example, the smuggling of petroleum products across the 
border regions is an international issue for many 
countries. Illicit trade of fuel, especially gasoline, along the 
borders of Brazil is a problem that concerns the 
authorities responsible for the inspection and surveillance 
of these areas. The main reason is the significant 
difference between prices in neighboring countries, 
including Peru, Paraguay, Bolivia, and Venezuela [3]. 

Fuel adulteration is a national issue in developing 
countries, including Brazil, India, Kenya, and Nigeria [4]. 
Typical adulterated fuel products are high-quality motor 
oils, kerosene, and diesel. In the case of high-quality 
motor oil samples, they are adulterated with lower-quality 
oils such as used oils and standard oils [5]. The higher 
volume “cocktail” or “adulterated” fuel is then sold as 
taxed fuel, with the evader keeping the tax revenue. It was 
reported that the detection of adulterated fuel could be 
problematic since many potential cocktailing products 
include compounds that are already present in fuel [6]. 
Besides the forensic needs, the discrimination of the 
sample’s source in oil spills in the maritime area also raises 
a big concern for researchers [7]. 

Various analytical methods were used for the 
analysis of petroleum fuel products. For example, gasoline 
samples were studied using gas chromatography coupled 
with flame ionization detection (GC-FID) [8]. Next, 
chromatography-mass spectrometry (GC−MS) was used 
for the characterization of ninety-one samples of petrol, 
diesel, and biodiesel [9]. Variety of the obtained 
compounds in petrol, diesel, and biodiesel were detected 
with the help of National Institute of Standards and 
Technology (NIST) mass spectral search program for the 
NIST/EPA/NIH mass spectral library (version 2.0) [9]. 
Spectroscopy methods were often used to characterize 
fuels such as Fourier transform infrared (FTIR), Raman, 
[10] and 1H-nuclear-magnetic-resonance (NMR) 
spectroscopy [11]. Attenuated total reflection (ATR) 
configuration provides a larger spectral range and better 
signal-to-noise ratio during the study of diesel samples. 
Comparisons with commercialized and in-house 
vibrational spectral libraries were proven for rapid 
identification of unknown samples [12-14]. 

Quantitative  and  qualitative  analysis  of  petroleum  

diesel, biodiesel, and a number of hydro-processed 
esters and fatty acids (HEFA) was achieved using Raman 
spectroscopy. When analyzing a complex mixture of 
gasoline samples, NMR spectroscopy is useful because 
regions of the chemical components’ regions are unique 
and can be integrated for quantitative analysis [15]. 

The increased number of recorded crimes related 
to petroleum fuels has led many researchers to use 
multiple strategies either by analyzing various 
adulterants in fuels using the spectroscopy method [16], 
analysis of explosion residue related to ammonium 
nitrate fuel oil (ANFO) explosives using Raman 
spectroscopy [17], analysis of fire debris for the 
determination of fuel constitution, and ignition source 
using laser-induced breakdown spectroscopy [18]. 

ATR-FTIR method is non-destructive and requires 
no sample preparation. The advantages of FTIR 
methodology include a rapid method to analyze many 
samples and rapid identification of samples with the help 
of the spectral library. Besides being an identification 
method, it also has evolved as an excellent tool for the 
detection of many substances with the help of 
chemometric tools [19]. This study aims to develop and 
differentiate biodiesel-diesel (B7 and B10) through the 
analysis of liquid samples collected at various pump 
stations in Mersing, Malaysia using Hierarchical Cluster 
Analysis (HCA). First, the local authority in Putrajaya, 
Malaysia, granted sampling permission to acquire 
samples from major brands in Mersing. Then, the samples 
were acquired and characterized using a portable ATR-
FTIR spectrometer in the laboratory. Finally, the study 
used the strong raw FTIR spectra to differentiate 
biodiesel-diesel (B7 and B10) samples using HCA. 

■ EXPERIMENTAL SECTION 

Materials 

Mersing is a small fishing town in Johor. It is 
located 136 km north of Johor Bahru, the state capital. 
Mersing covers a total area of 761 km2. According to 
KPDNHEP Putrajaya, there are ten petrol pump stations 
operating in this town, including Petronas, Shell, Caltex, 
BHP, and Petron, in 2021. The specific locations of all 
pump stations in Mersing are shown in Fig. 1. 



Indones. J. Chem., 2023, 23 (5), 1284 - 1293    

 

Mohd Rashidi Abdull Manap et al. 
 

1286 

 
Fig 1. Location of fuel pump stations in Mersing 

 
As many as 10 samples with various fuel brands, as 

shown in Table 1, were obtained from various company 
petrol stations that operated in Mersing. This list was 
produced by the Kementerian Perdagangan Dalam Negeri 
dan Hal Ehwal Pengguna (KPDNHEP). However, only 7 
fuel pump stations in Mersing were eligible for sampling. 

The lot number was used to record the physical 
characteristics of the sample. The lot number elements are 
fuel type, brand, company, and city. The lot number was 
generated prior to sample collection. All the lot numbers 
for the samples were printed on a labeling sticker and 
stuck on the bottle samples. The element of the lot 
number used in this study is shown in Table 2. 

The lot number began with the fuel type, which it 
contains 6 different labels, P95 (petrol RON95), P97 

(petrol RON97), D0 and B10 (biodiesel B10), and DE5 
and B7 (biodiesel B7). There are two different labels that 
indicate the same fuel type, such as D0 and B10, which 
refer to biodiesel B10 same goes for DE5 and B7, which 
refer to biodiesel B7. This is due to the improvement 
made after being informed about the new biodiesel 
naming in Malaysia. 

All the labels with the alphabet ‘P’ indicated petrol 
type followed by the Research Octane Number (RON) 
number, whereas RON 95 and 97 indicate the 
percentage of unleaded petrol. The alphabet ‘D’ and ‘B’ 
indicate biodiesel type. Biodiesel B7 is a biodiesel with 
7% methyl ester blended with diesel. Meanwhile, 
biodiesel B10 is a biodiesel with 10% methyl ester 
blended with diesel. 

Table 1. Detail of the fuel samples used in this study 
Sample number Fuel type Fuel brand Lot number 

69 B7 BHPetrol DE5_BP3_868 
70 B7 Petronas DE5_PS5_868 
71 B7 Petron DE5_PN6_868 
72 B10 BHPetrol D0_BP2_868 
73 B10 BHPetrol D0_BP3_868 
74 B10 Petronas D0_PS5_868 
75 B10 Caltex D0_CX3_868 
76 B10 Petron D0_PN5_868 
77 B10 Petron D0_PN6_868 
78 B10 Shell D0_SL5_868 
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Table 2. Description of the lot number 
Fuel type Fuel brand Company City 

P95 Petrol RON 95 PS Petronas 1 Each number represents a different 
company within the city area 

868 Mersing 
P97 Petrol RON 97 PN Petron 2   
D0 Biodiesel B10 BP BHPetrol 3 

  

B10 Biodiesel B10 CX Caltex 4 
  

DE5 Biodiesel B7 SL Shell 5 
  

B7 Biodiesel B7 
  

6 
  

 
The middle of the lot number indicates the fuel 

brand, followed by the number that indicates a different 
branch/company. The end part of the lot number 
indicates the postcode of ‘868’ (Mersing). Table 2 shows 
the list of samples with Lot numbers for infrared 
spectroscopic purposes. 

Instrumentation 

ATR-FTIR measurements were carried out using an 
Alpha II (Bruker) spectrometer equipped with a platinum 
diamond ATR module, a ZnSe beam splitter, and an RT-
DLaTGS detector. The transmission spectra were 
recorded between 550 and 4000 cm−1 with a spectra 
resolution of 4 cm−1 and an accumulation of 32 scans. 

The acquired FTIR spectra were corrected using the 
H2O compensation function of the OPUS software 
(Bruker, version 7.5) that also drives the spectrometer 
operation. The instrument status was self-tested prior to 
data acquisition. The spectra were recorded at room 
temperature (~25 °C). Once the solvent (acetone) was 
evaporated to dryness, the spectra of the liquid samples 
were recorded immediately after placing one droplet of 
sample on the ATR. The pressure applicator was applied 
to enhance the quality of the spectra. A spectrum of the 
polymeric material of a hand glove was acquired to verify 
the performance of the instrument prior to sample 
analysis. The online instrument monitoring of all relevant 
system components, including PerformanceGuard and 
PermaSure was performed to ensure proper instrument 
operation. The acquired spectra were obtained in .0 
(OPUS) file format and analyzed using OPUS software. 

Procedure 

Library search identification 
Molecular  identification of  petrol diesel  samples in  

Table 1 and their composition were accomplished through 
spectral library searches using commercial IR spectral 
libraries (796 reference spectra). Spectral library searches 
were performed using a standard and mixture search 
algorithm in the OPUS software v.7.5 (Bruker Optik 
Gmbh 2014). The quality of the match between the query 
spectrum and the various library spectra was evaluated 
based on calculated hit quality index (HQI) values. 

Hierarchical Cluster Analysis (HCA) 
HCA is used to identify the similarities between the 

spectra of samples with the use of distances between 
spectra [20]. A dendrogram showing similarities 
between the spectra was generated. Spectra were 
acquired and processed by the OPUS software v8.5 
(Bruker Optik Gmbh 2020) and Spectragryph software 
v.1.2.16.1 [21]. For multivariate analysis, the 1697–
1777  and 1164 and 1224 cm−1 region of the FTIR spectral 
data, rather than the full spectrum, were subjected to 
HCA. Dendrograms of each fuel type were generated. 
Ward linkage algorithm and Euclidean distance were 
used for cluster analysis, which was provided in the 
OPUS software v.8.5 (Bruker Optik Gmbh 2020). 

■ RESULTS AND DISCUSSION 

Spectral Identification Using Spectral Libraries 

Three OPUS spectral libraries were used to identify 
liquid query spectra, which consist of two different types 
of biodiesel-diesel samples of B7 and B10, by using the 
“spectrum search” option available in the OPUS 7.5 
(Bruker Optik Gmbh 2014) software. To evaluate the 
appropriate comparison criteria of the samples, two 
different search algorithms: standard and mixture 
algorithms, were used. Initially, the aim of spectral 
matching  is to identify  the composition  of the samples. 
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Table 3. OPUS 7.5 library search results of different samples on the same spectral libraries, in which the best match 
Hitlist at standard search algorithm and main three components content in mixture search algorithm 

Samples/search 
algorithm 

Standard Mixture 
Identification hit HQI Content % 

DE5_BP3_868* Parvan 3150, f.n. 3502*refined paraffin wax 662 Vaseline 8401 42.7 
Octane 557 Poly(ethylene), low density 31.0 
Epcar 5875*ethylene/propylene/diene terpolymer 543 Octadecane 26.4 

DE5_PN6_868* Parvan 3150, f.n. 3502*refined paraffin wax 625 Vaseline 8401 78.5 
Epcar 5875*ethylene/propylene/diene terpolymer 544 Poly(ethylene), low density 21.5 
Octane 543     

DE5_PS5_868* Parvan 3150, f.n. 3502*refined paraffin wax 625 Vaseline 8401 79.3 
Vaseline 8401 583 Poly(ethylene), low density 20.6 
Epcar 5875*ethylene/propylene/diene terpolymer 545     

D0_PS5_868** Epcar 5875*ethylene/propylene/diene terpolymer 545 Vaseline 8401 44.3 
Rumiten 250 cq*low density polyethylene 541 Poly(ethylene), low density 32.4 
Parvan 3150, f.n. 3502*refined paraffin wax 539 Octadecane 23.3 

D0_SL5_868** Octane 633 Vaseline 8401 43.3 
Parvan 3150, f.n. 3502*refined paraffin wax 620 Poly(ethylene), low density 30.2 
Epcar 5875*ethylene/propylene/diene terpolymer 543 Octadecane 26.5 

D0_BP2_868** Octane 555 Vaseline 8401 83.1 
Epcar 5875*ethylene/propylene/diene terpolymer 543 Poly(ethylene), low density 16.9 
Rumiten 250 cq*low density polyethylene 539     

D0_BP3_868** Epcar 5875*ethylene/propylene/diene terpolymer 542 Vaseline 8401 83.6 
Rumiten 250 cq*low density polyethylene 540 Cumar r-15 (formerly cumar 

mh-1 1/2 resin) *coumarone-
indene resin 

16.4 

Parvan 3150, f.n. 3502*refined paraffin wax 539     
D0_CX3_868** Epcar 5875*ethylene/propylene/diene terpolymer 543 Vaseline 8401 41.1 

Rumiten 250 cq*low density polyethylene 541 Poly(ethylene), low density 33.7 
Parvan 3150, f.n. 3502*refined paraffin wax 539 Octadecane 25.2 

D0_PN5_868** Parvan 3150, f.n. 3502*refined paraffin wax 544 Vaseline 8401 81.3 
Epcar 5875*ethylene/propylene/diene terpolymer 544 Cumar r-15 (formerly cumar 

mh-1 1/2 resin) *coumarone-
indene resin 

18.7 

Rumiten 250 cq*low density polyethylene 542     
D0_PN6_868** Epcar 5875*ethylene/propylene/diene terpolymer 544 Vaseline 8401 40.9 

Rumiten 250 cq*low density polyethylene 541 Poly(ethylene), low density 34.1 
Parvan 3150, f.n. 3502*refined paraffin wax 540 Octadecane 25.0 

* Refers to the B7 type of fuel 
** Refers to the B10 type of fuel; the repeated compound in each algorithm is highlighted as Bold 
 
Hence, 10 biodiesel-diesel samples, as shown in Table 1, 
were analyzed using FTIR spectrometers, and the 
acquired spectra were evaluated by the algorithm search. 
During the spectrum search methodology, the spectral 

region was consistent between 600 and 4000 cm−1 for 
both search algorithms. The spectrum search results are 
summarized in Table 3 for 10 unknown biodiesel-diesel 
samples using two algorithms search. 
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In the standard search algorithm, the search 
parameter was set as one main component with min hit 
value of 100 and a maximum hit value of 30. The standard 
search algorithm produced a table that contained the HQI 
values and library spectra with higher similarities to the 
query spectrum. Each biodiesel-diesel sample was 
evaluated by HQI values. The HQI can range from 0–
1000, in which 0 corresponds to very unlikeness and 1000 
corresponds to perfect likeness. As a result, three main 
identification hits were recorded. All the B7 and B10 
samples show the matching spectrum of Epcar 
5875*ethylene/propylene/diene terpolymer with HQI 
value 542–545. Parvan 3150, f.n. 3502*refined paraffin 
wax, octane, vaseline 8401, and rumiten 250 cq*low 
density polyethylene were also found in most samples. 
This result is very likely indicating the presence of 
hydrocarbon materials in B7 and B10 samples. The low 
HQI values are probably because of the absence of fuel 
spectra in the tested library. 

In the mixture algorithms, three main components 
were evaluated to match the query spectrum. Similarly, 
this algorithm produces a table containing the reference 
spectra and their percentage composition. It can be 
defined that the samples are a mixture of compounds with 
different levels of composition. Vaseline 8401 was found 
as one of the components in all the studied biodiesel-
diesel samples. For example, D0_BP3_868 displayed the 
highest composition of Vaseline 8401 (83.6%), followed 
by D0_BP2_868 (83.1%). Vaseline is known as a product 
made from paraffin wax, which is a by-product of petrol 
[22]. There is also the presence of poly(ethylene), low-
density octadecane cumar r-15 (formerly cumar mh-1 1/2 
resin) *coumarone-indene resins in most of the studied 
samples. Similarly, this result also indicates the presence 
of hydrocarbon materials in the samples. 

To sum up, the spectrum search methodology is less 
suitable for the direct identification of biodiesel-diesel 
samples by using both standard search and mixture search 
algorithms. Despite the presence of different levels of esters 
in all studied samples, the spectrum search methodology 
only shows the major component of the hydrocarbon in 
all biodiesel-diesel samples. Another classification 
method is needed to identify different levels of esters and 

hydrocarbons in biodiesel and diesel, respectively. Prior 
to this approach, FTIR spectral analysis is needed for the 
characterization of the samples. 

FTIR Spectral Analysis of Biodiesel-Diesel of B7 
and B10 

In this study, samples were obtained from various 
pump stations in Mersing, Malaysia, according to the 
methodology. The presence of local authorities and 
pump managers ensures the integrity of the sampling 
procedures. The overlay FTIR spectra of B7 and B10 are 
given in Fig. 2. 

Upon visual inspection, spectra were found similar 
for both B7 and B10. There are many overlapping peak 
positions and peak intensities between B7 and B10. 
However, different FTIR intensities at selected spectral 
regions were also observed between B7 and B10 after 
spectral expansion. Distinct regions are shown in 
Supplementary Information. 

The FTIR spectrum represents multiple 
compositions of the samples. B7 and B10 have slightly 
different chemical compositions. B7 and B10 are 
biodiesel-diesel compositions that are 7 and 10% 
biodiesel mixed with petrodiesel, respectively [23]. 

Diesel is a complex mixture with hundreds of 
hydrocarbon components, including alkanes, monocyclic 
cycloalkane, bicyclic cycloalkanes, tricyclic cycloalkanes, 
alkylbenzene, hydrindene, tetrahydronaphthalene, 
indene, naphthalene, acenaphthene, biphenyl, 
acenaphthylene, and phenanthrene [24]. Although the 
biodiesel-diesel sample is a complex mixture with 
hundreds of compositions, vibrational assignment is 
simple. For this study, the FTIR spectra of B7 and B10 
are comparable with palm oil methyl ester in the 
biodiesel-diesel blend. The FTIR features that are found 
to be associated with B7 and B10 are 700, 722, 740, 765, 
806, 1169, 1196, 1247, 1377, 1459, 1746, 2853, 2922, and 
2954 cm−1. Most of them are associated with hydrocarbon 
signals. However, 1169, 1196, and 1746 cm−1 are 
associated with fatty acid methyl ester. 

For diesel samples that contain many hydrocarbons, 
IR signals at 2900 and 2830 cm−1 are associated with 
symmetric   CH3   stretch  and   symmetric   CH2   stretch, 
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Fig 2. FTIR spectra of B7 (green) and B10 (black) were collected at different pump stations in Mersing whereas the 
FTIR intensity of B10 was decreased by 0.01 
 
respectively. Two other weak peaks were observed at 1445 
and 1400 cm−1 caused by the CH3 and the CH2 bending 
vibration, respectively [25]. A signal at 720 cm−1 is 
assigned to the asymmetric angular deformation of CH2 
[26]. Meanwhile, peaks at 1703 and 1728 cm−1 correspond 
to the ester functional group. 

Alkanes were determined to be the most common 
functional group in the FTIR spectra data, with the 
majority of characteristic wavenumber peaks located 
between 700 and 1200 cm−1 [27]. The main characteristic 
that distinguishes biodiesel-diesel blend from diesel is its 
absorption at 1169, 1196, 1247 and 1746 cm−1. Fig. 3 
shows the comparison of wavenumber differences with 
B10. High agreement of wavenumber was found in the 
mid-infrared spectra region. 

In general, no differences in wavenumber and 
intensity were found among the FTIR spectra for 3 
samples of B7 and 7 samples of B10 samples, regardless of 
brands. However, a spectrum of B10 (D0_SL5_868) 
interferes with spectra collected from B7 since it contains 
an overlapping peak position below 1800 cm−1 as seen in 
Fig. 2. Spectral expansion for different regions is shown in 
Supplementary Information. 

Although various spectral regions were interrogated 
for the small number of samples, discrimination of B7 and 
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B10 using visual inspection would be challenging if the 
same methodology is used for a large number of samples 
in the forensic analysis. On top of this, multiple spectral 
formats prevent rapid data analysis because of 
incompatibility issues. Thus, the HCA method was 
performed much easy with the use of the clustering 
function in OPUS (Bruker) for discrimination of B7 and 
B10 samples after sample acquisition with Bruker 
spectrometer. 
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Cluster Analysis Using HCA 

In this study, the results of the HCA on the 
truncated region between 1697–1777 cm−1 using the 
standard Ward linkage algorithm and Euclidean distance 
are presented in the form of a dendrogram as shown in 
Fig. 4. 

The dendrogram in Fig. 4 shows the classification of 
B7 and B10 diesel, where the biodiesel-diesel samples are 
divided into two major clusters with high heterogeneity 
levels at 0.25. Cluster B7 groups the samples of 
D0_SL5_868.0, DE5_BP3_868.0, DE5_PS5_868.0, and 
DE5_PN6 _868.0, while Cluster B10 consists of samples 
of D0_BP2_868.0, D0_PS5_868.0, D0_PN5_868.0, 
D0_BP3_868.0, D0_CX3_868.0, and D0_PN6_868.0. 
Within the particular clusters, it is possible to distinguish 
additional sub-clusters. Accordingly, in cluster B7, the 
following sub-clusters may also be distinguished: sub-
cluster B7.1 grouping diesel samples DE5_BP3_868.0, 
DE5_PS5_868.0, and DE5_PN6_868.0. However, two 
sub-cluster can be identified in B10, which are B10.1 and 
B10.2 clusters. B10.1 cluster containing grouping diesel 
samples of D0_BP3_868.0, D0_CX3_868.0, and 
D0_PN6_868.0 while B10.2 consists of D0_BP2_868.0, 
D0_PS5_868.0, and D0_PN5_868.0. 

 
Fig 4. Dendrogram obtained from the HCA of raw spectra 
of B7 and B10 (10 spectra) partitioned into 2 main groups 
corresponding to two different types of biodiesel-diesel 
fuels. The clustering was performed between 1699 and 
1777 cm−1 

 
Fig 5. Dendrogram obtained from the HCA of raw 
spectra of B7 and B10 (10 spectra) partitioned into 2 
main groups corresponding to two different types of 
biodiesel-diesel fuels. The clustering was performed 
between 1164 and 1224 cm−1 

The only sample signed out of their cluster was the 
D0_SL5_868.0 sample highlighted in yellow color 
shown in Fig. 4. This sample overlapped with the B7 
cluster. In separate clustering between 1164–1224 cm−1 
(heterogeneity level at 0.2), the samples of 
D0_SL5_868.0 are clustered together with 
DE5_BP3_868.0 as shown in Fig. 5. 

However, the wrong discrimination of this method 
still has the potential to find the sample similarity. HCA 
result shows the region between 1697–1777 cm−1 in the 
mid-infrared spectra containing relevant information 
than 1164–1224 cm−1 to discriminate between B7 and 
B10 without pre-processing. 

■ CONCLUSION 

The current research evaluated the capability of 
FTIR combined with chemometric analysis. FTIR 
spectra data were characterized by analyzing the 
functional groups in different types of samples (B7 and 
B10). A comparison of spectra between B7 and B10 
samples was made to identify overlapping and non-
overlapping peaks for clustering. Upon visual 
inspection, two regions for clustering were successfully 
selected. With the help of the add-on function of Cluster 
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Analysis in OPUS, rapid HCA analyses were successful in 
distinguishing B7 and B10 from Mersing. HCA result 
shows the region between 1697–1777 cm−1 in the mid-
infrared spectra containing relevant information than 
1164–1224 cm−1 to discriminate between B7 and B10 
without spectral pre-processing. This discrimination is 
very likely because of the significant differences in FTIR 
intensity present. 
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 Abstract: Deep eutectic solvent (DES) has high viscosity and electrical conductivity 
values, so it can be used as an electrolyte solvent in dye-sensitized solar cells (DSSCs). 
This research was conducted to produce DES based on choline chloride (ChCl) and 
ethylene glycol (EG), diethylene glycol, and polyethylene glycol-400, which were then 
used as KI/I2 couple redox electrolyte solvent to improve the DSSC performance. The 
synthesis was carried out by mixing each component in several variations of the mole 
fraction of ChCl (xCHCl) at 80 °C for 15 min, and then was characterized by their pH, 
freezing point, density, viscosity, and electrical conductivity. A mixture that meets the 
criteria as a eutectic solvent and has a freezing point of less than −18 °C with the highest 
electrical conductivity value is DES ChCl:EG with xChCl 0.3 and xChCl 0.4. Both DESs were 
then used as a solvent for KI/I2, combined with acetonitrile in various compositions. The 
electrolyte with the highest electrical conductivity value was KI/I2 dissolved in ChCl:EG 
with xChCl 0.3 solvent 6:4 v/v, and then employed in DSSC device. The best performance 
of DSSC (Isc= 0.155 mA/cm2; Voc=0.465 V; Pmax= 0.719 W; ηmax= 0.072%) was produced 
under a light intensity of 0.1 W/cm2. 

Keywords: deep eutectic solvent; dye-sensitized solar cell; electrolyte; viscosity; 
electrical conductivity 

 
■ INTRODUCTION 

Dye-sensitized solar cell (DSSC) is a third-
generation solar cell introduced by Professor Grätzel in 
1991. DSSC was chosen as an alternative to convert solar 
energy into electrical energy because of its low production 
price, and the ingredients are easier to obtain. In addition, 
each component of the DSSC can be modified and 
optimized separately. The electrolyte is one of the main 
components whose performance must be optimized to 
increase the efficiency of DSSC. Electrolytes play an 
essential role in the electron transfer process in DSSC. The 
function of the electrolyte in DSSC is to replace the loss of 
electrons in the dye's valence band when the dye absorbs 
visible light [1]. The electrolyte used in DSSCs is generally 
a liquid containing an I−/I3

−. Anion I−/I3
− can be obtained 

from the compound KI/I2, which is generally dissolved in 
acetonitrile [2-3]. 

Acetonitrile is a widely used organic solvent 
because it has good solvation ability for polar and non-
polar compounds. However, as an electrolyte solvent in 
DSSCs, acetonitrile has very low viscosity and electrical 
conductivity values. The viscosity of acetonitrile is 0.352 
cP with an electrical conductivity of 7 × 10−3 mS/cm [3]. 
The low viscosity value can result in leakage or 
instability, which will affect the electrolyte's quality and 
reduce the DSSC's efficiency. Therefore, it is necessary 
to use an alternative solvent with a higher viscosity and 
electrical conductivity value to replace acetonitrile as an 
electrolyte solvent to increase DSSC's efficiency. The 
solvent is known as deep eutectic solvent (DES). 

DES is a binary or ternary mixture consisting of a 
hydrogen bond donor (HBD) and a hydrogen bond 
acceptor (HBA), which are strongly bound due to 
interactions with hydrogen bonds. The HBD and HBA 
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proper molar ratio will produce a eutectic mixture with a 
freezing point much lower than that of each pure 
constituent. DES is classified as an ionic liquid (IL), so its 
electrical conductivity value is relatively large. This is 
because when an IL is subjected to an electric field, a 
charge transport event or ion mobility will be associated 
with an empty space (hole). This ability affects the size of 
the electrical conductivity value in a liquid [4]. Because of 
its similarity with ILs, DES has started to be widely applied 
in electrochemical devices [5-7]. 

In recent years, choline iodide: glycerol and choline 
chloride (ChCl): glycerol-based DES have been used as 
part of the electrolyte composition for DSSC by Jhong et 
al. [8] and Boldrini et al. [9]. The reported DSSC showed 
an energy conversion efficiency of 1.70−3.88%. However, 
the efficiency values were still lower than DSSC using 
acetonitrile at the same conditions, namely 4.90%. This 
study aims to synthesize DES, which is then used as a 
solvent for KI/I2 in DSSC devices. DES was synthesized by 
mixing ChCl with several hydrogen bond donor 
compounds such as ethylene glycol (EG), diethylene 
glycol (DEG), and polyethylene glycol (PEG). DES 
produced from a mixture of ChCl and EG has been 
studied to have a viscosity value of 36 cP and an electrical 
conductivity value of 7.61 mS/cm [10]. The DES viscosity 
value is 100× greater than that of acetonitrile. They have a 
1000× more excellent electrical conductivity value 
compared to acetonitrile. Meanwhile, in this study, DEG 
and PEG were also used as HBD to study the effect of 
adding alkyl chains to the function of DES as an 
electrolyte solvent. The volume ratio between DES and 
acetonitrile, which can produce DSSC with the best 
efficiency, was also reported. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study include choline 
chloride (ChCl, ≥ 99%, Sigma Aldrich), EG (C2H6OH, 
≤ 100%, Supelco), DEG (C4H10O3, 99%, Sigma Aldrich), 
PEG 400 (HOCH2(CH2OCH2)9CH2OH, ≤ 100%, Sigma 
Aldrich), acetonitrile (C2H3N, 99.8%, Sigma Aldrich), 
ethanol absolute (C2H5OH, ≥ 99.5%, Supelco), 
titanium(IV) oxide (TiO2 anatase nanopowder, < 25 nm 

particle size, 99.7% trace metals basis, Sigma Aldrich), 
potassium iodide (KI, ≤ 100%, Supelco), and iodine (I2, 
≤ 100%, Supelco). Dye (Ruthenizer complex 535-bistba, 
N719), platisol T/SP (Pt paste), and transparent 
conductive oxide (TCO) glass with type fluorine-doped 
tin oxide (FTO) coated TEC-7 conductive glasses were 
purchased from Solaronix. 

Instrumentation 

The instruments used in this study included 
analytical balances, ovens, THERMOLYNE furnaces, 
IKA C-MAG HS 7 hotplates, standard glassware, 
spatulas, thermometers, Iwaki Pyrex pycnometer, 
Oswald Iwaki Pyrex viscometer, Hanna conductivity 
meter, 500-Watt halogen lamp, solar power meter BTU 
W/m2 tester handheld portable and scientific multimeter 
6.5-digit Agilent 34461 A. 

Procedure 

DES preparation 
ChCl solid was weighed with a ChCl mole fraction 

(xChCl) of 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0, 
and then they were added into a beaker glass separately. 
EG was weighed according to the calculation with xChCl 
as above and placed into different beakers so that the 
total mass of the mixture of ChCl and EG was 5 g. The 
beaker glass containing ChCl and EG was then heated 
using a hotplate at 80 °C for 15–40 min to obtain dry 
ChCl solid (white crystals). The EG liquid was then 
poured into a beaker containing ChCl. The mixture was 
then stirred using a magnetic stirrer while heated at 
80 °C for 15 min until a homogeneous mixture was 
obtained. The mixture was placed in the bottle at room 
temperature until further treatment [11]. The 
preparation of DES with DEG and PEG 400 was done 
with the same procedure. Homogeneous mixtures were 
selected for the characterization stage, including 
measurement of pH, freezing point, density, viscosity, 
and electrical conductivity. 

Electrolyte preparation and characterization 
Homogeneous mixtures (ChCl:EG, ChCl:DEG, 

and ChCl:PEG 400) were mixed with acetonitrile, 
respectively, with variations in the v/v composition of 
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the mixture (10:0, 8:2, 6:4, 4:6, 2:8 and 0:10) and the total 
volume of solvent was 10 mL. KI and I2 weighed as much 
as 0.83 and 0.13 g, respectively. They were put into a 
beaker containing DES and acetonitrile, then wrapped in 
aluminum foil, and stirred using a magnetic stirrer for 
30 min [12]. The electrolyte solution was then transferred 
into a dark vial. The electrolyte solution was observed for 
24 h. The homogeneous electrolyte was further 
characterized by measuring density, viscosity, and 
electrical conductivity. 

DSSC fabrication and performance analysis 
FTO glass preparation. The FTO glass was cut into a 
square of 2 × 2 cm2. The glass was then washed using 70% 
technical ethanol and sonicated for 30 min. Then, the 
glass was dried at a temperature of 100 °C for 1 h. The 
conductive side of the glass was determined [3]. 
DSSC assembly. An active side (1 × 1 cm2) of FTO glass 
was made by attaching transparent insulation. The TiO2 
anode and Pt cathode paste were deposited on different 
FTO glass. Photoanode was prepared by adopting the 
method of Rahmalia et al. [2]. The anode used was TiO2 
with a 5% TMK (NH4OH-treated metakaolinite which 
was previously produced by Rahmalia et al. [2]) mixture. 
Anatase TiO2 weighing 2.3751 g and TMK weighing 
0.1264 g were measured and then added to 15 mL of 
absolute ethanol, 800 μL of Triton-X, and 600 μL of 
acetylacetone. The mixture was stirred for 24 h until a 
paste was formed. The resulting anode paste was 
sonicated for 3 h. The anode was calcined at a 
temperature of 450 °C for 30 min, while the cathode was 
calcined at 400 °C for 5 min [3]. 

The anode layer was immersed in a sensitizer 
solution (1% ruthenium complex prepared by dissolving 
0.005 g of ruthenium dye into 5 mL of ethanol) for 24 h 
[13]. Furthermore, the anode and cathode were assembled 
like a sandwich and locked using a binder clip. Then, a few 
drops of electrolyte were through the gap between the two 
glasses until the electrolyte solution covered and filled all 
parts of the glass. The cells formed are then sealed with 
glue [14]. 
DSSC performance analysis. The light source used in 
the DSSC performance analysis was a 500 W halogen 
lamp. The test was carried out with variations in light 

intensity of 0.005–0.100 W/cm2, which was controlled 
by dimer and measured using a solar power meter. The 
values of cell short circuit current (Isc) and open-circuit 
voltage (Voc) were measured using the scientific 
multimeter Agilent 34461 A. 

■ RESULTS AND DISCUSSION 

DES Synthesis and Characterization 

The DES in this study is the result of a mixture of 
quaternary ammonium salt (HBA), namely ChCl and a 
HBD, namely EG, DEG, and PEG-400. The interaction 
occurs in the process of forming DES is an 
intermolecular hydrogen bond formed by the chloride 
anion group (Cl−) in the HBA and the hydroxyl group in 
the HBD. DES is also described as a mixture of Brønsted 
or Lewis acids and bases, so that the hydrogen bonds 
formed in all these systems could cause a significant 
freezing point depression [15]. 

The results of DES preparation show that a mixture 
of ChCl:EG and ChCl:DEG at xChCl 0.1, 0.2, 0.3, and 0.4 
were liquid and transparent, indicating the formation of 
DES in these compositions. The mixture with xChCl 0.5–
1.0 was crystallized. The acid dissociation, which releases 
hydrogen atoms, causes choline salts to form so that the 
mixture cannot change to the liquid phase at room 
temperature [15]. As for the ChCl:PEG 400 mixture, 
only the xChCl 0.1 was liquid and transparent. Therefore, 
only the mixture with xChCl 0.1 was indicated as DES. 

The prepared DES was observed at room 
temperature for 24 h to evaluate their homogeneity. 
Several mixtures of ChCl:EG, ChCl:DEG, and 
ChCl:PEG 400 (as presented in Table 1) were continued 
in the characterization stage. They were a mixture that 
did not change, either phase changes or the formation of 
crystal deposits. 

The pH condition affects solubility because solutes 
tend to be more soluble in solvents under acidic or neutral 
conditions than in alkaline conditions [16]. Therefore, 
pH measurements were carried out to determine 
whether the DES produced was acidic, neutral, or basic. 
Measurements showed that all three types of DES were 
detected at pH 6, so it can be concluded that the DES 
prepared in this study were weakly acidic. 
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Table 1. The DES composition was carried forward to the 
characterization stage 

DES type xChCl xEG 
DESa1 0.1 0.9 
DESa2 0.2 0.8 
DESa3 0.3 0.7 
DESa4 0.4 0.6 
DESb1 0.1 0.9 
DESb2 0.2 0.8 
DESb3 0.3 0.7 
DESb4 0.4 0.6 
DESc1 0.1 0.9 

Mixing two components at a certain mole fraction 
formed DES will cause a significant decrease in freezing 
point so that it will have a lower freezing point than each 
of its pure constituents [11]. The constituents of DES have 
different freezing points. The ChCl, EG, DEG, and PEG 
400 compounds have a freezing point at 303 °C [15], 
−12 °C [17], −6.5 °C [18], and −4 °C [19], respectively. 
There was no phase change in DESa1–DESa4 and DESb1–
DESb4. They did not freeze when placed in the freezer at a 
temperature range of −15 to −18 °C for 24 h. This follows 
the definition of DES because it has a freezing point below 
the freezing point of the single substance, namely EG, and 
DEG, and is much lower than the freezing point of ChCl. 
Meanwhile, DESc1 undergoes crystal formation sometime 
after being put in the freezer. It freezes after being placed 
for 5 min when a temperature of 0 °C. In this case, the 
mixture does not reach the eutectic point because it has a 
freezing point with a higher freezing rate than one of its 
pure constituents, in this case PEG 400. Therefore, in the 
next step, only DESa1–DESa4 and DESb1–DESb4 were used 
as electrolyte solvents. 

Density and viscosity have a close relationship as 
factors that affect mass transfer [11]. The type of HBD 
influences the density of DES. The density of DES will 
increase with the increase in the number of hydroxyl 
groups or the length of the HBD chain [4]. The DES 
constituents' molar ratio also affects the density value 
[20]. Fig. 1 shows the density measurement results of DES 
formed in this study. 

Based on Fig. 1, it can be observed that the addition 
of alkyl chain lengths of constituent increased the DES 

density value. The longer the alkyl chain, the greater the 
molecular weight. The increase in molecular weight 
affects increasing the density value [21]. The EG, DEG, 
and PEG-400 have a molecular weight of 62.07, 106.12, 
and 400.00 g/mol, respectively. The DES density value 
increased along with the increase in the xChCl in the 
mixtures. This was due to the contribution of the density 
of the pure constituents of the mixtures. ChCl, EG, DEG, 
and PEG-400 have a density of 1.19, 1.11, 1.12, and 
1.13 g/mL. Mixing these compounds with ChCl causes 
an increase in density. 

Like density, viscosity is often associated with a 
hydrogen bond network between HBA and HBD, 
corresponding to free volume [22]. The viscosity of the 
eutectic mixture is influenced by the chemical properties 
of the constituents (HBA and HBD), temperature, and 
water content [4]. The results of the viscosity 
measurement of DES in this study are presented in Fig. 2. 

Fig. 2 shows that an increase in the xChCl causes an 
increase  in the  viscosity  value.  The increased  viscosity  

 
Fig 1. The relationship of xChCl and DES density 

 
Fig 2. The relationship of xChCl and DES viscosity 
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value due to adding the xChCl was caused by the high and 
extensive network of hydrogen bonds between each 
component resulting in a very viscous mixture [21]. High 
viscosity can cause an increase in the solvent diffusion 
coefficient so that the reaction rate will decrease [8]. 
However, the increase in viscosity also affects slowing the 
evaporation process to prevent leakage of the electrolyte 
system after DES was used as an electrolyte solvent in 
DSSC [23]. 

Fig. 3 shows the results of the DES electrical 
conductivity measurements produced in this study. Based 
on Fig. 3, it can be observed that the addition of the alkyl 
chain length of the constituent resulted in a decrease in 
the value of the electrical conductivity of DES. In general, 
the value of electrical conductivity is influenced by the 
viscosity of the solution, where the high viscosity of the 
solution will reduce the movement of free ions [11]. 
However, there was an increase in the electrical 
conductivity value when xChCl increased. This is because 
the addition of ChCl will result in the formation of more 
hydrogen bonds so that the intermolecular interactions 
due to the bond cause the electrical conductivity value to 
increase. Hydrogen bonding allows intermolecular 
delocalization, affecting increased electrical conductivity 
[24]. However, there was a drastic decrease in the 
electrical conductivity of DESa4. It is probably due to the 
increase in bond density due to the increasing number of 
molecule interactions. The molecular interactions can 
cause an increase in viscosity, resulting in a decrease in 
electrical conductivity due to the hindered movement of 

ions and electrons [25]. Based on the molecular 
structure, DEG has a longer alkyl chain than EG. 
However, in DEG, there is a lone pair of electrons in the 
ether group (R-O-R'). The lone pair of electrons acts as 
a medium that increases ionic mobility [26]. These 
factors allow the electrical conductivity of DESb4 not to 
decrease while DESa4 has decreased electrical conductivity. 

Electrolyte Preparation and Characterization 

The DES used as an electrolyte solvent in this work 
was DES in the form of a homogeneous liquid that has 
the highest electrical conductivity value, namely DESa3, 
with a density, viscosity, and electrical conductivity of 
1.295 g/mL, 16.835 cP, and 9.940 mS/cm, respectively. 
In addition, DESb4 with a density, viscosity, and electrical 
conductivity of 1.341 g/mL, 25.032 cP, and 
6.660 mS/cm, respectively. Meanwhile, DESc1 was not 
used as an electrolyte solvent because of its small 
electrical conductivity value of 0.213 mS/cm. There were 
several volume ratio variations in composition between 
acetonitrile and DES to dissolve KI and I2. For further 
discussion, electrolytes resulting from dissolution with 
acetonitrile:DESa3 10:0, 8:2, 6:4, 4:6, 2:8, and 0:10 v/v, are 
called Ea1, Ea2, Ea3, Ea4, Ea5, and Ea6, respectively. 
Meanwhile, the electrolyte resulting from dissolution 
with acetonitrile:DESb4 10:0, 8:2, 6:4, 4:6, 2:8, and 
0:10 v/v are referred to as Eb1, Eb2, Eb3, Eb4, Eb5, and Eb6 
respectively. 

Fig. 4 shows that the absence of precipitates at Ea4, 
Ea5, Ea6, Eb4, Eb5, and Eb6 indicated that DES could dissolve 

 
Fig 3. The relationship of xChCl and DES electrical conductivity 
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Fig 4. KI/I2 electrolyte with acetonitrile:DESa3 (left) and acetonitrile:DESb4 (right) as solvent 

 
the KI/I2 redox couple better than acetonitrile. Hydrogen 
bonding in the solvent increases the solvent polarity or 
polarizability, which can cause higher solubility [27]. A 
white precipitate exists at Ea1, Ea2, Ea3, Eb1, Eb2, and Eb3. The 
precipitate is a residual KI compound that cannot be 
completely dissolved in the solvent. KI compounds have 
low solubility in organic solvents compared to their 
solubility in water [28]. 

Table 2 shows the variations in the volume ratio 
between acetonitrile and DES affecting the electrolyte's 
density, viscosity, and electronic conductivity. The 
relatively high density and viscosity of DES cause an 
increase in the viscosity of the electrolyte. The electrolyte 
using 100% acetonitrile as solvent had a density and 
viscosity of 0.875 g/mL and 0.796 cP, respectively. The 
presence of DES in the mixture causes the density and 
viscosity of the electrolyte also to increase. 

An interesting thing happened in the observation of 
electronic conductivity. The electronic conductivity of the 
electrolyte increased with the addition of DES up to a 
volume ratio of acetonitrile:DES of 6:4 v/v (Ea3 and Eb3). 

The high viscosity of DES is thought to be the cause of 
the low electrolyte's electrical conductivity value when 
using more DES in the mixture. Although DES has a 
much higher electrical conductivity value than 
acetonitrile, when it is used as a KI/I2 solvent, the high 
viscosity of DES can affect the redox system in the 
electrolyte so that the electrolyte with pure acetonitrile 
solvent has a higher electrical conductivity value. 
However, the right combination of these two solvents 
produces an electrolyte with the highest electrical 
conductivity value and optimum viscosity so that the 
mobility of electrons in the redox system is not disturbed 
and the electrolyte is not easily vaporized reducing the 
potential for leakage of the electrolyte system in DSSC. 

DSSC Fabrication and Performance Analysis 

DSSC is a medium used to observe the function 
and capabilities of KI/I2-based electrolytes with a 
combination of DES and acetonitrile as a solvent. DSSC 
performance analysis was performed on cells using Ea3, 
Eb3,  and Ea1  separately.  The  DSSC  performance  tested  

Table 2. Density, viscosity, and electrical conductivity of electrolytes 
Ratio volume 

Acn:DES 
Electrolyte 
type code 

Density 
(g/mL) 

Viscosity 
(cP) 

Electrical conductivity 
(mS/cm) 

10:0 Ea1 0.875 0.796 14.140 
8:2 Ea2 0.923 3.865 22.240 
6:4 Ea3 0.955 8.639 25.200 
4:6 Ea4 1.043 12.679 15.350 
2:8 Ea5 1.192 16.372 12.190 
0:10 Ea6 1.325 18.466 11.850 

10:0 Eb1 0.875 0.796 14.140 
8:2 Eb2 0.996 5.653 15.780 
6:4 Eb3 1.028 10.712 22.500 
4:6 Eb4 1.086 16.068 18.900 
2:8 Eb5 1.205 22.425 8.050 
0:10 Eb6 1.368 26.682 6.710 
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includes short-circuit current (Isc), open-circuit voltage 
(Voc), maximum power (Pmax), and maximum energy 
conversion efficiency (ηmax). The effect of light intensity 
on the values of Isc, Voc, Pmax, and ηmax can be seen in Fig. 
5. 

The Voc value is generated due to the difference in 
charge between the anode and cathode. The potential 
difference that occurred was expressed as a voltage value. 
Fig. 5 shows that the greater the light intensity was given, 
the greater the Voc value also increased. Increasing the 
light intensity higher than 0.06 W/m2 does not significantly 
increase the VOC value. Nunno et al. [29] reported the 
causes and effects of the voltage drop phenomenon. 
According to their research, the voltage drop is affected 
by several things, for example, unacceptable termination 
systems, hot spots, small-sized conductors, and non-
uniform conductor materials. These factors will affect the 
system's increasing local temperature and resistance, 
causing a decrease in the voltage value [29]. In our 
research, an increase in light intensity also increases the 
local temperature of the system so that the Voc value does 
not increase. It even experiences a slight decrease, an 
indication of a voltage drop. 

Besides affecting the value of Voc, light intensity 
also impacts the value of Isc. This can happen because Isc 
is related to the number of photons absorbed, affecting 
the electron excitation process from the dye used. An 
increase in light intensity is accompanied by an increase 
in the value of Isc [30]. The Pmax continues to increase 
with increasing light intensity and reaches its highest 
point at a light intensity of 0.1 W/cm2. The highest 
maximum power is generated from DSSC with Ea3 which 
is equal to 0.719 W. 

The ηmax value can be determined after obtaining 
each cell's Voc and Isc values. In this study, the value of 
energy conversion efficiency indicates the ability of 
DSSC to convert solar energy into electrical energy 
regardless of the fill factor value. DSSC using Ea3 has a 
higher energy conversion efficiency value than DSSC 
using Eb3 and Ea1. These results are directly proportional 
to the magnitude of the electrical conductivity value that 
is owned by the Ea3 solvent. The greater the electrical 
conductivity value, the higher the movement or mobility 
of electrons, which is then interpreted as an electric 
current. Based on the Ohm's Law, voltage (V) is directly 
proportional to current (I) but inversely proportional to 

 
Fig 5. Performance parameters of DSSC with KI/I2 electrolyte system with combination of acetonitrile:DES solvent  
(    Ea3,     Eb3,    Ea1) 
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Table 3. DSSCs performance 

Parameter 
Electrolyte used in DSSC 

Ea1 Ea3 Eb3 
Isc (mA/cm2) 0.136 0.155 0.147 
Voc (V) 0.369 0.465 0.419 
Pmax (W) 0.502 0.719 0.616 
ηmax (%) 0.050 0.072 0.062 

resistance (R) [31-32]. The greater the electrical 
conductivity value, the resistance or resistance value will 
decrease, while the current and voltage values will increase. 

In addition, based on the density and viscosity 
parameters in Table 2 shows that Ea1 has the lowest 
density and viscosity values, followed by Ea3 and Eb3. The 
density and viscosity values of the electrolyte that are too 
small can result in leakage in the electrolyte system at 
DSSC. However, an increase in relatively high density and 
viscosity values in the Eb3 electrolyte causes a decrease in 
fluid velocity and electrolyte diffusion, which affects 
charge transport in electrolytes [12]. Therefore, the Ea3 
electrolyte with the best density, viscosity, and 
conductivity parameters generates the highest energy 
conversion efficiency. 

Table 3 shows that the DSSC using Ea3 performs 
better than the DSSC using Eb3 or Ea1 because the 
acetonitrile:DESa3 based solvent has a higher electrical 
conductivity value. In addition, in the DSSC fabrication 
process, it was also observed that Ea3 and Eb3 had a longer 
shelf life in the cell state that had not been covered with 
glue when compared to Ea1, which experienced faster 
evaporation. This can happen because Ea3 and Eb3 have a 
higher viscosity value than Ea1. 

■ CONCLUSION 

The potential of deep eutectic solvents as solvents 
for KI/I2 redox pairs has been successfully developed to 
substitute acetonitrile. The suitable volume composition 
of a mixture of DES and acetonitrile can produce 
electrolytes with higher viscosity and electrical 
conductivity than pure acetonitrile. The optimal 
composition was obtained at the volume ratio of 
acetonitrile: DES ChCl:EG with xChCl 0.3 (η = 16.84 cP; 
κ = 9.94 mS/cm). These characteristics then cause the 
increased performance of DSSC in converting light 

energy into electrical energy. Evaporation and solvent 
leakage in cells can be prevented, and the electron 
transport process in the electrolyte system can be 
improved. To determine the charge transport 
mechanism, further research will be needed on IPCE 
measurements and impedance data. 
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 Abstract: Biodiesel production from non-edible oil is an alternative way to reduce edible 
oil dependency and reduce the competition for feed and food. Candlenut oil (Aleurites 
moluccana L.) is one of the non-edible oils which can be used as feedstock for biodiesel 
production since they have a high oil content. Herein, the biodiesel production from 
candlenut oil has been conducted using zinc oxide (ZnO) synthesized by the polyol 
method. Polyol methods facilitated the formation of ZnO nanoparticles with various 
shapes, including spherical, rod, and hexagonal. Besides, ZnO showed a mesoporous 
characteristic, facilitating the conversion of fat fatty acid to fatty acid methyl ester 
(FAME) of 61%. Increasing ZnO dosage led to enhancing the FAME yield. Similarly, the 
FAME yield was also improved by increasing the reaction time. The results of 
esterification of candlenut oil and methanol yielded 70.76% FAME with 2% nano-ZnO 
polyol catalyst at 180 min reaction time at room temperature whilst being stirred 
constantly at 400 rpm. A good FAME conversion using ZnO at room temperature 
provides good information to produce biodiesel with a simple method. Apart from that, 
photocatalytic promoted transesterification at room temperature, which is beneficial for 
reducing energy consumption. 

Keywords: biodiesel; esterification; candlenut oil; ZnO nanoparticle; polyol technique 

 
■ INTRODUCTION 

The development of renewable energy has been 
investigated in order to meet the energy demand. Biodiesel 
is an alternative fuel among various renewable energy 
which non-toxic, biodegradable, and environmentally 
friendly [1-2]. As reviewed by Tabatabaei et al. [3], various 
method has been developed to yield biodiesel, including 
direct use and blending, microemulsion, pyrolysis, and 
transesterification. Direct use and blending showed a high 
viscosity and free fatty acid due to the incomplete 
reaction, even though this method offered a low-cost 
production. Microemulsion methods facilitated biodiesel 
production with lower viscosity and higher liquidity. 
However, the obtained biodiesel using the microemulsion 
method has a heavy deposition of carbon and inadequate 
combustion. Pyrolysis exhibited satisfactory physical and 
chemical properties of the yielded biodiesel. Nevertheless, 

the production cost of pyrolysis is very high. The 
transesterification method is a common method for 
biodiesel production. The transesterification method is 
carried out at 60–70 °C to convert the oils and fats into 
biodiesel in the presence of a suitable catalyst [4-5]. 
Besides, biodiesel production via transesterification 
methods can be conducted using various types of 
feedstocks that contain free fatty acids and/or 
triglycerides [6]. Various edible oil was used for 
biodiesel production, including canola oil [7-8], 
rapeseed oil [9], peanut oil [10], sunflower oil [11-12], 
coconut oil [13], palm oil [14-15], and safflower oil [16]. 
However, utilizing edible sources for biodiesel 
production led to ecological imbalances and 
deforestation. Therefore, non-edible oil can be used as 
an alternative feedstock for biodiesel production. The 
usage of non-edible oil decreases the edible oil 
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dependency and reduces the competition for feed and 
food [17]. Various non-edible oils have been successfully 
converted into biodiesel, including jatropha oil [18], 
karanja oil [19], mahua oil [20], and moringa oil [21]. 
Among all the potential non-edible oil, candlenut oil is a 
potentially new feedstock for biodiesel generation. 
Candlenut (Aleurites moluccana L.) is a type of plant that 
contains a fairly high oil content, approximately 55–65% 
oil in its seeds. Candlenut oil is flammable making it able 
to be used as a fuel. Previous research has shown that A. 
moluccana could produce biodiesel with superior 
properties when combined with an ester content of more 
than 99% [22]. Generally, biodiesel production via an 
esterification reaction is carried out using a homogeneous 
catalyst such as sulfuric acid [23-24], potassium 
hydroxide [25], and sodium hydroxide [26]. However, the 
use of homogeneous catalysts still has several 
disadvantages, such as being less economical since they 
are only used once and require a lot of solvents to wash 
the reaction products [27]. Therefore, using 
heterogeneous catalysts can be an alternative to overcome 
these problems. 

Photocatalytic-assisted transesterification has been 
developed to generate biodiesel. Photocatalytic-assisted 
transesterification was carried out at room temperature, 
which is beneficial to reduce energy consumption since 
the transesterification process was normally done at 
various temperatures. Previously, Corro et al. [28] 
developed photocatalytic-assisted transesterification to 
yield biodiesel from waste frying oil. They combined 
chromium (Cr) and silica (SiO2) as a heterogeneous 
photocatalyst to produce biodiesel. Interestingly, the 
addition of Cr on SiO2 facilitated the photoreaction to 
yield the biodiesel with a fatty acid methyl ester (FAME) 
percentage of ~98%. TiO2 has also been reported for 
biodiesel production via a photocatalytic process. As 
reported by Ambrosio et al. [29], FAME percentages were 
achieved at 95% using TiO2/H2O2 system under Hg lamp 
vapor irradiation. 

Apart from that, zinc oxide (ZnO) was also 
developed for biodiesel production [4,30]. ZnO has a 
strong acid site which makes this oxide being able to be 
applied as a catalyst in reactions that require acidic 

properties, such as esterification reactions to produce 
biodiesel, which composed of FAME [31]. The strong 
Lewis acid of ZnO was generated by the appearance of 
Zn2+ at the outermost layer of the ZnO surface [32]. In 
addition, ZnO can easily form nano-sized particle, 
which plays a crucial role and resolve various bottleneck 
problems associated with the esterification process in 
biodiesel production. The nano-sized ZnO also 
increases the selectivity and catalytic activity [33]. Due 
to its hexagonal wurtzite nature, nano-sized ZnO also 
possesses a higher affinity and oxygen vacancy [34-35]. 

Various methods have been used to obtain nano-
sized ZnO, including coprecipitation [36], hydrothermal 
[37], solvothermal [38], solid-state [39], electrochemical 
[40], and precursor thermal decomposition [41]. 
However, the mentioned synthesis methods have 
disadvantages to the synthesis of nano-sized ZnO. 
Coprecipitation requires a stabilizer and needs post-
treatment to remove the impurities. Hydrothermal and 
solvothermal require autoclave reactors and are 
challenging to control the size of ZnO. Solid-state is a 
simple method to synthesize ZnO. However, this process 
must be carried out several times in order to yield a 
nanoparticle of ZnO. The electrochemical method is 
very suitable for generating ZnO with controlled size 
and morphology. However, the equipment for the 
electrochemical process is expensive. Thermal 
deposition is an excellent method to prepare a high 
purity of nano-ZnO. Despite its advantages, the 
equipment is very expensive, and the source material 
may be limited. In order to overcome the disadvantages, 
the polyol method has been designed to generate a nano-
sized ZnO. The polyol technique is a nanoparticle 
synthesis method that utilizes different types of diols as 
reaction media [42]. Polyols also act as stabilizing agents 
and regulate particle growth. This method has many 
advantages due to the process being easy, simple, and 
flexible. Furthermore, the polyol technique offers the 
ability to form nanoparticles directly, does not require a 
calcination process, and the growth of nanoparticles can 
be controlled both in shape and size [43]. 

As proposed in this work, the production of 
biodiesel has been done at room temperature using 
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nano-sized ZnO. ZnO was prepared by polyol methods. 
The polyol methods facilitated the formation of nano-
sized ZnO. In addition, polyol methods also promoted the 
formation of mesoporous ZnO, which is very 
advantageous to attach the precursor to obtain biodiesel. 
The optimization of photocatalyst dosage and reaction 
time were investigated to provide the optimum condition 
for biodiesel production using ZnO at room temperature. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were sodium 
hydroxide (NaOH, Sigma-Aldrich, 99%), zinc acetate 
dihydrate (Zn(CH3COO)2·H2O, Sigma-Aldrich, 99.5%), 
diethylene glycol (DEG, Sigma-Aldrich, 99%), ethanol 
(EtOH, Full time, 96%), acetone (Full time, 99%), 
methanol (Merck, 99%), and demineralized water. The 
candlenut oil was bought from SIPA, Sidoarjo, Indonesia. 

Instrumentation 

In this study, several instruments were used to 
investigate the properties of ZnO. The crystallinity and 
structural phase of the synthesized ZnO nanocatalyst was 
verified through X-ray diffraction (XRD, Philips 
PW1140/90) with Cu-Kα radiation (λ) of 0.15406 nm and 
0–80° scanning angle range at room temperature. The 
surface morphologies and the particle sizes were analyzed 
through the field emission scanning electron microscope 
(FESEM, Themo Scientific Quattro S) and transmission 
electron microscope (TEM Hitachi HT7700). The total 
surface area and the pore size distributions were 
measured using the nitrogen (N2) physisorption 
(Quantachrome Nova 4200e) at 77 K using the NLDFT 
analysis method with a degassing temperature of 120 °C 
for 8 h. The resulted photo-transesterification was 
analyzed using Gas chromatography-mass spectrometry 
(GC-MS, Agilent Technologies 7890A GC-5975MS) 

Procedure 

Synthesis of ZnO nanocatalyst 
ZnO nanoparticles were synthesized by polyol 

technique using a reflux system as shown in Fig. 1(a), the 
same technique used in the previous study carried out by 
Hosni et al. [42]. The concentration of Zn2+ (z) was 

0.5 mol L−1, the ratio of H2O:Zn2+ concentration (h) was 
5:1, and the ratio of NaOH:Zn2+ (b) was 1:1. The 
synthesis mixture was prepared by dissolving 21.95 g of 
Zn(CH3COO)2·H2O, 4 g of NaOH, and 5.4 mL of 
demineralized water in 194.6 mL of DEG. The mixture 
was subsequently refluxed for 2 h at 161 °C whilst being 
stirred at 600 rpm until a white mixture was obtained. 
The mixture was then centrifuged at 10,000 rpm for 
5 min in order to separate the white suspension from the 
solvent. Next, the white suspension obtained was 
washed several times with EtOH (Full time, 96%) and 
acetone (Full time, 99%). Subsequently, the product was 
dried at 80 °C for 48 h until the white powder was 
obtained. 

Esterification of candlenut oil 
The esterification reaction of candlenut oil was 

carried out with a ratio of oil to methanol of 1:3. Initially, 
100 g (108.13 mL) of candlenut oil and 43.25 mL of 
methanol were prepared in a batch reactor as depicted in 
Fig. 1(b). Thereafter, the various amounts of ZnO 
nanocatalyst were added and the running times were 
started. The reactions were carried out for 60, 120, and 
180 min with continuous stirring at 400 rpm. During the 
reaction, the UV-LED lamp was turned on to drive the 
photocatalytic reaction. After the reaction times had 
finished, each phase of the mixture was separated using 
a centrifuge at 10,000 rpm for 5 min. The mixture was 
separated into three phases, the upper phase was the 
excess of the methanol, the middle phase was the main 
product, and the lower phase was the catalyst. 
Subsequently, the composition of the main product was 
further analyzed with GC-MS. 

■ RESULTS AND DISCUSSION 

Morphologies and Properties of ZnO 

The phase structure, crystallinity, and pore 
properties of the ZnO catalyst were synthesized using 
the polyol technique, as illustrated in Fig. 1. The XRD 
results in Fig. 2(a) signified that the synthesized ZnO had 
similar characteristic peaks with a standard ZnO (JCPDS 
No. 36-1451), indicating that the synthesized ZnO had a 
hexagonal (wurtzite) structure. The characteristic peaks 
of ZnO synthesized by the polyol technique were observed  
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Fig 1. (a) Reflux system for polyol method and (b) batch photocatalytic reactor for biodiesel production 
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Fig 2. (a) XRD pattern of ZnO, (b) N2 adsorption-desorption and pore size diameter of ZnO 

 
at 2θ = 31.67°, 34.40°, and 36.17° associated with the 
(100), (002), and (101) plane, which is in line with 
previous studies [36,44] using coprecipitation methods 
and gelatine templates, respectively. The sharp peaks with 
high intensity hinted that the synthesized ZnO had a 
crystalline structure without any post-synthesis heat 
treatment. In addition, the absence of impurities was 
observed, indicating that the polyol method promotes the 
formation of ZnO with good purity. The intensity of (101) 
peak is higher compared to other peaks, revealing that 
ZnO grows to the (101) direction [45]. Additionally, those 

peaks are shifted approximately 0.08° compared to the 
JCPDS standard, indicating the enhancement of 
interplanar spacing due to the formation of oxygen 
vacancy [46]. This result is in agreement with the previous 
study by Bi et al. [47], showing that the formation of 
oxygen vacancy enhances the interplanar spacing and 
results in the decrease of (101) diffraction angle. 

The porosity of the synthesized ZnO nanocatalyst 
was investigated using the N2 adsorption-desorption 
isotherm. The surface area and pore size distribution 
were also calculated by implementing the NLDFT 
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calculation method, and the results are shown in Fig. 2(b). 
The total surface area of the synthesized ZnO is 
15.5 m2 g−1. The prepared ZnO shows a low amount of N2 
adsorption at P/P0 of 0–0.7 and subsequently enhanced 
until P/P0 of 0.99. The obtained isotherm signifies a type 
IV isotherm according to IUPAC recommendation, 
revealing that the prepared ZnO is a mesoporous material 
[44]. The hysteresis loop is also generated in ZnO due to 
the condensation process during the desorption process 
[48]. The yielded hysteresis loop in ZnO is associated with 
H3-type hysteresis, corresponding to interconnected 
mesopores with non-uniform shape and size [49], which 
is confirmed by FESEM and TEM analysis. The type of 
hysteresis demonstrates the mesopores materials with 
agglomerate or aggregates characteristic of nanoparticles 
forming slit-shaped pores with non-uniform size and 
shape [50]. The hysteresis loop at P/P0 ~0.85–0.99 
indicates the formation of interparticle voids caused by 
textural porosity between the particles [51]. Based on the 
pore size distribution calculation, it is exhibited that the 
pore sizes of synthesized ZnO are mostly around 12 nm. 

FESEM and TEM are shown in Fig. 3. Based on the  
 

FESEM result in Fig. 3(a), the polyol technique used in 
this study has successfully produced ZnO with 
nanoparticle sizes. The ZnO nanoparticles agglomerate 
and generate a big particle size in micrometer. This 
result is in line with the previous study by Mahamuni et 
al. [52] that reported the agglomeration of nanoparticle 
ZnO synthesized by the polyol method. In order to 
obtain better imaging information in relation to the size 
and shape of the synthesized ZnO nanoparticles, TEM 
analysis was carried out, as depicted in Fig. 3(b). In terms 
of the shapes of the particles, they are relatively hexagonal, 
rod, and spherical. The particle size of ZnO is confirmed 
using particle size distribution by estimating 100 
individual particles of the projected area in the TEM 
images, as shown in Fig. 4. The average diameter size of 
ZnO is found in the range of 10–210 nm. The average 
diameter of 20–80 nm shows a high frequency of ZnO, 
indicating that most of the synthesized ZnO size is under 
100 nm. Compared to the previous study by Chieng and 
Loo [53], the obtained ZnO has a similar size (under 
100 nm) which confirmed that the polyol method can 
promote the generation of nano-sized ZnO. 

 
Fig 3. (a) FESEM, (b) TEM images of ZnO, and the (c) hexagonal, (d) rods and (e) sphere morphology of ZnO 
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Photo Esterification of Candlenut Oil 

Fig. 5 shows the components of candlenut oil used 
in this study. The main components were FFA, FAME, 
and alkanes compounds. Candlenut oil also contains a 
small number of aromatic compounds and alcohol. The 
GC-MS results showed that the candlenut oil contained a 
high amount of FFA of approximately 31.23%. The main 
FFA compounds in the candlenut oil were linoleic acid 
(9(Z),12(Z)-octadecadienoic acid) and palmitic acid (n-
hexadecanoic acid). The candlenut oil itself initially 
contains approximately 37.06% FAME compounds. In 
this study, the FFA content of candlenut oil was converted 
into FAME compounds through an esterification reaction 
with methanol and ZnO polyol nanocatalyst. 

Fig. 6(a) displays the effects of ZnO polyol 
nanocatalyst amount (%w/w ZnO/candlenut oil) to the 
FAME percentage results for 180 min esterification time 
with an oil: methanol ratio of 1:3 at room temperature 
whilst being stirred at 400 rpm. The results signified that 
the addition of ZnO polyol nanocatalyst to the reaction 
was able to increase the FAME yield. The plot also 
revealed that the amount of FAME percentage increased 

with increasing the amount of ZnO polyol nanocatalyst 
(0.5, 1.5, and 2.0%). Increasing the amount of ZnO led 
to enhancing the active surface for the photo-
transesterification process. Consequently, the amount of 
generated FAME is increased [54]. An optimum FAME 
yield can be obtained after adding 2.0% of ZnO polyol 
nano catalyst to the reaction, with FAME percentage 
result obtained is approximately 70.76%. This result also 
demonstrated that the synthesized ZnO nano through 
the polyol method was successfully performed as a 
catalyst to convert FFA into FAME in the esterification 
reaction of candlenut oil. However, the percentage of 
FAME is slightly reduced compared to the previous 
study by Zhang et al. [55], reporting that the FAME 
conversion from waste cooking soybean oil was 100% 
using graphitic carbon nitride supported molybdenum 
catalyst. This result is very reasonable since only ZnO is 
used as a photocatalyst, yielding a fast recombination 
process compared to modified photocatalysts [56]. As a 
result, the transesterification process promoted by the 
photo-redox reaction is low compared to modified 
photocatalysts. 



Indones. J. Chem., 2023, 23 (5), 1304 - 1314    

 

Hendro Juwono et al. 
 

1310 

0.5 1.0 1.5 2.0

60

62

64

66

68

70

72

0 60 120 180

35

40

45

50

55

60

65

70

 

F
A

M
E

 c
o

n
ve

rs
io

n
 (

%
)

Catalyst dosage (% w/w)

(a)

F
A

M
E

 c
o

n
ve

rs
io

n
n

 (
%

)
Reaction time (min)

(b)

 
Fig 6. (a) Effect of catalyst dosage (b) Effect of esterification time 

 
Fig 7. Proposed mechanism of oil and methanol photo-esterification through ZnO catalyst 

 
Fig. 6(b) displays the effects of esterification time 

(60, 120, and 180 min) with respect to the FAME 
percentage result in the presence of 2.0% ZnO polyol 
nanocatalyst with oil: methanol ratio of 1:3 at room 
temperature whilst being stirred at 400 rpm. The result 
hinted that the reaction time highly affected the FAME 
percentage result. A small increase in FAME percentage 
was obtained after the reagent was being reacted for 
60 min. Increasing the reaction time significantly 
increased the FAME percentage result, which was around 
47% and 70% for 120 and 180 min reaction time, 
respectively. It can be seen that increasing the time 
temperature enhanced the time of the transesterification 

reaction via the photocatalysis process. According to the 
process, the photocatalytic process promotes the 
transesterification process to yield biodiesel. During the 
UV light irradiation, electrons on the valence band (VB) 
of ZnO were excited to the conduction band of ZnO. At 
the time, holes were also generated on the VB of ZnO. 
The electrons would react with the FFA molecule to 
form a radical compound of FFA (compound a) [28]. 
Besides, holes would react with methanol to form 
methanol radicals and protons. Methanol radical would 
react with FFA methanol to form compound b, followed 
by attacking H+ to yield compound c. Since the oxygen 
atom has a lone pair electron, it is possible to attack the 
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hydrogen atom of a hydroxyl group in compound d, 
which has the lowest electronegativity. Thus, the oxygen 
atom of the hydroxyl group reacted with the hydrogen 
atom of another hydroxyl group and yielded a water 
molecule and methyl ester group, as illustrated in Fig. 7. 

■ CONCLUSION 

The production of biodiesel from candlenut oil 
using ZnO via photocatalytic-assisted transesterification 
has been successfully carried out. ZnO was prepared via 
the polyol method and exhibited a nanoparticle size of 
20–200 nm and a surface area of 15.5 m2 g−1. The pore size 
distribution of ZnO was mostly around 10–20 nm. Besides, 
various morphologies were generated by polyol methods, 
including spherical, rods, and hexagonal. The GC-MS 
result reported that the application of the candlenut oil 
esterification reaction was successfully carried out. The 
FFA content in candlenut oil has been converted into 
FAME with the assistance of nano-ZnO polyol as the 
catalyst. The effect of ZnO percentage and esterification 
time revealed that the FAME percentage increased either 
along with the increasing ZnO percentage (0.5, 1.5, and 
2.0% w/w) or with the increasing reaction time (0, 60, 120, 
and 180 min). The yield of FAME percentage was 
approximately 70.76%, which was obtained in the reaction 
using 2.0% nano-ZnO polyol under 180 min reaction 
time at room temperature whilst being stirred constantly 
at 400 rpm. The photocatalytic process promotes the 
transesterification process at room temperature, which is 
beneficial for reducing energy consumption. Apart from 
that, a moderate FAME percentage is obtained due to the 
limitation of ZnO in charge carrier transfer and 
separation as a single photocatalyst. 
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 Abstract: Halal food assurance is becoming more important with the growth of the 
halal industry globally. Adulteration of halal meat products using non-halal sources 
such as pork, dog, boar, and even frog meat has become a major problem for moslems. 
The purpose of this study is to initiate the method for frog meat identification using 
polymerase chain reaction (PCR) technique. In this study, three primer pairs (Fk1-Rk1, 
Fk2-Rk2, Fk3-Rk3) were analyzed for their specificity toward frog meat against other 
common halal meat sources such as beef, chicken, shrimp, squid, and mackerel. The 
visualization of DNA amplification showed that primer pair Fk1-Rk1 produced primer-
dimer, thus cannot be used for this circumstance. Primer pair Fk2-Rk2 showed a better 
result where DNA amplicon was produced at ~100 bp for frog meat and no amplicons 
for other meat. Primer pair Fk3-Rk3 showed a different pattern of DNA amplification 
for all the meat tested, where the amplicon of frog meat was shown at ~100 bp, while 
the other meat showed multiple amplicons or none. In conclusion, primer pairs Fk2-
Rk2 and Fk3-Rk3 showed their potential as primer pairs for frog meat identification 
using PCR for implementing halal food assurance, although sensitivity analysis needs 
to be investigated. 

Keywords: halal food assurance; adulteration; frog meat; polymerase chain reaction 

 
■ INTRODUCTION 

Most people, especially moslems, are now more 
aware of halal food assurance because moslems are not 
allowed to consume non-halal food [1-2]. This assurance 
might be based on the source, the additives, and the 

procedures used during the product’s preparation. This 
is in line with the growth of the halal food industry, 
which contributes 1.6 billion USD worldwide [3-5]. Due 
to the huge economic growth, halal food and beverages 
industries are susceptible to adulteration by cheaper and 



Indones. J. Chem., 2023, 23 (5), 1315 - 1323    

 

Norman Yoshi Haryono et al. 
 

1316 

even non-halal sources. Many sources such as dog, pork, 
and boar meat are even used as the replacement or 
addition for beef products for the producer to gain more 
profit [6]. As a result, the method to identify 
contaminated non-halal meat in the food product is 
greatly developed. 

One of the meat sources that belong to non-halal 
food is frog meat. This is based on Fatwa number 4 year 
2003, issued by Indonesia Ulema Council (Majelis Ulama 
Indonesia), stating that it is forbidden for moslems to 
consume frog meat, making it a non-halal food source. 
On the other hand, Indonesia is one of the biggest frog 
meat exporters in the world, making it prone to be used 
as meat substitution for halal food products. Although 
such a case rarely to none happens, a method for 
identifying frog meat should be established for 
precaution. A method that was used to analyze the 
presence of frog meat in the food products is based on the 
difference in spectrum profile from frog oil compared to 
other oils using Fourier transform infrared spectroscopy 
(FTIR) [7]. Having said that, the investigation did not 
reveal the comparison between the frog oil spectrum 
against another oil spectrum. 

Another approach in doing determination of meat 
species is based on the volatile organic compounds 
(VOCs). A different source of meats produces a different 
ratio of the VOCs (e.g., hydrocarbons, alcohols, aldehydes, 
ketones, carboxylic acids, esters, etc.) that can be analyzed 
using gas chromatography-mass spectrometry (GC-MS) 
and even sensory device such as electronic nose because 
the different ratio of VOCs resulting different odor [8-9]. 
However, the preparation and analysis of oil using FTIR 
and VOCs using GC-MS are not quite practical. The 
cooking process and post-mortem treatment of the meat 
also could contribute to varying those ratios. 

The most popular method to make identification of 
meat sources is based on protein and DNA analysis. 
Although protein-based analysis has some edges, 
particularly in the practical sense, such as the availability 
of various protein kit analyses and relatively affordable, it 
has a major drawback when compared to DNA-based 
analysis, especially for products that have been extensively 
processed [10]. This is because DNA is much more stable 

under extreme conditions and not easily denatured [11]. 
Therefore, DNA-based analysis using polymerase chain 
reaction (PCR) remains the most popular method to 
distinguish contamination of non-halal meat in food 
products. 

Identification of the presence of dog meat in beef 
meatballs was successfully investigated using real-time 
PCR using the primer pair designed out of cytochrome-
b nucleotides [12]. Another PCR method, namely two 
direct-triplex PCR, was used to identify various meat 
ranging from pork, beef, horse, chicken, turkey, dog, 
lamb, and buffalo meats, which later developed into 
direct pentaplex PCR [13-14]. However, the 
investigation to identify frog meat using the PCR 
method has yet to be carried out. Therefore, this study 
aimed to develop the method of frog meat identification 
using the PCR technique to support the halal food 
assurance implemented by the government. This study 
focuses on the selection of primer candidates that can be 
used for frog meat identification using PCR. 

■ EXPERIMENTAL SECTION 

Materials 

Materials used include various meat such as frog 
(K), beef (S), chicken (A), shrimp (U), squid (C), 
mackerel (T), 70% alcohol, sterile distilled water (SDW), 
DNA isolation reagent DNEasy Blood & Tissue Kit 
(Qiagen), Dreamtaq Green PCR master Mix 2x (Thermo 
Fisher Scientific), and three pairs of primers based on 
cytochrome b (cyt-b) target gene (primer Fk1-Rk1, Fk2-
Rk2, and Fk3-Rk3). 

Instrumentation 

The instrumentation used were analytical balance 
(Kern ABJ-2204NM), microcentrifuge (Tomy), 
NanoDrop Spectrophotometer (Thermo Fisher 
Scientific), electrophoresis machine (MUPID-eXU), UV 
transilluminator (Uvitec Firereader V10 Plus), and 
Mastercycler Nexus PCR Cycler (Eppendorf). 

Procedure 

Primer design 
Primer design was carried out using BioEdit version 

7.0.4.1 software. The cyt-b genes from eight frog species 
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and three other cyt-b genes from cow, chicken, and goat 
were aligned to tableure out the conserved nucleotide 
region amongst them. The chosen primer pair (later called 
Fk1 and Rk1) was based on the similarity between eight 
frog species and the most differences with the other three. 
All of the genes were obtained from NCBI 
(https://www.ncbi.nlm.nih.gov/) with the accession 
number as follows: L08376.1 (Gallus gallus), D34635.1 (Bos 
taurus), D84201.1 (Capra hircus), KU246049.1 (Rana 
kukunoris), MF370348.1 (Rana amurensis), KX686108.1 
(Rana catesbeiana), AF205091.1 (Rana dybowskii), 
AF205087.1 (Rana nigromaculata), AF205088.1, (Rana 
plancyi), AF205093.1 (Rana rugosa), and NC_042226.1 
(Rana temporaria). The second and third primer pairs 
(Fk2, Rk2, Fk3, and Rk3) were microsatellite markers in 
the common frog (R. temporaria) previously used for 
investigations of population structure and reproductive 
behavior in R. temporaria [15]. The sequence of all primer 
pairs is shown in Table 1. 

DNA isolation and quantification 
Frog meat (R. catesbeiana) as well as beef, chicken, 

shrimp, squid, and mackerel meat, were weighed for 
100 mg and transferred to a 2 mL microtube. The meat 
was crushed using micropistil, and the DNA was isolated 
using DNEasy Blood & Tissue Kit from Qiagen. The 
amount of isolated DNA and also its purity was quantified 
using NanoDrop® spectrophotometer (Thermo Fisher 
Scientific) by measuring the absorbance at 260 and 
280 nm. The DNA purity was calculated by dividing the 
absorbance of 260 nm by the absorbance of 280 nm, which 
was classified as pure DNA if the result is between 1.8–2.0. 

DNA amplification and visualization 
DNA amplifications were conducted using the 

Eppendorf Matercycler Nexus PCR Cycler with the 
cocktail PCR in Table 2. The PCR reaction was performed 

under the conditions: pre-denaturation at 95 °C for 
5 min, denaturation at 95 °C, and annealing for 1 min 
(annealing temperatures for primer pair number 1, 2, 
and 3 were 52, 56, and 56 °C, respectively), extension at 
72 °C for 1 min, this process was repeated for 40 cycles. 
For the last cycle, the extension was prolonged for 
another 10 min. 

Qualitative analysis of the DNA band was carried 
out using the MUPID-eXU electrophoresis machine. 
Separation of DNA fragments was performed using 1% 
agarose containing 0.01% (v/v) EtBr at 50 V for 60 min. 
The DNA band was then visualized using UV 
transilluminator Uvitec Firereader V10 Plus. 

Data analysis 
All the selected primers were analyzed using 

Nucleotide BLAST or BLASTn 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) to obtain the 
similarity of the primer sequence with all the databases 
stored in NCBI. This analysis helps to ensure the 
specificity of the primers towards the targeted organism. 
To gather information regarding primer’s characteristics 
such as GC content, melting temperature (Tm) value, and 
hairpin formation, the online software Sequence 
Manipulation Suite: PCR Primer Stats 
(https://www.bioinformatics.org/sms2/pcr_primer_stat
s.html) was used. These primer characteristics are useful 
to determine the condition for the amplification process. 

Table 1. The Sequence of Frog Primer Pairs 
Primer Sequence (5’→3’) 

Fk1 GCAGCCCTATCAACCTTCTC 
Rk1 TAAGGGAGCGAAGTTTGGAG 
Fk2 TCTCTCTTCTTTGTTCCCTGAGC 
Rk2 CCTTGAGAGGGGCAAGTAAGGC 
Fk3 AGCGCCATGCTTATGCTGAG 
Rk3 TTGATATTTGCTTGCGGGGC 

Table 2. Cocktail Mixture for PCR Reaction 
Mixture component Volume (μL) 
Dreamtaq Green Master Mix 2x 12.5 
Forward primer (10 μM) 1.00 
Reverse primer (10 μM) 1.00 
DNA template According to the amount needed, which is 100 ng  
Nuclease Free Water Until total volume reaches 25 μL 
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■ RESULTS AND DISCUSSION 

The primer design was based on eight organisms’ 
cyt-b genes. Cyt-b was chosen due to its characteristic of 
having species-specific mutation sites indicating its 
usefulness as a marker for species identification [16]. In 
addition to that, the cyt-b gene was reported to have a 
short DNA fragment that acts as the universal DNA that 
can be used as a barcode region to differentiate many 
animal species [17]. Mitochondrial DNA, which encodes 
the cyt-b gene, possesses distinct characteristics being the 
second genetic information system of eukaryotic cells 
[18], and has a closed circular double-stranded structure 
that is able to do self-replication semi-conservatively [19]. 
All of those characteristics make mitochondrial DNA 
(cyt-b gene) a beneficial resource for understanding the 
evolution as well as genetic relationship between species 
[20], therefore suitable for developing specific primers for 

the PCR method. Many studies reported that the use of 
mitochondrial DNA, especially cyt-b, has delivered 
accurate identification for organism identification, such 
as the detection of pork contamination [21], 
characterization of tropical fishes [20] and even 
phylogenetic analysis for some insects [22]. Eleven 
mitochondrial cyt-b genes obtained from NCBI were used 
for designing primer number 1 (later known as primer 
Fk1-Rk1), including 3 genes from non-Rana species and 
8 Rana species. The alignment is shown in Fig. 1. 

The chosen primer was based on the conserved 
region between 8 cyt-b genes of Rana species and also 
has the most difference of the other 3 cyt-b genes from 
non-Rana species. Therefore, the designed primer pair of 
Fk1 is located in region 721–741 bp, while Rk1 is located 
in region 930–949 bp. Primer pair numbers 2 and 3 were 
microsatellite  primers   constructed  from  R.  temporaria 
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Fig 1. Alignment of cyt-b genes from 11 species 

Table 3. Summary of primer characteristics 
Primer Sequence (5’-3’) Length (bp) Tm (°C) GC (%) Primer dimer 

Fk1 GCAGCCCTATCAACCTTCTC 20 59.3 55.0 No 
Rk1 TAAGGGAGCGAAGTTTGGAG 20 57.3 50.0 No 
Fk2 TCTCTCTTCTTTGTTCCCTGAGC 23 60.6 47.8 No 
Rk2 CCTTGAGAGGGGCAAGTAAGGC 22 64.0 59.1 No 
Fk3 AGCGCCATGCTTATGCTGAG 20 59.3 55.0 No 
Rk3 TTGATATTTGCTTGCGGGGC 20 57.3 50.0 No 

 
that showed characteristics of 10 polymorphic 
microsatellite loci and a bi-allelic marker [16]. Hence, 
primer pairs Fk2-Rk2 and Fk3-Rk3 are expected to give 
different DNA amplification patterns. Meaning instead of 
a single DNA band amplified by the primer, microsatellite 
primer can amplify many DNA fragments from many 
loci. This is because microsatellite belongs to 
subcategories of tandem repeats (TRs) distributed to 
make up genomic repetitive regions [23]. 

The characteristic of the six primers was tabulated 
in Table 3, and the difference in Tm value for each primer 
pair was rather significant (especially primer pair Fk2-
Rk2). The downfall of having a significant difference 
between Tm is their annealing temperature (Ta) could be 
too low for one primer or too high for the other. This 
could lead to either the occurrence of an unspecific DNA 
band or no amplification was not carried out. Thus, 
determining the optimal Ta for each primer pair that has 
a different Tm value is crucial. On the other hand, the GC 
content of each primer met the requirement of a good 
primer for PCR which is 40–60%, because a low GC 
content could reduce the efficiency of the PCR while high 
GC content can cause hairpin formation, which can 
hinder the primers from annealing themselves to the 
template [24]. 

The specificity of each primer pair was determined 
by the DNA amplicon resulting from the amplification 

process. Primer pair is said to be specific if only the 
targeted DNA fragment was produced for the 
investigated species and no amplification for other 
species. Amplification using primer pair Fk1-Rk1 did 
not produce any DNA fragment for all the meat tested 
(data not shown). This phenomenon indicates that 
primer pair Fk1-Rk1 does not have any specificity 
toward all the meat samples that had been tested. 
Although primer pair Fk1-Rk1 was said not to have the 
possibility to form primer dimer based on the data from 
Table 1, some proposed self-dimer structures are 
actually existing (Table 4). It would suggest that the non-
specificity of primer Fk1-Rk1 for not having any 
amplification is not merely because it is not specifically 
against the frog DNA template but due to the high 
possibility of forming a primer dimer. 

Amplification using primer Fk2-Rk2 and Fk3-Rk3 
is shown in Fig. 2. From the visualization of DNA 
amplification using both pairs of primers, DNA 
fragments of frog meat can be seen slightly above the 
100 bp region, whereas in other samples (T2, A2, C2, U2, 
and S2), there was no DNA amplification using Fk2-Rk2 
primer pairs and primary dimers occurred using Fk3-
Rk3 primer pairs. The primer pair Fk2-Rk2 might be 
used as a candidate primer for frog meat identification. 

In contrast, the primer pair Fk3-Rk3 showed a 
different pattern  of amplification.  The targeted  sample, 
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Table 4. Proposed primer dimer structure 
Primer Proposed structure of primer dimer 

Fk1 

 

 

 
Rk1 

 

 
Fig 2. Visualization of DNA amplification using (a) primer Fk2-Rk2 and (b) primer Fk3-Rk3 (M: DNA marker K: frog, 
T: mackerel, A: chicken, C: squid, U: shrimp, and S: beef) 
 
which is frog meat (K3), also had DNA fragments slightly 
above the 100 bp region. The amplification from mackerel 
meat (T3) resulted in DNA fragments at ~150 bp, and 
amplification from chicken, squid, and beef meat (A3, C3, 
and S3, respectively) resulted in multiple bands with 
different patterns from each other. This occurrence was 
due to the microsatellite primer characteristic that is able 
to amplify many DNA fragments from the different locus. 
The last sample, which was shrimp meat (U3), showed no 
amplification happening. Based on this visualization, 
primer Fk3-Rk3 could also be a candidate primer for frog 
meat identification to further improve the development of 
halal food assurance; that is, the unique pattern of 
multiple bands could be used to identify species of interest 

but would probably suffer from the level of accuracy and 
reproducibility [25-26]. However, due to the ability to 
amplify many other meat samples other than frog meat, 
primer Fk3-Rk3 could not be used for analysis using RT-
PCR, as it would generate misleading results [27]. 

In this study, the identification of various types of 
meats was successfully carried out using the PCR 
technique. Since the objective is to develop a method for 
checking the presence of frog meat as a non-halal food 
source in food products, therefore only a specificity test 
is needed, and the primer pair Fk2-Rk2 and Fk3-Rk3 
have already shown their potential to do so. 
Nevertheless, the information derived from this study 
might complement the technology implemented in the 
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food supply chain, especially in the halal food industry 
[28]. 

■ CONCLUSION 

The best primer pair for frog meat identification 
using the PCR technique in this study was primer pair 
Fk2-Rk2 and Fk3-Rk3. The primer pairs had 
distinguished amplification patterns against other 
common meat for food, while primer pair Fk1-Rk1 did 
not exhibit the ability to amplify the frog meat DNA. 
However, it is highly recommended to conduct a further 
investigation regarding the determination of a limit of 
detection (sensitivity analysis) and implementation 
towards food products as well as developing more specific 
primers, such as multiplex primers for frog meat. 
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Fig S6. UV-Vis spectra of Zn(II) complex 
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 Abstract: In this study, novel Schiff base complexes with Zn(II) and Co(II) ions were 
successfully synthesized. The malonic acid dihydrazide was converted into the Schiff base 
ligand by combining it with 1-hydroxy-2-naphthaldehyde, and the last step required 
reacting it with the appropriate metal(II) chloride to produce pure target complexes. The 
generated complexes were thoroughly characterized using FTIR, 1H-NMR, 13C-NMR, GC-
mass, and UV-Vis spectroscopies. In order to photo-stabilize polystyrene (PS) and reduce 
the photodegradation of its polymeric chains, these chemicals have been used in this work. 
The efficiency of the generated complexes as photo-stabilizers was evaluated using a 
variety of techniques, including FTIR, weight loss, viscosity average molecular weight, 
light and atomic force microscopy, scanning electron microscopy (SEM), and energy 
dispersive X-ray (EDX) mapping. These tests corroborated each other and demonstrated 
how effectively new compounds stabilize PS photographs. As a result, compared to blank 
PS, they reduce the photodegradation of PS films containing these complexes after 300 h 
of exposure to UV radiation with a wavelength of 313 nm. Also, it has demonstrated how 
effective the cobalt complex is as a photo-stabilizer. The highly conjugated systems in these 
chemicals are to blame for this. 

Keywords: photodegradation; malonyl dihydrazide; photo-stabilization; polystyrene; 
Schiff base complexes 

 
■ INTRODUCTION 

Due to its distinctive qualities, polystyrene (PS) is 
regarded as one of the most significant plastics. It can 
withstand many sorts of solvents, acids, and bases and is 
highly affordable, flexible, durable, light, and transparent. 
Additionally, it is synthesized in a variety of shapes, 
including solid and foam. PS is ideal for usage in a variety 
of applications, including packaging, labeling, and varied 
technical requirements [1-2]. Plastic polymeric materials 
are employed in a variety of applications, including 
organic electronics, polymeric light-emitting diodes 
(PLED), transistors, sensors, and solar cells, as well as 
anticorrosive coatings for metals [3]. 

UV light exposure to polymer chains causes the 
chemical structure of the polymer to photodegrade by 
producing free radicals. This causes covalent connections 
within the polymer structure to break or form new ones 
[4]. All of these chemical alterations will cause changes in 

the PS material's physical, mechanical, optical, and 
morphological characteristics, such as cracking, 
staining, paint layer solidification, and altered solubility 
properties [5]. Because it contains UV light, which has 
wavelengths within the dissociation energy of many 
organic polymeric materials, the sun's light is thought to 
be the primary cause of the photodeterioration of PS 
materials used outdoors [6]. 

In the presence of oxygen molecules and sunlight, 
polystyrene polymer chains undergo an oxidative process. 
It mostly results in polymer chain breaks or new cross-
links being formed inside the polymer structure [7]. 
Typically, the polymer moieties in PS absorb photons to 
begin the process of photodegradation. Thus, the energy 
of the photons that were absorbed was sufficient to 
dissolve the covalent bonds that held the polymer chains 
together and create a free radical, which is known as the 
first stage in the breakdown of the polymer chains [8]. 
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The chemical makeup of the polymer chain can be 
changed to increase the plastic polymer's photostability. 

Even though combining UV absorber chemicals 
and/or other types of amines as photo stabilizers has 
demonstrated outstanding plastic protection, this 
fundamental technique is extremely seldom employed 
[9]. Organic UV stabilizers have been employed for a very 
long time to improve the photostability of polymers [10]. 
However, they are susceptible to degradation and 
transference inside the polymer chains themselves. Using 
them in large doses might have negative effects on safety. 
Numerous studies have utilized a variety of additives, 
including aromatics [11], Schiff bases [12], and 
organometallic compounds [13], to stabilize plastic 
polymer materials against photodegradation. Here, the 
synthesis, characterization, and effect of the new Schiff 
base complexes on the features and chemical structure of 
polystyrene films were described. 

■ EXPERIMENTAL SECTION 

Materials 

The chemicals used in this study were diethyl 
malonate (Sigma Aldrich, 99%), hydrazine monohydrate 
(Sigma Aldrich, 99%), 1-hydroxy-2-naphthaldehyde  
(Sigma Aldrich, 98%), absolute ethanol (BDH, 99%), 
CoCl2·6H2O (BDH, 99%), ZnCl2 (BDH, 98%), and 
polystyrene (Sigma Aldrich) from Gillingham, UK. 

Instrumentation 

The carbon, hydrogen and nitrogen contents were 
determined by Euro Vector EA 3000 A, and FTIR spectra 
were recorded on a Shimadzu FTIR-8100 spectrometer. 
1H-13C-NMR spectra of the ligand (L) were measured in 
d6-DMSO solvent using TMS as an internal standard on a 
Bruker 300 MHz. Using UV-1650 PC Shimadzu 
spectrophotometer were measured the electronic spectra 
at 25 °C. Electrical conductivity measurements of the 
complexes were recorded at 25 ± 2 °C for a 1 × 10−3 M 
solution of the samples in DMF using a Philips PW-digital 
conductivity meter. Magnetic susceptibility results were 
also obtained at 25 °C in the solid state by applying Gouy 
balance. The molecular weight of the prepared ligand was 
determined by a GCMS-QP2010 PLUS; DI analysis 

Shimadzu, Japan, spectrometer in the laboratory of the 
University of Samarra. Moreover, all melting point 
results were recorded on Gallen Kamp melting 
apparatus at the College of Science for Women, 
University of Baghdad. PS films were subjected to 
radiation using an accelerated weather-meter QUV 
tester that was purchased from Q-Panel Corporation, at 
25 °C, and a wavelength of 365 nm (6.43 109 ein dm−3 s−1). 
(USA, Homestead, Florida). Atomic force microscopy 
(AFM) was used to investigate the surface of PS films 
using Veeco equipment (Plainview, NY, USA). Scanning 
electron microscopy (SEM) of the PS surface was 
performed using an Inspect S50 microscope (FEI 
Corporation, Czechia, Czech Republic) and an 
accelerating voltage of 15 KV. The Meiji Techno 
Microscope was used to take minuscule images of the PS 
surface in Tokyo, Japan. PS films were placed using 
0.6 mm thick aluminum plate supports, and a Digital 
Vernier Caliper 2610A micrometer (Vogel GmbH, 
Kevelaer, Germany) was used to measure the thickness 
of the films (approximately 40 μm) (Q-Panel Company, 
Homestead, FL, USA). Look for signs of accelerated UV 
weathering. With the aid of an accelerated weather 
meter QUV tester from Philips, Saarbücken, Germany, 
PS films were subjected to QUV radiation at 25 °C. The 
films were exposed for 300 h continuously to UV light 
with a wavelength of 313 nm and an intensity of 
1.052 × 10−8 ein dm−3 s−1. Using a Digital Vernier Caliper 
2610A Micrometer, Polymeric Film Thickness was 
Measured (Vogel GmbH, Kevelaer, Germany). 

Procedure 

Preparation of polystyrene films 
Polystyrene (1.0 g) was dissolved in 16 mL of 

tetrahydrofuran (THF), and the mixture was constantly 
agitated for 1 h at room temperature to produce PS films. 
The produced metal complexes(II) were added to the PS 
of THF solution at a weight proportion of 2% (per 
polymer weight), and the mixture was agitated for an 
additional hour to ensure that the metal complexes(II) 
were completely dissolved and the mixture was 
homogeneous. After that, the excess THF was 
eliminated from the mixture by putting it on glass plates 



Indones. J. Chem., 2023, 23 (5), 1324 - 1340    

 

Rehab Ghalib Hammoda and Naser Shaalan 
 

1326 

of the same size and allowing it to evaporate there for 24 h. 
Plate thickness is measured using micrometers of this type 
(2610A), and one approach is to attach cardboard sheets 
to the target plates and punch holes in them that are 
3 × 2 cm in size. 

Irradiation by UV light 
It is a technique to assess the impacts of utilizing 

plastic materials outside following extended exposure to 
UV or solar radiation (for months or years). The created 
polymeric films were fastened to a support plate for UV-
B 313 light exposure. This stand has a 0.6 mm thickness 
and is made of aluminum. Constant pressure and 
temperature were used for testing the films. 

PS films' photostability is evaluated using FTIR 
An FTIR 8300 Shimadzu spectrophotometer was 

used to investigate the efficacy of using synthetic 
compounds as photo-stabilizers to slow down the 
degradation of PS films. This method was used to monitor 
the development and growth of polyene and carbonyl 
groups. Eq. (1) is used to determine the hydroxyl index 
(IOH) and carbonyl index (IC=O) of plain PS, and PS doped 
with additives. 

s
s

r

A
I

A
  (1) 

Hence for the peak absorption intensity of the functional 
group, As is used, whereas Ar is used for the reference 
group. Is, on the other hand, refers to the functional group 
index [14]. 

Test of the photostability of PS films using a diet plan 
Weighing was done on the polymeric PS films used 

in this process both before and after UV exposure. This 
method was carried out for both blank and mixed PS 
films, and the PS weight reduction was calculated using 
Eq. (2). 

0

0

W W
Weight loss % 100

W


   (2) 

Before radiation exposure, the PS film weighed W0, and 
after radiation exposure, the PS film weighed W [15]. 

Calculating the average molecular weight of the PS 
polymeric sheets (MV) 

The average molecular weight (MV) of PS films  
 

before and after irradiation, as well as for blank and 
mixed PS films, may be calculated by measuring the 
viscosity of the polymer. The viscosity of PS with and 
without synthesized complexes was measured at room 
temperature using an Ostwald U-tube viscometer with 
THF as the solvent. MV denotes the average molecular 
weight of PS. Eq. (5) was used to obtain the average 
molecular weight of PS [16], whereas Eq. (4) was used to 
estimate the intrinsic viscosity [η]. 

 
1
2sp rel2 ln

c

         (4) 

2 0.766
v1.63 10 M      (5) 

In addition, Eq. (6) was used to estimate the specific 
viscosity (ηsp), and Eq. (7) to estimate the relative 
viscosity (ηrel). 

sp re 1     (6) 

re
0

t
t

   (7) 

As a result, the polymer solutions' flow time is given by 
t, while the solvent's flow time is given by t0 [17]. 

Synthesis of malonic acid dihydrazide 
Making malonic acid dihydrazide is the first step in 

the ligand synthesis procedure, as described here. At 
room temperature, 10 g of diethyl malonate (0.062 mol) 
was dissolved in 10 mL of ethanol and stirred. Add 
dropwise of aqueous hydrazine (10 g, 0.124 mol) with 
continuous stirring followed by 6 h of refluxing the 
reaction before stopping and allowing it to cool to room 
temperature. The precipitate was washed with dry ether 
and methanol after the generated residue was filtered. A 
white precipitate with an 80% yield (7.1 g) was produced 
by recrystallizing the product in absolute ethanol at a 
temperature of 159 °C. This illustrates the manufacture 
of malonic acid dihydrazide [18] in Scheme 1. 

 
Scheme 1. Preparation of Malonic acid dihydrazide 
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Synthesis of a Schiff base ligand 
Malonic acid dihydrazide solution (1.0 g, 

0.0075 mol), in 10 mL of methanol was produced. Slowly 
while stirring, 2-hydroxy-1-naphthaldehyde (2.6 g, 
0.015 mol) was added. The reaction mixture was then 
given a final addition of a few drops of glacial acetic acid. 
The combination was allowed 5 h to react in a reflux 
environment, at which point a glossy yellow precipitate 
was generated. This precipitate was recovered by filtering, 
cleaning, and recrystallizing in hot ethanol. See Scheme 2 
for the reaction scheme. The product was dried over 
anhydrous CaCl2 in a vacuum to provide 80% (2.88 g) 
yield, m.p. 230–234 °C. 

Synthesis of Schiff base metal complexes 
The zinc complex was synthesized by dissolving zinc 

chloride dehydrate (0.2 g, 0.001 mol) in 10 mL methanol 
and dissolving the synthesized ligand (0.5 g, 0.001 mol) in 
10 mL methanol with continuous stirring for about 
10 min and adding a few drops of DMF to complete 
solubility, followed by adding the solution of the dissolved 
metal salt onto a solution of the dissolved ligand in the 
mole ratio 1:1 of metal:ligand. In order to precipitate, the 
mixture was agitated under reflux for 5 h. The colorful 
complexes were filtered apart, cleaned with methanol, 
recrystallized, and allowed to dry for 24 h at room 
temperature. Cobalt complex (CoCl2·6H2O) was prepared 
using the same procedure as shown in Scheme 3 with a 
good percentage yield see Table 1. 

■ RESULTS AND DISCUSSION 

Two steps were taken to synthesize the ligand. 
Diethyl malonate and two moles of aqueous hydrazine 
monohydrate were initially combined to create malonic 
acid dihydrazide. By recrystallization from absolute 
ethanol, the raw product was purified. Two moles of 2-
hydroxy-1-naphthaldehyde were added to the pure  
 

 
Scheme 3. Preparation of Schiff base metal complexes 

 
Scheme 2. Preparation of Schiff base ligand 
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product to create the target ligand, which was then 
recrystallized and further purified. Eventually, by reacting 
it with the appropriate metallic chloride, the obtained 
ligand was employed to create five new complexes. Table 
1 lists the percentage yields and physical characteristics of 
the produced compounds. As will be discussed in more 
detail in the following sections, several methods were 
utilized to characterize the chemical structure of 
synthesized materials. 

Characterization by Element Micro Analysis 

Element micro analysis C, H, N, and X was 
performed, and it was discovered that the actual findings 
matched the theory, as given in Table 2. Metal salts were 
utilized in a 1:1 reaction of ligand and metal, and all of the 
complexes were determined to be non-electrolytes by 
their molar conductivities. 

Characterization of Schiff Base Ligand by 1H-NMR 
Spectroscopy 

Using 1H-NMR spectroscopy, the chemical 
composition of the produced ligand was examined. As a 
result, as shown in Fig. 1, the 1H-NMR spectrum exhibits 
the necessary peaks at the appropriate habitats, 
integrations, and multiplicity to disclose the chemical 
structure of the ligand. Due to the structure's two 
symmetrical imine groups, the proton of the imine group 
(N=CH) produces a strong, crisp singlet signal at 
8.43 ppm. At chemical shifts of 10.88 and 8.11 ppm,  
 

respectively, the exchange protons of NH and OH 
groups have displayed singlet peaks. Due to its proximity 
to the carbonyl group, which is responsible for the de-
shielding of protons, it is assumed that the 10.88 ppm in 
question belongs to the NH group. On the other hand, 
the protons of aromatic areas exhibit peaks in the 
aromatic region with sufficient integration, which is 
between 7.15 and 7.69 ppm. Due to its proximity to two 
carbonyl groups, the CH2 group finally displayed a 
singlet peak in the aliphatic region at 3.07 ppm. Given 
everything mentioned above, it can be concluded that 
the ligand has been effectively synthesized with a high 
degree of purity. Table 3 provides a summary of the 
synthesized ligand's 1H-NMR data. 

Characterization of Schiff Base Ligand by 13C-NMR 
Spectroscopy 

Using 13C-NMR spectroscopy, the chemical 
composition of the produced ligand was identified. 
Hence, as shown in Fig. 2, the 13C-NMR spectrum 
exhibits the necessary peaks at the appropriate habitats 
to illustrate the chemical structure of the produced 
ligand. The imine group's carbon atom N=CH produces 
a peak at 148.10 ppm, where Schiff base groups are the 
spouse. Nevertheless, because oxygen has a greater 
electronegativity than nitrogen, which results in more 
de-shielding, carbonyl groups exhibit a peak at 167.11 
ppm. Nevertheless, there is still a peak at 157.37 ppm 
above the  aromatic area,  which may be  due to aromatic  

Table 1. The physical properties of the prepared compounds 
Compound formula Color m.p. (°C) M.Wt (g∕mol) Yield% 

Ligand Yellow 230–234 440.36 80 
[CoLCl2]·2H2O Brown 245–248 606.32 72 
[ZnLCl2]·H2O Yellowish 242–246 594.75 83 

Table 2. The Element micro analysis C, H, N, and X of the prepared compounds 
 Calculated (Analysis) 

C % H % N % X% M % 
L 

C25H20N4O4 
68.17 

(67.53) 
4.58 

(5.62) 
12.72 

((11.94) 
--- -- 

Complex Co 
[CoLCl2]·2H2O 

49.52 
(50.30) 

3.99 
(3.05) 

9.24 
(8.79) 

11.69 
(10.53) 

9.72 
(10.16) 

Complex Zn 
[ZnLCl2]·H2O 

50.49 
(49.65) 

3.73 
(3.09) 

9.72 
(10.69) 

11.92 
(12.73) 

10.99 
(11.01) 
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Fig 1.1H-NMR spectrum of synthesized ligand 

Table 3. 1H-NMR data of synthesized ligand 
Compound 1H-NMR 

Ligand 
δ/ppm = 3.07 (2H, CH2), 7.15 (s, 2H, Ar-H), 7.20–7.32 (m, 4H, Ar-H), 7.47 (s, 2H, Ar-H), 
7.60–7.69 (m, 4H, Ar-H), 8.11 (s, 2H, OH from the phenolic proton), 8.43 (s, 2H, HC=N 
azomethine), 10.88 (s, 2H, NH) 

 
Fig 2. 13C-NMR spectrum of synthesized ligand 

 
carbon atoms positioned near oxygen. As a result, the 
aromatic area, which is between 112.79 and 135.89 ppm, 
exhibits nine peaks in the carbon atoms. Lastly, because it 
is located close to two carbonyl groups, the CH2 group 

displayed a peak at 48.89 ppm in the aliphatic area. 
Given everything mentioned above, it can be concluded 
that the ligand has been effectively synthesized with a 
high degree of purity. Table 4 provides a summary of the  
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synthesized ligand's 13C-NMR data. 

Characterization of Schiff Base Ligand and Its 
Complexes by FTIR 

In order to identify the functional groups and the 
development of new bands in the produced compounds, 
FTIR is a useful technique [19]. The complexes formed by 
the ligand and their FTIR spectroscopy data are shown in 
Table 5. The tetradentate Schiff base ligand exhibits a 
sharp band at 3109 and 1596 cm−1, which are ascribed to 
ν(C–H)Ar and (C=C), respectively. Around 1613 cm−1, 
the stretching band of the azomethine group was 
identified as a strong band. As a result of the nitrogen 
giving electrons to the partly full d-orbitals of the metal 
ions, the coordination of the metal ions to the nitrogen 
azomethine causes a shift-up in the frequency of the C=N 
value [20]. The complexes' FTIR spectra display 
distinctive lines at 1613–1623 cm−1, indicating that the 
metal ions coordinate with the ligand through the 
nitrogen atom of the azomethine compound [21]. In the 
FTIR spectra of the ligands, a significant band at 3409–

3479 cm−1 is produced by the stretching vibrations of the 
phenolic hydroxyl group. The broadness is due to 
intermolecular hydrogen bonding between the phenolic 
and azomethine groups. The far-infrared spectra of the 
complexes showed new stretching modes at 422–476, 
526–611, and 312–314 cm−1, which are attributed to M–
N, M–O, and M–Cl, respectively [22]. These stretching 
modes provide evidence for the formation of bonds 
between the divalent metal ions and the nitrogen 
azomethine, hydroxyl group, and chloride, respectively. 
The results mentioned previously are displayed in Fig. 
S1 to S3. 

Characterization of Schiff Bases Ligand and Its 
Complexes by UV-Vis 

Electronic spectra of L and their complexes were 
recorded in DMF solution at room temperature in the 
range of 200–1100 nm. The obtained data were 
presented in Table 6. The UV-Vis spectra of the Schiff 
base base ligand revealed two strong intensity absorption 
peaks at 309 and 351 nm ascribed to intra-ligand π–π* and 

Table 4. 13C-NMR data of synthesized ligand 
Compound 13C-NMR 

Ligand 
δ/ppm = 48.89 (1C, CH2), 112.79, 123.15, 124.19, 126.44, 127.61, 128.14, 
129.49, 131.47, 135.89 (18C, Ar naphthalene), 148.10 (2C, CH=N azomethine 
group), 157.37 (2C, Ar-OH) and 167.11 (2C, C=O) 

Table 5. FTIR spectroscopy measurements of ligand and their complexes 

Symbol O-H 
phenol N-H C-H 

Ar 
C-H 
Alp C=O C=N C=C M-O M-N M-Cl 

Ligand 3409 3330 3109 2889 1700 1613 1596 --- --- --- 
[CoLCl2]·2H2O 3479 3355 3110 2893 1702 1623 1598 611 422 314 
Zn 3479 3359 3053 2925 1703 1620 1577 526 476 312 

Table 6. UV-Vis spectroscopy measurements of ligand and molar conductivity of metal complexes 

Compound 
λmax 

(nm) 
Absorption 

(cm−1) Assignments 
μeff (B.M)  

Exp (Theory) 
Molar Cond. 

Ohm−1 cm2 mol−1 Geometry 

Ligand 309 
351 

32362.4 
28490.0 

π→π* 
n→π* 

-  
 

 

[CoLCl2]·2H2O 412 
582 
640 

24271.8 
17182.1 
15625 

C.T 
4T1gF→4T1gp 

4T1gF→4A2g(F) 

3.36 
(3.782) 

18 Octahedral 

[ZnLCl2]·H2O 410 
435 

24390.2 
22988.5 

CT 
M→L 

Di 12 Octahedral 
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n–π* transitions of azomethine and carbonyl, respectively 
[23]. Changes in the positions of absorption bands were 
observed in the spectra of the complexes indicating the 
coordination of the metal ions through the azomethine 
and hydroxyl phenol functional groups [24], Fig. S4. The 
electronic spectrum of the Co(II) complex in DMF gave 
bands about 412, 582, and 640 nm, respectively assigned 
to charge transfer and 4T1g(F) → 4T1g(p) and 
4T1g(F) → 4A2g(F). The magnetic moment of 3.63 BM and 
the detected electronic spectrum of the Co(II) complex 
give the probability of the formation of high-spin 
octahedral geometry [25], Fig. S5. The electronic spectra 
of the d10 Zn(II) complex exhibited a charge transfer band 
at 410 and 435 nm [26], Fig. S6. The molar conductivities 
indicate that all the prepared complexes are non-
electrolyte complexes. 

Characterization of Schiff Base Ligand by Mass 
Spectroscopy 

The molecular weight of the formed compound is 
calculated using the mass spectrum, and the 
fragmentation that belongs to the compound under 
investigation is identified. The mass spectra of the 
produced Schiff base ligand were in agreement with the 
suggested structural formula, C25H20N4O4. The predicted 
M+ value (440.36), as shown in Fig. 3, is matched by the 
molecular ion peak, which was discovered at m/e 440, 
validating their formula weight for the ligand. As it was 
successively fragmented, new unique peaks for the ligand  
 

were visible in the mass spectra. 

Examine How Well Synthesis Compounds Work as 
PS Photo Stabilizers 

It is well known that aromatic compounds, in 
general, have a high capacity to absorb light across a 
broad range of the ultraviolet spectrum and transform it 
into harmless heat without changing the chemical 
composition of the medium's content. This decreases the 
medium's photolysis capacity, increases its age when 
used externally, and provides protection from sunlight 
[27-28]. 

Using this information as a foundation, several 
techniques were used to assess the efficacy of synthesis 
complexes as optical stabilizers for PS films, including 
measuring the increase in the intensity of active groups 
formed as a result of irradiation, estimating the 
percentage of weight loss, and researching the surface 
formation of polymeric films. 

Use the FTIR Method to Examine the PS 
Photodegradation Rate 

By monitoring FTIR spectra in the range of 400–
4000 cm−1, the PS polymer film's level of 
photodegradation was kept track of locating the wide 
hydroxyl band between 3500 and 3200 cm−1 and the 
carbonyl adsorption band C=O at 1720 cm−1, which are 
created as a result of irradiating the films. Due to the 
presence of the unsaturated group in the chemical makeup 

 
Fig 3. Mass spectrum of L 
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of the polymer and the difficulty in differentiating 
between them, the alkene group C=C was not followed up. 
Every 50 h of exposure time, changes in the carbonyl band 
C=O and hydroxyl OH intensity were seen, and Eq. (1) 
was applied as illustrated in Fig. S7 and S8. To track the 
growth in photolysis. 

Accordingly, these beams were used to compare the 
absorption values of the standard absorption beam 
1340 cm−1, which is regarded as standard because it is 
unaffected by UV light, with the values of the standard 
absorption beam in order to determine the extent of 
polymer degradation during irradiation [29-30]. As a 
result, the absorbance (index) values of the hydroxyl and 
carbonyl groups were examined to assess the 

photodegradation, as illustrated in Fig. 4 and 5. The data 
and values in Tables 7 and 8 show that, in comparison to 
PS without additives, doping with synthesis complexes 
decreased the increasing rate of the IOH and IC=O indices 
with increased irradiation duration. The conclusion is 
that all additives serve as optical stabilizers for PS films, 
with Co(II) complex serving as the most effective one. 

Investigate the Photodegradation Rate of PS 
Using the Weight Loss Method 

The percentage weight loss of the photodegraded PS 
films following irradiation was used to calculate the photo 
stabilization effectiveness of the synthesis complexes. 
This causes weight  reduction, which is  calculable using  

 
Fig 4. Index of carbonyl group IC=O for both pure PS and PS doped with stabilizers 

 
Fig 5. Index of hydroxyl group IOH for both pure PS and PS doped with stabilizers 

Table 7. IC=O data for pure PS and PS doped with stabilizers during the irradiation time 

PS films 
Irradiation time (h) 

0 50 100 150 200 250 300 
PS 0.010 0.070 0.100 0.120 0.150 0.180 0.200 
PS/Zn 0.010 0.024 0.037 0.058 0.079 0.120 0.152 
PS/Co 0.010 0.022 0.040 0.050 0.082 0.110 0.125 
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Table 8. IOH data for both pure PS and doped PS during the irradiation period 

PS films 
Irradiation time (h) 

0 50 100 150 200 250 300 
PS 0 0.040 0.082 0.100 0.130 0.160 0.180 
PS/Co 0 0.0150 0.030 0.050 0.070 0.090 0.110 
PS/Zn 0 0.017 0.040 0.050 0.072 0.109 0.125 

 
Eq. (2). Fig. 6 shows that when the irradiation period is 
increased, polystyrene steadily loses weight [31]. 
Nevertheless, compared to the undoped PS films, there was 
less weight loss in the doped PS films. The findings in Table 
9 show that the cobalt complex was the most effective. 

PS Stabilizing Study Using the Variance in the 
Average Molecular Weight 

The primary chains of PS's polymeric structure are 
reportedly disrupted by photodegradation, which lowers 
the substance's average molecular weight [32]. The 
average molecular weight of PS after exposure to radiation 
is examined in this section, along with its differences from 
PS without additions. After being exposed to UV light, the 
PS solution's viscosity was measured, and the average 
molecular weight (Mഥ v) was determined. Using THF as a 
suitable solvent to dissolve the PS, the viscosity of the 
irradiation PS was evaluated using a viscometer at various 

time intervals. Fig. 6. plots the MV of PS vs the 
irradiation time. It is clear that the molecular weight 
decreases with longer irradiation times for both blank 
and mixed PS. The decrease for bare PS is, however, 
more severe than it is for PS that contains stabilizers Fig. 
7 and Table 10. 

Study of the Produced PS Films’ Surfaces 

The study of how polymer surfaces develop reveals 
details on the crystalline state, surface regularity, and 
flaws brought on by photons of light interacting with 
polymer molecules [33]. Based on this, the mechanism 
of photolysis and fission of the polymeric chains was 
identified. The surface morphology and stability of the 
polymers were also observed following exposure to UV 
light. Prior to and following irradiation, the surface 
formation of pure PS and PS doped with aromatic Schiff 
base complexes was investigated using SEM and AFM. It 

 
Fig 6. Weight loss % for both pure PS and PS doped with stabilizers 

Table 9. Weight loss% data for both pure PS and doped PS during the irradiation period 

PS films 
Irradiation time (h) 

0 50 100 150 200 250 300 
PS 0 1.04 1.56 1.90 2.20 2.50 3.10 
PS/Zn 0 0.63 1.04 1.25 1.58 1.71 2.01 
PS/Co 0 0.59 0.99 1.15 1.49 1.63 1.80 
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Fig 7. Average molecular weight for both pure PS and PS doped with stabilizers 

Table 10. Effect of irradiation on the average molecular weight (Mഥv) of Ps films 

PS Films 
Irradiation time (h) 

0 50 100 150 200 250 300 
PS 352546 274355 200044 177254 159519 121284 96972 
PS/Zn 353254 298685 277219 249244 214574 201154 165750 
PS/Co 353244 315385 293219 266244 243874 220254 186650 

 
provides crucial details on how radiation affects the PS 
surface. 

Using Microscopic Images to Examine the Surface 
of PS Films 

Prior research [34] demonstrated that before being 
exposed to radiation, the polymer's surface had a smooth 
texture and just a few small fractures. In contrast, the 
polymer's exposed surface exhibits photodegradation of 
the polymer chains in the form of many fractures, 
increased roughness, and a darker hue. This may be 
caused by the radiation's influence on tiny volatile pieces 
with a low molecular weight. The microscopic imaging 
method was utilized to acquire microscopic images of the 
PS films' surface following irradiation in order to monitor 

the deterioration of the films. The microscopic pictures 
of pure polystyrene before and after irradiation are 
shown in Fig. 8. Following 300 h of radiation exposure, 
the pictures demonstrate the formation of large black 
blotches, as illustrated in Fig. 8(b). 

Fig. 10 displays microscopic images of synthetic 
material-doped polystyrene sheets. Little dark patches 
are seen on the film surfaces, notably for films doped 
with Zn complex, as shown in Fig. 9(a). The surfaces of 
the films are brighter and smoother when they are 
blended with the Co complex, as shown in Fig. 9(b). This 
demonstrates the efficiency of synthetic materials and 
their capacity to impede photodegradation by blocking 
the damaging effects of light on polystyrene films. 

 
Fig 8. Microscopic images of blank PS film (a) before and (b) after irradiation 
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Fig 9. Microscopic images of blend PS films after irradiation (a) Zn(II) and (b) Co(II) 

 
Fig 10. SEM-EDX mapping of blend PS films after irradiation (a) Zn(II) and (b) Co(II) 

 
Energy Dispersive X-ray (EDX) Mapping with 
Scanning Electron Microscopy (SEM) 

Using EDX mapping of doped PS films and SEM, 
the distribution of generated complexes on the polymeric 
surface was investigated. This method was utilized to 
provide specifics on the elemental composition of solid 
surfaces for PS films combined with synthetic chemicals 
[35]. It is common practice to use EDX in conjunction 
with SEM to determine the chemical composition of 
manufactured films. The SEM images and EDX mapping 
of doped films by those complexes, as shown in Fig. 10, 
illustrate the elemental makeup of the produced 
complexes and their homogenous distribution inside the 
polymeric chains. 

An Atomic Force Microscope (AFM) Is Used to 
Display the Photostability of Polystyrene Films 

The surface morphologies of PS films were 
investigated using the AFM method. Due to its ability to 
scan both two- and three-dimensional topography, it is an 
effective microscopy instrument for examining surface 
data at the nanoscale. AFM may be used to assess the PS 

surface's features and roughness. The root mean square 
roughness (Sq), one of the dispersion variables used to 
assess surface roughness, is derived by first square-
rooting each height value in the dataset. Surface 
skewness is a measurement of the asymmetry of the 
surface's deviation from the mean plane. Radiation 
exposure to PS for an extended period of time causes a 
rough and cracked surface. Topographic AFM pictures 
of the surface of the PS films in two and three 
dimensions after 300 h of radiation exposure 
demonstrate that the root mean square (Rq) and 
roughness average have significantly risen, going from 
0.639 nm (before radiation) to 2.35 nm (after radiation), 
as shown in Table 11. This is brought on by the 
photodegradation that radiation exposure causes to PS's 
chemical structure. Fig. 11 shows AFM images of 
untreated PS taken both before and after it was exposed 
to UV light. 

In contrast, employing synthetic additives 
increased the surface roughness of PS following 
irradiation compared to untreated PS, as seen in Table 
11. Hence,  PS films with Co(II)  doping exhibit  the least  
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Table 11. Roughness data for blank and blended PS films 
Films Roughness average (nm) Root mean square (Sq) (nm) 
Blank PS before irradiation 0.639 0.956 
Blank PS after irradiation 2.35 3.89 
Zn(II) 2.33 3.29 
Co(II) 1.99 2.52 

 
Fig 11. AFM images of PS films (a) before and (b) after irradiation at 300 h 
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Fig 12. AFM images of blend PS films after irradiation (a) Zn(II) and (b) Co(II) 

 
photodegradation and roughness, with Sq values of 
2.52 nm. The addition of stabilizers significantly 
improved the photostability of PS films. Fig. 12 compares 
the irradiation-blended PS films with additives with the 
blank PS film in terms of surface homogeneity, 
smoothness, and roughness. In an AFM picture, the 
distance between peaks and valleys is frequently used as a 
proxy for surface roughness. The AFM technology uses 
this method to calculate the surface's roughness, which 
rises with distance. The Sq is believed to be more sensitive 
than the average roughness for large excursions from the 
mean line or plane. The PS film with cobalt complex 
doping had the lowest Sq value and roughness associated 
with photodegradation. Each of the aforementioned 
experiments supported this finding, showing that the 
cobalt complex is the best additive for PS-doped film to 
stop photodegradation. It is not totally clear what the 
reason is, therefore, more investigation may be required. 

■ CONCLUSION 

This work led to the effective synthesis of new Schiff 
base complexes, including Zn(II) and Co(II) complexes. 
In order to create pure target complexes, the malonyl 
dihydrazide had to first be combined with naphthaldehyde, 
and then it had to be reacted with the metal(II) chloride. 
The generated complexes were thoroughly characterized 
using FTIR, 1H-NMR, 13C-NMR, mass, and UV-Vis 
spectroscopies. In this study, a number of chemicals were 
used to photo-stabilize polystyrene (PS) and reduce the  
 

polymeric chains' photodegradation. The efficiency of 
the created complexes as photo-stabilizers was evaluated 
using a variety of techniques, including FTIR, weight 
loss, viscosity average molecular weight, light and AFM, 
SEM, and EDX mapping. These tests corroborated each 
other and demonstrated how effectively the new 
compounds stabilized PS pictures. They reduce the 
photodegradation of PS films containing these complexes 
compared to blank PS after 300 h of UV exposure. It has 
also shown the potency of the cobalt complex as a photo-
stabilizer. These compounds' highly conjugated systems 
are to fault for this. As plastic waste constitutes a serious 
danger to the environment, particularly the marine 
ecosystem, the study's findings have significant 
implications for reducing PS usage globally. 

■ SUPPORTING INFORMATION 

Fig. S1 FTIR spectrum of Schiff Base ligand, Fig. S2 
FTIR spectrum of Co(II) complex, Fig. S3 FTIR 
spectrum of Zn(II) Complex, Fig. S4 UV-Vis Spectra of 
ligand, Fig. S5 UV-Vis Spectra of Co(II) Complex, Fig. 
S6 UV-Vis Spectra of Zn(II) Complex, Fig. S7 FTIR 
spectrum of polystyrene before irradiation, Fig. S8 FTIR 
spectrum of polystyrene after irradiation. 
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 Abstract: A rapid and selective colorimetric detection of Ni2+ was developed using silver 
nanoparticles (AgNPs) with β-cyclodextrin (β-CDs) as reducing and stabilizing agents. 
Characterization was assessed by spectrophotometer UV-vis, Fourier transform infra-red 
(FTIR), transmission electron microscopy (TEM), and particle size analyzer (PSA). The 
AgNPs-β-CDs were relatively stable after being stored for 5 months. The addition of Ni2+ 
to the AgNPs-β-CDs shifted the surface plasmon resonance (SPR) band at 409 nm. 
Synthesized AgNPs-β-CDs had a spherical shape and an average size of 25.07 ± 0.66 nm 
(analyzed by TEM) and 33.63 ± 0.25 nm, as confirmed by PSA. AgNPs-β-CDs as 
colorimetric sensors for Ni2+ ions had a good linear calibration curve at 409 nm with the 
R2 value of 0.9993. The limit of detection (LoD) was found to be 33.30 ppb, while the limit 
of quantification (LoQ) was 111.0 ppb. This sensor had been applied to a seawater sample 
from Ancol Beach, North Jakarta, Indonesia and it exhibited good precision and 
accuracy. In this work, β-CDs-synthesized AgNPs were able to detect Ni2+ ions and were 
beneficial as an alternative method for Ni2+ screening in environmental samples. 

Keywords: AgNPs; β-cyclodextrin; colorimetric sensor; Ni2+ 

 
■ INTRODUCTION 

Nickel (Ni) has a wide range of applications in 
various fields, such as petroleum, coinage, textile, stainless 
steel manufacture, and printing. Due to being highly used, 
Ni has become a common contributor to water pollution. 
Ni2+ ion, a toxic environmental pollutant, harms aquatic 
ecosystems as well as human health. Therefore, Ni2+ 
presence in water is necessary to be detected. The 
detection of Ni2+ is developed through many techniques 
using several instruments, such as inductively coupled 
plasma optical emission spectrometry (ICP-OES) [1], 
atomic absorption spectrometry (AAS) [2], and UV-vis 
spectroscopy [3]. However, these methods are expensive, 

time-consuming, and require trained personnel. 
Therefore, some alternative techniques have been 
developed to overcome the increasing demand for user-
friendly and rapid metal detection [4]. A detection 
method based on nanoparticles as a colorimetric sensor 
offers more advantages than those methods due to their 
rapid, ease of use, affordability, and effectiveness in 
analyzing Ni2+ as a water pollutant [4-6]. 

Recently, silver nanoparticles (AgNPs) have been 
hugely studied for their applications as antibacterial 
agents [7-8], biosensors [9], catalysts [10-11], and 
colorimetric sensors [6,12-13]. AgNPs as colorimetric 
sensors have been an interesting topic to be developed 
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because they possess a unique characteristic, i.e., surface 
plasmon resonance (SPR). The SPR band of AgNPs was 
indicated by the appearance of a peak at 400–500 nm on 
UV-vis spectra and the yellow color of the solution [8,14]. 
Owing to this SPR characteristic, AgNPs have been widely 
used as an alternative method to detect Ni2+ based on the 
colorimetric assay. The change in SPR reflects the change 
in AgNPs’ shape and size. The interaction occurring 
between AgNPs and Ni2+ will cause a change in AgNPs’ 
shape and size as the SPR band and the color solution also 
change consequently [15]. 

Many works and studies report on various reducing 
and stabilizing agents used to prepare AgNPs these past 
years. Cyclodextrins (CDs) are water soluble and non-
toxic cyclic oligosaccharides consisting of 6, 7, or 8 
glucopyranose units (named as α-, β-, or γ-, respectively) 
linked by α-1,4 linkage [16]. β-CDs are commonly utilized 
in the synthesis of AgNPs due to their low cost compared 
to other CDs and their ability to have a dual role as both 
reducing and stabilizing agents simultaneously [17-21]. β-
CDs have a toroidal shape with an inner cavity diameter 
of 0.78 nm [22]. The inner cavity of β-CDs acts as a host 
to form a stable inclusion complex with a guest molecule 
[16], while the hydroxyl groups of β-CDs exterior act as a 
reducing agent [19]. These abilities of β-CDs allow them 
to reduce and stabilize nanoparticles. 

Previously, there have been studies about 
colorimetric sensors for Ni2+ ions from AgNPs that were 
synthesized by other capping agents. In this work, we 
synthesized AgNPs using β-CDs as a double role of 
reducing and stabilizing agents. This could reduce the 
excessive utilization of chemicals and make the synthesis 
procedure less time-consuming. The application of β-
CDs as a stabilizing agent was investigated on the AgNPs 
stability over time. AgNPs-β-CDs were expected to be a 
rapid and sensitive colorimetric sensor for Ni2+ in real 
samples, in line with the SPR change when there was an 
interaction between AgNPs-β-CDs with Ni2+ that resulted 
in a change of color and particle size. 

■ EXPERIMENTAL SECTION 

Materials 

Silver nitrate (AgNO3),  sodium hydroxide (NaOH),  

nitric acid (HNO3), iron(III) nitrate (Fe(NO3)3), 
nickel(II) nitrate (Ni(NO3)2), magnesium nitrate 
(Mg(NO3)2), chromium(III) nitrate (Cr(NO3)3), 
cobalt(II) nitrate (Co(NO3)2), palladium(II) nitrate 
(Pd(NO3)2), copper(II) nitrate (Cu(NO3)2), lead(II) 
nitrate (Pb(NO3)2), cadmium(II) nitrate (Cd(NO3)2), 
and tin(IV) chloride (SnCl4) were purchased from 
Merck. Reducing and stabilizing agents β-CDs were 
supplied by Sigma Aldrich. 

Instrumentation 

The UV-vis spectra of samples were recorded by 
spectrophotometer UV-vis Agilent Cary 60 in the 
wavelength range of 200–800 nm. FTIR spectra were 
analyzed by Shimadzu IR Prestige 21 in the 400–
4000 cm−1 range. Transmission electron microscope 
(TEM) Tecnai G2 20S-Twin Function was used to 
determine the morphology of AgNPs. The size of 
nanoparticles was examined using a particle size 
analyzer (PSA) Horiba LA-960. The content of Ni2+ in 
seawater samples was measured using atomic absorption 
spectroscopy (AAS) Agilent 280FS AA. 

Procedure 

Synthesis of AgNPs-β-CDs 
The procedure of AgNPs-β-CDs synthesis was 

carried out under the optimum conditions as practised 
in our previous work [23]. AgNO3 1.5 × 10−4 M was 
added to β-CDs 5.0 × 10−3 M as reducing and stabilizing 
agents at pH 12. The pH value of β-CDs was adjusted by 
adding NaOH 0.1 M. Each solution (5 mL) was mixed in 
a volume ratio of 1:1 and heated in a water bath at 98 °C 
for 5 min. 

Stability test of AgNPs-β-CDs 
The stability test was performed by having the 

AgNPs-β-CDs stored in the fridge at 4 °C for 5 months. 
The solution was next measured with a 
spectrophotometer UV-vis at room temperature, in the 
wavelength range of 200–800 nm. 

Colorimetric response of AgNPs-β-CDs towards 
metals 

Colorimetric response of AgNPs-β-CDs was 
investigated to several heavy metal ions, such as Fe3+, 
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Ni2+, Mg2+, Cr3+, Co2+, Pd2+, Cu2+, Pb2+, Cd2+, and Sn2+. The 
detection of heavy metals was carried out by mixing 
AgNPs-β-CDs solution with 100 ppb heavy metal ion 
solution (1:1 volume ratio), then measured by 
spectrophotometer UV-vis at room temperature. 

Other metal ion interference in the reaction of AgNPs-
β-CDs with Ni2+ 

By adding the inorganic matrix to the mixture of 
AgNPs-β-CDs and Ni2+ (AgNPs-β-CDs-Ni2+), the 
interference test was determined. The AgNPs-β-CDs-Ni2+ 
solution was prepared by mixing 1 mL of AgNPs-β-CDs 
and 1 mL of 100 ppb Ni2+. Then the solution was added by 
1 mL of 100 ppb inorganic matrix solution (Fe3+, Mg2+, 
Cr3+, Co2+, Pd2+, Cu2+, Pb2+, Cd2+, and Sn2+) and measured 
by spectrophotometer UV-vis. The AgNPs-β-CDs-Ni2+ 
solution which did not contain any matrix, was measured 
to compare the results. 

Analytical performance 
The calibration curve was plotted by putting the 

absorbance values at 409 nm versus the concentration of 
Ni2+. The equation of LoD = 3 × SD/s and LoQ = 10 × SD/s 
were used to estimate the limit of detection (LoD) and the 
limit of quantification (LoQ), respectively, where SD is 
the standard deviation and s is the slope of the calibration 
curve. Repeatability and reproducibility were performed 
by analyzing the Ni2+ detection of AgNPs-β-CDs three 
times. The spiking method was done to investigate the 

accuracy parameters. The determination of Ni2+ 
standard solution recovery value was determined in sea 
waters. 

Application test to real samples 
Seawater samples were collected from Ancol 

Beach, North Jakarta, Indonesia at three different spots. 
These samples were filtered with 0.45 μm filter paper 
and preserved with HNO3 0.1 M until pH < 2 was 
reached. The mixture of AgNPs-β-CDs and sample (1:1 
volume ratio) was measured by spectrophotometer UV-
vis. While AAS measurement was used to analyze the 
sample as a comparison. 

■ RESULTS AND DISCUSSION 

Synthesis and Stability Test of AgNPs-β-CDs 

AgNPs-β-CDs were formed through a redox 
reaction where Ag+ was reduced to Ag0 by OH groups of 
β-CDs. Simultaneously, the OH groups were oxidized to 
aldehyde and carboxyl groups [24]. The formation of 
AgNPs-β-CDs was confirmed by the yellow color 
solution and the SPR band at 412 nm with an absorbance 
intensity of 0.946 (as shown in Fig. 1). The size of 
produced AgNPs-β-CDs was relatively small as the SPR 
peak was sharp and narrow. Ndikau et al. [25] explained 
that the SPR sharpness depends on the size of 
nanoparticles. The size of AgNPs would be confirmed by 
the TEM and PSA analysis. 

 
Fig 1. (a) UV spectra of AgNPs-β-CDs under optimum conditions (AgNO3 1.5 × 10−4 M, β-CDs 5.0 × 10−3 M at pH 
12, and 5 min of reaction time), and (b) the solution of AgNPs-β-CDs under optimum conditions 
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The stability of AgNPs-β-CDs was examined to 
describe the role of β-CDs as a stabilizing agent and to 
investigate its ability to stabilize silver nanoparticles over 
time. β-CDs were used as a stabilizing agent owing to their 
unique ability to form an inclusion complex with Ag so 
that the produced AgNPs-β-CDs were protected from 
heat, light, oxygen, and chemical reactions [26]. 

The AgNPs-β-CDs were stored in a capped bottle at 
4 °C for 5 months. It was observed that there was no color 
change and no precipitate formed (Fig. 2). These factors 
showed that AgNPs-β-CDs were relatively stable after 5 
months. The wavelength shift and increasing absorbance 
intensity could also be observed to study the AgNPs-β-
CDs stability [27]. Fig. 2 showed the absorbance intensity 
increased by 0.036 (4.17%) due to the ongoing reduction 
process of Ag+ to Ag0 during the storage time. The 
wavelength of the SPR band did not go shift, but the peak 
was broadened after 5 months. It indicated that the 
AgNPs-β-CDs were slightly aggregated. However, it was 
considered that the AgNPs-β-CDs solution was still 
relatively stable after being stored for 5 months. 

Colorimetric Response of AgNPs-β-CDs Towards 
Metals 

An amount of 100 ppb solutions of some heavy 
metal ions such as Fe3+, Ni2+, Mg2+, Cr3+, Co2+, Pd2+, Cu2+, 

Pb2+, Cd2+, and Sn2+ were tested to AgNPs-β-CDs to 
investigate the colorimetric response and then measured 
by spectrophotometer UV-vis. The UV spectra (Fig. 
3(a)) showed that only Ni2+ caused a red shift from 409 
to 414 nm and a decreasing absorbance of 0.095. The 
yellow color of the AgNPs-β-CDs solution also changed 
to greyish after being added by Ni2+. Meanwhile, the 
other solutions were still the same. This color change 
happened within 5 s and was visible to the naked eye. As 
shown in Fig. 3(b), it was evidenced that the AgNPs-β-
CDs could selectively detect the presence of Ni2+ ion 
rapidly compared to other ions. 

Other Metal Ion Interference in the Reaction of 
AgNPs-β-CDs with Ni2+ 

The interference test was assessed by 
spectrophotometer UV-vis which was carried out to 
determine the effect of other heavy metal ions on the 
AgNPs-β-CDs selectivity towards Ni2+. As shown in Fig. 
4, the absorbance intensity of AgNPs-β-CDs-Ni2+ 
100 ppb did not significantly change after the addition 
of other heavy metal ions (100 ppb). It was evidenced 
that the AgNPs-β-CDs detection of Ni2+ was not affected 
by the presence of other heavy metal ions, which 
confirmed the good selectivity of AgNPs-β-CDs towards 
Ni2+ ion. 

 
Fig 2. (a) UV spectra of AgNPs-β-CDs stability after 5 months, and (b) the solution of AgNPs-β-CDs after synthesis 
and after 5 months 
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Fig 3. (a) UV spectra of AgNPs-β-CDs detection towards heavy metal solutions at a concentration of 100 ppb, and (b) 
AgNPs-β-CDs selectivity towards 100 ppb heavy metal solutions 
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Fig 4. The bars representing the absorbance intensity of 
AgNPs-β-CDs-Ni2+ (409 nm) in the presence of 100 ppb 
of other heavy metal ions 

Characterization 

FTIR analysis 
The addition of Ni2+ to AgNPs-β-CDs (AgNPs-β-

CDs-Ni2+) showed the interaction between β-CDs and 
Ni2+ ion (Fig. 5 and Table 1). A peak at 3311 cm−1 (AgNPs-
β-CDs) was associated with O–H stretching, which was 
broadened and went shifted to 3348 cm−1 in AgNPs-β-
CDs-Ni2+ spectra. It explained that Ni2+ ion interacted 
with hydroxyl groups of β-CDs inner cavity [28]. There 

was a peak attributed to CH stretching in AgNPs-β-CDs 
spectra at 2976 and 2918 cm−1. Meanwhile, the ones in 
AgNPs-β-CDs-Ni2+ were shifted to 2922 and 2859 cm−1. 
A weak peak at 1717 cm−1 (AgNPs-β-CDs) and a strong 
peak at 1732 cm−1 (AgNPs-β-CDs-Ni2+) were assigned to 
C=O stretching. 

He et al. [28] revealed that Ni2+ interacted with the 
C–O bond of β-CDs, which caused a strong peak in 
AgNPs-β-CDs spectra (1051 cm−1) change to a small peak 
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Fig 5. FTIR spectra of AgNPs-β-CDs and AgNPs-β-
CDs-Ni2+ 
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Table 1. Wavenumbers of AgNPs-β-CDs and AgNPs-β-CDs-Ni2+ 
AgNPs-β-CDs 

(cm−1) 
AgNPs-β-CDs-Ni2++ 

(cm−1) Functional groups 

3311 3348 O–H stretching 
2976 2922 

C–H stretching 
2918 2859 
1717 1732 C=O stretching 
1051 1055 C–O stretching 
1150 1099 Asymmetrical C–O–C stretching 

940 970 Symmetrical C–O–C stretching 

 
Fig 6. The morphology and size of (a) AgNPs-β-CDs and (b) AgNPs-β-CDs-Ni2+ by TEM analysis 

 
in AgNPs-β-CDs-Ni2+ (1055 cm−1). There was an 
asymmetrical C–O–C stretching at 1150 and 1099 cm−1 in 
the AgNPs-β-CDs and AgNPs-β-CDs-Ni2+ spectra, 
respectively. The peak corresponding to symmetrical C–
O–C stretching appeared at 940 cm−1 (AgNPs-β-CDs) 
and 970 cm−1 (AgNPs-β-CDs-Ni2+). 

TEM and PSA analysis 
The synthesized AgNPs-β-CDs and AgNPs-β-CDs-

Ni2+ were characterized by the TEM instrument. Fig. 6 
revealed the morphology of AgNPs-β-CDs before and 
after interacting with Ni2+ ions. The average size of 
AgNPs-β-CDs was 25.07 ± 0.66 nm with a spherical shape 
(Fig. 6(a)). The addition of Ni2+ ion to AgNPs-β-CDs 
solution caused a size increase (with an average of 
63.98 ± 8.09 nm) and particles to aggregate (Fig. 6(b)). 

The size of formed AgNPs-β-CDs was confirmed by 
the PSA analysis. The measurement using PSA revealed 
that AgNPs-β-CDs had an average size of 33.63 
± 0.25 nm. Meanwhile, the AgNPs-β-CDs-Ni2+ was 

73.43 ± 1.47 nm. There was an increasing size of 
particles after the addition of Ni2+ owing to the 
interaction between Ni2+ and AgNPs-β-CDs. The 
interaction led to aggregation because the SPR band got 
broadened and a red shift occurred [29-30]. The 
interaction of Ni2+ with AgNPs-β-CDs was illustrated in 
Fig. 7. 

Ni2+ ion interacted with hydroxyl groups of β-CDs 
inner cavity through electrostatic interaction [28]. 
According to Kabbur et al. [31], Ni2+ ion had a size of 
0.078 nm, and another study by Suárez-Cerda et al. [22] 
reported that the diameter of β-CDs inner cavity was 
0.78 nm. Ni2+ ion had a smaller size than the inner cavity 
diameter of β-CDs, so Ni2+ could get into the β-CDs 
inner cavity and have interaction with the hydroxyl 
groups in line with FTIR data. It was also observed that 
the inner cavity of β-CDs had a negative charge due to 
complete deprotonation at pH 12, thus, the interaction 
was stronger as the Ni2+ ion had positive charges. 
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Fig 7. The illustration represents the interaction that happened between AgNPs-β-CDs and Ni2+ 

 
Analytical Performance 

Linearity 
The calibration curve linearity was carried out to 

evaluate the performance of colorimetric sensor AgNPs-
β-CDs in detecting Ni2+ ions. Spectrophotometer UV-vis 
was used to measure the change of absorbance intensity at 
409 nm. The difference between the initial absorbance 
intensity of AgNPs-β-CDs and the decreased absorbance 
intensity of AgNPs-β-CDs after Ni2+ addition was 
calculated to obtain the change of absorbance intensity 
(ΔAbs). The ΔAbs versus Ni2+ at a concentration of 100–
500 ppb was plotted as a calibration plot (Fig. 8). The 
increasing concentration of Ni2+ led to an increased ΔAbs 
as the SPR band was changed. The linearity equation 
obtained from the calibration curve was y = 0.0002x – 
0.0106 with a correlation coefficient (R2) of 0.9993. It 
proved that the R2 obtained was categorized as a good 
linear regression value as the R2 was ≥ 0.997. The 
concentration level of Ni2+ in water samples could be 
determined by the linearity equation obtained. From the 

dynamic linear range of the calibration curve, it also 
obtained the LoD value of 33.30 ppb and the LoQ of 
111.00 ppb. 

Table 2 shows the comparison between Ni2+ 
sensors using AgNPs-β-CDs and AgNPs with other 
stabilizing agents. AgNPs-β-CDs had more advantages 
than the previous studies [12,32-34], i.e., lower detection 
limit and  the rapid  colorimetric  response  towards Ni2+  

 
Fig 8. Calibration plot of AgNPs-β-CDs ΔAbs at 409 nm 
versus the concentration of Ni2+ 

Table 2. The data comparison of AgNPs-β-CDs and various AgNPs as colorimetric sensors for Ni2+ 

Stabilizing agents Samples 
Analysis 

time (min) LoD (ppb) References 

3-mercapto-1-propanesulfonic acid sodium salt 
(3MPS) - 5 500  [12] 

Citrate Tap water 1 44.250 [32] 
3,6-di(pyridin-2-yl)-1,4-dihydro-1,2,4,5-
tetrazine (H2pytz) 

- 2  554.6  [33] 

Adenosine monophosphate and sodium 
dodecyl sulphonate 

Tap water and 
lake water 5  35.4 [34] 

β-cyclodextrin Sea water <1  33.30  This research 
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Table 3. The repeatability and reproducibility of AgNPs-β-CDs at 409 nm 

Ni2+ 
(ppb) SD 

Repeatability Reproducibility 
%RSD %RSD 

AOAC Horwitz AOAC Horwitz 
100 0.000168 0.031294 1.000000 3.288019 1.000000 
200 0.000900 0.172146 0.900929 0.442867 0.900929 
300 0.000582 0.116802 0.847591 0.450230 0.847591 
400 0.000493 0.107833 0.811673 8.311422 0.811673 
500 0.000520 0.119042 0.784864 8.460454 0.784864 

Table 4. The accuracy of AgNPs-β-CDs for detecting Ni2+ in seawater samples 
Samples Spiked (ppb) Detected (ppb) Accuracy (%) 
Sample I (1.33 ppb) 250 252.31 100.39 
Sample II (1.33 ppb) 250 272.91 108.63 
Sample III (1.33 ppb) 250 227.14 90.32 

 
less than 1 min. It proved that this research developed a 
Ni2+ colorimetric sensor which provided a better 
sensitivity and more rapid detection. 

Repeatability and reproducibility 
The precision method of the Ni2+ colorimetric 

sensor using AgNPs-β-CDs was determined by 
examining the repeatability and reproducibility. 
Repeatability was performed where the measurement of 
absorbance intensity was done in triplicates at 409 nm on 
the same day, under the optimum conditions. 
Reproducibility was carried out by measuring the 
absorbance under the optimum conditions at 409 nm on 
3 different days. The %RSD results of both repeatability 
and reproducibility (Table 3) were lower than the 
maximum acceptable %RSD according to AOAC (15%) 
and Horwitz (22.6%) for the Ni2+ concentration level of 
100 ppb [35]. It was evidenced that AgNPs-β-CDs as Ni2+ 
colorimetric sensors gave acceptable precision results. 

Accuracy 
The accuracy test was determined by measuring 3 

different seawater samples spiked by 250 ppb Ni2+ 
standard solution with a spectrophotometer UV-vis. The 
results were stated as %Recovery. Table 4 enlisted the 
recovery value of Ni2+ in the seawater samples at the range 
of 90.32–108.63%. González et al. [35] revealed that the 
acceptable %Recovery range of 250 ppb Ni2+ 
concentration level was 80–110%. It was implied that the 
colorimetric sensor of Ni2+ using AgNPs-β-CDs could give  

Table 5. The results of Ni2+ concentration in seawater 
samples (n = 3) 

Samples AgNPs (ppb) AAS (ppb) 
Sample I 19.95 20 
Sample II 19.95 20  
Sample III 19.95 20  

accurate results as the obtained recovery values were 
lower than the maximum acceptable percentage. 

Application Test to Real Samples 

AgNPs-β-CDs as a Ni2+ colorimetric sensor were 
applied to seawater samples collected from Ancol Beach, 
North Jakarta, Indonesia at three different points. It was 
performed to assess the Ni2+ concentration in the 
samples. Those samples were filtered by a 0.45 μm filter 
paper and preserved by HNO3 until pH < 2. The 
measurement with AAS was carried out to compare the 
Ni2+ concentration results. 

Table 5 shows the measurement results of Ni2+ 
concentration using AgNPs-β-CDs and AAS. AgNPs-β-
CDs as colorimetric sensors provided good results 
compared to AAS. These data proved that AgNPs-β-
CDs could be applied as a colorimetric sensor for Ni2+ in 
seawater samples. 

■ CONCLUSION 

This current work inferred that β-CDs as reducing 
and stabilizing agents could form relatively stable 
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AgNPs-β-CDs after 5 months. AgNPs-β-CDs as a rapid 
and selective colorimetric sensor for Ni2+ was successfully 
developed, which was indicated by the yellow color of the 
solution turning into greyish. This sensor could exhibit 
good performance as the R2 of the linear calibration curve 
obtained was 0.9993 with an LoD value of 33.30 ppb and 
an LoQ value of 111.0 ppb. No interference of other ions 
affected the detection. Furthermore, the precision and 
accuracy were satisfying for the measurement of Ni2+ in 
seawater. Hence, this sensor could be beneficial for the 
detection of Ni2+ ions in real water samples. 
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 Abstract: The current study involves a synthesis of a composite of  copper  oxide and 
cobalt oxide as a spinel oxide  load over magnesium oxide. This synthesis of 
nanocomposite material was from nitrate salts of the corresponding metals by co-
precipitation method, while it was investigated by Fourier transform infrared 
spectroscopy (FTIR), X-ray diffraction techniques (XRD), field emission scanning electron 
microscopy (FESEM), atomic force microscopy (AFM), and the activity of these materials 
was estimated by appreciated adsorption of malachite green oxalate (MGO) dye from its 
aqueous solution. Adsorption isotherm was investigated using both Freundlich and 
Langmuir adsorption isotherms. While the results of the spectrophotometric studies 
showed that the composition of synthesized supported oxides at 450 °C was spinel type 
with nanoparticle size, and the optimum removal efficiency was around 98% for the 
adsorption of MGO dye over spinel nanocomposite surface achieved by using a dye 
concentration of 5 ppm, a mass of adsorbent surface of 5 mg, in terms of the adsorption 
model's isotherms the obtained results showed that the removal of MGO dye by the surface 
of this material was more fitted with the Freundlich models' adsorption. 

Keywords: malachite green oxalate dye; CuCo2O4 spinel oxide; MgO; polluted dyes 

 
■ INTRODUCTION 

Spinel structures that exist with transition metal 
oxides have attracted considerable attention to be used in 
many applications such as catalysis, photocatalysis, 
adsorption, and some pharmaceutical and medical 
applications [1]. Transition metal oxide spinel composites 
are characterized by abundant resources, low price, and 
biocompatibility. Due to all these factors, their 
manufacturers have recently become the research hot spot 
[2]. 

The electrocatalytic activities of composites metals 
oxides such as Ni3O4-Co3O4-Al2O3 and Co3O4·Fe3O4/CaO 
can be enhanced in comparison with their 
corresponding single metal oxides when the distribution 
of ions homogeneous in the respective lattice sites [3]. In 
this context, the captivation arrangement of the unfilled 
d-orbital electrons and the synergistic effect of both Cu 
and Co atoms in a unit cell of CuCo2O4 [4]. 

Despite the stability of metal oxides as catalysts, 
they have defects, including flocculation, toxicity, and  
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agglomeration [5]. Therefore, its properties were 
improved by adding other materials that act as carrier 
surfaces that can improve their physical and chemical 
properties with improving their catalytic activity [6]. 
There are also substances called emollients that can 
increase the efficiency of the catalyst. Important examples 
of these additives are calcium, zinc, and iron oxides [7]. 

Magnesium oxide used in this study is also 
considered a carrier surface on which cobalt and copper 
oxides are based [8]. The adsorption process is one of its 
important applications [9]. This probably arises from 
enhanced catalytic properties, including high BET surface 
area and moderate band gap [10]. 

The adsorption process is one of the best processes 
for removing toxic dyes from polluted environments, 
including air, water and soil [11]. Arora et al. used 
Curcuma caesia-based activated carbon to remove 
malachite green dye from an aqueous solution [12]. As 
well, Sharma et al. [13] used nanocomposite hydrogel for 
photocatalytic degradation of malachite green oxalate 
dye. 

The present work aims to synthesize CuCo2O4/MgO 
as a composite spinel-supported oxide and characterize a 
new adsorbent surface. The adsorption ability of the 
prepared material toward malachite green oxalate dye was 
investigated. This dye is chosen due to its wide use in the 
textile industries. 

■ EXPERIMENTAL SECTION 

Materials 

The used chemicals were Cu(NO3)2·3H2O, 
Mg(NO3)2·6H2O, Co(NO3)2·6H2O, and Na2CO3 of high 
purity 99, 98 and 99 % respectively supplied from B.D.H 
company. Malachite green oxalate (MGO) dye 
(C52H54N4O12) was obtained from BDH Company. Fig. 1 
showed the structural formula of the MGO dye [14]. 

Instrumentation 

The experiments use several apparatuses including 
electronic balance TP-214 (Sartorius, Germany), UV-
visible spectrophotometer double beam-6100PC (EMC 
LAB, Germany), muffle furnace size-two, oven Bs size two 
(Gallenkamp),  ultrasonic set,  and  heater  with  magnetic  
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Fig 1. The structural formula of MGO 

stir MR Hei-standard (Heldolph. Germany). Instruments 
used for characterization included X-Ray  XRD-6000 
and FTIR IRAffinity-1S  (Shimadzu, Japan), field-
emission scanning electron microscope (FE-SEM) 
Tescan Mira3 (French), and atomic force microscope 
(AFM)TT-2 (AFM Workshop, USA). 

Procedure 

Synthesis of composite spinel oxide 
A spinel oxide of copper and cobalt was prepared by 

calcinating their carbonates through the coprecipitation 
method [15]. Sodium carbonate was used as a 
precipitation agent in two ratios of 0.4 (2.431 g) and 0.6 
(5.82 g) from their aqueous nitrates, respectively, at a 
reaction temperature of 60–70 °C. Then, the precipitant 
was filtered and washed with deionized distilled water 
until pH = 7. Next, the precipitate was dried at 120 °C 
for 24 h. After that, it was calcinated at 450 °C for 4 h, 
following the preparation method described in the 
previous study [16]. Magnesium oxide was also prepared 
separately by precipitation method from its aqueous 
nitrate at the same conditions [17]. Then, the copper and 
cobalt oxides were loaded on magnesium oxide at a ratio 
of 0.4 of dual oxide to 0.6 of magnesium oxide and mixed 
very well in 100 mL of distilled water using ultrasound 
for 30 min. The homogeneous oxides were filtered and 
dried, then calcined at 450 °C for 4 h. This is a 
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modification of the method used by Kadhim [17] for 
preparing CuCo2O4/MgO. 

Study of conditions of optimization adsorption 
A series of volumetric flasks of 25 mL capacity was 

taken containing a dye solution with a concentration of 
8 ppm. A weight of 0.01 mg of the adsorbent was added to 
each volumetric flask and placed in a water shaker. The 
percentage of dye removal was measured every 10 min, 
for 120 min after separating the adsorbent surface from 
the solution and finding the absorbance of the solution. 
As for the weight of the adsorbent surface, a series of 
volumetric flasks of 25 mL capacity of 8 ppm dye solution 
were also taken, in addition to the different weights in the 
range of 0.0025–0.015 g of the adsorbent surface and 
finding the percentage of dye removal at the optimization 
time [18]. In the same way, the function experiments were 
carried out with acidity and ionic strength [19]; 

i e

i

C C
Re% 100%

C


   (1) 

 i e
e

V C C
Q

m


  (2) 

whereas, Re% = the removal efficiency of dye, Ci = the 
initial concentration of the MGO dye (before adsorption), 
Ce = equilibrium concentration of the MGO dye (after 
adsorption), Qe = the capacity of the adsorbate in mg g−1, 
m = the weight of CuCo2O4/MgO in units of g, and V is 
the total volume of the adsorbate solution in units L. 

Isothermal study for adsorption of MGO dye over 
CuCo2O4/MgO composite 

A series of different initial concentrations in the 
range of 4–12 mg L−1 of MGO dye to construct the 
calibration curve to use for determination of the residual 
concentration of dye after each of the operations of the 
removal process. This study was carried out at different 
temperatures 298, 318, and 338 K and found the 
adsorption capacity (Qe) at the optimum conditions of 
adsorption to study the isothermal adsorption 
temperature for adsorption of dye according to Giles's 
classification using the prepared adsorbent surface by 
plotting between the adsorption capacity Qe and Ce [20]. 

■ RESULTS AND DISCUSSION 

Characterization of Synthesized Metal Oxides 

Functional groups of the prepared material were 
investigated using FTIR spectrometry. The obtained 
results are presented in Fig. 2. From these spectra, it is 
clear that the vibrations of stretching metal-oxygen bonds 
appeared in a range of less than 1000 cm−1. The peaks at 
436, 550 and 667 cm−1 have corresponded to the vibrations 
of stretching bonds of Mg2+−O2−, tetrahedral Co3+−O2− and 
octahedral Cu2+−O2−, respectively. This indicates that 
the synthesized oxides are a spinel type CuCo2O4/MgO 
[16,21-22]. The peaks around 2400 cm−1 are related to 
the rocking vibrations of the metal oxide bonds [23]. 

4000 3600 3200 2800 2400 2000 1600 1200 800 400

T
 (

%
)

Wavenumber (cm1)  
Fig 2. FTIR for Synthesized CuCo2O4/MgO 
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Fig 3. XRD patterns for the synthesized CuCo2O4/MgO 

 
The crystal structure of the prepared materials was 

investigated using X-ray diffraction patterns. These 
patterns are shown in Fig. 3; the main peaks at 2θ 19.03, 
31.30, 32.58, 35.57, 36.89, 38.77, 42.93, 44.86, 48.76, 53.43, 
55.74, 58.37, 59.41, 62.23, 65.29, 68.11 and 78.52 with 
Miller coefficients (111), (220), (110), (002), (111), (111), 
(200), (400), (331), (020), (422), (202), (511), (220), (440), 
(531), and (222), respectively, identical to the metal oxides 
of CuCo2O4 and MgO according to the standard JCPDS 
card for these materials [24-25]. 

The surface morphology of the synthesized material 
was screened using scanning electron microscopy, and the 
obtained image is presented in Fig. 4. From the obtained 
image, it can be seen that the presence of homogeneous 
flakes with an average particle size of around 33 nm, with 
the presence of spherical granules particles with an 
average size of around 27 nm, MgO and CuCo2O4. 

AFM was also utilized in the investigation 
topography of the synthesized materials. The obtained 
results are presented in Fig. 5. AFM image showed a 
relative homogeneity of the surface's topography of these 
oxides and their roughness coefficient. 

Optimization Conditions for Removal of MGO Dye 
by Adsorption over CuCo2O4/MgO Spinel Oxide 

Fig. 6 shows the calibration curve of MGO dye, which 

was done for the determination of the dye concentration 
after each adsorption process. 

 
Fig 4. FESEM image for CuCo2O4/MgO spinel oxide 

 
Fig 5. AFM image for synthesized CuCo2O4/MgO spinel 
oxide 
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Contact time is one of the most important factors 
influencing the adsorption process, and it is the time 
required for adsorbent particles to stick to the adsorbent 
surface. From Fig. 7, we noticed a sudden increase in the 
removal rate in the first 10 min. Then it was increased to 
reach a high percentage after 50 min. After that, the 
removal rate remains almost constant for up to 120 min. 
As a result of the adhesion of all adsorbent particles to the 
adsorbed surface during the first 60 min. This observation 
arises from the gradual filling of active sites at the adsorbent 
surface with MGO dye molecules with time progress until 
it becomes fully saturated, which leads to reduce the rate 
of dye removal over the adsorbent surface [18]. 

Fig. 8 shows the effect of the adsorbent surface weight 
on the efficiency of dye removal. From these results, it can 
be seen that the adsorption capacity was increased with 
the increase of adsorbent surface weight because this can 
lead to an increased number of active sites on the 
adsorbent surface with the increase of the amount of 
adsorbent surface in the adsorption process [26]. 

 
Fig 6. Calibration curve of MGO dye at wavelength 
620 nm 

 
Fig 7. Contact time of MGO dye particles on 
CuCo2O4/MgO adsorbent surface 

Fig. 9 shows the adsorption isotherm in which the 
relationship between the adsorption capacity of Qe and 
Ce adsorbents when using different initial 
concentrations of 4–12 mg L−1 was, according to Giles S4 
classification, the reason for the high-affinity adsorbents 
and surface adsorbents at 298–338 K [27]. 

Figs. 10, 11, and 12 show Freundlich, Langmuir, 
and Temkin adsorption isotherms; these were calculated 
according to Eq. (3–5). The values of constants for each of  

 
Fig 8. Effect of the weight of CuCo2O4/MgO adsorbent 
surface on adsorption MGO dye 

 
Fig 9. Isothermal of adsorption MGO dye over 
CuCo2O4/MgO adsorbent surface at 298, 318, and 338 K 

 
Fig 10. Relationship between Ce/Qe and Ce for MGO dye 
over CuCo2O4/MgO adsorbent surface at 298, 318, and 
338 K 
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Fig 11. Relationship between log Qe and log Ce for MGO 
dye over CuCo2O4/MgO adsorbent surface at 298, 318, 
and 338 K 

 
Fig 12. Relationship between Qe and ln Ce for MGO dye 
over CuCo2O4/MgO adsorbent surface at 298, 318, and 
338 K 

the model's adsorption equations and all the results are 
summarized in Table 1. The adsorption process applies to 
Freundlich and Temkin equations while the Langmuir 
equation does not apply to Freundlich because Langmuir 
originally proposed that the adsorption process occurs on 
one layer after that, Freundlich and Temkin modified 
Langmuir's equation for the adsorption process occur in 
more than one layer [28-29]; 

e
e

e

abC
Q      Langmuir

1 bC



 (3) 

where Qe is adsorption gravimetric capacity in units 
(mg g−1), Ce is the concentration of the solute adsorbent 
at equilibrium in units of mg L−1, (a) best adsorption 
capacity when the adsorption surface is completely 
saturated in (mg g−1) units, and b is Langmuir constant 
[30]. 

1 n
e f eQ k C      Freundlich  (4) 

The kf and n are the experimental Freundlich constants 
while n and kf are a measure of the intensity of 
adsorption and a measure of the amount of adsorption, 
respectively [30]. 

e T e
RTQ LnA C      Temkin
b

  (5) 

The AT is the adsorption equilibrium constant 
representing the maximum adsorption energy while B is 
an enabling isotherm constant which is equal to RT/b (R: 
represents the general gas constant 8.314 J mol−1 K−1, T 
represents the absolute temperature K, and b the 
adsorption heat constant J mol−1) [30]. 

Study of Thermodynamic Functions (ΔG, ΔH and 
ΔS) 

The effect of temperature on the efficiency of MGO 
dye removal by adsorption over the prepared materials 
was studied, and thermodynamic functions (free energy 
ΔG, enthalpy ΔH, entropy ΔS) for the importance of this 
conception to the adsorption process and determining 
the type of reaction spontaneous or not, exothermic or 
endothermic [33]. The free energy ΔG was calculated 
using Eq. (10), while ΔH was calculated by sketching the 
relationship between the equilibrium constant ln Keq, 
which is shown in Fig. 13 and Table 2. From the negative 
value of ΔG, it appears that the adsorption process 
occurs spontaneously and does not need energy. The 
heat of the reaction is positive, indicating that the 
adsorption process is an endothermic process, while the  

Table 1. Langmuir, Freundlich, and Temkin constants and correlation coefficient for adsorption of MGO dye over 
CuCo2O4/MgO 

Temperature 
K 

Langmuir isotherm Freundlich isotherm Temkin isotherm 
a b R2 Kf n R2 bT KT R2 

298 333.33 0.51 0.29 116.76 1.41 0.94 29.51 22.51 0.84 
318 204.08 1.32 0.83 136.45 1.55 0.98 27.48 39.04 0.92 
338 117.64 5.31 0.95 140.34 2.08 0.99 20.60 154.70 0.94 
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Table 2. Comparative Langmuir, Freundlich, and Temkin constants and correlation coefficient for adsorption of MGO 
dye 

Adsorbent 
Langmuir isotherm Freundlich isotherm Temkin isotherm 

Ref. 
a b R2 Kf n R2 bT KT R2 

SnO2–NP–AC 142.87 2.33 0.9990 76.17 4.98 0.8320 19.91 63.00 0.8750 [31] 
TLN 425.63 0.01 0.9528 42.57 3.19 0.9077 23.30 1.17 0.8997 [32] 
CuCo2O4/MgO 333.33 0.52 0.2965 116.76 1.41 0.9477 29.52 22.51 0.8499 This work 

Table 3. Thermodynamic functions (ΔG, ΔH and ΔS) for the adsorption process 
Tem. K 1000/T Keq ln Keq ΔG (kJ mol−1 K−1) ΔH (kJ mol−1 K−1) ΔS (J mol−1 K−1) 

298 3.35 248.71 5.51 -13.66 59.17 -244.43 
318 3.14 1270.02 7.14 -18.89 59.17 -245.50 
338 2.95 4177.02 8.33 -23.42 59.17 -244.39 

 

 
Fig 13. Calculation of ΔH for adsorption of MGO dye 
over the synthesized material by plotting of ln Keq against 
1000/T 

change in entropy showed a change from a positive value 
but decreasing state with increasing temperature, this may 
be due to the disturbance of the water molecules around 
the dye [34-35]. 
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From the Isothermal models in Table 2 and 
thermodynamic values in Table 3, the removal 
mechanism of MGO dye was physical absorption 
because ΔG was negative as well. The isothermal models 
were not identical to the Langmuir model [36-37]. 

■ CONCLUSION 

The present study involved the synthesis of a new 
spinel oxide nanocomposite successfully 
(CuCo2O4/MgO). The type of prepared composite was a 
spinel structure with a nanoparticles range. It showed 
high efficiency for the removal of MGO dye from its 
aqueous solutions, which was around 98%. Removal of 
MGO dye was conducted effectively using small 
quantities of adsorbent surface weight between 0.0025–
0.015 g and dye concentration 5 mg L−1. 
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 Abstract: SiO2-TiO2@propylamine-Ni(II) as the catalyst for the benzyl alcohol 
oxidation has been synthesized by utilizing rice husk ash as the SiO2 source. This research 
was started by extracting SiO2 from rice husk ash and continued by synthesizing the SiO2-
TiO2 composite using titanium(IV) tetraisopropoxide (TTIP) as TiO2 precursor and PEG-
40 as template. The composite functionalization and metal modification were carried out 
by adding (3-aminopropyl)triethoxysilane (APTES) as the source of propylamine linker 
and impregnating NiCl2·6H2O as the nickel precursor, respectively. The catalysts were 
synthesized by varying the ratios between each component within the material. The 
prepared materials were then characterized using ATR-IR, XRD, XRF, PSA, SAA, AAS, 
SEM-EDX, HR-TEM, and TGA. The catalyst activity was investigated by applying it to 
the oxidation reaction of benzyl alcohol to benzaldehyde with H2O2 as the oxidizing agent 
under sonication system. The obtained products were then analyzed by using GC-MS to 
quantify the success of the reaction. All characterizations performed in this research 
generally indicate the success in the synthesis of SiO2-TiO2@propylamine-Ni(II) 
materials. Under the same condition including at room temperature, 1 h reaction time, 
and sonication system, the optimal oxidation reaction of benzyl alcohol was reached when 
SiO2-TiO2@propylamine-Ni(II)5 was used as the catalyst in 98.52% yield. 

Keywords: benzaldehyde; benzyl alcohol; catalyst; oxidation reaction; SiO2-
TiO2@propylamine-Ni(II) 

 
■ INTRODUCTION 

Alcohol oxidation to many forms of carbonyl-based 
compounds is one of the vast significances to the 
development of chemical fabrication [1]. The most 
notable example is the conversion of benzyl alcohol to 
benzaldehyde, which provides numerous applications in 
diverse areas such as coloring agents, medical products, 
farming, fragrances, foods, drinks, and also chemicals [2]. 
Most of the aldehyde is produced by a selective oxidation 
mechanism of alcohol utilizing a homogeneous catalyst. 
However, this kind of method has some drawbacks, 
including low reusability, difficult separation, low degree 
of conversion, and toxic contaminants [3-4]. As a result, 
it is essential to find an environmentally friendly and 
effective method to replace the homogeneously catalyzed 
oxidation reaction. Noble metals such as gold, platinum, 

and palladium have long been developed as 
heterogeneous catalysts in benzyl alcohol to 
benzaldehyde oxidation reactions. These metals are 
generally dispersed onto supporting materials and have 
been observed to have significant catalytic activity [5-6]. 
Regrettably, the noble metal precludes its widespread 
potential for application due to its rising cost. Non-noble 
metals with a lower cost, such as nickel, can be used and 
have been reported to be advantageous for benzyl 
alcohol oxidation [7-9]. 

A catalyst based on nickel metal dispersed on SiO2-
TiO2 composite was used in this study. Silica was chosen 
because it has several advantages, including the ability to 
form a large framework, abundance in nature and living 
creatures, great efficiency, selectivity, surface area, 
thermal stability, also good mechanical properties. Even 
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so, silica has a limitation as a support material since it 
forms inadequate compatibility with transition metals, 
limiting its interaction with these metals. Consequently, 
the transition metals are distributed poorly on the surface 
[10]. This major silica limitation can be overcome by 
combining silica with other metal oxides, one of which is 
titania. This is driven by the fact that titania can interact 
well with almost all transition metals, including Au, Cu, 
Ni, Mn, Pd, Co, and Ru. Titania also has high thermal and 
chemical stabilities [11]. The optimal interaction between 
titania and metal will aid the interaction of silica and 
metal. Hence, combining silica and titania into a 
composite should result in a support material with high 
thermal stability, a large surface area, and the ability to 
interact optimally with the catalyst metal. 

Rice husk ash will be used as a silica source in this 
research. This is owed to the fact that rice husk ash 
contains silica with a very high purity level of 94–99% [12-
13]. There are already so many reported studies about 
SiO2 extraction from rice husk ash, including its 
application as a cement component [14-18], geopolymer 
[19-23], functional material [24], microelectronic, sensor, 
nano additives [25], adsorption and filtration membrane 
[26], photocatalyst [27], bioimaging, as well as drug 
delivery agent [28]. Despite its extensive utilization and 
application, there has not been found previous research 
which addressed the simultaneous modification of silica 
extracted from rice husk ash with TiO2 and APTES linker 
agent as had been conducted in this research. 

Even though the SiO2-TiO2 composite has the 
potential to become an excellent supporting material, 
there is still a drawback, such as the metal can be easily 
leached from the composite surface due to the weak 
physical interaction. This, of course, brings down the 
activity of the catalyst in the benzyl alcohol oxidation 
reaction. This problem can be fixed by incorporating 
organic linker agents such as imines, amines, and oleic 
acid onto the composite surface to become inorganic-
organic hybrid material [29]. The optimal interaction of 
the metal and the functionalized linker agent on the 
surface of the supporting material will augment the 
catalyst stability. In this study, the compound (3-
aminopropyl)triethoxysilane was utilized as the source of 

propylamine linker agent between the metal ion catalyst 
and the SiO2-TiO2 composite. Moreover, the sonication 
method was conducted in the oxidation reaction of 
benzyl alcohol to benzaldehyde as the application of this 
research. This method was used owing to its ability to 
accelerate the reaction and lower the required reaction 
temperature [30]. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this research were pro-
analysis quality chemicals purchased from Sigma-
Aldrich and Merck including HCl 37%, NaOH, Na2SO4 
99.9%, C9H23NO3Si 99%, Ti{OCH(CH3)2}4 97%, PEG-40, 
C2H5OH 99%, NiCl2·6H2O 99.9%, C6H5CH2OH 99%, 
and H2O2 30%. Other technical-grade materials were 
used, including distilled water and rice husk ash 
obtained from Semarang, Central Java. No further 
purification was conducted for all used reagents. 

Instrumentation 

The instrumentations used for the characterization 
in this study include attenuated total reflectance-
infrared spectroscopy (QATR 10, Shimadzu), X-ray 
diffractometer (XRD-6000, Shimadzu), scanning 
electron microscope-energy dispersive X-ray (JEC-3000 
FC, JEOL), high resolution-transmission electron 
microscope (Tecnai G2 20 S-Twin, FEI), 
thermogravimetric analyzer (STARe SW, METTLER), 
X-ray fluorescence (NEXQC+, QUANTEZ), particle size 
analyzer (SZ-100, HORIBA Scientific), surface area 
analyzer (Gemini VII Version 5.03, Micromeritics), 
atomic absorption spectroscopy (iCE 3000 
AA01212502, Thermo Scientific), and gas 
chromatography-mass spectrometer (QP2010S, 
Shimadzu). 

Procedure 

Extraction of SiO2 from rice husk ash 
Rice husk ash (RHA) was leached by dissolving it 

in 1 M HCl at a ratio of 1:10 (w/v). The mixture was 
stirred at room temperature for 2 h before being washed 
with distilled water. The RHA was then dried for 8 h at 
80 °C before being calcined for 5 h at 550 C. Next, ATR-



Indones. J. Chem., 2023, 23 (5), 1361 - 1374    

 

Dewi Agustiningsih et al. 
 

1363 

IR, XRD, and XRF methods were used to characterize the 
uncalcined and calcined RHA. To extract the silica, the 
calcined RHA was then dispersed in 1 M NaOH with a 
ratio of 1:10 (w/v) and stirred for 2 h at 90 °C. It was next 
followed by centrifugation at 4000 rpm for 20 min. 
Afterward, the sodium silicate liquid was then collected as 
the silica precursor to be used in the next procedure. 

Synthesis of SiO2-TiO2 composite 
To synthesize the SiO2-TiO2 composite, 1 mol of 

sodium silicate was neutralized with 1 M HCl dropwise 
until a neutral pH was reached. Next, 1 mol of TTIP 
precursor was dispersed in absolute ethanol at 1:1 (v/v) 
ratio. The dispersed TTIP in ethanol was then added to 
the silica gel that had been formed before in the sonication 
system. The composite was then added dropwise with 
PEG-40 at a mol ratio of 1:6 (PEG:composite). The 
mixture of silica, titania, and PEG-40 was sonicated for 
1 h to produce a white suspension prior to getting dried at 
80 °C for 24 h. The template removal process was 
completed by dispersing SiO2-TiO2@PEG in absolute 
ethanol with a ratio of 1:10 (w/v) in a sonication system 
for 1 h at room temperature. The solid was then filtered, 
washed with cold absolute ethanol, and dried for 8 h at 
60 °C. The same procedure was carried out to remove the 
template twice. 

Functionalization of SiO2-TiO2 composite 
The functionalization procedure was conducted by 

dispersing SiO2-TiO2 composite in absolute ethanol at 
1:10 (w/v) ratio. The propylamine with the mass ratio of 
1:2 (w/w) to SiO2-TiO2 was also then dispersed in ethanol 
1:10 (v/v). The propylamine solution was gradually added 
to the composite mixture before being sonicated for 2 h 
and stirred for 6 h at room temperature. Just after that, 
centrifugation was performed to obtain the solid. It was 
then filtered before being washed with absolute ethanol 
and distilled water three times for each, afterwards dried 
at 60 °C for 12 h [31]. 

Metal impregnation of SiO2-TiO2@propylamine hybrid 
material 

As much as 1 g of SiO2-TiO2@propylamine hybrid 
material was dispersed in distilled water with a ratio of 
1:100 (w/v) and then added with nickel(II)-chloride 

hexahydrate in various moles. The mixture was 
sonicated for 3 h at room temperature before being 
filtered and washed three times with distilled water. The 
obtained greenish-white solid was then dried for 4h at 
80 °C, and finally characterized using ATR-IR, XRD, 
PSA, SAA, AAS, SEM-EDX, HR-TEM, and TGA. 

Catalytic activity 
In the oxidation reaction of benzyl alcohol, as 

much as 1 mmol of benzyl alcohol, 50 mg of catalyst 
material, and 1 mL of H2O2 were added into a vial. The 
reaction was carried out for 1 h at room temperature in 
a sonication system [2]. When the reaction finished, the 
solid catalyst was restored through the filtration process. 
Next, the organic phase was extracted from the filtrate 
and dried using anhydrous sodium sulfate. Lastly, the 
final products were then analyzed with GC-MS. 

■ RESULTS AND DISCUSSION 

Characterization of SiO2 from RHA 

From Table 1, it is reported that rice husk ash has 
a high content of silica up to 97.923%. It supports the 
known fact that rice husk ash is one of the most potential 
silica natural sources. According to the results of the 
ATR-IR characterization in Fig. 1, there are peaks in the 
spectra of the uncalcined RHA that indicate the 
dominant carbon component. These peaks include 1373 
(Csp3–H bending), 1600 (C=C aromatics), 1743 (C=O 
stretching), 2939 (Csp3–H stretching), and 3424 cm−1 
(O–H stretching). Some peaks also indicate the presence 
of silica in uncalcined RHA, such as 432 (SiO4 bending 
mode), 794 (Si–O–Si symmetrical stretching), and 
1049 cm−1 (Si–O–Si asymmetrical stretching). After the 
rice husk ash had been  leached and  calcined, the carbon 

Table 1. Composition of calcined rice husk ash 
Component Content (%mass) 
SiO2 97.923 
Fe2O3 0.388 
K2O 0.784 
CaO 0.647 
TiO2 0.121 
MnO 0.079 
Cr2O3 0.031 
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Fig 1. ATR-IR spectra of (a) uncalcined RHA, (b) calcined 
RHA, and (c) extracted silica 

component began to disappear. It is evidenced by the 
decreasing intensity of the carbon material characteristic 
peaks and the increasing relative intensity of silica 
characteristic peaks. Based on these results, it can be 
concluded that the calcination process to remove the 
carbon component in rice husk ash was successfully done. 
The ATR-IR spectra of silica extracted from rice husk ash 
reveal that it contained high purity. This is clearly indicated 
by some characteristic peaks belonging to pure silica. 

Fig. 2 depicts that calcined and uncalcined RHA 
exhibit a characteristic pattern of amorphous silica with a 
broad peak at 2θ around 22°. Moreover, it can be noticed 
here that the intensity of these peaks increases in leached 
and calcined rice husk ash spectra. It can be explicated by 
the fact that metal oxides other than SiO2 were dissolved 
after leaching, and the amount of carbon in rice husk ash 
decreased after calcination. The loss of other metal oxides 
and carbon increased the relative intensity of the broad 
peaks from amorphous SiO2. The pattern from the extracted 
silica displays higher intensity and more distinct peaks 
compared to other spectra in the same region, providing 
confirmation that it was purely derived from calcined RHA. 

Characterization of SiO2-TiO2 before and after 
Template Removal 

The method used in the synthesis of the SiO2-TiO2 
composite was sol-gel by adding TTIP precursor to the 
obtained silica gel. The mixture was then treated with 

polyethylene glycol 40 (PEG-40) as the template. PEG is 
the most used surfactant as a template due to its non-
toxic long polymeric chain and good water solubility 
[32]. It is also known to have good properties such as 
hydrophilic, water-soluble, biocompatible, non-toxic, 
and protein-resistant [33]. Subsequently, to produce the 
SiO2-TiO2 composite, this template must be removed. 
Instead of calcination, the template removal process in 
this study was carried out using the sonication method. 
It was done to prevent exposing the composite to high 
temperatures, which might result in the formation of 
crystalline phases for both SiO2 and TiO2. If a crystalline 
phase is formed, the number of free silanol and titanol 
groups on the surface tends to decrease because they are 
used to form crystalline structures. This is 
disadvantageous since these groups are required for 
bond formation with propylamine as the interparticle 
linker agent in the next step. 

Fig. 3 shows the ATR-IR spectra of the SiO2-TiO2 
composite before and after the template removal. Some 
characteristic peaks of the composite are detected 
including at 3400 (O–H stretching of the silanol and 
titanol groups), 2924 (Csp3–H stretching), 1735 (C=O 
stretching), 1643 (O–H bending from SiO–H), 1465 
(Csp3–H bending for –CH2–), 1350 (Csp3–H bending for 
–CH3), 1049 (Si–O–Si asymmetrical stretching), 794 
(Si–O–Si symmetrical stretching), and 949 cm−1 (Si–O–
Ti stretching). After the sonication for template removal  
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Fig 2. X-ray diffraction pattern of (a) extracted silica, (b) 
calcined RHA, and (c) uncalcined RHA 
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Fig 3. ATR-IR spectra of (a) SiO2-TiO2@PEG-40 and (b) 
SiO2-TiO2 after PEG-40 removal 

was carried out, the intensity of PEG-40 characteristic 
peaks comprising 2924 (Csp3–H stretching), 1735 (C=O 
stretching), 1465 (Csp3–H bending for –CH2–), and 
1350 cm−1 (Csp3–H bending for –CH3) significantly 
decrease. Based on the difference in mass before and after 
template removal, the sonication method could remove 
up to 88.92% of the template at SiO2-TiO2 composite. 

According to Fig. 4, the ATR-IR characterization 
results for the propylamine functionalized composite do 
not show significant differences from the composite 
spectra prior to functionalization. However, if we take a 
closer look, we can see differences in the shape and 
intensity of the peak at 1550 cm−1. There is no vibration 

peak around that wavenumber prior to 
functionalization. Then after functionalization, a broad 
peak is observed, indicating the presence of the –NH2 
group deformation vibration in propylamine from 
APTES [34-35]. After functionalization, the Ti–O–Si 
vibrational peak appeared to merge with the Si–O–Si 
peak. The probable answer for this case is that when 
APTES was added to the composite, the silane groups 
preferred to bind with silanol groups to form Si–O–Si 
rather than with titanol groups to form Si–O–Ti. This is 
most likely since the same size of Si from silane and 
silanol would optimize the orbital overlap that occurred 
during the bond formation. Meanwhile, the size 
difference between Si and Ti shrunk the probability of 
orbitals overlapping. 

The ATR-IR spectra of propylamine-
functionalized and Ni(II)-impregnated SiO2–TiO2 in 
Fig. 5 reveal the characteristic peak of the Ni–N bond at 
410–420 cm−1 [36]. This peak suggests that nickel ion 
was successfully dispersed on the composite surface 
through the formation of the bond between nickel ion 
from precursor salt and nitrogen atom belonging to the 
amine groups from propylamine resulted by APTES. 

Based on Fig. 6(b), the diffraction pattern of the 
composite after template removal exhibits the amorphous 
properties of silica and titania at 2θ 22°. This suggests 
that both silica and titania were obtained as amorphous 
materials rather than crystalline. It is presumably 
because  the growth  of silica and  titania crystals  did not  
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Fig 4. ATR-IR spectra of (a) SiO2-TiO2 and (b) SiO2-TiO2@propylamine 
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Fig 5. ATR-IR spectra of (a) SiO2-TiO2@propylamine and (b) SiO2-TiO2@propylamine-Ni(II) 
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Fig 6. X-ray diffraction pattern of (a) SiO2-
TiO2@propylamine-Ni(II) and (b) SiO2-TiO2 

occur when calcination at high temperatures was not 
executed during the template removal process. In 
addition, Fig. 6(a) depicts that the diffraction pattern of 
SiO2-TiO2@propylamine-Ni(II) seems to have an 
identical amorphous character, and no other additional 
peaks are observed. It can be explained by two probable 
reasons, including (i) propylamine from APTES did not 
contribute to the provision of diffraction patterns, and (ii) 
the formed nickel in this material was Ni(II). The Ni(II) 
metal ions did not exhibit a specific diffraction pattern 
since there was no crystal growth in it [37]. 

As it is shown in Fig. 7, the average size of SiO2-TiO2 
particles beyond the nano dimension (more than 100 nm) 
is 1365 nm. The formation of sufficiently large particles 
was driven by the fact that both titania and silica were in 

the amorphous phase. The amorphous phase is known 
to have a greater particle coalescence or agglomeration 
rate than the crystalline one [38]. Moreover, it can also 
be noticed here that the presence of APTES and Ni(II) 
metal ions could decrease the probability of aggregation 
among the composite particles with an average size of 
662 nm. This effect was likely attributed to the capping 
action exerted by these two modifiers on the surface of 
the composite. 

Based on SAA data, the SiO2-TiO2 composite 
exhibited a surface area of 234.0573 m2/g and an average 
pore size of 7.28 nm. Subsequently, upon the addition of 
APTES and Ni(II), the composite experienced an 
augmentation in surface area, 243.9891 m2/g, alongside 
a reduction in average pore size, 6.81 nm. The increase in 
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Fig 7. Particle size distribution spectra of the synthesized 
materials 
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Fig 8. N2 adsorption-desorption isotherm of (a) SiO2-
TiO2 and (b) SiO2-TiO2@propylamine-Ni(II) 

surface area could be caused by the presence of metal ions 
that enhanced the composite roughness and abruptness. 
Meanwhile, the pore size continued to decrease due to the 
closure of pores resulting from the presence of APTES 
and Ni(II) on the surface. In addition, as shown in Fig. 
8(a) and (b), the N2 adsorption-desorption isotherm curves 
of these two materials illustrate type IV hysteresis as the 
characteristic type of mesoporous material. The formed  
 

pore sizes are generally greater than 5 nm, indicating 
that the materials may be used as catalyst in the organic 
reaction of converting benzyl alcohol to benzaldehyde. 

Fig. 9(a) and (b) display the TGA analysis results, 
indicating two distinct instances of mass loss for the 
material. The initial mass reduction was attributed to the 
evaporation of water molecules from the material 
surface, while the second event arose from the 
elimination of organic components derived from 
propylamine. Additionally, it is evident that the 
composite containing Ni(II) exhibited a lower mass loss 
compared to the composite without it. In simpler terms, 
this suggests that the presence of Ni(II) metal ions 
enhanced the thermal stability of the material. This 
could be owing to the thermal conductivity properties of 
nickel as metal, enabling it to restrict the entry of heat 
into the catalyst material system. 

Characterization of SiO2-TiO2@propylamine-Ni(II) 
with Various Amounts of Ni(II) 

As can be seen in Fig. 10, each catalyst material 
with various nickel ion concentrations exhibits a sharp 
peak in the 1500–1550 cm−1 region with the addition of 
propylamine. Further to that, the peaks between 410 and 
420 cm−1 are also observed, indicating the Ni–N bond. 
The Ni–N peak intensity belonging to the catalyst 
material containing 5 mmol of nickel ion is greater than 
the others. When the nickel ion concentration in the 
material reached the upper 5 mmol, the peak intensity 
decreased. It is because even though the amount of N 
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Fig 9. TGA curve of (a) SiO2-TiO2@propylamine and (b) SiO2-TiO2@propylamine-Ni(II) 
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Fig 10. ATR-IR spectra of SiO2-TiO2@propylamine-Ni(II) with nickel ion concentrations of (a) 3; (b) 5; (c) 7; and (d) 
10 mmol 
 
available from propylamine remained constant, there was 
more competition between Ni atoms to bind to N. The 
quantitative analysis results by AAS displayed in Fig. 11 
are analogous to the results from this ATR-IR 
characterization. It is that the optimal amount of 
successfully attached nickel ion was found in the SiO2-
TiO2@propylamine-Ni(II) (5 mmol) catalyst. 

According to the XRD data depicted in Fig. 12, all 
materials have amorphous SiO2-TiO2 diffraction patterns. 
The difference in nickel ion concentrations had no effect 
on the changes in SiO2-TiO2 diffraction pattern, as the 
metal ions were only dispersed on the outside of the 

framework. Thus, it had no role in the main framework 
of the SiO2-TiO2 amorphous structure. 

As we can see from the SEM data shown in Fig. 13, 
the morphology of the obtained composites is generally 
spherical with the grain size of more than 100 nm. In 
addition, from Table 2, it is known that constituent 
elements such as Si, Ti, C, O, Ni, and N are detected in 
each composite based on the EDX data. Fig. 14(a) 
displays the HR-TEM image of SiO2-
TiO2@propylamine-Ni(II) particles with 5 mmol nickel 
ions. It has a quasi-spherical shape with propylamine 
covering each particle, and the area defined is represented 
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Fig 11. The amount of attached Ni in SiO2-
TiO2@propylamine-Ni(II) with initial nickel ion 
concentrations of (a) 3; (b) 5; (c) 7; and (d) 10 mmol by 
AAS analysis 
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Fig 12. X-ray diffraction pattern of SiO2-
TiO2@propylamine-Ni(II) with nickel ion 
concentrations of (a) 3; (b) 5; (c) 7; and (d) 10 mmol 
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Fig 13. SEM images and EDX spectra of SiO2-TiO2@propylamine-Ni(II) with nickel ion concentrations of (a) 3; (b) 5; 
(c) 7; and (d) 10 mmol 

Table 2. Percentage of the detected elements in catalyst materials by EDX 
SiO2-TiO2@propylamine-Ni(II) Si Ti C O Ni N 
Ni(II) 3 mmol 30.31 11.90 4.50 40.19 1.27 11.83 
Ni(II) 5 mmol 11.36 27.16 9.58 45.13 2.91 3.86 
Ni(II) 7 mmol 16.79 24.28 8.01 47.09 2.42 1.41 
Ni(II) 10 mmol 18.45 20.49 7.74 45.30 3.67 4.35 

 

 
Fig 14. HR-TEM images of SiO2-TiO2@propylamine-
Ni(II)5 

by a lighter color. When the magnification was increased 
in Fig. 14(b), it can be seen that the SiO2-TiO2 as the core 
is represented by a darker color, propylamine in the outer 

lighter color, and Ni(II) in the darker layer out of 
propylamine. 

Catalytic Activity Evaluation 

According to Fig. 15 and Table 3, it is known that 
under the same condition, the most active catalyst was 
SiO2-TiO2@propylamine-Ni(II)5, with the yield 
percentage of 98.52%. It basically confirms that this 
catalyst had the most nickel ion attached to its surface as 
the primary catalyst for the oxidation reaction. As a 
result, the highest activity was achieved, followed by 
other catalysts with less attached nickel ions. Due to the 
absence of nickel ion when SiO2-TiO2 was used as the 
catalyst, a product with a lower yield percentage was 
generated. The product was still formed despite the lack  
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Fig 15. The oxidation reaction of benzyl alcohol to benzaldehyde using SiO2-TiO2@propylamine-Ni(II)5, including 
(a) right after reaction, (b) after catalyst separation, and (c) the products obtained from (A) TiO2, (B) SiO2-
TiO2@propylamine, (C) SiO2-Ni(II), (D) TiO2-Ni(II), (E) SiO2-TiO2@propylamine-Ni(II)3, (F) SiO2-TiO2@propylamine-Ni(II)5, 
(G) SiO2-TiO2@propylamine-Ni(II)7, (H) SiO2-TiO2@propylamine-Ni(II)10, and (I) SiO2-TiO2 

Table 3. Oxidation of benzyl alcohol to benzaldehyde 
Catalyst Conversion (%) Yield (%) Selectivity (%) 
SiO2 0 0 0 
TiO2 23.44 22.64 96.59 
SiO2-TiO2@propylamine 33.46 33.46 100 
SiO2-Ni(II) 68.97 67.53 97.91 
TiO2-Ni(II) 58.73 53.52 91.13 
Without catalyst 0 0 0 
SiO2-TiO2 55.45 52.56 94.79 
SiO2-TiO2@propylamine-Ni(II)3 87.40 87.40 100 
SiO2-TiO2@propylamine-Ni(II)5 98.62 98.52 99.90 
SiO2-TiO2@propylamine-Ni(II)7 87.40 87.40 100 
SiO2-TiO2@propylamine-Ni(II)10 78.91 77.38 98.06 

 
of nickel ion. This is rooted in the fact that in the presence 
of visible and UV light, TiO2 was able to carry out the 
oxidation reaction by breaking H2O2 into OH radicals 
[39]. The OH radicals would help convert benzyl alcohol 
to benzaldehyde. This phenomenon was also detected in 
the result obtained when pure TiO2 was used as the 
catalyst. The product was still formed caused by the 
catalytic process that kept occurring due to the 
photocatalytic activity of TiO2 itself. Conversely, there 
was no product observed when pure SiO2 was used since 
this material has no catalytic activity [40]. 

When the functionalized SiO2-TiO2 was used as the 
catalyst, the yield whittled down. As the presence of 
propylamine from APTES partially covered the SiO2-
TiO2 surface, causing the interaction between the 
catalyst and H2O2 to be limited. Furthermore, even 
though the percentage yield of SiO2-Ni(II) and TiO2-
Ni(II) catalysts is not relatively high, these materials 
could still convert benzyl alcohol to benzaldehyde. The 
oxidation reaction was noticed to occur here due to the 
role of nickel ion as the main metal catalyst. 

According to the results, it is known that SiO2-Ni(II)  
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outperformed TiO2-Ni(II) in terms of yield. Due to the 
large surface area of silica, nickel ion on the surface was 
more dispersed and avoided agglomeration, which 
resulted in higher activity than in titania. Contrary to the 
previous research revealing that titania interacts well with 
metal catalysts, in this research, titania was observed to 
have low activity due to its tendency to agglomerate and 
lower surface area than silica. Meanwhile, when the 
reaction was conducted without the use of a catalyst, no 
product was obtained due to the absence of a catalytic 
process. Table 4 shows some previous studies related to 
the oxidation reaction of benzyl alcohol to benzaldehyde. 
Compared to other catalysts that had been evaluated for 

the same reaction, SiO2-TiO2@propylamine-Ni(II) 
produced considerably better performance, shown by its 
conversion, yield, and selectivity percentages. 

This study tried to propose a mechanism for the 
oxidation reaction of benzyl alcohol to benzaldehyde 
using the synthesized catalyst as adapted from Javidfar 
et al. [2]. The role of Ni(II) in facilitating the oxidation 
reaction can be observed in Fig. 16, as it utilized its 
empty orbitals to bind both H2O2 as the oxidizing agent 
and benzyl alcohol as the main reactant. Initially, 
hydrogen peroxide attached to the empty orbitals of 
Ni(II), followed by the binding of benzyl alcohol. In 
succession, a water molecule was formed for one hydroxyl  

Table 4. The performance of other catalysts in benzyl alcohol to benzaldehyde oxidation reaction 
Catalyst Yield (%) References 
Ni/Fe3O4 99 [7] 
Ni(OH)2-modified CdS-MoS2 94.2 [9] 
[Ni(L)2(H2O)2] 45.2 [41] 
TiO2/Ti3C2 97 [42] 
Mesoporous g-C3N4 97 [3] 
La(OH)3/Fe3O4@chitosan 100 [2] 
TiO2 nanorods 58.1 [43] 
Ru/g-C3N4 72 [5] 
SiO2-TiO2@propylamine-Ni(II) 98.52 This study 

 
Fig 16. The proposed mechanism of benzyl alcohol to benzaldehyde oxidation reaction using the synthesized catalyst 
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species from H2O2, accepting one hydrogen atom from 
benzyl alcohol. The remaining hydrogen atom from 
benzyl alcohol was then bonded with another hydroxyl 
group from H2O2, resulting in the production of water 
molecules and benzaldehyde as the final products. 
Throughout this series of oxidation reactions, Ni(II) 
ultimately returned to its original state, like the one when 
the reaction had not occurred yet. This route can also be 
adapted to explain why pure TiO2 was able to 
accommodate the oxidation reaction. It is because TiO2 
can produce OH radicals as oxidizing agents due to its 
photoconductivity [44]. 

■ CONCLUSION 

In this study, we successfully synthesized a new 
heterogeneous catalyst, namely SiO2-TiO2@propylamine-
Ni(II). The results of all characterizations synergically 
report the success of the synthesis. This material was used 
as the catalyst for benzyl alcohol oxidation reaction as one 
of the important organic reactions in a wide range of 
applications. The catalyst has been proven to have 
excellent performance in oxidation reactions by the 
presence of H2O2 as the oxidizing agent in a sonicated 
system. Every component in the synthesized catalyst 
played a significant role in enhancing the catalyst activity. 
The catalyst was also easy to separate from the product 
after the reaction was complete. This research results in 
the development of a potentially new heterogeneous 
catalyst for organic reactions. 
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 Abstract: Azo dye ligand (HMDA), namely N-(4-((E)-((1E,6E)-1,7-bis(4-hydroxy-3-
methoxyphenyl)-3,5-dioxohepta-1,6-dien-4-yl)diazenyl)phenyl)acetamide was prepared 
by coupling diazonium salt of 4-aminoacetanilide with curcumin in basic conditions. The 
HMDA ligand and its Au(III) complex were characterized by elemental analysis, mass 
spectroscopy, 1H-NMR, FTIR, UV-visible spectra, and molar conductivity. The molar 
ratio method was applied to ascertain the stoichiometric composition of the Au(III) 
complex in aqueous solution, which was 1:2 (metal ion to ligand). HMDA ligand binding 
with Au(III) ion used the enolate form moiety of curcumin under alkaline conditions 
which was observed by infrared spectra and investigated by elemental analysis and 1H-
NMR. HMDA and its Au(III) complex have been evaluated as stains for intestine, 
pancreas and kidney tissues of mice and exhibited important contrast. Both compounds 
showed the most potent staining activity toward blood cells, collagen, muscle fibers and 
cytoplasm in the selected tissues of mice. This azo dye and its complex of Au(III) succeeded 
in dyeing mice tissues, compared with the conventional stains. 

Keywords: curcumin; azo dye; stain; coordination compound 

 
■ INTRODUCTION 

Curcumin is a bright orange-yellow crystalline solid 
and it is widely used as a coloring and food additive. The 
light fastness for the dyed fabrics is improved by using azo 
curcumin dyes and their complexes compared to using 
only curcumin [1-2]. Azo curcumin derivatives with a 
variety of colors depending on the type of amine 
derivative investigated for natural fibers (cotton, silk, and 
wool) exhibited improving fastness properties of the dyed 
fabrics to washing and light fastness [1]. 

Bis-keto tautomeric form of curcumin dominates in 
acidic and neutral conditions as well as in the solid phase, 
which could act as a potential donor of hydrogen atoms, 
while the enolate form of curcumin under alkaline 
conditions predominates [3-5]. Due to its demonstrated 
antioxidant qualities, curcumin has recently attracted a lot 
of attention in the prevention and treatment of diseases. 

Turmeric contains curcumin, a hydrophobic, low-
molecular-weight polyphenol that is frequently utilized 
in food [6]. Both forms of curcumin especially in the case 
of the enolate form (monobasic bidentate ligand) form 
stable complexes due to effective chelating agents that 
create stable complexes with the majority of known 
metal ions [7]. 

The curcumin probes have also been demonstrated 
to have better metrological characteristics when used 
with a nano-system, including low detection limits, 
repeatability, reproducibility, strong selectivity, and 
excellent storage stability [8]. Photophysical and inborn 
fluorescence characteristics are present in curcumin. 
Binding to metals changes its luminous characteristics. 
As a result, it is  used to improve the efficiency of nano-
sensors for detecting important chemicals, ions, metals, 
and contaminants that are harmful to the environment 
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as well as, as a natural fluorophore and electrochemical 
transducer. Additionally, it is employed to chelate metal 
ions, and the creation of functionalized nanoparticles has 
made use of this characteristic [9]. 

Curcumin is considered an excellent scavenger of 
most reactive oxygen species (ROS). The phenoxyl 
radicals can be easily formed by abstractable the hydrogen 
from the phenol-OH group of curcumin to form a stable 
keto-enol structure by the resonance [2,10]. 

The staining process is important because it makes 
things more visible by sharpening the contrast between 
the organism and its surroundings. It makes it possible to 
distinguish between a variety of morphological types, 
such as shape, size, and arrangement, as well as to 
ascertain an organism's staining characteristics, make a 
potential diagnosis of a direct illness, and demonstrate a 
pure culture [11]. The current study is concentrated on 
the synthesis, structural, and application aspects of the 
monoazo ligand produced from diazotizing of 4-
aminoacetanilide and the active methylene coupling 
component of curcumin and its Au(III) metal complex 
and to evaluate the efficacy of azo dye and its Au(III) 
complex in staining mice tissues (pancreas, intestine, and 
kidney tissues) comparing with the conventional stains. 

■ EXPERIMENTAL SECTION 

Materials 

4-Aminoacetanilide was purchased from Merck 
(purity 96%). Sodium hydroxide (NaOH, 98%) was 
prepared from Thomas baker. Curcumin crystalline was 
supplied from CDH (purity 96%). Hydrochloric acid 
(HCl, 38%) was purchased from CGH. Dimethyl 
sulfoxide (DMSO, 99%) was purchased from LOBA. 
Hydrogentetrachloroaurate(III) trihydrate was brought 
from Glentham Life Science (purity 99%). 

Instrumentation 

The infrared spectra were recorded by Shimadzu 
FTIR 8400S spectrophotometer in the range of 400–
4000 cm−1 by using potassium bromide pellet, UV-visible 
spectrophotometer (UV-1650 PC) was used to record 
UV–vis spectra using quartz cuvettes 10.0 mm in 
diameter in the region of 200–1100 nm. Melting points 

were recorded by using Sturat digital melting 
Point/SMP3. NMR spectra were done by Bruker 500 
MHz. Mass spectra were done by using Agilent 5375 
USA. Elemental analysis (C.H.N) was done by using 
Elemental analyzer-EA-300. 

Procedure 

Preparation of the HMDA dye 
This dye was prepared by stirring for 2 h in two 

steps. The first step is to prepare the diazonium salt, 
which was prepared by dissolving 0.3 g (0.002 mol) of 4-
aminoacetanilide in 15 mL ethanol, then adding 3 mL of 
HCl 12 M and cooling the solution to 0 °C. Sodium 
nitrite (0.2 g, 0.002 mol) was dissolved in 5 mL of 
distilled water under cooling to 0 °C, which was added 
to the acidic solution of 4-aminoacetanilide to produce 
the diazonium salt. The solution of the diazonium salt 
was left for 1 h under cooling and stirring then the 
solution was mixed with the cooling solution of 
curcumin (0.5 g, 0.002 mol) in 10% NaOH (5%). The 
mixture solution was left overnight, then it was filtered 
and washed with distilled water many times then the 
powder was put in a desiccator to dry. Elemental analysis 
of the ligand Experimental (%), C: 66.57, H: 5.01, N: 
7.91, Theoretical (%), C: 66.78, H: 5.14, N: 7.94. 

Au(III) complex preparation 
The HMDA ligand (0.24 g, 0.00046 mol) was 

dissolved in 20 mL of ethanol. Then it was mixed with 
NaOH (0.02 g, 0.00046 mol). The ligand solution was 
added slowly to the HAuCl4 (0.08 g, 0.00023 mol), 
dissolving in 5 mL distilled water. The reaction mixture 
was refluxed for 1 h. The reaction solution was left 
overnight at room temperature, then was filtered, washed 
with a little cold water, and dried. Elemental analysis of 
the Au(III) complex, Experimental (%), C: 53.95, H: 
4.01, N: 6.51, Theoretical (%), C: 54.02, H: 4.06, N: 6.52. 

Histological staining process 
Slides containing wax-embedded small intestinal, 

pancreas, and kidney tissues were dewaxed in 100% 
xylene for 3 × 10 min each. The tissue was placed twice 
in 100% ethanol for 10 min. Subsequently, they were 
placed in 70% ethanol for 2 × 5 min. Slides were then 
rehydrated twice in distilled water for 5 min each. Slides 
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were immersed in bouins solution for 1 h at 59 °C then 
washed and stained by hametoxyline and washed by distal 
water, used HMDA ligand and Au(III) complex were used 
as a counter stain for 20 min at room temperature. 
Subsequently, slides were rehydrated by grading alcohol. 
Finally, slides were mounted in DPX. Also, the counter 
stain by routine H&E process sections was visualized 
using an epifluorescence microscope, and images were 
captured with a Canon digital camera (DS126371, Canon 
Inc, Japan). 

■ RESULTS AND DISCUSSION 

The azo curcumin ligand was prepared by reacting 
diazonium salt of 4-aminoacetanilide with curcumin, as  
 

shown in Scheme 1. The resulting dye, namely N-(4-
((E)-((1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-3,5-
dioxohepta-1,6-dien-4-yl)diazenyl)phenyl)acetamide 
(HMDA) was obtained as a light brown powder with a 
percentage of 82% and melting point 188 °C. The solid 
HMDA ligand was insoluble in water but completely 
soluble in some organic solvents such as 
dimethylsulfoxide, ethanol, and acetone. 

The Au(III) complex was prepared by reacting the 
HAuCl4 with two equivalents of HMDA ligand, as 
shown in Scheme 2. The mass spectrum of HMDA dye 
(Fig. 1) provided a molecular ion peak at m/z = 532, and 
the molecular ion peak of the Au(III) complex was at 
m/z = 1254, which corresponds to predict the molecular  
 

 
Scheme 1. Preparation steps of HMDA ligand of azo dye based on curcumin 

 
Scheme 2. Preparation of Au(III) complex for HMDA ligand of azo dye based on curcumin 
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Fig 1. Mass spectrum of HMDA ligand of azo dye based on curcumin 

 
weight of HMDA ligand and the [Au(HMDA)2]Cl 
formula of Au(III) complex. 

The reaction of Au(III) with HMDA ligand in 
ethanol under reflux led to high yield Au(III) complex, 
and the results of the elemental analyses of the synthesized 
Au(III) complex were in good accord with what the 
proposed formula demanded. 

1H–NMR spectrum of HMDA ligand as shown in 
Fig. 2, exhibited many signals related to O–H and N–H at 
9.62 and 7.91 ppm, respectively [12]. The signals 
exhibited at 3.91 and 3.82 ppm due to O=CCH3 and O–
CH3, respectively. The other protons exhibited in the 
range of 6.55–7.91 ppm. The chemical shifts of the 

HMDA ligand are 9.62 (2H, s), 7.91 (1H, d), 7.79 (2H, 
d), 7.71 (2H, d), 7.55 (2H, d), 7.52 (2H, d), 7.33 (2H, d), 
6.87 (2H, d), 6.76 (2H, d), 6.55 (1H, s), 3.91 (6H, s), and 
3.82 (6H, s). 

1H-NMR spectrum of the Au(III) complex was 
compared to the free ligand of curcumin to gain more 
information about the nature of the metal complex in 
the solution. Upon complexation with Au(III), the 
singlet signal in position 1 in the free ligand vanished in 
the spectrum of complex. This proton was removed by 
using an equivalent NaOH base. The aromatic protons 
and ethene units exhibited in the range of 6.2–7.6 ppm. 
The signal at 9.85 ppm in the spectrum of the complex is 
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Fig 2. (a) 1H-NMR spectrum of HMDA ligand of azo dye based on curcumin in DMSO-d6 solvent and (b) the aromatic 
region of 1H-NMR spectrum of HMDA ligand 
 
due to –OH groups. The signal at 3.4 ppm is due to –CH. 
The signals exhibited at 3.74 and 3.53 ppm due to O=C–
CH3 and O–CH3, respectively. 

IR Spectra 

The important function groups of the HMDA ligand 
and its Au(III) complex were investigated by infrared 
spectroscopy. The IR spectra of the HMDA ligand and its 
Au(III) complex were done by using a KBr disc. Their 
significant bands are summarized in Table 1, and Fig. 3 
and 4 represent their IR spectra. 

The IR spectrum of azo ligand (HMDA) revealed the 
band's absence of the –NH2 stretching bond of acetanilide 
and the appearance of N=N stretching at 1415 cm−1, 
indicating the diazotization of 4-aminoacetanilide and 
formation of the azo dye of curcumin [13]. The spectrum 
of HMDA ligand shows a medium band at 3360 cm−1 due 
to N–H group of acetanilide [14] and a medium band at 
3418 cm−1 due to O–H groups of curcumin. A band had 
been exhibited at 3060 cm−1 in the HMDA ligand 
spectrum that is due to vibration of C–H of phenol ring 

and other bands at 2960 and 2837 cm−1 are due to the 
aliphatic stretching of C–H in curcumin. These bands of 
HMDA ligand showed in the same position in the 
spectrum of Au(III) complex [15-16]. 

A band at 1669 cm−1 in the HMDA spectrum is due 
to C=O group of curcumin, which shifted to low frequency 

4000 3500 3000 2500 2000 1500 1000 500
40

50

60

70

80

90

100

%
 T

ra
n

sm
it

ta
n

c
e

Wavenumber (cm-1)  
Fig 3. The IR spectrum of HMDA ligand 

Table 1. The important vibrations of HMDA ligand and its Au(III) complex 
Compound –OH –NH –CH aromatic –CH aliphatic C=O C=O curcumin C=C N=N M–O 
HMDA ligand 3418 3360 3060 2960, 2837 1672 1669 1510 1415 - 
Au(III) complex 3396 3304 3072 2954, 2837 1670 1597 1513 1426 523 
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Fig 4. The IR spectrum of Au(III) complex for HMDA 
ligand 

in the spectrum of the gold complex [17]. That indicates 
that the oxygen of the C=O group is involved in the 
coordination with metal ions of the Au(III) complex. The 
IR spectrum of the Au(III) complex appeared to have a 
new absorption band at 523 cm−1, which is attributed to 
(M−O) [18]. The IR spectral data indicate that HMDA 
ligand behaves as a bidentate chelating ligand 
coordinating through the positions of oxygen of keto-enol 
groups which were in the resonance process [6]. 

UV–vis Spectra of HMDA Ligand and Au(III) complex  

Electronic transition measurements were conducted 
in dimethylsulfoxide at room temperature. UV-vis 
spectra of HMDA ligand and Au(III) complex are listed 
in Fig. 5. The HMDA ligand showed bands at 260 and 
429 nm. These bands are due to π→π* and n→π* 
transitions, respectively [19-22]. The Au(III) complex 

spectrum exhibited bands at 386 and 513 nm due to 
1A1g→1Eg and 1A1g→1A2g transitions, respectively. These 
bands represent pretty accurately the square planar 
shape of the Au(III) ion, and the band at 263 nm is an 
electronic transition due to the ligand [23]. 

Staining Process 

The tissues of mice stained by yellow color in 
aqueous solutions under effects of HMDA ligand and 
Au(III) complex. We added the solution of bouins as a 
mordant of the staining, and we used the procedure of 
staining as in reference [24-25]. The effect of portions of 
HMDA ligand and Au(III) complex on tissue sections as 
a counter stain for the hematoxylin showing staining 
ability even after applying them for 20 min at room 
temperature stain which showed collagen fiber, red blood 
cells, cytoplasm deep yellow color in HMDA ligand and 
Au(III) on  intestine  tissues  of the mice,  while  the stain 
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Fig 5. UV-visible spectra of HMDA ligand and Au(III) 
square complex 

 
Fig 6. Microscopic images for mice intestine tissue HMDA ligand (L1), Au(III) complex (L3) stain RBC (black arrows), 
collagen fiber (blue arrows), muscle fiber (red arrows), and control stains of hematoxylin and eosin technique (X100) 
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Fig 7. Microscopic images for mice pancreas tissue HMDA ligand (L1), Au(III) complex (L3) stain RBC (black arrows), 
collagen fiber(blue arrows), and control stains of hematoxylin and eosin technique (X200) 

 
Fig 8. Microscopic images for mice kidney tissue HMDA ligand and Au(III) complex stain RBC (black arrows), 
collagen fiber (blue arrows), and stains control of hematoxylin and eosin technique (X100, X200) 
 
gave the same level at the HMDA ligand and Au(III) 
complex in mice pancreas and kidney sections (Fig. 6, 7, 
and 8). In the case of control, we used stains of 
hematoxylin-eosin where the nuclei were stained blue, 
and cytoplasm with collagen fiber and red blood cells were 
stained pink (Fig. 6 ,7, 8, and control). 

We noticed that the general staining HMDA ligand 
and Au(III) complex improved the staining technique for 
RBC cells and collagen fiber in the intestine tissues of mice 
accompanied with moderate stain in the case of Au(III) 
complex (Fig. 6). In Fig. 7 and 8, the general staining by 
HMDA ligand and Au(III) complex improved the 
staining technique for RBC cells and collagen fiber in 
pancreas and kidney tissues of mice. 

■ CONCLUSION 

In the present work, new azo dye and its Au(III) 
complex containing curcumin were successfully 
synthesized and characterized. The HMDA ligand is 
bidentate and Au(III) complex is a square planar. The mole 
ratio of reacting the ligand to metal is 2:1. It is noteworthy 

to conclude that azo dye and its Au(III) complex could 
be a safer alternative stain for the natural stains where 
our dyes have shown similar staining characteristics as 
compared to hematoxylin and eosin dyes. Dyes have the 
ability to stain nuclear and cytoplasmic in mice tissues 
of the pancreas, kidney, and intestine tissues. Azo stain 
showed superior staining properties in mice tissues such 
as collagen, muscle fibers and red blood cells, which 
showed better contrast and therefore found application 
in collagen and muscular disorders. 
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 Abstract: Three complexes ([CuL2(H2O)2], [NiL2(H2O)2], and [ZnL2Cl2]) have been 
synthesized through the reaction of metal salts and levofloxacin and characterized by 
spectrophotometers. The morphology of the complexes was investigated using field 
emission scanning electron microscopy (FESEM). The physicochemical properties of these 
complexes were evaluated using the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-
Halenda (BJH) techniques. Furthermore, the storage capacity of these complexes was 
verified using the H-sorb 2600 analyzer at a temperature of 323 K and varying pressure 
conditions. The obtained data substantiates that the synthesized complexes exhibit 
favorable attributes for CO2 absorption. The surface area reaches 24.97 m2/g with 
capacities of 123.073 m3/g and 34.400 m3/g to adsorb CO2. The escalating levels of CO2 in 
the atmosphere, primarily resulting from the combustion of fossil fuels to meet the surging 
energy requirements, pose a pressing environmental challenge. Consequently, there has 
been a surge in research focused on the development of novel materials aimed at 
facilitating CO2 storage. 

Keywords: levofloxacin; gas storage; global warming; carbon dioxide uptake 

 
■ INTRODUCTION 

According to several chemical methods, abundant 
porous materials have been synthesized [1]. Such of these 
materials are zeolites, carbons, porous polymers and 
metal-organic frameworks (MOFs). Many properties, 
such as pore size and surface area of porous materials, 
might be affected according to functional groups (e.g., 
hydroxyl groups), heteroatoms, aromatic rings, polar 
groups, and polymeric chains which these materials 
contain, and could increase the interactions with gas 
molecules [2-3]. Recently, many studies applied porous 
materials in different fields, including catalysis, 
environmental protection, biology, energy saving and 

conserving [1]. Over the past years, many MOF 
materials have been prepared, characterized, and applied 
in different fields. MOF materials could be produced 
from the formation of coordination bonds between 
metal and organic molecules [3]. The affinity of the 
metals to bind with different organic molecules makes 
the possibility to prepare thousands of these compounds 
[4].  

Over time, several developments were made in the 
chemistry of MOF materials, which included geometric 
shapes such as octahedral and tetrahedral. This, in turn, 
can be affected by the expansion of coordination bonds 
between a metal and organic molecules [5]. The organic 
molecules might be carboxylates, phosphate, sulfonate 
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and N-containing heterocyclic [6]. In 1990, the first 
investigation of the porosity of MOF materials was 
achieved at high pressure to force the gas molecules to be 
absorbed on the material’s surfaces [7]. The adsorption 
and desorption measurements of molecules of gas at high 
and low pressure and temperature prove the permanent 
porosity of the materials. The first proof was carried out 
on zinc terephthalate MOF by measuring the nitrogen 
and carbon dioxide (CO2) isotherms [8-9]. 

One of the most common applications of MOF 
materials is gas storage media [6,10-12]. In the last 
decades, thousands of studies were performed on the 
ability of MOFs to absorb and store H2, CO2, and CH4 [13-
15]. In particular, CO2 capture has become the focus of 
many studies because the industrial revolution and 
consumption of fossil fuels lead to the increase in the 
levels of CO2, which is the major greenhouse as well as 
leads to “global warming” [16]. In 2015 the National 
Oceanic and Atmospheric Administration (NOAA) 
reported that the concentration of CO2 in the atmosphere 
reached 403 ppm, which increase of about 25% than in 
1958 [17]. In a recent study, several materials have been 
synthesized which can absorb, store and regenerate 
greenhouse gases to reduce their level in the atmosphere 
[18-21]. 

Several processes have been used to synthesize novel 
MOFs with high surface areas by using huge and longer 
organic molecule structures [22]. The studies revealed 
that the high gravimetric gas uptake by MOFs is 
proportional to the high surface area and porosity under 
high pressure [23-25]. As an illustration, M-MOF-74 (M 
= Mg, Co, Fe, Zn, or Ni) has been synthesized with a large 
surface area that is measured using the BET method, 
making it able to capture CO2 [26]. The acid-base and 
dipole-quadrupole interactions between the N sites and 
CO2 gas molecules would stimulate CO2 absorption when 
using the N-containing ligands [12]. On the other hand, 
the electrostatic interactions with the CO2 quadrupole 
moment would be enhanced by the presence of water 
molecules that coordinated with metal. The metal acts as 
Lewis acid by having partial positive charges on its sites, 
resulting in a strong interaction between the coordinately 
unsaturated metal sites and CO2 molecules [27]. The 

structural characteristics of MOF materials that have a 
large capacity for strong binding sites, which facilitate 
strong interactions with gas molecules, are distinguished 
by the hybridization of metal [28]. 

Zeolite, a CO2 capture material, has garnered 
significant attention among researchers. Previous studies 
have highlighted its notable capacity for adsorbing CO2 
under conditions of 25 °C and low pressure [29-30]. 
Levofloxacin complexes were considered for gas capture 
and the inspiration for our research since these 
compounds' capacities to adsorb gas vary depending on 
their physical and chemical characteristics. In the 
pursuit of novel adsorbents for CO2 capture, our 
research focus shifted towards heterocyclic compounds, 
owing to their inherent utility as biologically active 
substances. Given the potential benefits of these 
attributes in the realm of CO2 adsorption, we embarked 
on synthesizing fresh levofloxacin metal complexes, 
followed by an extensive investigation into their 
applicability in the field of CO2 capture. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were levofloxacin, 
metal salts (ZnCl2, NiCl2·6H2O, CuCl2·6H2O), and 
methanol, which were ordered from Sigma-Aldrich 
(Schnelldorf, Bavaria, Germany). 

Instrumentation 

The Fourier transform infrared (FTIR) spectra of 
the metal complexes were carried out on FTIR 8300 
Shimadzu spectrophotometer using KBr pellets at 400–
4000 cm−1 (Tokyo, Japan). Shimadzu UV-1601 
spectrophotometer was utilized to examine the metal 
complexes' UV-visible absorption spectra in methanol 
(Tokyo, Japan). Furthermore, a typical portable 
conductivity meter, the WTW ProfiLine Oxi 3205, 
(Xylem Inc., Weinheim, Germany), was used to measure 
the conductivity of the metal complexes in ethanol at a 
temperature of 25 °C. In addition, a Bruker BM6 
magnetic balance (Bruker, Zürich, Switzerland) was 
employed to test the magnetic susceptibilities of the 
metal complexes. Finally, in order to analyze the surface 
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morphology of the metal complexes, ZEISS was applied in 
conjunction with dispersive X-ray (EDX) and field 
emission scanning electron microscopy (FESEM) 
investigations. 

Procedure 

Metal complexes preparation 
A suitable amount of metal salts of ZnCl2 (1.0 mmol, 

0.1363 g), NiCl2·6H2O (1.0 mmol, 0.2377 g) or 
CuCl2·6H2O (1.0 mmol, 0.2425 g) was dissolved in 5 mL 
of methanol and then added to a solution of levofloxacin 
(5 mL of MeOH, 2.0 mmol (0.7228 g) of levofloxacin) as 
illustrated in Schemes 1 and 2. The mixture was heated for 
3 h under reflux. After cooling, the solid was filtered, 
washed with MeOH, and then recrystallized from ethanol 
to produce the required metal complex. The complexes' 
measured yield percentages, colors, and melting points 
are displayed in Table 1. 

Porosity and surface area of complexes 
The MicroActive for TriStar II Plus Version 2.03 

model of Micromeritics analyzers was utilized to 
investigate the nitrogen adsorption-desorption isotherms 
for the complexes. The Brunauer-Emmett-Teller (BET) 
method and the Barrett-Joyner-Halenda (BJH) theory 
were employed to analyze and estimate the specific pore 
volumes, diameter, and pore size distribution of the metal 
complexes. 

Gas adsorption analysis 
An H-sorb 2600 high-pressure volumetric 

adsorption analyzer was applied to calculate the 
volumetric amount of CO2 gas that the complexes 
adsorbed. 

■ RESULTS AND DISCUSSION 

Characterizing Metal(II) Complexes 

The synthesized complexes are characterized by 
FTIR and UV-vis spectroscopy. The mean data of FTIR 
spectra  are  summarized  in  Table 2.  FTIR  spectrum of  

Table 1. Physical properties and yield percentages of the 
complexes 

Compounds Color M.P. (°C) Yield% 
L White 213–218 (dec.) - 
[CuL2(H2O)2] Blue 280–282 81 
[NiL2(H2O)2] Green 300 (dec.) 79 
[ZnL2Cl2] White 220 (dec.) 83 

Table 2. Ligand and synthetic complex FTIR data values 

Compounds 
Wavenumber (cm−1) 

C=O(sym) C=O(asym) Δν(asym-sym) 
L 1440 1614 - 
[CuL2(H2O)2] 1445 1612 167 
[NiL2(H2O)2] 1454 1611 157 
[ZnL2] 1468 1613 145 

 

 
Scheme 1. Synthesis of Cu and Ni complexes 

 
Scheme 2. Synthesis of Zn complexes 
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ligand, where observed the resonance frequency of 
symmetry and asymmetry of carbonyl carboxylic acid at 
1440 and 1614 cm−1. The synthesized complexes spectra 
show the difference between asymmetry (ν(asym)) and 
symmetry (ν(sym)) ranging from 145 to 167 cm−1, which 
indicates that the ligand was bidentate.  

The mean data of UV-vis spectroscopy are tabulated 
in Table 3. The absorption bands of the ligand spectrum 
observed at 34,843 and 33,557 cm−1 correspond to π→π* 
and n→π* transitions. The spectrum of the Cu(II) 
complex shows bands at 29,674 cm−1 due to the LMCT 
(ligand to metal charge transfer), and 27,027 belong to 
2Eg→2T2g transition. These bands are attributed to 
distorted octahedral geometry. The electronic spectrum 
of the Ni(II) complex reveals a band at 29,940 cm−1 for the 
3A2g (F)→3T1g (P) transition, while the 3A2g (F)→3T1g (F) 
transition occurs at 26,882 cm−1 for high spin octahedral 
geometry with magnetic susceptibility 2.9 BM. In the end, 

the electronic spectrum of the Zn(II) complex displays 
bands at 29,674 and 27,248 cm−1 due to the charge 
transfer. The suggested geometry is tetrahedral with the 
magnetic susceptibility value zero. Based on the molar 
conductivity (Λm) measurements, the results reveal that 
the complexes were nonelectrolytes [31], and the values 
ranged from 5 to 22 μS/cm. The UV-vis spectra, 
magnetic susceptibility (μeff.) and conductivity of the 
complexes indicate the suggested geometries. 

Surface Morphology of Metal(II) Complexes 

FESEM was used to examine the complicated 
surfaces. Fig. 1 presents the FESEM images of the 
synthesized complexes at 1 μm magnification level. It is 
evident from the images that the surfaces of the 
complexes exhibit a uniform structure and feature 
various porous formations characterized by distinct 
particle sizes. 

Table 3. Electronic transitions, absorption band energies, magnetic moments, geometry, conductivity, and hybridization 

Complexes 
Λ 

(nm) 
Absorption band 

(cm−1) Transitions 
Λm 

(μS/cm) μeff. Geometry Hybridization 

L 
287 34,843 π→π* 

- - - - 298 33,557 n→π* 

CuL2·2H2O 

285 35,088 π→π* 

22 1.8 Distorted 
Octahedral 

sp3d2 296 33,784 n→π* 
337 29,674 LM CT 
370 27,027 2Eg→2T2g 

NiL2·2H2O 

283 35,336 π→π* 

5 2.9 Octahedral 
sp3d2 

high spin 
296 33,784 n→π* 
334 29,940 3A2g (F)→3T1g (P) 
372 26,882 3A2g (F)→3T1g (F) 

ZnL2 

286 34,965 π→π* 

13 0 Tetrahedral 
sp3 

diamagnetic 
296 33,784 n→π* 

337 29,674 
CT 

367 27,248 

 
Fig 1. FESEM images of (a) Cu(II), (b) Ni(II), and (c) Zn(II) complexes 
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EDX analysis was used to determine the elemental 
composition of complex surfaces. SEM, a common 
technique in chemical microanalysis, is combined with 
EDX to determine the chemical structure of produced 
compounds. The elemental composition of the synthesized 
complexes was determined based on the EDX mapping, 
as summarized in Table 4. The EDX data exhibited highly 
abundant absorption bands corresponding to the carbon 
atoms, as well as those for N and F from levofloxacin, but 
in lower proportions. 

In order to corroborate the findings of atomic force 
microscopy (AFM) experiments regarding the porosity of 
materials exhibiting notable average roughness, 
characterized by rough surfaces and a prominent porous 
structure, emphasis was placed on complexes 
incorporating elevated levels of heteroatoms and aromatic 
residues. These particular complexes demonstrated 
enhanced efficacy in reducing surface roughness. 
Employing this method enables the acquisition of precise 

information pertaining to the geometric attributes of 
particles. Zn complex, specifically, exhibits a marked 
degree of porosity and possesses a high Rq value. The 
AFM images of the complexes are presented in Fig. 2. 

Levofloxacin metal complexes with a high level of 
heteroatoms and aromaticity resulted in greater 
improvement in the Rq. 

Gas Adsorption Isotherm Measurements 

The specific surface area, porosity, and storage 
capacity were evaluated by N2 and CO2 isotherms 
measurement. The adsorption of N2 on the solid surface of 
the produced complexes  determines the specific surface  

Table 4. EDX data for levofloxacin metal complexes 
Complex %C %N %F %M 
CuL2·2H2O 52.8 10.2 4.6 7.7 
NiL2·2H2O 53.1 10.3 4.6 7.2 
ZnL2 55.0 10.6 4.8 8.3 

 



Indones. J. Chem., 2023, 23 (5), 1384 - 1393    

 

Hadeel Adil et al. 
 

1389 

 
Fig 2. AFM images of (a) Cu(II), (b) Ni(II), and (c) Zn(II) complexes 

 
area and porosity parameters based on BET and BJH 
techniques [32]. The measurements were carried out at 
77 K and 88 kPa. The complexes' N2 adsorption-
desorption isotherms are shown in Fig. 3, where the 
amount of gas absorbed rises as pressure is increased. 
According to the IUPAC recommendation, the 
adsorption-desorption isotherms of the Cu(II) and Zn(II) 
complexes belong to the type IV isotherm, while the 
Ni(II) complex has a type V isotherm. Hysteresis 

attributed to the materials' mesoporosity can be 
recognized in types IV and V isotherms [33]. 

Fig. 4 shows the relationship between pore size 
distribution and pore size width. The pore diameter 
ranged between 2.1 and 83.9 nm, corresponding to 
mesopores [34]. As tabulated in Table 5, the specific 
surface area of the complexes varies from 0.818 to 
24.97 m2/g, while the best amount uptake of N2 is carried 
by the Zn(II) complex, which reaches 123.073 m3/g. 

 
Fig 3. Metal complexes' N2 adsorption-desorption isotherms on a) Cu(II), b) Ni(II), and c) Zn(II) 
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Fig 4. Metal complex's pore size and pore-volume distribution 

 
In another hand, the CO2 adsorption isotherm for 

the complexes of the metals has been determined at 323 K 
and 50 bar, as exhibited in Fig. 5. The Zn(II) complex 
observed high efficiency in storing CO2 with a capacity of 
34.40 cm3/g, as illustrated in Table 5. The presence of 
heteroatoms and aromatic rings enhances the interactions 
with gas molecules [35]. The metals play a very important 
role in making the complexes more sufficient to capture 
the gas molecules. In the case of the unsaturated metal 
sites, a strong interaction with CO2 molecules could 
occur, as exhibited by Zn(II) complex [27]. Ultimately, 
within the context of acid-base chemistry, the metals 
function as Lewis acids, while CO2 acts as a Lewis base 
[36-37]. This interaction is characterized by the inherent 
acid-base properties of CO2. 

The complexes that were produced performed 
remarkably well as CO2 gas adsorbent surfaces. This is 
because the surface of synthetic materials and CO2 

molecules form robust van der Waals and dipole-dipole 
interactions. 

The capacity for gas absorption of the synthesized 
complex was evaluated using a high-pressure volumetric 
adsorption apparatus of type H-sorb 2600. To eliminate 
any solvent or water traces that may have been trapped 
inside  the  pores,  the  complexes  were  degassed  under  

 
Fig 5. CO2 adsorption isotherm of metal(II) complexes 

Table 5. Porosity properties, specific surface area, and capacity storage of metal complexes and other materials for 
different studies 

Complexes SBET 
(m2/g) 

N2 adsorption 
(cm3/g) 

Average pore 
diameter (nm) 

Total pore  
volume (cm3/g) 

CO2 adsorption 
(cm3/g) 

Ref. 

CuL2·2H2O 12.188 61.77 31.357 0.0116950 23.1 Current 
project NiL2·2H2O 0.818 14.00 66.640 0.0033791 12.9 

ZnL2 24.970 123.07 30.493 0.0418390 34.4 
NiL2·2H2O 22.750 85.45 12.470 0.1080000 34.5 [10] 
COF-1 4.682 2.71 34.901 0.0100720 26.3 [38] 
Schiff base 1 17.990 5.50 17.020 0.0083000 31.4 [39] 
Coumarins - - - - 31.0 [40] 
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vacuum and heat using an oven that was run at 50 °C for 
1 h. The gas absorption examination was repeated under 
similar circumstances for the prepared complex to 
achieve precise data and determine the ideal pressure. The 
degree of interactions between the adsorbent and 
adsorbate, such as hydrogen bonds and van der Waals 
forces, as well as the kind of ligand and the size of the 
pores, all affect the adsorption of gases. Due to the high 
quadrupole moment of CO2, high uptake of CO2 may also 
be facilitated by electrostatic forces (van der Waals forces 
and the polarization force and surface field-molecular 
dipole interactions). The capacity storage of metal 
complexes and other materials for different studies is 
presented in Table 5. 

■ CONCLUSION 

The relevant complexes were produced via the 
reaction of levofloxacin with metal salts. Recrystallization 
was used to purify the products, and FTIR and UV-vis 
spectroscopy were performed to confirm the chemical 
composition of the pure chemicals. The peaks required to 
demonstrate the levofloxacin metal complexes' chemical 
structure were all adequately validated. Levofloxacin 
metal complexes with a levofloxacin moiety are produced 
using a quick and easy procedure. Three complexes were 
synthesized, characterized and applied as gas storage 
media. SEM images of the produced materials exhibited a 
variety of porosity diameters. Additionally, they showed a 
small collection of particles of various sizes and shapes. 
The gas adsorption isotherms observed that these 
complexes are suitable for CO2 uptake. The Zn(II) 
complex has a high efficiency to adsorb gas molecules 
compared to Cu(II) and Ni(II) complexes, due to its high 
surface area and affinity towards the gas molecules. 
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Fig S1. GC-MS data of n-alkanes 

 
Fig S2. GC-MS data of n-hexane fraction 
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Fig S3. GC-MS data of dichloromethane fraction 

 
Fig S4. EI-MS of compound 13 

 
Fig S5. EI-MS of compound 17 

 
Fig S6. EI-MS of compound 18 
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Fig S7. EI-MS of compound 21 

 
Fig S8. EI-MS of compound 29 

 
Fig S9. EI-MS of compound 35 

 
Fig S10. EI-MS of compound 36 

 
Fig S11. EI-MS of compound 39 
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Fig S12. EI-MS of compound 40 

 
Fig S13. EI-MS of compound 45 

 
Fig S14. EI-MS of compound 46 

Table S1. Volatile compositions (%) of the n-hexane and dichloromethane fractions of Grewia bulot leaves 
No. RT Compounda n-hexane fraction Dichloromethane fraction Identificationb,c 

1 3.95 Isovaleric acid - 0.9 MS, RI, O 
2 4.78 2-tert-Butoxyethanol 0.2 5.3 MS, RI, O 
3 17.37 Dodecane  0.5 3.4 MS, RI, O 
4 22.37 2-Methoxy-4-vinylphenol - 1.1 MS, RI, O 
5 26.06 Tetradecane 0.7 4.9 MS, RI, O 
6 31.18 Methyl laurate 0.4 - MS, RI, O 
7 31.35 Dihydroactinidiolide 0.2 - MS, RI, O 
8 32.75 Lauric acid - 4.0 MS, RI, O 
9 33.78 1-Hexadecene - 1.3 MS, RI, O 

10 34.08 Hexadecane 0.8 7.4 MS, RI, O 
11 38.75 Methyl tetradecanoate 0.4 - MS, RI, O 
12 40.17 Loliolide - 2.7 MS, RI, O 
13 40.58 Unidentified - 2.1 MS, RI, O 
14 41.11 1-Octadecene 0.1 2.2 MS, RI, O 
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No. RT Compounda n-hexane fraction Dichloromethane fraction Identificationb,c 
15 41.35 Octadecane 0.5 6.0 MS, RI, O 
16 42.71 Phytol 1.4 4.4 MS, RI, O 
17 42.92 Unidentified 0.3 - MS, RI, O 
18 43.54 Unidentified 0.3 0.8 MS, RI, O 
19 44.14 3,7,11,15-Tetramethyl-2-hexadecen-1-ol  0.5 1.6 MS, RI, O 
20 44.91 Methyl oleate 0.2 0.2 MS, RI, O 
21 45.49 Unidentified 1.1 - MS, RI, O 
22 45.65 Methyl palmitate 14.4 3.9 MS, RI, O 
23 46.83 Palmitic acid 2.9 9.8 MS, RI, O 
24 47.77 1-Eicosene 0.6 4.7 MS, RI, O 
25 47.82 Ethyl palmitate 0.6 - MS, RI, O 
26 47.97 Eicosane 0.5 4.9 MS, RI, O 
27 48.83 Methyl margarate 0.6 - MS, RI, O 
28 50.93 Methyl linoleate 9.7 2.5 MS, RI, O 
29 51.13 Unidentified 16.0 3.6 MS, RI, O 
30 51.28 Methyl elaidate 1.6 - MS, RI, O 
31 51.51 Neophytadiene 18.2 5.3 MS, RI, O 
32 51.91 Methyl stearate 3.4 0.7 MS, RI, O 
33 52.05 Linoleic acid 0.6 - MS, RI, O 
34 52.24 Oleic acid 1.9 0.8 MS, RI, O 
35 52.92 Unidentified 0.5 2.8 MS, RI, O 
36 53.11 Unidentified 0.4 - MS, RI, O 
37 53.84 1-Docosene 0.3 2.3 MS, RI, O 
38 54.02 Docosane 0.3 3.0 MS, RI, O 
39 57.67 Unidentified 0.8 - MS, RI, O 
40 59.43 Unidentified - 1.4 MS, RI, O 
41 59.58 Tetracosane - 1.6 MS, RI, O 
42 63.07 Methyl octacosanoate 0.3 - MS, RI, O 
43 64.18 Heptadecyl heptadecanoate - 2.1 MS, RI, O 
44 74.38 Squalene 1.2 - MS, RI, O 
45 79.68 Unidentified 1.4 - MS, RI, O 
46 79.88 Unidentified 2.9 - MS, RI, O 
47 82.24 α-Tocopherol 1.4 - MS, RI, O 
48 85.41 β-Sitostenone 1.8 - MS, RI, O 
49 87.24 β-Sitosterol 4.5 - MS, RI, O 
50 87.51 Lupeol 1.9 - MS, RI, O 
51 88.57 Unidentified 0.7 - MS, RI, O 
52 89.80 Lupeol acetate  2.3 - MS, RI, O 

  Total 99.3 97.7  
  Unidentified 24.4 10.6  
  Hemiterpenoids/Acids 0.0 0.9  
  Alkanes 3.2 31.2  
  Alkenes 1.0 10.6  
  Alcohols 0.7 6.9  
  Aromatic compounds 1.4 1.1  
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No. RT Compounda n-hexane fraction Dichloromethane fraction Identificationb,c 
  Diterpenes 18.2 5.3  
  Triterpenes 1.2 0.0  
  Monoterpenoids 0.2 2.7  
  Diterpenoids 1.4 4.4  
  Triterpenoids 4.2 0.0  
  Steroids 6.3 0.0  
  Fatty acids 5.4 14.6  
  Fatty acid esters 31.6 9.4  

aCompound listed according to the elution order of column Equity-5; bRetention Index (RI) calculated using a homologous series 
of n-alkanes (C8-C38) in a capillary column (Equity-5); cIdentification based on the comparison of mass spectra (MS), retention 
index (RI) with NIST11, WILEY7, Adams (2017) data libraries, along with http://www.thegoodscentscompany.com/search2.html 
(accessed on 1 March 2023) (O). Area (%): is the percentage of the area occupied by the compound within the chromatogram; - 
Not identified 

Table S2. SC50 values of DPPH scavenging of different extract/fractions of Grewia bulot leaves 

Concentration 
(μg/mL) 

% DPPH scavenging 
GBD GBM GBH 

Average SD Average SD Average SD 
500 95.07 0.91 98.65 1.07 93.64 1.14 
100 84.83 1.07 89.90 0.30 41.27 1.44 
20 40.59 0.46 75.86 0.68 15.62 1.25 
4 19.25 0.54 25.72 0.65 10.51 0.82 
SC50

a 25.51 ± 0.58 9.39 ± 0.90 153.78 ± 7.60 
Concentration 

(μg/mL) 
GBE GBW L-Ascorbic acidb 

Average SD Average SD Average SD 
500 94.52 1.52 96.19 1.32   
100 90.73 0.24 90.35 0.59 92.51 0.23 
20 59.47 0.23 33.59 1.23 89.13 1.36 
4 21.67 1.48 9.45 1.18 29.20 1.03 
0.8     6.61 0.43 
SC50 15.42 ± 0.74 31.55 ± 0.79 7.27 ± 0.12 

aSC50 (concentration that scavenges 50% of DPPH radical); bPositive control; GBM: methanol extract; GBH: n-hexane, GBD: 
dichloromethane, GBE: ethyl acetate, and GBW: water fraction, respectively; SD: Standard Deviation 

Table S3. Cytotoxic activities of the extract/fractions against four human cancer cell lines 

Concentration 
(μg/mL) 

GBH 
MCF-7 Hep-G2 SK-LU-1 KB 

% Inhibition SD % Inhibition SD % Inhibition SD % Inhibition SD 
100 50.70 1.97 50.96 1.31 54.05 2.82 58.54 1.44 
50 35.92 1.16 27.55 1.21 23.72 2.27 20.29 1.91 
25 25.82 1.22 16.82 0.82 14.60 0.98 11.71 0.99 
12.5 17.23 1.04 7.99 0.64 7.59 0.65 9.07 0.63 
6.25 9.60 0.87 3.58 0.36 4.26 0.15 4.85 0.36 
IC50 97.94 ± 6.79 98.27 ± 2.77 93.79 ± 3.52 90.77 ± 1.13 

GBD 
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Concentration 
(μg/mL) 

MCF-7 Hep-G2 SK-LU-1 KB 
% Inhibition SD % Inhibition SD % Inhibition SD % Inhibition SD 

100 52.71 1.22 43.76 3.40 51.28 2.74 38.87 2.48 
50 36.17 1.19 13.05 1.45 29.42 1.06 18.60 1.44 
25 26.89 1.68 7.06 0.76 16.96 0.69 8.88 0.57 
12.5 15.66 0.93 4.07 0.34 11.17 0.76 4.27 0.29 
6.25 8.27 0.67 1.96 0.16 5.32 0.53 2.11 0.22 
IC50 90.60 ± 3.49 >100 97.09 ± 5.40 >100 

Concentration 
(μg/mL) 

GBE 
MCF-7 Hep-G2 SK-LU-1 KB 

% Inhibition SD % Inhibition SD % Inhibition SD % Inhibition SD 
100 34.91 2.66 24.80 0.93 32.44 2.34 15.30 0.78 
50 29.55 1.89 8.43 1.30 16.61 1.80 10.12 0.91 
25 20.08 1.06 5.13 0.13 11.37 0.69 6.72 0.81 
12.5 12.82 0.97 3.56 0.44 7.89 0.79 3.45 0.34 
6.25 7.39 0.38 0.50 0.06 3.35 0.40 1.38 0.20 
IC50 >100 >100 >100 >100 

Concentration 
(μg/mL) 

GBM 
MCF-7 Hep-G2 SK-LU-1 KB 

% Inhibition SD % Inhibition SD % Inhibition SD % Inhibition SD 
100 44.76 1.93 39.39 1.74 45.10 1.14 23.69 1.73 
50 13.26 1.18 12.79 1.22 30.83 1.57 11.23 0.96 
25 8.33 0.87 6.72 0.82 18.02 1.05 7.32 0.64 
12.5 4.17 0.64 4.31 0.35 9.50 0.68 3.16 0.34 
6.25 2.40 0.28 1.52 0.15 4.51 0.38 −2.18 0.22 
IC50 >100 >100 >100 >100 

Concentration 
(μg/mL) 

GBW 
MCF-7 Hep-G2 SK-LU-1 KB 

% Inhibition SD % Inhibition SD % Inhibition SD % Inhibition SD 
100 14.77 1.26 30.27 2.71 35.37 1.41 26.93 2.57 
50 9.15 0.83 15.75 1.01 13.69 0.86 17.24 0.76 
25 5.18 0.67 8.32 0.58 8.70 0.32 10.18 0.54 
12.5 3.16 0.28 5.21 0.37 4.71 0.30 6.34 0.63 
6.25 1.83 0.19 2.28 0.26 2.75 0.29 2.75 0.29 
IC50 >100 >100 >100 >100 

Concentration 
(μg/mL) 

Ellipticine 
MCF-7 Hep-G2 SK-LU-1 KB 

% Inhibition SD % Inhibition SD % Inhibition SD % Inhibition SD 
10 84.56 1.81 90.71 1.69 95.27 2.14 98.49 2.75 
2 72.33 1.28 75.12 1.54 76.18 1.10 80.33 1.06 
0.4 48.63 1.12 49.02 0.56 49.16 1.08 51.74 1.22 
0.08 21.41 0.92 22.02 0.84 22.42 0.98 22.79 1.39 
IC50 0.42 ± 0.02 0.39 ± 0.03 0.45 ± 0.02 0.39 ± 0.01 

aPositive control; GBM: methanol extract; GBH: n-hexane, GBD: dichloromethane, GBE: ethyl acetate, and GBW: water fraction, respectively; 
SD: Standard Deviation 
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 Abstract: This research aims to determine the volatile compounds present in Grewia 
bulot leaf extracts and evaluate their cytotoxic and antioxidant activities. The volatile 
constituents of the n-hexane and dichloromethane extracts were identified by using gas 
chromatography–mass spectrometry. The main compounds identified in the former were 
neophytadiene (18.2%), methyl palmitate (14.4%), methyl linoleate (9.7%), β-sitosterol 
(4.5%), and methyl stearate (3.4%), while those in the latter were palmitic acid (9.8%), 
hexadecane (7.4%), octadecane (6.0%), neophytadiene (5.3%), and 2-tert-butoxyethanol 
(5.3%). The cytotoxicities of the extracts were examined against four human cancer cell 
lines (SK-LU-1, Hep-G2, MCF-7, and KB), while their antioxidant activities were 
assessed using the DPPH radical scavenging assay. The n-hexane and dichloromethane 
extracts displayed weak activity against these cancer cell lines, with IC50 values ranging 
from 90.60 ± 3.49 to 98.27 ± 2.77 μg/mL. All extracts showed antioxidant activities, and 
the methanol extract exhibited the strongest at an SC50 value of 9.39 ± 0.90 μg/mL. This 
is the first report on the volatile constituents and bioactivities of G. bulot leaf extracts, 
suggesting their potential application as antioxidants. 

Keywords: Grewia bulot; cytotoxic; antioxidant; GC-MS; volatile compound 

 
■ INTRODUCTION 

Pharmacotherapy is largely relied on natural 
products and structural analogs, particularly in the 
treatment of cancer and infectious diseases [1]. In 
addition, the use of medicinal plants for disease 
prevention and treatment has increased worldwide 
during the past few decades [2]. Grewia is a genus of 
evergreen shrubs/small trees of the family Malvaceae, 
including more than 400 species distributed mainly in the 
tropical and subtropical regions of Africa, Asia, and 
Australia. Grewia species is a source of food, fodder, and 
firewood and is notably used in traditional medicine to 
cure several ailments, including rheumatism, diabetes, 
diarrhea, and heart and blood disorders; protect the liver; 

cure inflammation; treat fever; and relieve pain [3-4]. A 
literature survey indicated that the secondary 
metabolites from the genus Grewia show diverse 
biological effects, such as antioxidant [5-8], antimalarial 
[8-9], antibacterial [10-12], antidiabetic [13], 
anticholinesterase [7], anticancer [8,14-16], 
antiplasmodial, antileishmanial, and antitrypanosomal 
activities [17]. Previous studies have examined the 
anticancer and antioxidant abilities of extracts from 
some plant species. Notably, the chemical constituents 
isolated from Mitrephora winitii twigs and leaves have 
shown significant activity against the KB and MCF-7 
cancer cell lines [18]. Further, using the microwave–
ultrasound-assisted method, Moringa oleifera leaf 
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extracts, which were rich in flavonoids, displayed the 
highest activity in a DPPH scavenging test 
(IC50 = 72.31 μg/mL) [19]. In addition, the n-butanol, 
ethyl acetate, and dichloromethane leaf extracts of 
Petroselinum sativum have demonstrated powerful free 
radical scavenging activity [20]. 

Of the 24 species of the genus Grewia L. distributed 
in Vietnam, only G. bilamellata has been studied [9,21-
22]. Given the potential of drug discovery from plants, 
this work aims to examine the cytotoxic activities against 
four human cancer cell lines – including SK-LU-1 
(human lung adenocarcinoma), Hep-G2 (human 
hepatocarcinoma), MCF-7 (human breast carcinoma), 
and KB (human oral carcinoma) – and the antioxidant 
activities of five leaf extracts from G. bulot Gagn., a species 
of flowering plant native to Vietnam [3,22-23]. 

■ EXPERIMENTAL SECTION 

Materials 

Specimen collection 
In January 2022, G. bulot leaves were harvested in 

Quang Tri Province, Vietnam (geographical coordinates: 
16°29'30.0"N 107°01'18.4"E). Dr. Nguyen Sinh Khang 
(Institute of Ecology and Biological Resources, VAST, 
Vietnam) verified the plant's authenticity. A voucher 
specimen (Hue.22-01) has been deposited at the Faculty 
of Chemistry, University of Education, Hue University, 
Vietnam. 

Chemicals and reagents manufactures 
L-glutamine, fetal bovine serum (FBS), sodium 

bicarbonate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 
trypsin, ethylene diamine tetraacetic acid (EDTA), 
trichloracetic acid, L-ascorbic acid, aspirate, dimethyl 
sulfoxide (DMSO), and a homologous series of n-alkanes 
(C7–C40) were obtained from Sigma-Aldrich (USA). The 
solvents, n-hexane, dichloromethane, ethyl acetate, and 
methanol, were also obtained from Sigma-Aldrich. 
Human cancer cell lines (SK-LU-1, Hep-G2, KB, and 
MCF-7) were generously supplied by Prof. J.M. Pezzuto 
(Long-Island University, USA) and Prof. J. Maier 
(University of Milan, Italy). Cell culture flasks and 96-well 
plates were obtained from Corning Inc. (USA). 

Instrumentation 

The volatile compositions were investigated by Gas 
Chromatography–Mass Spectrometry (GC-MS) method 
which was conducted on the Shimadzu GC-MS QP2010 
Plus system. The absorbance of the cells in the 
cytotoxicity test was measured by the ELISA Plate 
Reader (USA). 

Procedure 

Solvent extraction process 
G. bulot dried leaves (4.2 kg) were firstly powdered 

and then extracted with methanol (5 times, 5.0 L each) 
at room temperature. The resulting extract was 
concentrated under low pressure to afford 175.42 g of a 
black solid extract, with a yield of 4.2% (w/w). This 
extract was distributed in water and then alternately 
partitioned with n-hexane, dichloromethane (CH2Cl2), 
and ethyl acetate (EtOAc) (5.0 L, 3 times each) to obtain 
the n-hexane (GBH, 29.94 g), the CH2Cl2 (GBD, 21.33 g), 
the EtOAc (GBE, 38.22 g), and the retained water (GBW, 
85.93 g) layers after removing the solvents under low 
pressure. GC-MS was used to analyze the n-hexane and 
dichloromethane extracts. 

Determination of the volatile constituents 
The volatile constituents were investigated by GC-

MS method conducted on a Shimadzu GC-MS-QP2010 
Plus system (Japan) equipped with an Equity-5 capillary 
column (30 m length, 0.25 mm diameter, 0.25 μm film 
thickness) and a mass spectrometer (MSD QP2010 
Plus). The n-hexane and dichloromethane extracts 
(1 mg, each) were diluted in a 1:100 ratio with 
dichloromethane, and 1 μL of the diluted solution was 
used for determination. The following analytical 
conditions were employed: a carrier helium flow rate of 
1.5 mL/min, an injector and an interface temperature of 
280 °C, column temperature program starting from 
60 °C (2 min hold), ramping at 3 °C/min to 240 °C 
(10 min hold) and subsequently increasing to 280 °C at 
5 °C/min (40 min hold). The samples were injected by 
the split-less injection mode. For mass spectrometry, 
acquisitions were performed in the scan mode with a mass 
range of  m/z = 40–500 at a  sampling  rate of  1.0 scan/s,  
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using an ionization voltage of 70 eV. The retention 
indices (RI) of the compounds were investigated by co-
injecting a homologous series of n-alkanes (C7–C40) under 
the same conditions. The compounds were determined by 
comparing their mass spectra with those in Wiley 7 and 
NIST 11 libraries from the GC-MS system, as well as 
relevant literature data. Data quantification of the 
constituents was determined by the relative peak area 
[24]. 

Cell culture 
Hep-G2, LU-1, MCF-7, and KB cell lines were 

chosen to use in the cytotoxicity tests. Stock cultures were 
grown in T-75 flasks containing 10 mL of Dulbecco’s 
Modified Eagle Medium (DMEM) with 10% Fetal Bovine 
Serum (FBS), 1.5 g L−1 sodium bicarbonate and 2 mM L-
glutamine. Media were changed every 48 h. After that, the 
cells were dissociated with 0.05% trypsin-EDTA, and then 
subcultured at 3–5 day intervals in a ratio of 1:3, and 
incubated at 37 °C in a humidified atmosphere of 5% CO2. 

Cytotoxicity assays 
The in vitro cytotoxicity assay has been confirmed 

by the US National Cancer Institute (NCI) as a principal 
test for the biological evaluation and screening of 
substances capable of inhibiting growth or killing cancer 
cells under in vitro conditions. This test was performed 
based on Skehan et al. method [25]. The cells were stained 
with Sulforhodamine B (SRB), and the optical density 
(OD) value was used to investigate the total cellular 
protein content. The amount of SRB attached to the 
protein molecule is directly related to the OD value. Thus, 
the more cells, as well as the more protein, correspond to 
higher OD values. The test was conducted following these 
specific conditions: Trypsinization to separate and count 
cells in a counting chamber to customize the suitable 
density. Continue to provide 190 μL of cells are 
performed in a 96-well plate. The test sample is dissolved 
in 100% DMSO to obtain an initial concentration of 
20 mM. Dilute the sample on a 96-well plate with cell 
culture medium (without FBS) into 4 concentration 
ranges from high to low. Diluted reagents at different 
concentrations (10 μL) were introduced into the prepared 
96-well plate above. Wells without reagent but with 

cancer cells (190 μL) + DMSO 1% (10 μL) will be used as 
zero-day control. After 1 h, zero-day control wells of 
cells will be fixed with trichloracetic acid (TCA) 20%. 
Cells were incubated for 72 h and then proceeded to fix 
with TCA for 1 h, stained with the SRB at 37 °C for 
30 min. After that, the cells were washed 3 times with 
acetic acid, and then dried at room temperature. 
Dissolving 10 mM unbuffered tris base into the SRB, 
gently shaking for 10 min, and reading the OD results at 
540 nm on an ELISA Plate Reader (Bio-Rad, California, 
USA). The inhibition rate (IR) of the cells was calculated 
by the following formula: IR% = {100%  [(ODt – 
OD0)/(ODcOD0)] × 100}. The test was repeated 3 times 
to ensure accuracy. Ellipticine solutions at the 
concentrations of 10, 2, 0.4, and 0.08 μg/mL were used 
as reference control. A solution of 1% DMSO was used 
as a negative sample with a final concentration of 0.05%. 
The concentration that inhibits 50% of growth (IC50) was 
investigated by using TableCurve 2Dv4 software. The 
extract will be considered active if the value of IC50 is not 
more than 20 μg/mL, while the pure compound will be 
evaluated to have good activity if the IC50 value is less 
than 5 μM, as stated by the US NCI [26]. 

DPPH radical scavenging activity 
The DPPH radical scavenging tests were carried 

out based on the method of Abramovič et al. [27] with 
some modifications. The sample is diluted with a stock 
solution in methanol, and then followed by diluting a 
range of solutions with different concentrations with 
double distilled water. L-ascorbic acid (Sigma) was used 
as a reference control. Ascorbic acid aqueous solutions 
at different concentrations were diluted with double 
distilled water. A DPPH (Sigma) 0.25 M solution was 
prepared by dissolving DPPH in methanol (100%). 
Firstly, 100 μL methanol solution of the research sample 
at different concentrations was placed in a 96-well plate, 
and then the as-prepared DPPH solutions were added to 
the wells with a ratio of 1:1. The control well (blank well) 
included water (100 μL) and DPPH (100 μL). After that, 
they were incubated for 30 min at room temperature. 
After completing the reactions, the absorbance of the 
solutions (OD) was measured at 517 nm. The ability to 
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neutralize the free radicals created from the DPPH of the 
test sample was determined by Eq. (1–3): 

c s

c

OD -OD
% Scavenging activities= 100

OD
  (1) 

well without reagent blank wellwhere : ODc OD OD   (2) 

reagent well blank wellODs OD OD   (3) 
SC50 value (Scavenging Concentration at 50% – 
concentration that neutralizes 50% of DPPH free radicals) 
was investigated by using TableCurve 2Dv4 software. 

■ RESULTS AND DISCUSSION 

By the GC-MS analysis, 33 volatile compounds were 
identified in the n-hexane leaf extract, which accounted 
for 74.9% (Table 1, Fig. 1). With 31.6%, fatty acid esters 
were the major chemical class of the identified 
compounds, followed by diterpenes (18.2%), steroids 
(6.3%), fatty acids (5.4%), triterpenoids (4.2%), alkanes 
(3.2%), aromatic compounds (1.4%), diterpenoids (1.4%), 
triterpenes (1.2%), alkenes (1.0%), alcohols (0.7%), and 
monoterpenoids (0.2%). As can be seen from Table 1, 

neophytadiene reached the highest amount of 18.2%, 
followed by methyl palmitate (14.4%), methyl linoleate 
(9.7%), β-sitosterol (4.5%) and methyl stearate (3.4%). 
Other components were determined including palmitic 
acid (2.9%), lupeol acetate (2.3%), lupeol (1.9%), oleic 
acid (1.9%), β-sitostenone (1.8%), methyl elaidate 
(1.6%), α-tocopherol (1.4%), and squalene (1.2%). 
Especially worth noting that our research was discovered 
from G. bulot leaf with five unknown compounds 
present in the n-hexane extract with 21.9%. Indeed, 
some unknown compounds were recorded with an 
amount greater than 1.0% at retention time of 51.13 
(16.0%), 79.88 (2.9%), 79.68 (1.4%), and 45.49 (1.1%). 

For the dichloromethane extract, a total of 26 
volatile components were determined, which 
represented 87.1% (Table 1, Fig. 2). Alkanes (31.2%), 
fatty acids (14.6%), and alkenes (10.6%) were the main 
chemical classes. Dichloromethane extract was also 
characterized by the presence of fatty acid esters (9.4%), 
alcohols (6.9%), diterpenes (5.3%),  diterpenoids (4.4%),  

Table 1. Volatile compositions (%) of the n-hexane and dichloromethane extracts of Grewia bulot leaves 

No. RT Compounda 
n-hexane Dichloromethane 

Identificationb,c 
extract extract 

1 3.95 Isovaleric acid - 0.9 MS, RI, O 
2 4.78 2-tert-Butoxyethanol 0.2 5.3 MS, RI, O 
3 17.4 Dodecane  0.5 3.4 MS, RI, O 
4 22.4 2-Methoxy-4-vinylphenol - 1.1 MS, RI, O 
5 26.1 Tetradecane 0.7 4.9 MS, RI, O 
6 31.2 Methyl laurate 0.4 - MS, RI, O 
7 31.4 Dihydroactinidiolide 0.2 - MS, RI, O 
8 32.8 Lauric acid - 4.0 MS, RI, O 
9 33.8 1-Hexadecene - 1.3 MS, RI, O 

10 34.1 Hexadecane 0.8 7.4 MS, RI, O 
11 38.8 Methyl tetradecanoate 0.4 - MS, RI, O 
12 40.2 Loliolide - 2.7 MS, RI, O 
13 40.6 Unidentified - 2.1 MS, RI, O 
14 41.1 1-Octadecene 0.1 2.2 MS, RI, O 
15 41.4 Octadecane 0.5 6.0 MS, RI, O 
16 42.7 Phytol 1.4 4.4 MS, RI, O 
17 44.1 3,7,11,15-Tetramethyl-2-hexadecen-1-ol 0.5 1.6 MS, RI, O 
18 44.9 Methyl oleate 0.2 0.2 MS, RI, O 
19 45.5 Unidentified 1.1 - MS, RI, O 
20 45.7 Methyl palmitate 14.4 3.9 MS, RI, O 
21 46.8 Palmitic acid 2.9 9.8 MS, RI, O 
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No. RT Compounda 
n-hexane Dichloromethane 

Identificationb,c 
extract extract 

22 47.8 1-Eicosene 0.6 4.7 MS, RI, O 
23 47.8 Ethyl palmitate 0.6 - MS, RI, O 
24 48.0 Eicosane 0.5 4.9 MS, RI, O 
25 48.8 Methyl margarate 0.6 - MS, RI, O 
26 50.9 Methyl linoleate 9.7 2.5 MS, RI, O 
27 51.1 Unidentified 16.0 3.6 MS, RI, O 
28 51.3 Methyl elaidate 1.6 - MS, RI, O 
29 51.5 Neophytadiene 18.2 5.3 MS, RI, O 
30 51.9 Methyl stearate 3.4 0.7 MS, RI, O 
31 52.1 Linoleic acid 0.6 - MS, RI, O 
32 52.2 Oleic acid 1.9 0.8 MS, RI, O 
33 52.9 Unidentified 0.5 2.8 MS, RI, O 
34 53.8 1-Docosene 0.3 2.3 MS, RI, O 
35 54.0 Docosane 0.3 3.0 MS, RI, O 
36 59.4 Unidentified - 1.4 MS, RI, O 
37 59.6 Tetracosane - 1.6 MS, RI, O 
38 63.1 Methyl octacosanoate 0.3 - MS, RI, O 
39 64.2 Heptadecyl heptadecanoate - 2.1 MS, RI, O 
40 74.4 Squalene 1.2 - MS, RI, O 
41 79.7 Unidentified 1.4 - MS, RI, O 
42 79.9 Unidentified 2.9 - MS, RI, O 
43 82.2 α-Tocopherol 1.4 - MS, RI, O 
44 85.4 β-Sitostenone 1.8 - MS, RI, O 
45 87.2 β-Sitosterol 4.5 - MS, RI, O 
46 87.5 Lupeol 1.9 - MS, RI, O 
47 89.8 Lupeol acetate  2.3 - MS, RI, O 

  Total 96.8 96.9   
  Unidentified 21.9 9.8   
  Hemiterpenoids/Acids 0 0.9   
  Alkanes 3.2 31.2   
  Alkenes 1.0 10.6   
  Alcohols 0.7 6.9   
  Aromatic compounds 1.4 1.1   
  Diterpenes 18.2 5.3   
  Triterpenes 1.2 0   
  Monoterpenoids 0.2 2.7   
  Diterpenoids 1.4 4.4   
  Triterpenoids 4.2 0   
  Steroids 6.3 0   
  Fatty acids 5.4 14.6   
   Fatty acid esters 31.6 9.4   

aCompound listed according to the elution order of column Equity-5; b Retention Index (RI) calculated using a homologous series 
of n-alkanes (C7-C40) in a capillary column (Equity-5) (see supplementary data); c Identification based on the matching of mass 
spectra (MS), retention index (RI) of the compounds with NIST11, WILEY7, Adams (2017) data libraries, along with the data in 
the website http://www.thegoodscentscompany.com/search2.html (accessed on 1 March 2023) (O). Area (%): is the percentage of 
the area occupied by the compound within the chromatogram; - Not identified 
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Fig 1. GC-MS data of n-hexane extract of Grewia bulot leaf 

 
Fig 2. GC-MS data of dichloromethane extract of Grewia bulot leaf 

 
monoterpenoids (2.7%), aromatic compounds (1.7%), and 
hemiterpenoids/acids (0.9%). In addition, the presence of 
unknown compounds in leaf volatile accounted for 9.8%, 
including compounds at retention time 51.13 (3.6%), 
52.92 (2.8%), 40.58 (2.1%), and 59.43 (1.4%). A significant 
amount of alkanes, fatty acids, alkenes, fatty acid esters, 
and alcohols were found in dichloromethane extract, 
accounting for 31.2, 14.6, 10.6, 9.4, and 6.9%, respectively. 
The principal palmitic acid (9.8%), hexadecane (7.4%), 
octadecane (6.0%), 2-tert-butoxyethanol (5.3%), 
tetradecane (4.9%), eicosane (4.9%), and 1-eicosene 
(4.7%) were determined with higher content than those of 
the n-hexane extract. Additionally, several compounds 

(> 1.0%) were also found in the dichloromethane 
extract, consisting of phytol (4.4%), lauric acid (4.0%), 
methyl palmitate (3.9%), dodecane (3.4%), docosane 
(3.0%), loliolide (2.7%), methyl linoleate (2.5%), 1-
docosene (2.3%), 1-octadecene (2.2%), heptadecyl 
heptadecanoate (2.1%), 3,7,11,15-tetramethyl-2-
hexadecen-1-ol (1.6%), tetracosane (1.6%), and 1-
hexadecene (1.3%). 

Literature survey showed that the main volatile 
compounds in the n-hexane extract from stem bark of 
G. lasiocarpa were investigated included hexadecane 
(10.2%), heptadecane (9.7%), tetratetracontane (7.5%), 
heneicosane (6.5%), hexatriacontane (5.9%), sitosterol 
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(5.6%), and lupeol (4.9%). Lupeol (13.7%), γ-sitosterol 
(7.3%), and 9Z-octadecenamide (6.3%) were determined 
in the stem bark’s chloroform extract, while lupeol acetate 
(12.9%), 1,6-bis[(2S)-2-ethylhexyl]hexanedioate (9.9%), 
4-((1E)-3-hydroxy-1-propenyl)-2-methoxyphenol (8.2%), 
δ-4,6-cholestadienol (5.7%), palmitic acid (5.2%), and β-
sitosterol (5.2%) were identified in the methanol extract 
of this species [8]. Regarding the chemical constituents of 
G. tenax, sixty-three volatile compounds were identified 
from the fruit, in which the major compounds were acetic 
acid (61.0%); methylhydrazine (4.8%), 2,3-butanediol 
(4.1%), palmitic acid (3.5%), and 1,3-butanediol (2.4%) 
[28]. Generally, the volatile compositions are similar 
among Grewia species, but their content is much different 
to a great extent. 

The cytotoxicity of n-hexane (GBH), 
dichloromethane (GBD), ethyl acetate (GBE), methanol 
(GBM), and water (GBW) was studied (see 
supplementary data). G. bulot extracts against the growth 
of the MCF-7, Hep-G2, SK-LU-1, and KB cell lines were 
tested using a sulforhodamine B assay (Fig. 3) [25]. The 
GBH and GBD samples show cytotoxic activity against 
some cell lines, with IC50 values ranging from 90.60 to 
98.27 μg/mL, while the remaining samples do not exhibit 

such activity at the tested concentrations. According to 
previous reports, the essential oil extracted from the 
fresh leaves of G. lasiocarpa showed cytotoxic activity at 
1 mg/mL (IC50 = 555.70 μg/mL) against HeLa cells, 
while that from the stem bark exhibited no significant 
activity (IC50 > 1000 μg/mL) [29]. Furthermore, aqueous 
leaf and fruit extracts from G. asiatica showed significant 
anticancer activity against liver and breast cancer, with 
IC50 values of 59.03 and 58.65 μg/mL (leaf extract) and 
50.37 and 61.23 μg/mL (fruit extract), respectively, while 
the methanol leaf extract exhibited activity against four 
human cancer cell lines – HL-60, K-562, MCF-7, and 
HeLa – with IC50 values of 53.70; 54.90; 199.5 and 177.8 
μg/mL, respectively [30]. In another study, the cytotoxic 
activity of the CHCl3 fraction of G. bilamellata 
(combined leaves, twigs, and stems) against the KB cell 
line involved an ED50 > 20 μM [9]. In addition, the 
methanol extract of G. hirsuta leaves had a cytotoxic 
effect on the Hep-G2 cell line, with an IC50 value of 
15.6 μg/mL, and showed a cell viability of 50.4% [15]. 

Furthermore, the antioxidant activities of the five 
crude extracts were tested by measuring their DPPH 
scavenging capacity, as shown in Fig. 4. All extracts 
exhibit antioxidant activity, with SC50 values ranging from 
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Fig 3. Effects of GBH, GBD, GBE, GBM, and GBW extracts from the Grewia bulot leaf on the viability of Hep-G2 (A), 
KB (B), MCF-7 (C), and SK-LU-1 (D), respectively. Data were expressed as a percentage of control 
 
9.39 to 153.78 μg/mL, and the scavenging efficacy of the 
extracts follows the order GBM > GBE > GBD > GBW > 
GBH. The methanol extract (GBM) shows the strongest 
activity, with an SC50 value of 9.39 ± 0.90 μg/mL, 
comparable to that of the positive control, ascorbic acid 
(SC50 = 7.27 ± 0.12 μg/mL); its effectiveness as an 

antioxidant is attributed to its higher concentration of 
total phenolic compounds. As is commonly known, the 
antioxidant activity of an extract is directly correlated 
with the amount of phenolic compounds present; 
therefore, extracts with higher phenolic content exhibit 
greater antioxidant activity. This makes this plant a good  
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Fig 4. % DPPH scavenging efficiency of Grewia bulot leaf extracts 

 
antioxidant [31] and indicates the presence of free-
radical-scavenging active metabolites, such as 2-methoxy-
4-vinylphenol [32], loliolide [33], phytol [34], 
neophytadiene [35], squalene [36], and α-tocopherol [37]. 
Previously, the methanol extract of G. villosa showed the 
weakest DPPH scavenging effect at 0.2, 0.4, 0.6, 0.8, and 
1.0 mg/mL, comparable to that of standard vitamin E 
[38], while the methanol and acetone extracts of G. optiva 
leaves did not possess antioxidant activity [39]. In another 
study, the antioxidant activities of the syrup, jam, and 
seed of G. tenax were evaluated, with the seed extract 
containing the highest antioxidant content [40]. Further, 
the antioxidant potential was highest in G. tenax 
(85.49 ± 2.68 μg/mL) and lowest in G. tiliifolia 
(76.11 ± 1.77 μg/mL) and G. asiatica (82.5 ± 5.66 μg/mL) 
[41]. As determined via DPPH assays, the methanol 
extract of G. sapida showed antioxidant activity, with an 
IC50 value of 257.666 ± 2.516 μg/mL [42]. In another 
study, the crude chloroform and methanol stem bark 
extracts of G. lasiocarpa showed the highest inhibition 
with IC50 of 92.94 and 75.19 μg/mL for the FRAP and 
DPPH assays, respectively, in terms of antioxidant activity 
[29]. Further, an evaluation of the methanol extract of G. 
asiatica investigated the significant antioxidant activity of 

its fruits [43], and the petroleum ether fraction of G. 
abutilifolia leaf had the highest activity 
(IC50 = 3.82 ± 0.055 μg/mL) in a DPPH scavenging assay 
[44]. Comparing the DPPH radical scavenging activity 
of G. bulot with that of other Grewia species reported in 
the literature implies that in most cases, G. bulot exhibits 
stronger activity; therefore, it can be used as a potential 
source of ethnic medicinal plants to develop new forms 
of antioxidant therapy. 

■ CONCLUSION 

The current study provides a comprehensive 
analysis of the chemical compositions of Vietnamese 
Grewia bulot leaf extracts and investigates their 
antioxidant and anticancer activities. The main chemical 
classes identified in the n-hexane extract were fatty acid 
esters (31.6%), diterpenes (18.2%), and steroids (6.3%). 
In contrast, the dichloromethane extract contained 
alkanes (31.2%), fatty acids (14.6%), alkenes (10.6%), 
fatty acid esters (9.4%), and alcohols (6.9%). Further, the 
major compounds found in the n-hexane extract were 
neophytadiene (18.2%), methyl palmitate (14.4%), 
methyl linoleate (9.7%), and β-sitosterol (4.5%). On the 
other hand, the dichloromethane extract was 
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characterized by palmitic acid (9.8%), hexadecane (7.4%), 
octadecane (6.0%), 2-tert-butoxyethanol (5.3%), and 
neophytadiene (5.3%). Both extracts exhibited weak 
activity against four human cancer cell lines (MCF-7, Hep-
G2, SK-LU-1, and KB), with IC50 values ranging from 
90.60 ± 3.49 to 98.27 ± 2.77 μg/mL. Additionally, all five 
crude extracts displayed significant antioxidant potential, 
with the methanol extract showing the highest activity 
(SC50 = 9.39 ± 0.90 μg/mL). These findings suggest the 
potential application of Grewia bulot leaf extracts as a 
source of antioxidants. 
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 Abstract: Functionalization of metal-organic frameworks resulting in efficient CO2 
adsorption materials became substantial in preventing the worsening environment upon 
the emission of CO2. In this study, several room-temperature ionic liquids (RTILs) with 
an imidazolium-based cation of 1-butyl-3-methylimidazolium [bmim]+ and anions of 
bis(trifluoromethylsulfonyl)imide [TFSI]−, trifluoromethanesulfonate [OTf]−, 
hexafluorophosphate [PF6]−, and tetrafluoroborate [BF4]− were incorporated into UiO-66 
by wet impregnation method under air. The RTILs/UiO-66 composites were 
characterized by PXRD, FTIR, TGA, nitrogen physisorption, and CO2 adsorption. Based 
on the type of anions of imidazolium-based RTILs, the CO2 uptake of RTILs/UiO-66 
composites followed the trend: [OTf]− > [TFSI]− > [PF6]− > [BF4]− at low temperature 
(273 K) and pressure (100 kPa). The CO2 uptake of pristine UiO-66 increased 
approximately 1.5 times upon incorporating [bmim][OTf]. The type of anions of 
imidazolium-based RTILs influences the CO2 adsorption performance of RTILs/UiO-66 
composites in which anions containing fluoroalkyl group ([OTf]−, [TFSI]−) exhibited a 
higher CO2 uptake compared to inorganic fluorinated anions ([BF4]−, [PF6]−). Hence, the 
incorporation of hydrophobic imidazolium-based RTILs showed a potential to enhance 
the performance of UiO-66 for CO2 adsorption application. 

Keywords: CO2 adsorption; imidazolium-based RTILs; incorporation; UiO-66 

 
■ INTRODUCTION 

High greenhouse gas (GHG) emissions directly 
induce global warming and climate change. They are 
serious environmental issues that have been attracting 
worldwide attention [1]. Carbon dioxide (CO2), the major 
component in GHG emissions, is mostly generated from 
combustion sources [2]. The amount of CO2 released to 
the atmosphere significantly increases following the rapid 
development in industrial and energy infrastructures with 
a high demand for fossil fuels [3]. To prevent the 
worsening impact, the utilization of natural gas producing 
less CO2 emission over fossil fuels and coal has been 
initiated [4]. Natural gas offers several advantages, such as 
being more abundant, environmentally friendly, and 
relatively inexpensive [5]. However, raw natural gas also 
contains impurities like CO2, which must be removed 
before further use due to its corrosive property [6]. 

Natural gas purification from CO2 has been 
extensively conducted using a robust technology known 
as amine scrubbing [7]. This technology generally uses a 
primary alkanolamine solution of 20–30 wt.% 
monoethanolamine, besides diethanolamine, 
triethanolamine, or N-methyldiethanolamine, as 
secondary, tertiary, and ternary alkanolamines, 
respectively [8]. Although this technology is highly 
efficient for CO2 separation, alkanolamine solutions also 
have several drawbacks, i.e., amine degradation toward 
heating, high energy demand for amine regeneration, 
and corrosive toward equipment, leading to 
environmental issues and significant expense for 
industrial scale [9]. Therefore, a thermally stable 
material needs to be developed as an alternative 
approach for CO2 separation on a large scale. 

An emerging generation of crystalline materials with  



Indones. J. Chem., 2023, 23 (5), 1406 - 1414    

 

Laela Mukaromah et al. 
 

1407 

exceptional porosity is defined as metal-organic 
frameworks (MOFs), also known as porous coordination 
polymers [10]. The structure of MOFs is built from metal 
ions in the form of secondary building units as nodes and 
organic linkers as spokes, connected with coordination 
bonds [11]. MOFs are recognized for their tunability and 
feasibility in structure, which make them ideal for gas 
adsorption and separation [12]. Nevertheless, designing 
MOFs with excellent CO2 selectivity similar to 
alkanolamine solutions remains challenging [13]. Several 
post-synthetic modifications on MOFs are carried out to 
enhance the CO2 selectivity. Despite its high CO2 capture, 
the functionalization of MOFs using alkylamines deals 
with pore accessibility control upon the formation of 
amine aggregates [14]. The incorporation of MOFs into 
polymer membranes concerns with non-uniform particle 
distribution within the matrix, which can cause severe 
agglomeration [15]. 

A novel functionalization of MOFs with room-
temperature ionic liquids (RTILs) has been increasingly 
investigated, particularly using imidazolium-based 
cation. RTILs are liquid-phase salts at room temperature 
or lower, commonly arranged from asymmetric organic 
cations with symmetric organic or inorganic anions [16]. 
Owing several outstanding properties, i.e., high thermal 
stability, null volatility, negligible flammability, and good 
solubility toward CO2 make them promising to be 
incorporated into MOFs for CO2 adsorption or separation 
[17]. Zeeshan et al. [13] investigated the performance of 
[hemim][DCA]/ZIF-8 composite in a core-shell type for 
CO2 separation. They concluded that the composite 
exhibits CO2 adsorption and CO2/CH4 selectivity up to 5.7 
and 45 times higher, respectively, compared to the 
unmodified ZIF-8 at low pressure. Kinik et al. [18] 
examined the incorporation of ZIF-8 with [bmim][PF6] 
for CO2 separation. They found that the double CO2 
selectivity over CH4 and N2 is generated from ZIF-8 and 
[bmim][PF6] direct interaction. Oliveira et al. [19] 
performed the molecular simulations of [bmim][PF6] and 
[bmim][TFSI] incorporated with MIL-100(Fe) for CO2 
adsorption. They showed that the presence of RTILs 
increases CO2 adsorption and selectivity (CO2/CH4 and 
CO2/N2) at low pressure. 

Herein, we study the incorporation of 
imidazolium-based RTILs into Zr-based MOFs of UiO-
66 for CO2 adsorption. Featuring Zr6O4(OH)4 nodes in 
12 coordination of linkers [20], UiO-66 shows excellent 
thermal stability alongside octahedral and tetrahedral 
cages that make it suitable for gas adsorption or 
separation [21]. While imidazolium-based RTILs are 
widely utilized for CO2 adsorption or separation owing 
to their good CO2 solubility [22]. Furthermore, the 
influence of the following anions: tetrafluoroborate [BF4]−, 
hexafluorophosphate [PF6]−, trifluoromethanesulfonate 
[OTf]−, and bis(trifluoromethylsulfonyl)imide [TFSI]−, 
with a cation of 1-butyl-3-methylimidazolium [bmim]+ 
in the imidazolium-based RTILs/UiO-66 composites is 
investigated toward the CO2 adsorption performance at 
low temperature and pressure. 

■ EXPERIMENTAL SECTION 

Materials 

All materials were commercially available and 
employed without further purification: 1-butyl-3-
methylimidazolium tetrafluoroborate ([bmim][BF4], 
≥98% purity Merck, Germany), 1-butyl-3-
methylimidazolium hexafluorophosphate 
([bmim][PF6], 97% purity Merck, Germany), 1-butyl-3-
methylimidazolium trifluoromethanesulfonate 
([bmim][OTf], 97% purity Merck, Germany), 1-butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide 
([bmim][TFSI], ≥98% purity Merck, Germany), 
zirconium(IV) chloride (ZrCl4, ≥98% purity Merck, 
Germany), 1,4-benzenedicarboxylic acid (H2BDC, ≥98% 
purity Merck, Germany), N,N-dimethylformamide 
(DMF, ≥99.8% purity Merck, Germany), chloroform 
(≥99% purity Merck, Germany), and acetone (≥99.8% 
purity Merck, Germany). 

Instrumentation 

Phase identification of samples was collected by 
powder X-ray diffractometer (PXRD, Rigaku MiniFlex 
600) in the range of 2θ from 5 to 50° using a source of 
radiation of Cu-Kα and wavelength of 1.540593 Å. The 
functional group coordination of samples was obtained 
by Fourier-transformed infrared spectrometer (FTIR, 
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Bruker Alpha series) with a splitter of ZnSe beam in the 
wavenumber range from 500 to 4000 cm−1 using KBr to 
disperse the samples. The thermal stability of samples was 
performed on a thermogravimetric analysis instrument 
(TGA, Hitachi STA7300) by heating the samples on an 
aluminium pan in the range of temperature from 30 to 
500 °C with 20 °C cm−1 heating rate under nitrogen. 
Sample pore analysis was carried out using a nitrogen 
physisorption measurements instrument at 77 K 
(Quantachrome NOVA 2200e). CO2 adsorption 
performance of samples was conducted using CO2 
adsorption measurements instrument at 273 K 
(MicrotracBel BELSORP-max). Before nitrogen 
physisorption and CO2 adsorption measurements, UiO-
66 and RTILs/UiO-66 composites samples were degassed 
at 160 and 105 °C for 6 h under a vacuum, respectively. 

Procedure 

Synthesis of UiO-66 
UiO-66 was synthesized using a conventional 

heating method, slightly modified from the previous 
reports [20,23]. As much as 0.233 g of ZrCl4 (1.0 mmol) 
was mixed with 10 mL of DMF in a nitrogen-charged glove 
box and then sonicated for 10 min at room temperature. 
An amount of 0.166 g of 1,4-benzenedicarboxylic acid 
(H2BDC, 1.0 mmol) and 0.1 mL of acetic acid 10% (v/v) 
were added to the mixture, and then sonicated again for 
20 min. The mixture was put into the oven and heated at 
120 °C for 1 d. The reaction solvent was decanted from 
the solid product after cooling down. The washing process 
was conducted by soaking the solid product in 5 mL of 
chloroform, decanted, and repeated three times. After 
that, the solid product was filtered at room temperature 
and then degassed at 160 °C for 6 h under a vacuum. 

Synthesis of RTILs/UiO-66 composites 
Imidazolium-based RTILs/UiO-66 composites with 

30% loading of RTILs were synthesized using the wet 
impregnation method, slightly modified from the previous 
report [24]. The first composite was prepared by room 
temperature stirring of 15 mL of acetone and 0.15 g of 
[bmim][BF4] for 1 h under air. The mixture was added with 
0.35 g of activated UiO-66, and then continuously stirred 
for 6 h. The solid product was filtered at room temperature, 

and then degassed at 105 °C for 6 h under a vacuum. 
Other imidazolium-based RTILs/UiO-66 composites 
with [bmim][PF6], [bmim][OTf], and [bmim][TFSI] 
were also synthesized according to this procedure. 

■ RESULTS AND DISCUSSION 

The incorporation of imidazolium-based RTILs 
series, i.e., [bmim][BF4], [bmim][PF6], [bmim][OTf], 
and [bmim][TFSI] denoted as Im-B, Im-P, Im-O, and 
Im-T, respectively, into zirconium-based MOFs of UiO-
66 was carried out by wet impregnation method at room 
temperature under air. The four RTILs/UiO-66 
composites hereafter were denoted as Im-B/UiO-66, Im-
P/UiO-66, Im-O/UiO-66, and Im-T/UiO-66. Solvated 
RTILs/UiO-66 composites show consistency with the 
characteristic diffraction peaks of pristine UiO-66 at 2θ 
of 7.43 and 8.55° corresponding to reflection planes of 
(111) and (200), respectively, in agreement with the 
previous studies [25-26], as presented in the PXRD 
patterns (Fig. 1). Furthermore, there is no decrease in the 
relative intensity of UiO-66 in comparison to Im-
B/UiO-66, Im-P/UiO-66, Im-O/UiO-66, and Im-
T/UiO-66 composites explain that the incorporation of 
imidazolium-based RTILs into UiO-66 does not alter its 
pristine structure, following previous reports on 
[bmim][BF4]/CuBTC and [bmim][PF6]/ZIF-8 
composites [18,24]. PXRD patterns of all RTILs/UiO-66 
composites also remain consistent after degassing (Fig. 2). 
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Fig 1. PXRD patterns of UiO-66 (orange), Im-B/UiO-66 
(dark yellow), Im-P/UiO-66 (magenta), Im-O/UiO-66 
(blue), and Im-T/UiO-66 (red) 
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Fig 2. PXRD patterns of activated UiO-66 (orange), Im-
B/UiO-66 (dark yellow), Im-P/UiO-66 (magenta), Im-
O/UiO-66 (blue), and Im-T/UiO-66 (red) 

Fig. 3 displays the FTIR spectra of pristine UiO-66 
and H2BDC ligand. The peaks at 1682 and 1424 cm−1 
correspond to asymmetric and symmetric stretching 
bands of the carboxyl group of H2BDC. The formation of 
Zr6O4(OH)4(CO2)12 clusters of UiO-66 is confirmed by the 
weakening of carboxyl groups vibrations of H2BDC, from 
1682 and 1424 cm−1 in the free ligand to 1580 and 
1400 cm−1 in the UiO-66, in agreement with the previous 
study [25]. However, the significant changes in the peak 
positions of UiO-66 upon the incorporation with 
imidazolium-based RTILs were hardly observed from the 
FTIR spectra from 500 to 1800 cm−1 range of wavenumber 
(Fig. 4). There is no shifting from the μ3–O bridging bond 
peak of UiO-66 at 667 cm−1 explaining the direct 
interactions between imidazolium-based RTILs and 
metal nodes of UiO-66 in the Im-B/UiO-66, Im-P/UiO-
66, Im-O/UiO-66, and Im-T/UiO-6 composites were not 
strong, similar to reported [bmim][MeSO4]/UiO-66 
composite [25]. Furthermore, the stretching vibrations of 
the carboxyl group and bending vibration of –CH of UiO-
66 also remain the same after incorporation, confirming 
the lack of interactions with RTILs. In this case, water as 
impurities in RTILs and unremoved synthesis solvents 
inside the pore of MOFs likely contribute to the weak 
interactions between the two components [13,16]. 

Thermogravimetric analysis (TGA) curves of Im-
B/UiO-66, Im-P/UiO-66, Im-O/UiO-66, and Im-T/UiO-66 
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Fig 3. FTIR spectra of UiO-66 (orange) and H2BDC 
ligand (black) 
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Fig 4. FTIR spectra of UiO-66 (orange), Im-B/UiO-66 
(dark yellow), Im-P/UiO-66 (magenta), Im-O/UiO-66 
(blue), and Im-T/UiO-66 (red) 

composites demonstrate a more extensive weight loss 
than pristine UiO-66 upon heating to 500 °C under 
nitrogen (Fig. 5). Im-O/UiO-66 and Im-T/UiO-66 
composites generate an identical decomposition 
temperature, followed by the Im-P/UiO-66 composite, 
which is similar, but the Im-B/UiO-66 composite exhibits 
a different trend. This result may also be influenced by 
the hydrophilicity property of the imidazolium-based 
RTILs, in which [bmim][OTf], [bmim][TFSI], and 
[bmim][PF6] are hydrophobic, while [bmim][BF4] is 
hydrophilic [27]. The first weight loss of about 13.6, 23, 
24.5, and 24.3% are observed below 100 °C, corresponding 
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Fig 5. TGA curves of UiO-66 (orange), Im-B/UiO-66 
(dark yellow), Im-P/UiO-66 (magenta), Im-O/UiO-66 
(blue), and Im-T/UiO-66 (red) 

on the removal of acetone molecules (RTILs impregnation 
solvent) for Im-B/UiO-66, Im-P/UiO-66, Im-O/UiO-66, 
and Im-T/UiO-66 composites, respectively. At the same 
temperature, the Im-B/UiO-66 composite shows less 
acetone removal, indicating the composite is more polar 
than other RTILs/UiO-66 composites. The second weight 
loss from 100 to 300 °C is ascribed to the removal of 
moisture and DMF molecules (UiO-66 synthesis solvent). 
Meanwhile, the Im-B/UiO-66 composite shows two 
weight loss steps up to 300 °C. The weight loss from 300 
to 400 °C corresponds to the decomposition of 
[bmim][BF4], [bmim][PF6], [bmim][OTf], and 
[bmim][TFSI] from the RTILs/UiO-66 composites. 
Furthermore, the frameworks of UiO-66 start to collapse 
above 450 °C for pristine MOFs, above 400 °C for the Im-
B/UiO-66 composite, and for other composites above 
350 °C, referring to the partial loss of BDC linkers. 
Accordingly, incorporating several imidazolium-based 
RTILs into UiO-66 alleviates the pristine thermal stability, 
illustrating the interaction of both components in the 
composites, consistent with previous studies [24,28]. 

Nitrogen physisorption measurements at 77 K 
reveal type I adsorption isotherm, indicating that 
pristine UiO-66 and all RTILs/UiO-66 composites are 
microporous materials (Fig. 6). The difference in 
hydrophilicity property of imidazolium-based RTILs 
likely influences the nitrogen uptake of the RTILs/UiO-
66 composites. Im-B/UiO-66, Im-P/UiO-66, Im-
O/UiO-66, and Im-T/UiO-66 composites exhibit 
nitrogen uptake of 285.62, 412.44, 429.69, and 
437.50 cm3 g−1, respectively, while for pristine UiO-66 is 
350.87 cm3 g−1. The Im-B/UiO-66 composite with 
hydrophilic RTILs shows a decrement in pore analysis 
values compared to pristine UiO-66, while Im-P/UiO-
66, Im-O/UiO-66, and Im-T/UiO-66 composites with 
hydrophobic RTILs possess larger values (Table 1). This 
result trend is the opposite of several previous studies, in 
which incorporating RTILs reduces pore analysis values 
of pristine MOFs even though both components have 
similar hydrophilicity [19,24]. The incomplete removal of 
trapped DMF molecules from the frameworks of UiO-
66 during degassing process may limit the accessibility of 
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Fig 6. N2 physisorption isotherms of UiO-66 (orange), 
Im-B/UiO-66 (dark yellow), Im-P/UiO-66 (magenta), 
Im-O/UiO-66 (blue), and Im-T/UiO-66 (red) 

Table 1. Pore analysis of UiO-66 and RTILs/UiO-66 composites 
Sample BET surface area (m2 g−1) Total pore volume (cm3 g−1) 

UiO-66 883 0.543 
Im-B/UiO-66 722 0.442 
Im-P/UiO-66 1100 0.645 
Im-O/UiO-66 1043 0.665 
Im-T/UiO-66 1104 0.677 
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nitrogen due to pore blockage, which generates MOFs 
with a low Brunauer-Emmett-Teller (BET) surface area 
[29]. Conversely, the enhanced BET surface area observed 
in the Im-P/UiO-66, Im-O/UiO-66, and Im-T/UiO-66 
composites can be assigned to the additional role of 
acetone as the exchange solvent for DMF from the 
structure of UiO-66, aside as the impregnation solvent for 
RTILs. Therefore, instead of prolonging the degassing 
process of MOFs using the thermal activation method, 
employing acetone for the washing process of MOFs can 
be an alternative way to optimize the pore analysis values 
and minimize the structural damage of MOFs [30]. 

CO2 adsorption performances of pristine UiO-66, 
Im-B/UiO-66, Im-P/UiO-66, Im-O/UiO-66, and Im-
T/UiO-66 composites measured at 273 K exhibit a similar 
result trend as observed in TGA measurements, with only 
Im-B/UiO-66 composite displaying an opposite behavior 
compared to other composites. Incorporating 
imidazolium-based RTILs enhances CO2 uptake of UiO-
66 in the RTILs/UiO-66 composites as presented in the 
CO2 adsorption isotherms (Fig. 7). The CO2 uptake 
amounts of Im-B/UiO-66, Im-P/UiO-66, Im-O/UiO-66, 
and Im-T/UiO-66 composites are 28.016, 67.647, 75.965, 
and 72.300 cm3 g−1, respectively, while pristine UiO-66 is 
51.382 cm3 g−1. Although some previous simulation and 
experimental studies reported the improvement in CO2 
uptake of MOFs upon the incorporation of RTILs at low 
pressure, such as in RTILs/ZIF-8 [13,18], RTILs/MIL-
100(Fe) [19], and RTILs/CuBTC composites [31], the 
reduced CO2 uptake was declared in RTILs/UiO-66 and 
RTILs/NU-1000 composites [32]. The shrinkage in BET 
surface area of UiO-66 upon the incorporation of 
[bmim][BF4] from 883 to 722 m2 g−1 yields a less number 
of adsorption sites in the Im-B/UiO-66 composite leading 
to a low CO2 uptake, similar to a previous report on 
[bmim][BF4]/CuBTC composite [24]. In addition, a low 
CO2 uptake in Im-B/UiO-66 composite is presumably 
influenced by the difference in polarity from [BF4]− anion 
compared to other anions, making it less preferable for a 
polar gas like CO2 [28], following TGA measurement 
results. 

Nevertheless, the pore analysis values of the four 
imidazolium-based RTILs/UiO-66 composites are not the 

main factor determining their CO2 uptake when the CO2 
adsorption performances are measured at low pressure. 
For instance, the Im-T/UiO-66 composite possesses the 
largest BET surface area, yet the highest CO2 uptake is 
found in the Im-O/UiO-66 composite. Aside from the 
BET surface area, the solubility of CO2 in RTILs also 
holds a prominent role in CO2 uptake. Aki et al. [33] 
found that the type of anion in imidazolium-based 
RTILs strongly influences the CO2 solubility, in which 
anions containing fluoroalkyl group ([TFSI]−, [OTf]−) 
generated a higher CO2 uptake compared to inorganic 
fluorinated anions ([PF6]−, [BF4]−). Muldoon et al. [34] 
revealed that the solubility of CO2 was improved 
following the increase of fluoroalkyl chains in either 
cation or anion of RTILs. Even though [TFSI]− anion 
contains more fluoroalkyl group than [OTf]− anion, the 
Im-T/UiO-66 composite exhibits a lower CO2 uptake 
compared to the Im-O/UiO-66 composite, which is likely 
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Fig 7. CO2 adsorption isotherms of UiO-66 (orange), 
Im-B/UiO-66 (dark yellow), Im-P/UiO-66 (magenta), 
Im-O/UiO-66 (blue), and Im-T/UiO-66 (red) 

Table 2. Cation and anion radii of imidazolium-based 
RTILs obtained from reference [35] 

Ion Ionic radius (Å) 
[bmim]⁺ 4.57 

[BF4]− 3.37 
[PF6]− 3.58 
[OTf]− 3.89 
[TFSI]− 4.44 
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attributed to the larger ionic radius of [TFSI]− than 
[OTf]−, as presented in Table 2. Therefore, aside from the 
increased fluorination number of the anion, the size of 
anion may also influence the solubility of CO2 resulting in 
the CO2 uptake order of Im-O/UiO-66 > Im-T/UiO-66 > 
Im-P/UiO-66 > Im-B/UiO-66. 

■ CONCLUSION 

Imidazolium-based RTILs/UiO-66 composites with 
30% loading of RTILs, i.e., [bmim][BF4]/UiO-66, 
[bmim][PF6]/UiO-66, [bmim][OTf]/UiO-66, and 
[bmim][TFSI]/UiO-66 were successfully synthesized by 
wet impregnation method under air. The enhanced CO2 
uptake measured at low pressure (100 kPa) was observed 
upon the incorporation of [bmim][PF6], [bmim][OTf], 
and [bmim][TFSI] into UiO-66, while [bmim][BF4] 
showed the reduced CO2 uptake compared to pristine 
UiO-66. The BET surface area of [bmim][BF4]/UiO-66, 
[bmim][PF6]/UiO-66, [bmim][OTf]/UiO-66, and 
[bmim][TFSI]/UiO-66 composites was 722, 1100, 1043, 
and 1104 m2 g−1, respectively. However, the CO2 uptake 
amounts of [bmim][BF4]/UiO-66, [bmim][PF6]/UiO-66, 
[bmim][OTf]/UiO-66, and [bmim][TFSI]/UiO-66 
composites were 28.016, 67.647, 75.965, and 72.300 cm3 g−1, 
respectively. These results explained that besides the BET 
surface area, the properties of the anion of RTILs, such as 
fluorination number, polarity, and ionic radii, might also 
influence the CO2 adsorption performance of 
imidazolium-based RTILs/UiO-66 composites at low 
pressure, following the order: [bmim][OTf]/UiO-66 > 
[bmim][TFSI]/UiO-66 > [bmim][PF6]/UiO-66 > 
[bmim][BF4]/UiO-66. Furthermore, the CO2 adsorption 
performances at different temperatures and reusability of 
these imidazolium-based RTILs/UiO-66 composites must 
be investigated for future application. 
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Supplementary Data 
This supplementary data is a part of a paper entitled “Determination of Heavy Metal Concentrations in 

Household Dusts in Irbid and Mafraq Cities, Jordan”. 

Table S1. Statistical parameters of heavy metals concentrations (mg/kg dry weight) in the house dust samples collected 
from Irbid and Mafraq cities in the all sampling sites during the summer season 

Sample 
number Latitude (°N) Longitude (°E) Pb Cd Zn Cu Fe Cr 

S1 32.574722 35.860181 58.0 4.00 436 107 4553 38.0 
S2 32.581111 35.868611 71.0 4.00 483 126 6714 38.0 
S3 32.575059 35.869444 125 5.00 352 46.0 12653 47.0 
S4 32.573699 35.867696 121 11.0 403 106 5179 32.0 
S5 32.571111 35.871389 88.0 12.0 624 339 7597 56.0 
S6 32.568836 35.862295 45.0 13.0 497 115 11570 58.0 
S7 32.577611 35.870403 85.0 6.00 294 67.0 6090 38.0 
S8 32.571553 35.871961 150 14.0 406 90.0 9170 44.0 
S9 32.573916 35.873322 73.0 14.0 386 105 5721 41.0 
S10 32.569497 35.873491 92.0 4.00 146 29.0 7013 31.0 
S11 32.569249 35.872572 86.0 11.0 686 42.0 7643 33.0 
S12 32.571633 35.871317 110 11.0 298 89.0 6304 35.0 
S13 32.572258 35.867919 75.0 11.0 379 70.0 8294 31.0 
S14 32.580446 35.869213 92.0 11.0 334 83.0 8683 35.0 
S15 32.579514 35.868511 82.0 5.00 147 40.0 31062 110 
S16 32.552965 35.873681 63.0 7.00 439 114 5968 39.0 
S17 32.559511 35.878446 79.0 7.00 471 92.0 10037 71.0 
S18 32.557287 35.872729 96.0 10.0 533 143 11270 54.0 
S19 32.556345 35.876582 66.0 11.0 365 112 7297 47.0 
S20 32.555442 35.864659 57.0 15.0 346 84.0 6774 35.0 
S21 32.553504 35.880375 56.0 15.0 412 150 3907 23.0 
S22 32.550137 35.878065 57.0 14.0 447 137 5185 38.0 
S23 32.557719 35.879299 76.0 15.0 337 58.0 5346 23.0 
S24 32.558713 35.861175 74.0 5.00 378 79.0 4417 24.0 
S25 32.561078 35.861912 72.0 5.00 465 91.0 4171 27.0 
S26 32.562808 35.880387 44.0 9.00 379 112 6275 32.0 
S27 32.560391 35.875832 72.0 15.0 243 34.0 8829 32.0 
S28 32.550343 35.874026 66.0 15.0 376 59.0 8574 38.0 
S29 32.551565 35.857388 65.0 16.0 220 39.0 8859 37.0 
S30 32.552785 35.859018 65.0 9.00 397 74.0 9129 42.0 
S31 32.534522 35.895116 44.0 9.00 379 112 6275 32.0 
S32 32.534872 35.893478 40.0 12.0 382 91.0 4564 33.0 
S33 32.530166 35.902633 41.0 15.0 159 40.0 1626 18.0 
S34 32.541122 35.893572 45.0 14.0 344 124 3315 23.0 
S35 32.534218 35.898213 36.0 13.0 238 52.0 2858 22.0 
S36 32.535929 35.895832 48.0 14.0 414 57.0 6866 38.0 
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Sample 
number 

Latitude (°N) Longitude (°E) Pb Cd Zn Cu Fe Cr 

S37 32.540952 35.887877 44.0 14.0 392 66.0 9091 24.0 
S38 32.540994 35.888351 62.0 6.00 388 80.0 6001 29.0 
S39 32.543681 35.884583 55.0 11.0 387 83.0 5115 32.0 
S40 32.539738 35.898522 81.0 13.0 363 90.0 3717 24.0 
S41 32.543463 35.891536 60.0 4.00 340 70.0 9642 390 
S42 32.536347 35.903113 44.0 14.0 449 162 6882 38.0 
S43 32.531357 35.906495 55.0 17.0 335 53.0 10142 46.0 
S44 32.536454 35.887964 32.0 12.0 493 76.0 5834 38.0 
S45 32.472345 36.052888 70.0 16.0 305 87.0 4977 24.0 
S46 32.516984 35.941786 103 17.0 582 127 11177 41.0 
S47 32.526423 35.915228 120 12.0 341 73.0 8171 34.0 
S48 32.433726 36.097648 54.0 16.0 338 56.0 6060 29.0 
S49 32.389108 36.199549 53.0 12.0 300 48.0 10181 40.0 
S50 32.416413 36.169941 52.0 12.0 228 45.0 5395 27.0 
S51 32.473953 36.056218 74.0 7.00 123 31.0 23649 80.0 
S52 32.420467 36.143563 46.0 6.00 269 60.0 5112 24.0 
S53 32.467307 36.059183 52.0 5.00 146 31.0 19008 72.0 
S54 32.513784 35.989306 99.0 6.00 158 32.0 17766 86.0 
S55 32.387311 36.202722 75.0 12.0 251 164 10232 40.0 
S56 32.409183 36.164821 49.0 9.00 267 74.0 3958 22.0 
S57 32.370501 36.209249 58.0 11.0 500 59.0 8753 34.0 
S58 32.386251 36.215979 54.0 14.0 230 29.0 6849 36.0 
S59 32.340279 36.209114 49.0 8.00 318 131 6087 38.0 
S60 32.335466 36.201761 37.0 10.0 290 38.0 3022 22.0 
S61 32.338781 36.210434 120 14.0 308 62.0 6477 34.0 
S62 32.341725 36.207361 60.0 12.0 401 134 5589 29.0 
S63 32.343582 36.208301 52.0 11.0 391 79.0 3825 18.0 
S64 32.339066 36.206194 35.0 4.00 460 123 4644 27.0 
S65 32.339573 36.205621 73.0 12.0 392 66.0 3380 22.0 
S66 32.344681 36.206812 62.0 11.0 538 68.0 8976 52.0 
S67 32.335064 36.208331 40.0 7.00 470 135 7203 32.0 
S68 32.337331 36.201253 37.0 13.0 500 111 4958 41.0 
S69 32.338586 36.204705 52.0 4.00 383 66.0 6251 11.0 
S70 32.337967 36.207832 76.0 11.0 393 71.0 5401 29.0 
S71 32.341815 36.209456 78.0 7.00 465 150 13194 47.0 
S72 32.333439 36.205776 49.0 12.0 308 58.0 3693 23.0 
S73 32.343119 36.208328 72.0 7.00 305 52.0 7018 34.0 
S74 32.346371 36.214957 55.0 6.00 338 6.00 11486 45.0 
S75 32.349472 36.207892 78.0 8.00 394 60.0 6808 36.0 
S76 32.349241 36.214203 60.0 10.0 288 89.0 4223 18.0 
S77 32.350647 36.207949 44.0 9.00 320 53.0 3876 24.0 
S78 32.347015 36.212107 71.0 11.0 412 69.0 4558 32.0 
S79 32.357254 36.209631 69.0 14.0 324 58.0 8345 42.0 
S80 32.349022 36.203043 48.0 13.0 362 85.0 5358 25.0 
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Sample 
number 

Latitude (°N) Longitude (°E) Pb Cd Zn Cu Fe Cr 

S81 32.345164 36.208945 69.0 13.0 317 55.0 7258 38.0 
S82 32.358018 36.206916 58.0 16.0 322 46.0 10270 46.0 
S83 32.350711 36.206179 70.0 15.0 635 73.0 4653 23.0 
S84 32.345784 36.212291 71.0 14.0 302 43.0 7383 39.0 
S85 32.352986 36.201241 80.0 15.0 359 79.0 9915 62.0 
S86 32.346112 36.201142 60.0 11.0 383 75.0 8586 49.0 
S87 32.363729 36.206542 68.0 16.0 283 63.0 12022 46.0 
S88 32.358015 36.203092 55.0 5.00 425 82.0 5619 34.0 
Average 66.8 10.8 366 81.6 7586 37.2 
SD 22.4 3.75 108 43.9 4304 15.4 
Median 64.0 11.0 371 73.5 6744 35.0 
C.V. (%) 33.0 35.0 29.0 54.0 57.0 41.0 
Min. 32.0 4.00 123 6.00 1626 11.0 
Max. 150 17.0 686 339 31062 110 

Table S2. Statistical parameters of heavy metals concentrations (mg/Kg dry weight) in the house dust samples collected 
from Irbid and Mafraq cities in the all sampling sites during the winter season 

Sample 
number 

Corresponding 
summer sampling site 

Type of heating 
system 

Pb Cd Zn Cu Fe Cr Co Ni Mn 

W1 S1 Gas 67.0 3.00 189 85.4 659 14.0 17.4 48.2 67.1 
W2 S4 Gas 105 11.0 482 218 4315 20.0 20.0 33.6 91.5 
W3 S16 Kerosene  74.0 3.00 175 317 8076 53.0 22.0 40.7 74.3 
W4 S20 Gas 70.0 2.00 162 104 2571 17.0 13.6 92.1 64.5 
W5 S21 Kerosene 181 3.20 441 64.0 2088 28.0 13.8 33.6 80.1 
W6 S32 Gas 50.0 2.00 328 53.0 2547 23.0 14.0 24.6 97.5 
W7 S36 Kerosene 100 3.30 243 319 5346 19.0 18.7 56.6 110 
W8 S39 Gas 54.0 2.22 264 203 2433 20.0 15.4 31.5 117 
W9 S48 Gas 53.7 3.00 218 85.0 5726 26.0 20.4 40.4 177 

W10 S49 Wood 406 16.0 452 71.0 13211 52.0 25.8 45.6 115 
W11 S50 Gas 55.5 1.80 334 61.0 6440 26.0 18.5 32.9 162 
W12 S51 Central heating 65.5 2.00 168 59.0 3581 22.4 17.2 35.5 111 
W13 S55 Gas 96.0 3.00 499 43.0 5812 27.0 17.2 50.5 171 
W14 S56 Gas 48.0 15.0 150 31.0 260 7.00 15.5 39.3 95.5 
W15 S59 Kerosene 94.0 11.0 555 75.0 6031 13.0 18.8 55.0 121 
W16 S62 Gas 105 2.00 318 232 4118 27.0 16.5 75.4 81.8 
W17 S63 Gas 79.0 2.5 256 57.0 3157 17.8 20.9 32.4 80.0 
W18 S65 Wood 95.0 3.00 160 82.0 8565 23.0 25.3 42.1 291 
W19 S67 Central heating 49.0 1.00 147 107 2066 16.0 14.1 41.0 50.7 
W20 S69 Wood 73.0 2.00 200 67.0 6012 26.0 21.6 42.0 310 
W21 S72 Wood 107 2.20 138 38.0 346.0 27.0 22.9 26.3 227 
W22 S75 Gas 117 12.0 662 86.0 7922 23.0 24.6 29.8 153 
W23 S77 Kerosene 83.0 2.40 157 68.0 5258 17.3 21.8 37.2 127 
W24 S79 Gas 74.0 3.20 319 82.0 2998 82.0 15.7 24.6 101 
W25 S82 Central heating 58.0 2.10 188 40.1 6489 27.0 17.6 31.9 214 
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Sample 
number 

Corresponding 
summer sampling site 

Type of heating 
system 

Pb Cd Zn Cu Fe Cr Co Ni Mn 

W26 S84 Wood 87.0 9.00 743 274 14459 32.0 19.6 38.4 125 
W27 S85 Wood 119 3.00 252 64.0 13248 28.0 21.3 50.6 295 
W28 S86 Wood 87.0 12.0 424 441 676.0 10.0 22.6 27.0 119 
W29 S87 Wood 81.0 14.0 284 64.0 10704 46.0 17.5 40.9 169 
W30 S88 Central heating 50.0 0.02 236 814 6454 42.0 10.8 66.3 160 

Average 92.8 5.10 305 144 5385 27.1 18.7 42.2 139 
SD 65.5 4.75 160 163 3812 15.1 3.7 15.1 69.2 
Median 80.0 3.00 254 78.5 5302 24.5 18.6 39.85 118.2 
C.V. (%) 71.0 94.0 53.0 113 71.0 56.0 20.0 36.0 50.0 
Min. 48.0 0.02 138 31.0 260 7.00 10.8 24.6 50.7 
Max. 406 16.0 743 814 14459 82.0 28.8 92.1 310 

Table S3. Enrichment factor (EFs) of Pb, Cd, Zn, Cu, Fe, and Cr in the analyzed house dust samples collected from the 
all sampling sites during the summer season 

Sample number Fe Pb Cd Zn Cu Cr 
S1 1.0 22 342 48 33 8.4 
S2 1.0 19 232 36 26 6.0 
S3 1.0 17 154 14 5.0 4.0 
S4 1.0 41 826 39 29 6.2 
S5 1.0 20 614 41 63 7.4 
S6 1.0 7.0 437 22 14 5.0 
S7 1.0 24 383 24 15 6.2 
S8 1.0 29 594 22 14 5.0 
S9 1.0 22 952 34 26 7.1 

S10 1.0 23 222 10 6.0 4.4 
S11 1.0 20 560 45 8.0 4.3 
S12 1.0 31 679 24 20 6.0 
S13 1.0 16 516 23 12 4.0 
S14 1.0 19 493 19 13 4.0 
S15 1.0 5.0 62.6 2.0 2.0 4.0 
S16 1.0 19 456 37 27 7.0 
S17 1.0 14 271 24 13 7.1 
S18 1.0 15 345 24 18 5.0 
S19 1.0 16 586 25 22 6.4 
S20 1.0 15 861 26 17 5.2 
S21 1.0 25 1493 53 54 6.0 
S22 1.0 19 1050 43 37 7.3 
S23 1.0 25 1091 32 15 4.3 
S24 1.0 29 440 43 25 5.4 
S25 1.0 30 466 56 31 7.0 
S26 1.0 12 558 30 25 5.1 
S27 1.0 14 661 14 5.0 4.0 
S28 1.0 14 680 22 10 4.4 
S29 1.0 13 702 12 6.0 4.2 
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Sample number Fe Pb Cd Zn Cu Cr 
S30 1.0 13 383 22 11 5.0 
S31 1.0 12 558 30 25 5.1 
S32 1.0 15 1023 42 28 7.2 
S33 1.0 44 3588 49 34 11 
S34 1.0 24 1642 52 52 7.0 
S35 1.0 22 1769 42 24 8.0 
S36 1.0 12 793 30 12 6.0 
S37 1.0 9.0 599 22 10 3.0 
S38 1.0 18 389 32 19 5.0 
S39 1.0 19 836 38 23 6.3 
S40 1.0 38 1360 49 34 6.5 
S41 1.0 11 161 18 10 4.0 
S42 1.0 11 791 33 33 6.0 
S43 1.0 10 652 17 7.0 5.0 
S44 1.0 10 800 42 18 7.0 
S45 1.0 25 1250 31 25 5.0 
S46 1.0 16 592 26 16 4.0 
S47 1.0 26 571 21 13 4.2 
S48 1.0 16 1027 28 13 5.0 
S49 1.0 9.0 458 15 7.0 4.0 
S50 1.0 17 865 21 12 5.0 
S51 1.0 6.0 115 3.0 2.0 3.4 
S52 1.0 16 456 26 16 5.0 
S53 1.0 8.0 102 4.0 2.0 4.0 
S54 1.0 10 131 4.0 3.0 5.0 
S55 1.0 13 456 12 22 4.0 
S56 1.0 22 884 34 26 6.0 
S57 1.0 12 489 29 9.0 4.0 
S58 1.0 14 795 17 6.0 5.3 
S59 1.0 14 511 26 30 6.2 
S60 1.0 21 1287 48 18 7.3 
S61 1.0 32 841 24 13 5.3 
S62 1.0 19 835 36 34 5.2 
S63 1.0 24 1118 51 29 5.0 
S64 1.0 13 335 50 37 6.0 
S65 1.0 38 1381 58 27 7.0 
S66 1.0 12 477 30 11 6.0 
S67 1.0 10 378 33 26 4.4 
S68 1.0 13 1020 50 31 8.3 
S69 1.0 15 249 31 15 2.0 
S70 1.0 25 792 36 18 5.4 
S71 1.0 10 206 18 16 4.0 
S72 1.0 23 1264 42 22 6.2 
S73 1.0 18 388 22 10 5.0 
S74 1.0 8.0 203 15 0.7 4.0 
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Sample number Fe Pb Cd Zn Cu Cr 
S75 1.0 20 457 29 12 5.3 
S76 1.0 25 921 34 30 4.3 
S77 1.0 20 903 41 19 6.2 
S78 1.0 27 939 45 21 7.0 
S79 1.0 15 652 19 10 5.0 
S80 1.0 16 944 34 22 5.0 
S81 1.0 17 697 22 11 5.2 
S82 1.0 10 606 16 6.0 4.5 
S83 1.0 26 1254 68 22 4.9 
S84 1.0 17 737 21 8.0 5.3 
S85 1.0 14 588 18 11 6.3 
S86 1.0 12 498 22 12 6.0 
S87 1.0 10 518 12 7.0 4.0 
S88 1.0 17 346 38 20 6.1 

Average 1.0 18 700 30 19 5.3 
SD 0.0 7.9 476 14 12 1.4 
Range (1.0–1.0) (5.0–44) (63–3588) (2.0–68) (0.7–63) (2.0–11) 
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 Abstract: The objective of this study was to measure the concentrations of selected heavy 
metals (Pb, Cd, Zn, Cu, Fe, Cr, Co, Ni, and Mn) in house dust collected during the 
summer and winter seasons from Mafraq and Irbid cities, Jordan. The average 
concentrations (±SD) of the metals were found to be 66.8 (±22.4), 10.8 (±3.75), 366 
(±108), 81.6 (±43.9), 7586 (±4304), and 37.2 (±15.4) mg/kg, for Pb, Cd, Zn, Cu, Fe, and 
Cr, respectively, in the summer season. The average concentrations (±SD) of the metals 
were found to be 92.8 (±65.5), 5.10 (±4.75), 305 (±160), 144 (±163), 5385 (±3812), 27.1 
(±15.1), 18.7 (±3.70), 42.2 (±15.1), and 139 (±69.2) mg/kg, for Pb, Cd, Zn, Cu, Fe, Cr, 
Co, Ni, and Mn, respectively, in the winter season. The influence of different heating 
systems on the concertation of heavy metal was examined by comparing the results 
obtained in both summer and winter seasons. The concentrations of the metals in this 
study were compared with those reported by other researchers around the world. This 
study shows that the significant accumulation of heavy metals in house dust should be 
considered a serious risk to the health of residents in Mafraq and Irbid cities. 

Keywords: house dust; pollution; Irbid; Mafraq; Jordan 

 
■ INTRODUCTION 

Air is the most important and essential part of 
environmental elements because it receives contaminants 
coming from different natural and anthropogenic 
sources. Good indoor air quality is very important for 
survival and for a healthy life, but it is negatively affected 
by outdoor and indoor air pollution [1-6]. Air is defined 
as polluted when it contains toxic chemicals or 
compounds that result in undesirable changes in its 
physical, chemical, or biological properties [7]. Air 
pollution can be indoor or outdoor and can cause adverse 
effects on human health including respiratory diseases, 
high blood pressure, neurological disorders, cardiovascular 
disease, asthma, kidney pathology, allergies, and lung 
cancer [3-4,8-14]. Additionally, air pollution has become 
a major environmental problem with a significant impact 
on climate change [1,15-16]. 

During the last years, the quality of indoor air has 
attracted much attention as a serious worldwide health 

and environmental issue [9,12-13,16-19]. This is because 
people, especially children, infants, and older adults, 
spend most of their time indoor (e.g., in homes, offices, 
or classrooms), and much of this time, which was 
estimated at about 80–90% of the daily life, is generally 
spent in contact with contaminated surfaces like floors, 
desks, windows, or furniture [1-2,11,13,18,20-21]. 
Children and infants are the most sensitive groups that 
are more susceptible to air pollution compared to adults 
due to their hand-to-mouth behavior, small body size, 
developing lunges and neurological system, and active 
digestion system [1,3,21-22]. 

Dust is described as a very small size fine solid 
particulate matter that is settled on the surface of objects 
and on the ground [2,7,11]. The rate of deposition of dust 
particles is directly related to their sizes, so smaller size 
particles have lower deposition rates than larger particles, 
and hence they can stay suspended in the air for a long 
time [23]. In urbanized and industrialized areas, house 
dust is a heterogeneous and complex mixture of organic 
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and inorganic particles of various origins, shapes, sizes, and 
toxicity [3,17,23]. House dust may originate either from 
natural sources like bedrocks erosion or from 
anthropogenic sources like infiltration of outdoor 
emissions from vehicles, soil, refineries, building materials, 
wildfires, fossil fuel burning, and industries into the indoor 
environment [2,3,9,13,24-26]. In addition, house dust 
may originate from different indoor activities like smoking, 
incense burning, cooking, cleaning, fibers, hairs, furniture 
material, aerosols, and paint pigments [4,6,9,13,16,24-25]. 
Furthermore, it is reported that the type of heating system 
has a significant role in indoor air pollution [24]. 

A wide variety of inorganic and organic toxic 
pollutants like polycyclic aromatic hydrocarbons, heavy 
metals, or pesticides can be transferred with the air from 
the street into the indoor environment and attach to 
house dust particles [11,27-28]. Among these pollutants, 
heavy metals are chemical compounds that normally 
occur in nature, but different anthropogenic sources can 
also introduce them in significant amounts in different 
environmental elements (water, soil, and air) [28-29]. 
According to the International Agency for Research on 
Cancer (IARC), heavy metals are classified as toxic and 
carcinogenic substances, and different health 
organizations such as World Health Organization (WHO), 
Food and Agriculture Organization (FAO), or the United 
States Environmental Protection Agency (US-EPA) have 
established the maximum permissible limits for these 
metals as reported by the recent literatures [18,30-31]. 
Heavy metals like iron (Fe), copper (Cu), zinc (Zn), 
manganese (Mn), or magnesium (Mg) are essential 
micronutrients for human life but are toxic at elevated 
levels [31-34]. On the other side, toxic heavy metals like 
cobalt (Co), cadmium (Cd), lead (Pb), Nickel (Ni), or 
arsenic (As) are the most hazardous environmental 
pollutants when permissible concentration limits are 
exceeded [28-29,34-36]. In urban environments, heavy 
metals originate from different anthropogenic sources 
such as vehicle emissions, disposal of municipal and 
industrial wastes, fossil fuel combustion, wear of brake 
lining materials, and use of large quantities of fertilizers 
and metal-based pesticides [28,31,35,37]. Heavy metals 
are generally toxic, even at very low concentrations, due 

to their non-biodegradable nature, persistence in the 
environment, thermostable, carcinogenic nature, and 
long biological half-lives [28,31,33,38-39]. Toxic heavy 
metals can cause many health problems when consumed 
excessively. For example, accumulation of Pb in the 
human body can cause significant health problems such 
as damage to the kidneys, headache, respiratory disorders, 
chronic cardiovascular impairments, increased blood 
pressure, neurological impairments, muscle weakness, 
and mental disorders [33,40]. The toxic symptoms 
caused by Cd include lung cancer, kidney disfunction, 
bone diseases, reproductive deficiencies, and cancer 
[30,41]. High levels of Ni in the body lead to skin 
sensitivity, asthma, diarrhea, heart attack, lung fibrosis, 
chronic cough, kidney and cardiovascular infections, 
and low blood pressure [40,42]. 

In recent years, contamination of house dust by 
heavy metals has been studied extensively, and several 
metals such as Pb, Co, Ni, Cd, Zn, Cr, and others have 
been estimated [2,13,18,22,43]. The sources of heavy 
metals in house dust are varied and depend on several 
factors, such as the geographic location of the house, 
indoor activities, and outdoor pollution sources [22]. 
Several studies have indicated that heavy traffic, industrial 
emissions, contaminated soil, and building renovation 
materials are the major sources of heavy metals in house 
dust [11,13,22]. House dusts act as a medium for heavy 
metals deposition in the urban environment [44]. Thus, 
they are a major pathway of human exposure to toxic 
heavy metals [2,9,44]. This implies that heavy metals in 
house dust will accumulate to higher levels in the human 
body via inhalation of tiny size dust particles, via 
ingestion of contaminated food and drinks due to hand-
to-mouth contact, or via skin absorption [2,11,13,18]. In 
this context, it is reported that house dust contaminated 
with high concentrations of Pb are a major source of Pb 
exposure for urban children [45]. Moreover, several 
environmental studies have reported the impact of 
indoor pollutants on the academic achievement and 
mental stability of children [3,4,22]. 

Jordan has been facing air pollution issues during 
the last few years due to rapid and uncontrolled 
industrialization and urbanization, especially due to 
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extensive refugee migration from neighboring countries 
to different cities in Jordan. As a result, different 
environmental elements (air, water, and soil) have been 
heavily affected, especially in urbanized areas.  For example, 
Al-Madanat et al. [25] determined the concentrations of 
eight heavy metals (Mn, Ti, Cu, Pb, Cr, V, Ni, and As) in 
indoor and outdoor dust samples collected from residential 
and commercial areas in Al-Karak city, Jordan. The authors 
reported that the concentrations of Cu, Cr, Ni in residential 
areas and Ti, Cu and Pb in commercial areas were higher 
in indoor dust compared with outdoor dust. They reported 
that Ni, Cr and Cu were found at a higher concentration 
in the indoor dust samples than the outdoor dust samples 
due to many household products such as leaded paint, 
furniture, and appliances of the residential area. The 
authors concluded that traffic emissions are the major 
sources of heavy metal pollution in Al-Karak city [25]. In 
2015, Al-Momani [24] studied the influence of different 
heating systems (kerosene, natural gas, wood/olive 
residue, and central heating) on the concentrations of 
heavy metals (Al, As, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, 
Na, Ni, P, Pb, Sr, V, Ti and Zn) in house dust samples 
collected from Ajlune city, Jordan. The author concluded 
that the levels of the studied metals in the analyzed dust 
samples followed the order of wood/olive residue samples 
> kerosene samples > natural gas samples > central 
heating samples > reference samples [24]. 

Although a large number of environmental studies 
have been performed to investigate heavy metal pollution 
in house dust, street dust, roadside surface soils, air, food, 
and agriculture soils in Jordan [24-25,29-31,35-36,43,46-
48], there is a lack of information, on the best knowledge 
of the author, regarding the concentrations of heavy metals 
in house dust in Irbid and Mafraq cities, Jordan. Therefore, 
this is the first study reporting heavy metal concentrations 
of house dust collected during the summer and winter 
seasons from Irbid and Mafraq cities in Jordan. These cities 
were selected for this study because they have been facing 
serious air pollution due to rapid industrial and population 
growth, which may also highly contribute to indoor air 
pollution in these cities. The main objectives of this study 
are (i) to estimate the concentrations of selected heavy 
metals (Pb, Cd, Zn, Cu, Fe, Cr, Co, Ni, and Mn) in house 

dust samples collected from different locations during 
the summer and winter seasons including industrial zone 
(Irbid), commercial zone (Irbid), residential zone (Irbid), 
Irbid-Mafraq highway, commercial zone (Mafraq), and 
residential zone (Mafraq), Jordan, (ii) to investigate the 
influence of different heating systems (kerosene, gas, 
central heating, or wood) on the concentrations of heavy 
metals in house dust samples, and (iii) to compare the 
results obtained in this study with similar studies 
performed in Jordan and in neighboring countries and 
other countries in the world. 

■ EXPERIMENTAL SECTION 

Materials 

All chemicals and reagents used in this study were 
of analytical grade. A multi-element standard solution of 
1000 mg/L of each tested metal (Pb, Cd, Zn, Cu, Fe, Cr, 
Co, Ni, and Mn) was obtained from Merck KGaA, 
Darmstadt, Germany. Nitric acid (HNO3, 70% v/v, extra 
pure-trace analysis grade) was obtained from Carlo Erba 
Reagent, France. Hydrogen peroxide (H2O2, 35% w/w, 
extra pure) and hydrofluoric acid (HF, 40%) were 
obtained from Union LAR. Supplies. Ultrapure deionized 
water was used to prepare standard and sample solutions. 

Instrumentation 

The instrumentations used in this study were flame 
atomic absorption spectrometry (Varian Spectra AA-
55B, Australia) equipped with a deuterium background 
correction was used for measuring the concentrations of 
Pb, Cd, Cu, Zn, Fe, Cr, Co, Ni, and Mn in the collected 
dust samples. Measurements were made using the 
specific hollow cathode lamp for each metal. The proper 
wavelength and the slit width were adjusted. Analysis 
using FAAS was carried out at the most sensitive 
wavelength of the examined metals. 

Procedure 

Study area 
The study area is located on the northern side of 

Amman, the capital of Jordan. Mafraq city (142401 
population, 26551 km2 total area) is around 60 km north 
of Amman at the crossroads of Iraq to the east and Syria 
to the north. Mafraq has a hot and semi-arid climate in 
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which most of the rainfall is in the winter season. The 
prevailing wind direction in Mafraq city is from west to 
east. During the last few years, Mafraq has witnessed 
significant commercial, industrial, and residential 
activities due to rapid industrialization and due to 
extensive migration of refugees from neighboring 
courtiers. New agricultural, plastic, concrete, food, 
fertilizers, and detergent factories represent the recent 
industrial development in this city. In addition, Mafraq 
city is surrounded by desert from all sides; thus, it is 
always subjected to dust storms throughout the year. 
During the last few years, dust storms have been added to 
Mafraq as an anthropogenic source of air pollution. Irbid 
city (951452 populations, 1572 km2 total area) is around 
80 km north of the capital of Jordan, Amman. Irbid is the 
second largest population, and it has the highest 
population density in Jordan. The Irbid city is a major 
ground transportation hub between Amman, Syria, to the 
north and Mafraq to the east. The climatic conditions in 
Irbid are characterized by long, hot, dry summers and 
short, cool, rainy winters. New plastic, cement, food, 
textile, steel, and detergent factories represent the recent  
 

industrial development in this city. 
In the present study, dust samples from different 

houses were collected during the summer and winter 
seasons from six sampling sites, as shown in Fig. 1. The 
first sampling site is the industrial zone (Irbid). It is a 
highly crowded area located near the main industrial 
area in Irbid city. This sampling site is characterized by 
having a high traffic volume, garage repairs, wear of 
brake lining, shopping centers,  and gas stations. The 
second sampling site is the commercial zone (Irbid). It is 
a highly crowded urban area close to the city center of 
Irbid city and witnessing a large commercial movement. 
This sampling site has a large number of shopping 
centers and high traffic intensity. The third sampling site 
is the residential zone (Irbid) which represents the 
Hawara area. It is one of the oldest and most densely 
populated areas in the Irbid city. The fourth sampling 
site represents the area along the Irbid-Mafraq highway. 
This sampling site is characterized by a high traffic 
volume of 24 h a day. The fifth sampling site is the 
commercial zone (Mafraq), which is a highly crowded 
area that represents the center of Mafraq city. This 
 

 
Fig 1. Irbid and Mafraq map shows the study area and sampling sites 
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sampling site has two main bus stations and a large 
number of shopping centers and gas stations. The sixth 
sampling site is the residential zone (Mafraq), which is 
composed of officers and the Al Hussein neighborhood. 
These sampling sites are the oldest areas in the city, with 
severe overcrowding and high population density. 

Sample collection and pretreatment 
In this study, a total of 88 dust samples were 

collected from six sampling sites during the summer 
season (June–August 2019) including the industrial zone 
(Irbid), commercial zone (Irbid), residential zone (Irbid), 
Irbid-Mafraq highway, commercial zone (Mafraq), and 
residential zone (Mafraq), Jordan. In addition, 30 dust 
samples were recollected from the same houses using 
different heating systems during the winter season. In 
order to make a comparison of the results based on the 
type of heating system, all dust samples were collected in 
the middle of the winter season (January 2020). This 
approach will reduce the influences of different 
anthropogenic sources (e.g., indoor human activities and 
traffic emissions) on the concentration of the studied 
metals in the collected dust samples. 

In this study, dust samples were collected from all 
parts of the house (bedrooms, kitchen, living room, etc.) 
using vacuum cleaners. In order to increase the accuracy 
of the analysis method and reduce the risk of 
contamination, all required precautions were taken 
during sample collection and preparation as follows: (i) 
new vacuum cleaner bags were used for samples 
collection, and the vacuum cleaners were permanently 
cleaned before collecting the next dust sample; (ii) dust 
samples were collected from the inner bag of the vacuum 
cleaner, emptied into labeled polyethylene bags, and 
prepared in a clean laboratory; (iii) a trace element grade 
nitric acid HNO3 (70% extra-pure HNO3) was used for 
digestion and solution preparation; and (iv) all glassware 
apparatuses were effectively cleaned and previously 
soaked in 20% (v/v) HNO3 for 24 h, then rinsed with 
deionized water and dried prior to use. 

Sample preparation 
All collected dust samples were sieved through a 2-

mm plastic mesh to remove large impurities such as hair, 
plastic parts, cigarettes, or glasses. The sieved samples 

were dried at 85 °C for about 24 h to a constant weight. 
The dried dust samples were then homogenized with a 
mortar and pestle, stored in clean, and sealed 
polyethylene bags for subsequent analysis. A microwave 
digestion system (Anton Paar, Multiwave Eco.) was used 
to extract metal ions from the collected dust samples. A 
mass of 0.5 g of each sieved dust sample was accurately 
weighed and transferred into a labeled microwave 
Teflon vessel. To each vessel, 8 mL of HNO3 (70% extra-
pure HNO3), 2 mL HF, and 2 mL H2O2 were then added. 
The mixture was allowed to stand in the vessel for 
10 min prior to sealing. The microwave was operated at 
a power of 850 W, and the vessels were heated to 200 °C 
over 10 min and then held at 200 °C for 10 min. At the 
end of the digestion procedure, the solutions were 
filtered and quantitatively transferred into 50 mL 
volumetric flasks and brought to volume with deionized 
water. Each extract solution was analyzed by using 
FAAS. 

Calibration 
Working standard solutions of each studied metal 

were freshly prepared by diluting an appropriate aliquot 
of standard stock solution of 1000 mg/L using 1% (v/v) 
HNO3. The method of linear least squares was used for 
the calculation of correlation coefficient (R2), slope with 
standard error (m±Sb), and intercept with standard error 
(a±Sa). From the linear calibration curve, the limit of 
detection (LOD, mg/kg) and limit of quantitation (LOQ, 
mg/kg) were calculated using Eq. (1) and (2) [31,35]: 

a3.3 S
LOD

m


  (1) 

a10 S
LOQ

m


  (2) 

where m is the slope of the calibration curve, and Sa is 
the standard error of the y-intercept of a regression line.  

Quality control and assurance 
In an analysis of real samples, analysis of blank is 

the most important way to detect and correct any 
contamination problem [24]. In this study, the results 
obtained for the dust samples were blank-corrected to 
obtain the exact concentration of each metal in the 
collected dust samples. With the aim to assess the 
accuracy and reproducibility of the instrumental 
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method used for the analysis of the studied metals in the 
dust samples, a quality assurance program was employed, 
and standard reference materials for these metals were 
analyzed. In this context, three standard reference 
materials, SRM-1646a (Estuarine Sediment), SRM-1633b 
(Trace elements in coal fly ash), and SRM-2702 
(Inorganics in marine sediment), were prepared in the 
same manner as for the original dust samples and 
analyzed along with dust samples. The results obtained in 
this study indicated that the measured values for the 
examined metals are in good agreement with their 
certified values provided by the National Institute of 
Standards and Technology (NIST) (Table 1). These 
results confirm the good accuracy, validity, and 
robustness of the FAAS analysis method used for the 
determination of heavy metal concentration in the 
investigated dust samples. 

■ RESULTS AND DISCUSSION 

Limit of Detection and Limit of Quantitation 

The LOD and LOQ values obtained for each metal 
were summarized in Table 1. The calibration curves of the 
studied metals were linear with correlation coefficients 
R2 > 0.97 (Table 1). The LOD values of the studied metals 
ranged between 0.0085 mg/kg for Cu and 0.2277 mg/kg 
for Fe, while LOQ ranged between 0.0284 and 
0.7589 mg/kg for both metals, respectively (Table 1). The 
low LOD and LOQ demonstrate the sensitivity of the 
FAAS method used for the metal analysis in the dust 
samples. 

Metal Concentrations in House Dust Samples 

A total of 88 house dust samples were collected 
during the summer season, and 30 dust samples were re-
collected from the same houses using different heating 
systems during the winter season. These samples were 
evaluated for determination of the concentrations of six 
heavy metals (Pb, Cd, Zn, Cu, Fe, and Cr) in the summer 
season, and nine heavy metals (Pb, Cd, Zn, Cu, Fe, Cr, 
Co, Ni, and Mn) in the winter season using FAAS. The 
average concentrations (mean ± SD) of the studied 
metals are summarized in Tables 2 and 3 (for detailed 
data about the concentration of the investigated metals 
in all sampling sites, see Tables S1 and S2). With the aim 
to show the influence of the heating system on the 
concentration of heavy metal in dust samples, the 
summer-to-winter ratio (average concentration of metal 
in the summer season/average concentration of metal in 
the winter season) was calculated for each metal and 
listed in Table 3. The average concentrations (±SD) of 
the studied metals found in the analyzed dust samples in 
the summer season were found to be 66.8 (±22.4), 10.8 
(±3.75), 366 (±108), 81.6 (±43.9), 7586 (±4304), and 37.2 
(±15.4) mg/kg for Pb, Cd, Zn, Cu, Fe, and Cr, 
respectively (Table S1). The average concentrations  
(±SD) of the investigated metals found in the analyzed 
dust samples in the winter season were found to be 92.8 
(±65.5), 5.10 (±4.75), 305 (±160), 144 (±163), 5385 
(±3812), 27.1 (±15.1), 18.7 (±3.7), 42.2 (±15.1), and 139 
(±69.2) mg/kg, for Pb, Cd, Zn, Cu, Fe, Cr, Co, Ni, and 
Mn, respectively (Table S2). The average concentrations 

Table 1. Limit of detection (LOD), limit of quantitation (LOQ), correlation coefficient (R2), and percent recovery 
(based on the three standard reference materials) of each metal 

Heavy metal 
LOD 

(mg/kg) 
LOQ 

(mg/kg) R2 
SRM-1646a SRM-1633b SRM-2702 

Recovery (%) Recovery (%) Recovery (%) 
Cu 0.0085 0.0284 0.9994 93 97 96 
Cd 0.0121 0.0303 0.9989 99 95 93 
Zn 0.0195 0.0653 0.9894 98 94 94 
Pb 0.1050 0.3504 0.9991 97 93 92 
Fe 0.2277 0.7589 0.9911 97 95 93 
Cr 0.0310 0.1030 0.9993 98 95 95 
Co 0.0188 0.0627 0.9987 96 93 95 
Ni 0.0289 0.0963 0.9996 95 93 97 
Mn 0.0089 0.0299 0.9997 93 96 98 
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Table 2. Statistical heavy metal concentration (mg/kg) in different areas of Irbid and Mafraq cities, Jordan, during the 
summer season 

Location Pb Cd Zn Cu Fe Cr 
Industrial zone-Irbid (N = 15) 
Average  
(±SD) 

90.2 
(±27.0) 

9.10 
(±3.88) 

391 
(±148) 

96.9 
(±73.4) 

9216 
(±6439) 

44.5 
(±20.0) 

C.V (%) 30 43 40 76 70 45 
Range 45–150 4–14 146–686 29–339 4553–31062 31–110 
Commercial zone-Irbid (N = 15) 
Average  
(±SD) 

67.2 
(±12.1) 

11.2 
(±4.00) 

387 
(±82.4) 

91.9 
(±36.1) 

7069 
(±2286) 

37.5 
(±12.8) 

C.V (%) 18 36 21 39 32 34 
Range 44–96 5–16 220–533 34–150 3907–11270 23–71 
Residential zone-Irbid (N = 14) 
Average 
(±SD) 

49.1 
(±12.7) 

12 
(±3.50) 

362 
(±82.5) 

82.6 
(±32.6) 

5852 
(±2565) 

31.1 
(±8.12) 

C.V (%) 26 29 23 39 44 26 
Range 32–81 4–17 159–493 40–162 1626–10142 18–46 
Irbid-Mafraq Highway (N = 14) 
Average 
 (±SD) 

70.6 
(±23.0) 

11.1 
(±3.97) 

288 
(±127) 

65.4 
(±39.0) 

10092 
(±5989) 

42.1 
(±21.3) 

C.V (%) 33 36 44 59 60 51 
Range 46–120 5–17 123–582 29–164 3958–23649 22–86 
Commercial zone-Mafraq (N = 15) 
Average 
(±SD) 

59.5 
(±22.3) 

9.50 
(±3.16) 

395 
(±78.7) 

89.6 
(±36.7) 

5981 
(±2572) 

30.6 
(±11.0) 

C.V (%) 37 33 20 41 43 36 
Range 35–120 4–14 290–538 38–150 3022–13194 11–52 
Residential zone-Mafraq (N = 15) 
Average 
(±SD) 

63.7 
(±10.5) 

11.7 
(±3.50) 

364 
(±86.7) 

62.4 
(±21.0) 

7357 
(±2682) 

37.3 
(±11.7) 

C.V (%) 16 30 24 34 36 31 
Range 44–80 5–16 283–635 6–89 3876–12022 18–62 

 
of the studied metals in the analyzed house dust samples 
followed the order of Fe > Zn > Cu > Pb > Cr > Cd in the 
summer season, while these values in the winter season 
followed the order of Fe > Zn > Cu > Mn > Pb > Ni > Cr > 
Co >Cd (Tables 2 and 3). As a general trend, it is observed 
that the standard deviations are high for most of the studied 
metals. The high standard deviation values are expected 
because of the large variability in the sampling sites and 
variations in the chemical nature of the sampling site. 
Currently, there are no standard values for the maximum 
permissible limits of heavy metals in dust. Therefore, the 

FAO/WHO, Dutch, Nigeria, and other guidelines for soil 
were used as references to estimate the contamination 
levels of the studied heavy metals in dust [49-53]. 

Lead (Pb) 
According to the results presented in Tables 2 and 

3, the average concentrations of Pb in the analyzed dust 
samples ranged from 49.1 to 90.2 mg/kg with a mean of 
66.8 mg/kg in the summer season and from 68.0 to 
121 mg/kg with a mean of 92.8 mg/kg in the winter 
season (for details refer to Tables S1 and S2). The 
maximum   Pb  concentration   permitted  in  the  soil  is  
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Table 3. Mean (±SD) of heavy metals (mg/kg) and S/W ratio in house dust samples collected from all sampling sites 
during the winter season 

Heavy 
metal 

Mean (±SD) 
S/W 

Industrial zone 
(Irbid) 

Commercial 
zone (Irbid) 

Residential 
zone (Irbid) 

Irbid-Mafraq 
highway 

Commercial 
zone (Mafraq) 

Residential zone 
(Mafraq) 

Pb 
86 (±27) 108 (±63) 68 (±28) 121 (±141) 86 (±21) 84 (±23) 

1.1 0.62 0.72 0.58 0.69 0.76 

Cd 7.0 (±5.7) 2.7 (±0.6) 2.5 (±0.7) 6.8 (±6.8) 3.4 (±3.4) 4.4 (±5.3) 
1.3 4.1 4.8 1.6 2.8 1.8 

Zn 
336 (±207) 259 (±157) 278 (±44.3) 304 (±149) 253 (±148) 363 (±208) 

1.2 1.5 1.3 0.95 1.6 1.0 

Cu 
152 (±93.8) 162 (±136) 192 (±133) 58.0 (±19.3) 94.0 (±64.5) 215 (±261) 

0.64 0.57 0.43 1.12 0.95 0.29 

Fe 2487 (±2585) 4245 (±3327) 3442 (±1650) 5838 (±4265) 4328 (±2771) 7579 (±4553) 
3.7 1.7 1.7 1.73 1.4 0.97 

Cr 
17 (±4.2) 33 (±18) 21 (±2.1) 27 (±15) 21 (±5.8) 34 (±21) 

2.6 1.2 1.5 1.6 1.4 1.1 
Co 19 (±1.8) 16.5 (±4.8) 16 (±2.4) 19 (±3.7) 20 (±3.8) 19 (±4.2) 
Ni 41 (±10) 55 (±32) 38 (±17) 41 (±6.5) 45 (±16) 39 (±13) 
Mn 79 (±17) 73 (±7.9) 108 (±10) 139 (±35) 166 (±108) 163 (±60) 

S/W = Average concentration of metal in the summer season/average concentration of metal in the winter season 
 
100 mg/kg according to FAO/WHO [49] and 85 mg/kg 
according to Dutch and Nigeria standards [50,52]. These 
findings indicate that the average concentrations of Pb in 
the analyzed dust samples were found to be within the 
permissible limits according to these guidelines. The 
highest Pb concentration was found in the industrial zone 
(Irbid) with a mean of 90.2 mg/kg followed by the Irbid-
Mafraq highway during the summer season (Table 2). 
This is expected because of the proximity of the studied 
houses to the industrial zone and due to the high traffic 
density at the Irbid-Mafraq highway. The average 
concentrations of Pb in the analyzed dust samples 
followed the order of industrial zone (Irbid) > Irbid-
Mafraq highway > commercial zone (Irbid) > residential 
zone (Mafraq) > commercial zone (Mafraq) > residential 
zone (Irbid) in the summer season (Table 2, Fig. 2). The 
elevated levels of Pb found in the analyzed dust samples 
could be due to the indoor sources like leaded paint, spills 
from batteries, cable cover, pigments, or furnishing, and 
due to infiltration of contaminated dust particles from the 
outdoor sources like combustion of leaded fuel, burning 
gas for heating, tires and brake abrasions, plating, gasoline 

additives, or engine wear [2,12,25-26,33,54-55]. The 
summer-to-winter ratio of Pb was found to be less than 
1.0 in most sampling sites (Table 3). This means that the 
average concentration of Pb was higher in the winter 
season than in the summer season. These results indicate 
that there is a significant influence of different heating 
systems on the concentrations of Pb found in the 
analyzed dust samples. In addition, it is observed that 
there is an increase in the concentration of Pb in the dust 
samples collected from the houses using wood for 
heating compared to the houses using other heating 
systems. These results were in agreement with the 
conclusion reported by Al-Momani et al. [24]. The 
author reported in his study that the type of heating 
system (e.g., wood/olive residue, kerosene, natural gas, 
and central heating) has a significant impact on the 
concentrations of the studied metals found in the house 
dust samples collected from Ajlune city, Jordan [24]. 
Compared to other studies, the average concentration of 
Pb in this study was higher than those found in Malaysia 
[56], Kingdom of Saudi Arabia [57], Turkey [26], China 
[38], and Jordan, Al-Karak city [25], but lower than those 
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Fig 2. Average concentrations of Pb in the analyzed dust samples collected from the studied areas during the summer 
and winter seasons 
 
found in Egypt [55], Australia [54], Canada [58], and 
Jordan, Amman city [43] as described in Table 4. 

Cadmium (Cd) 
Based on the results listed in Tables 2 and 3, the 

average concentrations of Cd in the analyzed dust samples 
ranged from 9.1 to 12 mg/kg with a mean of 10.8 mg/kg 
in the summer season and from 2.5 to 7.00 mg/kg with a 
mean of 5.10 mg/kg in the winter season (for details refer 
to Tables S1 and S2). The maximum Cd levels permitted 
in soil are 3.0 mg/kg according to WHO/FAO and EU 
[49,52] and 0.8 mg/kg according to Dutch and Nigeria 
standards [50-52]. These findings confirm that the 

average concentrations of Cd in the analyzed dust 
samples were found to be above the permissible limits 
set by these standards. The highest concentration of Cd 
was found in the residential zone (Irbid) with a mean of 
12 mg/kg during the summer season (Table 2). The 
average concentrations of Cd in the analyzed dust 
samples followed the order of residential zone (Irbid) > 
residential zone (Mafraq) > commercial zone (Irbid) > 
Irbid-Mafraq highway > commercial zone (Mafraq) > 
industrial zone (Irbid) in the summer season (Table 2, 
Fig. 3). The elevated levels of Cd found in the analyzed 
dust samples could be due to the indoor sources such as 

Table 4. Average concentrations of selected heavy metals (mg/kg) in house dust samples collected from Irbid and 
Mafraq cities, Jordan in the summer and winter seasons compared with other studies in different countries 

Country Pb Cd Zn Cu Fe Cr Co Ni Mn Reference 
Jordan, Amman city 206 4.50 3104 160 - 77.0 23.0 47.0 304 [43] 
Jordan, Al-Karak city 52.3 - - 74.0 - 62.1 - 40.0 251 [25] 
Malaysia 31.2 - 149 30.2 4225 16.9 - 9.00 - [56] 
Kingdom of Saudi Arabia 23.0 - 141 52.8 17962 - 7.20 - 260 [57] 
Australia 389 4.40 657 147 5850 83.6 - 27.2 76.1 [54] 
Canada 406 6.50 717 206 14135 86.7 8.90 62.9 269 [58] 
Egypt, Alexandria (March 2016) 260 0.77 771 141 - 29.2 3.20 25.1 237 [55] 
Turkey, Ankara  27.5 0.35 263 65.7 - 23.8 2.25 32.3 65.9 [26] 
China 40.7 2.29 166 16.9 - 19.8 - - - [38] 
Jordan (summer) 66.8 10.8 366 81.6 7586 37.2 - - - This study 
Jordan (winter) 92.8 5.10 305 144 5385 27.1 18.7 42.2 139 This study 
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Fig 3. Average concentrations of Cd in the analyzed dust samples collected from the studied areas during the summer 
and winter seasons 
 
smoking, spills from batteries, or building painting, and 
due to the infiltration of contaminated dust particles from 
the outdoor sources like combustion of leaded gasoline, 
Ni-Cd batteries, corrosion of brake linings, or old car tires 
[2,8-9,38,41,59]. The summer-to-winter ratio of Cd was 
found to be greater than 1.0 in all sampling sites (Table 3). 
This means that the average concentration of Cd was 
higher in the summer season than in the winter season, 
which confirms that there is no strong influence of 
different heating systems on the concentrations of Cd 
detected in the analyzed dust samples. Compared to other 
studies, the average concentration of Cd determined in 
this study was much higher than those reported by other 
researchers, as shown in Table 4. 

Zinc (Zn) 
The results in Tables 2 and 3 show that the average 

concentrations of Zn in the analyzed house dust samples 
ranged from 288 to 395 mg/kg with a mean of 366 mg/kg 
in the summer season and from 253 to 363 mg/kg with a 
mean of 305 mg/kg in the winter season (for details refer 
to Tables S1 and S2). The maximum permissible Zn limit 
in soil recommended by WHO/FAO is 300 mg/kg [49], 
while Dutch and Nigeria standards set this level at 
140 mg/kg [50,52]. This implies that the average 
concentrations of Zn in the analyzed dust samples were 
found to be above the permissible limits set by these 

health organizations. The highest concentration of Zn 
was found in the commercial zone (Mafraq) with a mean 
of 395 mg/kg followed by the industrial zone (Irbid) 
during the summer season. This is because of the 
proximity of the studied houses to the pollution sources 
at these sampling sites (Table 2). The average 
concentrations of Zn in the analyzed dust samples 
followed the order of commercial zone (Mafraq) > 
Industrial zone (Irbid) > commercial zone (Irbid) > 
residential zone (Mafraq) > residential zone (Irbid) > 
Irbid-Mafraq highway in the summer season (Table 2, 
Fig. 4). The elevated levels of Zn in the analyzed dust 
samples might be due to the indoor human activities 
such as alloys, building materials, rubber, paints, or 
wood preservatives, and due to the infiltration of 
contaminated dust particles from the outdoor sources 
like wear and tear of automobile tires, traffic emission, 
brake linings, corrosion of galvanized vehicular parts, or 
waste combustion [7,51,60-61]. With the exception of 
the dust samples collected from the Irbid-Mafraq 
highway, the results showed that the summer-to-winter 
ratio of Zn was found to be greater than 1.0 in all 
sampling sites (Table 3). These findings reveal that there 
is no strong influence of different heating systems on the 
concentrations of Zn found in the analyzed dust 
samples.  The  average  concentration of  Zn  obtained in  
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Fig 4. Average concentrations of Zn in the analyzed dust samples collected from the studied areas during the summer 
and winter seasons 
 
this study was higher than those found in the Kingdom of 
Saudi Arabia [57], China [38], Turkey [26], and Malaysia 
[56], but lower than those found in Australia [54], Egypt 
[55], Canada [58], and Jordan, Amman city [43] as shown 
in Table 4. 

Copper (Cu) 
According to the results presented in Tables 2 and 3, 

the average concentrations of Cu found in the analyzed 
house dust samples ranged from 62.4 to 96.9 mg/kg with 
a mean of 81.6 mg/kg in the summer season and from 58.0 
to 215 mg/kg with a mean of 144 mg/kg in the winter 
season (for details refer to Tables S1 and S2). The 
maximum Cu concentration permitted in the soil is 
100 mg/kg according to WHO/FAO [49] and 36 mg/kg 
according to Dutch and Nigeria standards [50,52]. These 
findings reveal that the average concentrations of Cu 
detected in the dust samples in the summer season were 
found to be within the permissible limits set by 
WHO/FAO, but higher than those set by Dutch and 
Nigeria standards. Additionally, the average 
concentrations of Cu found in the dust samples during the 
winter season exceeded the permissible limits set by these 
health organizations. The highest concentration of Cu 
was found in the industrial zone (Irbid), where Pb and Cr 
were also at the maximum during the summer season 
(Table 2). This is expected because Cu is mostly derived 

from the car components, tire abrasion, lubricants 
corrosion of cars, and engine wear [25,35,59,61]. In 
addition, it is reported that power wires made from 
copper are considered major sources of Cu in residential 
areas [25,35]. The average concentrations of Cu in the 
analyzed house dust samples followed the order of 
Industrial zone (Irbid) > commercial zone (Irbid) > 
commercial zone (Mafraq) > residential zone (Irbid) > 
Irbid-Mafraq highway > residential zone (Mafraq) in the 
summer season (Table 2, Fig. 5). The elevated levels of 
Cu found in the analyzed dust samples could be due to 
the indoor sources like interior paint, metal objects, or 
building materials, and due to the  infiltration of dust 
particles from the outdoor sources like tire wear, car 
lubricant wear, brush, or brake dust [12,56,61]. With the 
exception of the dust samples collected from the Irbid-
Mafraq highway, the summer-to-winter ratio of Cu was 
found to be less than 1.0 in all sampling sites (Table 3). 
These results confirm that there is a significant influence 
of different heating systems on the concentrations of Cu 
found in the analyzed dust samples. In addition, it is 
observed that there is an increase in the concentration of 
Cu in the dust samples collected from the houses using 
wood for heating compared to the houses using other 
different heating systems. Compared to other studies, 
the average  concentration of  Cu obtained  in this study  
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Fig 5. Average concentrations of Cu in the analyzed dust samples collected from the studied areas during the summer 
and winter seasons 
 
was higher than those found in the Kingdom of Saudi 
Arabia [57], China [38], Turkey [26], Malaysia [56], and 
Jordan, Karak city [25], but lower than those found in 
Egypt [55], Australia [54], Canada [58], and Jordan, 
Amman city [43] as described in Table 4. 

Chrome (Cr) 
For the concentrations of Cr in the analyzed house 

dust samples, the results in Tables 2 and 3 show that the 
average concentrations of Cr ranged from 30.6 to 
44.5 mg/kg with a mean of 37.2 mg/kg in the summer 
season and from 17.0 to 34.0 mg/kg with a mean of 
27.1 mg/kg in the winter season (for details refer to Tables 
S1 and S2). The maximum concentration of Cr permitted 
in the soil is 100 mg/kg according to WHO/FAO, Dutch, 
and Nigeria standards [49-50,52]. These results indicate 
that the average concentrations of Cr found in the 
analyzed dust samples were found to be within the 
permissible limits set by these health organizations. The 
highest Cr concentration was found at the industrial zone 
(Irbid) with a mean of 44.5 mg/kg followed by the Irbid-
Mafraq highway during the summer season (Table 2, Fig. 
6). As reported in the literature, the elevated levels of Cr 
in house dust samples might be attributed to chrome steel 
manufacturing, tire abrasion, engine wear, using metal-
based pesticides, combustion of fossils fuels, or coal 
burning [2,12,35]. The average concentrations of Cr 

found in the analyzed dust samples followed the order of 
Industrial zone (Irbid) > Irbid-Mafraq highway > 
commercial zone (Irbid) > residential zone (Mafraq) > 
residential zone (Irbid) > commercial zone (Mafraq) in 
the summer season (Table 2, Fig. 6). The elevated levels 
of Cr found in the analyzed dust samples could be due to 
the indoor activities such as interior paint, metallic 
objects, building materials, corrosion of appliances, or 
using of chrome-plated household products, and due to 
the  infiltration of dust particles from the outdoor 
sources like vehicle emissions, vehicle lubricant wear, 
engine wear, or brake dust [2,13]. The results show that 
the summer-to-winter ratio of Cr was found to be 
greater than 1.0 in all sampling sites, indicating that 
there is no strong influence of different heating systems 
on the concentrations of Cr found in the analyzed house 
dust samples (Table 3). Compared to other studies, the 
average concentration of Cr in this study was higher 
than those found in Malaysia [56], China [38], Turkey 
[26], and Egypt [55] but lower than those found in 
Canada [58], Australia [54], Jordan, Amman city [43], 
and Jordan, Al-Karak city [25] as shown in Table 4. 

Iron (Fe) 
The results in Tables 2 and 3 show that the average 

concentrations of Fe determined in the analyzed dust 
samples ranged from  5852 to 10092 mg/kg  with a mean  
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Fig 6. Average concentrations of Cr in the analyzed dust samples collected from the studied areas during the summer 
and winter seasons 

 
Fig 7. Average concentrations of Fe in the analyzed dust samples collected from the studied areas during the summer 
and winter seasons 
 
of 7586 mg/kg in the summer season and from 2487 to 
7579 mg/kg with a mean of 5385 mg/kg in the winter 
season (for details refer to Tables S1 and S2). The highest 
Fe concentration was found at the Irbid-Mafraq highway 
with a mean of 10092 mg/kg during the summer season, 
which might be attributed to the presence of the steel 
factory in  Irbid city. The average concentrations of Fe in 
the analyzed dust samples followed the order of Irbid-

Mafraq highway > industrial zone (Irbid) > residential 
zone (Mafraq) > commercial zone (Irbid) > commercial 
zone (Mafraq) > residential zone (Irbid) in the summer 
season (Table 2, Fig. 7). In this study, there are several 
anthropogenic sources that increase the concentration 
of Fe in the analyzed dust samples such as the presence 
of the steel factory (Howara city, Irbid), brake linings, 
and vehicle wear [57]. The summer-to-winter ratio of Fe 
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was found to be greater than 1.0 in most sampling sites, 
which confirms that there is no significant influence of 
different heating systems on the concentrations of Fe 
found in the analyzed dust samples. The average 
concentration of Fe determined in this study was higher 
than those found in Malaysia [56] and Australia [54] but 
lower than those found in the Kingdom of Saudi Arabia 
[57] and Canada [58], as shown in Table 4. 

Cobalt (Co) 
According to the results presented in Table 3, the 

average concentrations of Co found in the analyzed house 
dust samples ranged from 16.0 to 20.0 mg/kg with a mean 
of 18.7 mg/kg in the winter season (for details refer to 
Table S2). According to the Dutch and Nigeria standards, 
the maximum Co levels permitted in soil are 9.0 and 
20 mg/kg, respectively [50,52]. These results indicate that 
the average concentrations of Co in the dust samples were 
found to be within the permissible limit set by Nigeria 
standards but exceeded the permissible limit set by Dutch 
standards. The elevated levels of Co found in the analyzed 
dust samples might be due to indoor sources such as 
building materials, cigarette ash, combustion devices, or 
paints, and due to the infiltration of contaminated dust 
particles from outdoor sources like combustion of leaded 
fuel, wearing out of car tires, burning coal, oil leakage, or 
vehicle emissions [12,26,57]. As shown in Table 3, there 
was no significant difference between the average 
concentrations of Co detected in the different sampling 
sites. However, the highest concentration of Co was found 
in the commercial zone (Mafraq), where Mn is also at its 
maximum during the winter season (Table 3). This is 
expected because Co is mainly derived from the 
combustion of leaded gasoline, oil leakage, wearing out of 
car tires, and corrosion of batteries [35]. Compared to 
other studies, the average concentration of Co in this 
study was higher than those found in Canada [58], Turkey 
[26], Egypt [55], and the Kingdom of Saudi Arabia [57] 
but lower than those found in Jordan, Amman city [43] as 
described in Table 4. 

Nickel (Ni) 
According to the results presented in Table 3, the 

average concentrations of Ni found in the analyzed house 
dust samples ranged from 38 to 55 mg/kg with a mean of 

42.2 mg/kg in the winter season (for details refer to 
Table S2). The maximum Ni concentrations permitted 
in soil are 50 mg/kg according to WHO/FAO [49] and 
35 mg/kg according to Dutch and Nigeria standards 
[50,52]. These results reveal that the average 
concentrations of Ni in the dust samples were found to 
be within the permissible limits set by WHO/FAO 
standards but exceeded the permissible limits set by 
Dutch and Nigeria standards. It is reported that the 
presence of Ni in house dust samples could be due to 
lubricant corrosion of cars, use of Ni-plated household 
products, nickel plating, vehicle alloys containing nickel, 
erosion of metallic surfaces, tire abrasion, engine wear, 
heavy oil combustion, and brake dust [2,35,56]. The 
average concentrations of Ni in the analyzed house dust 
samples followed the order of commercial zone (Irbid) > 
commercial zone (Mafraq) > industrial zone (Irbid) > 
Irbid-Mafraq highway > residential zone (Mafraq) > 
residential zone (Irbid) in the winter season (Table 3). 
Compared to other studies, the average concentration of 
Ni found in this study was higher than those found in 
Turkey [26], Egypt [55], Australia [54], Malaysia [56], 
and Jordan, Al-Karak city [25], but lower than those 
found in Canada [58], and Jordan, Amman city [43] as 
described in Table 4. 

Manganese (Mn) 
For the concentrations of Mn in the analyzed 

house dust samples, the results in Table 3 show that the 
average concentrations of Mn found in the analyzed 
house dust samples ranged from 73.0 to 166 mg/kg with 
a mean of 139 mg/kg in the winter season (for details 
refer to Table S2). The maximum Mn concentration 
permitted in the soil is 2000 mg/kg according to 
WHO/FAO standards [49]. These findings indicate that 
the average concentrations of Mn in the analyzed dust 
samples were found to be within the permissible limits 
set by WHO/FAO. The presence of Mn in the analyzed 
dust samples might be due to Ni-Mn batteries, household 
cleaning agents, and infiltration of vehicle emissions 
[51]. The average concentrations of Mn in the analyzed 
house dust samples followed the order of commercial 
zone (Mafraq) > residential zone (Mafraq) > Irbid-
Mafraq highway > residential zone (Irbid)> industrial 
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zone (Irbid) > commercial zone (Irbid) in the winter 
season (Table 3). Compared to other studies, the average 
concentration of Mn found in this study was higher than 
those found in Australia [54] and Turkey [26], but lower 
than those found in Canada [58], the Kingdom of Saudi 
Arabia [57], Jordan, Al-Karak city [25], Egypt [55], and 
Jordan, Amman city [43] as described in Table 4. 

Enrichment Factor 

In order to determine whether the origin of heavy 
metal pollution in the analyzed house dust samples is due 
to anthropogenic or natural sources, the enrichment 
factor (EF) for selected heavy metals (Pb, Cd, Zn, Cu, and 
Cr) was calculated and listed in Table 5 (for details refer 
to Table S3). The EF for a given metal is usually used to 
assess the degree of anthropogenic pollution in 
environmental media based on the normalization of the 
concentration of the investigated metal in a house dust 
sample against background or crustal metals such as Al or 
Fe [35]. In this study, the EF for metal in the analyzed dust 
samples is calculated using the Eq. (3) [35,47]: 

dust dust

crust crust

[M] [Fe]
EF

[M] [Fe]
  (3) 

where [M]dust is the concentration of metal in the house 
dust sample, [Fe]dust is the concentration of Fe (as 
reference metal) in the house dust sample, [M]crust is the 
concentration of metal in the earth crust, and [Fe]crust is 
the concentration of Fe in the earth crust. Aprile and 
Bouvy [62] classified contamination levels into five 
categories based on the EF values: (i) no enrichment (EF 
= 1 to < 2); (ii) minor enrichment (EF = 2 to < 5); (iii) 
moderate enrichment (EF = 5 to < 10); (iv) high 
enrichment (EF = 10 to < 50); and (v) extremely high 
enrichment (EF > 50). Alsbou and Al-Khashman [47] 

reported that EF values less than 10 indicate low 
enrichment, EF values from 10 to 100 indicate medium 
enrichment, and EF values greater than 100 indicate 
high enrichment. 

In this study, the average EF values for the 
investigated metals were calculated in the dust samples 
collected during the summer season and listed in Table 
5. According to these results, the high enrichments of the 
studied metals were obtained in the dust samples 
collected from the residential zone (Irbid) and 
commercial zone (Mafraq). These findings can be 
attributed to the presence of steel factories in the Irbid 
city, traffic emissions, brake linings, and vehicle wear. 
The average EF values of the studied metals followed the 
order of Cd > Zn > Cu > Pb > Cr (Table 5).  The results 
show that Cd has an extremely high enrichment factor 
(ranging from 471 to 1069) in all sampling sites (Table 
5). These results indicate that the origin of this metal in 
the analyzed dust samples is due to anthropogenic 
sources like smoking, building paint, fossil fuel 
combustion, vehicle emissions, and old car tires [35]. In 
addition, the the results listed in Table 5 show that Pb, 
Zn, and Cu have medium enrichment (10 ≤ EF ≤ 100). 
These results confirm that the presence of these metals 
in the analyzed dust samples is due to different 
anthropogenic sources (mainly related to vehicle 
emissions and industrial activities). For Cr, the average 
EF values were found to be lower than 10 in all sampling 
sites, which implies that the origin of this metal in the 
analyzed dust samples is due to natural sources. 

Influence of Different Heating Systems 

With the aim to investigate the influence of 
different  heating  systems  on  the  concentration  of  the  

Table 5. Average values (±SD) of enrichment factor for selected heavy meals in dust samples collected during the 
summer season from different studied areas in Irbid and Mafraq cities, Jordan 

Heavy 
metal 

Industrial 
zone (Irbid) 

Commercial 
zone (Irbid) 

Residential 
zone (Irbid) 

Irbid-Mafraq 
highway 

Commercial 
zone (Mafraq) 

Residential 
zone (Mafraq) 

Pb 21 (±9) 18 (±6) 18 (±11) 15 (±6) 19 (±8) 17 (±6) 
Cd 471 (±248) 670 (±332) 1069 (±854) 585 (±347) 739 (±405) 684 (±272) 
Zn 27 (±13) 31 (±13) 35 (±11) 19 (±10) 37 (±12) 29 (±15) 
Cu 19 (±15) 21 (±13) 24 (±13) 12 (±8) 23 (±9) 14 (±8) 
Cr 5 (±2) 5 (±1) 6 (±2) 4 (±1) 5 (±2) 5 (±1) 
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studied metals in the collected house dust, a total of 30 
samples were collected during the winter season from 
houses using different heating systems including (i) 
kerosene (indoor combustion of kerosene), (ii) gas 
(indoor combustion of natural gas), (iii) central heating 
(outdoor diesel boilers), and (iv) wood (indoor combustion 
of wood). 

The average concentrations of the studied metals in 
the analyzed dust samples are listed in Table 6. As a 
general trend, dust samples collected from houses using 
indoor combustion of wood for heating contain the 
highest concentrations of Pb, Cd, Zn, Fe, Cr, Co, and Mn 
as compared to other heating systems. Wood ash is the 
residue remaining after the complete burning of wood. It 
is mostly composed of several essential metals (e.g., Ca, K, 
P, Mg, Mn, Na, Fe, or Al) that are needed for adequate 
plant growth. On the other side, wood ash contains some 
toxic heavy metals (e.g., Pb, Cd, Co, As, or Cr) that pose 
health and environmental problems. Wood ash is 
considered as the major constituent of dust in houses 
using wood for heating. The presence of elevated levels of 
the studied metals in dust samples collected from houses 
using wood for heating can be explained based on the fact 
that plants absorb heavy metals from soil, irrigation water, 
and the atmosphere during their growth cycle. Results in 
Table 6 show that the average concentrations of Fe in the 
analyzed dust samples were the highest among all 
investigated metals. For example, the average 
concentration of Fe in the wood samples is 8403 followed 
by 5360, 4648, and 3766 mg/kg for kerosene, central 

heating, and gas, respectively (Table 6). Furthermore, 
results presented in Table 6 show that dust samples 
collected from houses using central heating contain the 
highest concentrations of Cu and Ni as compared to all 
other heating systems. 

The overall results for the analyzed dust samples 
collected from different houses using different heating 
systems indicated that the average concentrations of the 
studied metals in the house dust samples followed the 
order of wood samples > kerosene samples> gas 
samples> central heating samples (Table 6). These 
results were in good agreement with those reported by 
Al-Momani et al. [24]. The author reported that dust 
samples collected from houses (Ajlune city, Jordan) 
using wood and/or olive residue for heating contain the 
highest concentrations of Al, As, Ca, Cd, Co, Cr, Cu, Fe, 
K, Mg, Mn, Na, Ni, P, Pb, Sr, V, Ti and Zn followed by 
kerosene, natural gas, and central heating [24]. 

Statistical Analysis of Results 

In the present study, analysis of variance 
(ANOVA) was employed to decide whether there is a 
significant difference in metal concentrations between 
dust samples collected from the different studied areas 
investigated in this study (industrial zone (Irbid), 
commercial zone (Irbid), residential zone (Irbid), Irbid-
Mafraq highway, commercial zone (Mafraq), and 
residential zone (Mafraq)). From the statistical analysis 
of the results obtained in the summer season, the P 
values for Zn, Cu, Cd, and Cr concentrations were found 

Table 6. Average concentrations (±SD) of heavy metals (mg/kg) in house dust samples collected from houses using 
different heating systems 

Heavy metal Gas 
N = 13 

Kerosene 
N = 5 

Wood 
N = 8 

Central heating 
N = 4 

Pb 75 (±24) 106 (±43) 132 (±111) 56 (±7.7) 
Cd 4.8 (±4.6) 4.6 (±3.6) 7.7 (±5.8) 1.3 (±1.0) 
Zn 322 (±148) 314 (±176) 332 (±202) 185 (±38) 
Cu 103 (±69) 169 (±136) 138 (±143) 255 (±373) 
Fe 3766 (±2244) 5360 (±2153) 8403 (±5592) 4648 (±2195) 
Cr 25 (±18) 26 (±16) 31 (±13) 27 (±11) 
Co 18 (±3.0) 19 (±3.3) 22 (±3.0) 15 (±3.0) 
Ni 43 (±20) 45 (±11) 39 (±9.0) 44 (±16) 
Mn 112 (±40) 102 (±24) 206 (±85) 134 (±70) 
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to be 0.08, 0.16, 0.18, and 0.08, respectively. These 
findings indicate that there was no significant difference 
in metal concentration between the analyzed dust samples 
collected from the different studied areas (p > 0.05). On 
the other side, the p values for Pb and Fe were 6.62 × 10−6 
and 0.04, indicating that there was a significant difference 
in the concentrations of these metals between the 
analyzed dust samples collected from the different studied 
areas (p < 0.05). One possible explanation for the 
variation of the concentrations of Pb and Fe between the 
analyzed dust samples might be due to anthropogenic 
sources such as traffic emissions, industrial emissions, 
and smoking. In addition, ANOVA was also employed for 
the results obtained during the winter season. According 
to these results, the p values obtained for Pb, Cd, Zn, Cu, 
Fe, Cr, Ni, Mn, and Co concentrations were found to be 
0.88, 0.53, 0.84, 0.53, 0.34, 0.47, 0.67, 0.23, and 0.64, 
respectively. These findings confirm that there was no 
significant difference in metal concentration in dust 
samples collected from the different studied areas 
investigated in this study (p > 0.05). 

■ CONCLUSION 

This study showed a significant concentration of 
metals in dust samples collected from Irbid and Mafraq 
cities. For the dust samples collected during the summer 
season, it is found that the highest concentration of Cd is 
present at the residential zone (Irbid), Fe at the Irbid-
Mafraq highway, and Zn at the commercial zone (Mafraq). 
The average concentrations of the studied metals in dust 
samples collected from houses using different heating 
systems followed the order of wood samples > kerosene 
samples> gas samples > central heating samples. The 
enrichment factor results showed that Pb, Zn, Cu, and Cd 
were found to be highly enriched in the analyzed dust 
samples, indicating heavy metal pollution from 
anthropogenic sources such as smoking, building paint, 
and traffic emissions. Vehicle emissions appear to be the 
major outdoor source of heavy metal pollution in the 
analyzed house dust samples in Irbid and Mafraq cities. 
Therefore, the use of fuel without lead and vehicles with 
catalytic converters are highly recommended and should 
be encouraged to reduce vehicle emissions yielded toxic 

heavy metals in house dust. The results of this study 
suggest that the levels of the studied heavy metals (Pb, 
Cd, Zn, Cu, Fe, Cr, Co, Ni, and Mn) in the analyzed 
house dust should be monitored regularly. 
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 Abstract: Cellulose derivatives from natural resources continuously develop to find the best 
hydrophobic polymer-based membrane technology performance. This study was conducted 
to improve the hydrophilicity, performance, and anti-fouling of polyvinylidene fluoride 
(PVDF) membrane with cellulose acetate (CA) filler synthesized from screw pine (Pandanus 
tectorius) leaf cellulose. CA was synthesized by the Fischer esterification mechanism and 
the PVDF membrane was fabricated using the phase inversion method with 0.3% CA 
concentration. FTIR analysis of CA shows an absorption at 1700 cm−1 suggesting that the 
hydroxyl group of cellulose had been successfully substituted with an ester group (C=O), 
and CA has a high degree of substitution (DS) value of 3.50. Adding CA improved the 
hydrophilicity and anti-fouling properties of up to 86.45% of PVDF membranes. 
Furthermore, CA increased the value of water permeability 2–3 times than pristine PVDF 
membrane. The presence of CA enhanced the porosity of the PVDF membrane, which 
promoted the membrane's effectiveness for MB filtering. As a result, CA from screw pine leaf 
cellulose has promising features as a filler for PVDF membranes and potential dye filtration. 

Keywords: anti-fouling; cellulose; cellulose acetate; polyvinylidene fluoride; water 
permeability 

 
■ INTRODUCTION 

Polyvinylidene Fluoride (PVDF), commonly known 
as poly(1,1-difluoroethylene), has a repeating unit of 
(CH2–CF2) [1]. PVDF is a polymer that is frequently 
utilized as a matrix membrane due to its excellent 
properties, such as thermal stability, membrane-forming 
ability, and high mechanical strength [2]. Nonetheless, the 
hydrophobic nature of PVDF membrane causes fouling, 
decreasing the membrane performance and shortening 
the membrane lifetime [3-4]. It is crucial to increase 
hydrophilicity to reduce PVDF membrane fouling. 

Among the numerous materials utilized to promote 
PVDF membrane hydrophilicity, natural polymer has 
received attention due to its low cost and ease of availability 
[5]. Cellulose is one of the most common natural polymers 
in the world, accounting for 700,000 billion tons of total 
biomass production per year [6]. Natural cellulose-based 
fibers have several advantages over synthetic fibers, 
including low cost, low density, good strength, good 

stiffness, environmentally friendly, biodegradable, 
renewable, and health-safe [7-8]. The cellulose skeleton's 
hydroxyl groups can be chemically modified to form 
ester groups that are insoluble in water [8-10]. 

Cellulose acetate (CA) is a cellulose ester derivative 
that has been widely applied in membranes. CA is a 
desirable polymer due to its low cost, biocompatibility, 
biodegradability, and acceptable physical qualities in 
industry [11-12]. CA is utilized in food packaging, 
coatings, sealants, and membrane separation [13]. Wood 
and cotton are the most important material resources for 
industrial synthesizing CA, although they have a high 
lignin content which requires more chemicals to remove 
cellulose [14]. Screw pine (Pandanus tectorius) is a non-
wood plant of Pandanaceae family that grows naturally 
on river banks and swamps in the tropics that are rarely 
utilized. Isolation of cellulose from non-wood materials 
can reduce the usage of chemicals [8,15]. The functional 
groups of screw pine fibers are similar to those of flax, 
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kenaf, and linen natural fibers [16]. Screw pine leaves have 
a chemical composition of 37.3% cellulose, 34.4% 
hemicellulose, 15.7% pentose, 24% lignin, and 2.5% 
others [17]. As a result, Screw pine leaves can potentially 
be a source of CA synthesis. 

Previous research used commercial CA [18-20] for 
matrix membranes and generated CA [14,21-23]. CA 
commercial has been used to improve water flux and 
fouling resistance in polyethersulfone (PES) [24], 
polysulfone (PSf) [25], and PVDF membranes [12,26-27]. 
So far, synthetic CA has not been used as a matrix 
membrane filler. No previous research has employed CA 
synthesized from screw pine as a PVDF membrane filler. 
This study used screw pine (P. tectorius) leaves as the 
starting material to synthesize cellulose acetate. It was 
used as a filler for PVDF membranes to improve water 
permeability and anti-fouling qualities. Water 
permeability, rejection, and anti-fouling from the flux 
recovery ratio (FRR) test were used to evaluate the 
performance of the manufactured PVDF/CA membrane. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were screw pine 
leaves collected from Yogyakarta coastal area, aquadest, 
NaOH, HCl, NaOCl, acetic acid anhydride, acetic acid 
glacial, H2SO4, DMAc, and PEG 400. Chemicals were 
purchased from e-Merck, Germany. PVDF (Solef PVDF 
1010 Mw 352 kDa) was obtained from Solvay. 

Instrumentation 

The instrumentations used in this study were 
Fourier transform infrared (FTIR) Shimadzu FTIR 
Prestige 21 Model 8201 PC, scanning electron microscope 
(SEM) JEOL JSM-6510LA, thermogravimetric analyzer 
(TGA), and differential scanning calorimetry (DSC) STA 
Linseis PT 1600. 

Procedure 

Isolation of cellulose from screw pine leaves 
Cellulose from screw pine leaves was isolated [17]. 

Screw pine leaves were collected from Yogyakarta coastal 
area. Screw pine leaves are stripped of their thorns and cut 
into 12 × 3 cm pieces. The leaf pieces were then sun-dried. 

Dried screw pine leaves were cut into smaller pieces of 
around 1 × 1 cm and immersed in water for 3 × 24 h, 
with the water changed regularly. The screw pine leaves 
were then sun-dried again and grounded. Screw pine 
leave powder (100 g) was mixed in 10% NaOH for 2 h at 
100 °C, with a screw pine leave to NaOH ratio of 1:20. 
The mixture was then neutralized to pH 7 and dried for 
3 h at 60 °C. The dry powder was mixed with 4% NaOCl 
pH 4.5 at 100 °C for 2 h with a 1:20 alkalization product 
to NaOCl ratio. To obtain cellulose from screw pine 
leaves, the mixture was neutralized to pH 7 and dried at 
60 °C for 3 h. 

Synthesis of CA 
CA was synthesized following [28] with 

modifications. Screw pine leaf cellulose (1 g) was added 
with glacial acetic acid (2.4 mL) and agitated for 60 min 
at 38 °C. The mixture was then stirred for 45 min at 
38 °C with glacial acetic acid (4 mL) and sulfuric acid 
(0.5 mL). The mixture was then chilled to 18 °C. The 
acetylation procedure was then carried out. Acetic 
anhydride (10 mL) and sulfuric acid (0.5 mL) were 
added to the mixture and agitated for 90 min at 35 °C. 
The acetylation process was stopped by adding distilled 
water (1 mL) and glacial acetic acid (2 mL) and stirring 
at room temperature for 1 h. The mixture was 
neutralized with distilled water. The product was dried 
at 60 °C for 3 h to obtain cellulose acetate. 

PVDF/CA membrane fabrication 
Membrane PVDF/CA was fabricated by phase 

inversion [17]. First, DMAc (9.32 g) and PEG 400 
(0.48 g) were stirred 5 min. The mixture was then added 
with cellulose acetate (0.036 g) and stirred for 10 min. 
Finally, PVDF (2.16 g) was added to the mixture and 
agitated at 60 °C for 24 h to prepare the dope solution 
for the PVDF/CA membrane. Otherwise, the PVDF 
dope solution was made using the same method, but 
without the CA filler. The dope solution was then cast in 
a glass plate and placed in a coagulation bath containing 
distilled water to produce the membranes. 

Characterization of cellulose acetate 
The FTIR spectral analysis was used to calculate 

the degree of substitution (DS) of cellulose acetate. 
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According to Eq. (1), the absorbance of C=O cellulose 
acetate was compared to the absorbance of C–O cellulose. 

C O

C O

Abs
DS

Abs



  (1) 

The functional groups of the cellulose and cellulose 
esters were determined by FTIR spectrophotometer. The 
dried samples were combined in a 1:100 ratio with 
potassium bromide (KBr) powder, compressed into a thin 
transparent pellet, and the transmission was measured at 
4000–400 cm−1. 

The surface morphologies of cellulose and cellulose 
acetate were analyzed by SEM. Coated samples with a thin 
layer of gold were mounted and imaged at 500–5000× 
magnifications with 10 kV accelerating voltage at a 
pressure of 70 Pa. The thermal stability of cellulose and 
cellulose acetate was studied by TGA. The samples were 
heated up to 600 °C at a heating rate of 10 ℃/min under 
an air atmosphere. 

PVDF and PVDF/CA membranes characterization and 
performance evaluation 

The performance of PVDF and PVDF/CA 
membranes was evaluated [17]. PVDF and PVDF/CA 
membranes were evaluated by water contact angle, 
porosity (ε), pure water flux (PWF), water flux, rejection, 
and flux recovery ratio (FRR). Membrane porosity was 
determined using the gravimetric technique and Eq. (2), 

wet dried

wet

W W
(%)

A I
 

   
  

 (2) 

where Wwet is the weight of the membrane (g), Iwet is the 
thickness of the membrane (cm) in wet condition, Wdried 
is the weight of the dry membrane (g) after oven at 60 °C 
for 24 h, ρ is water density (g cm−3), and A is the 
membrane area (m2). 

The membrane performance was evaluated using a 
dead-end system with continuous measurements 
beginning with PWF, water flux, rejection, and FRR. The 
membrane (diameter 5 cm) was placed in a stirred cell 
and then filled with distilled water to measure PWF (J1) 
(Eq. (3)). To assess water flux and rejection (%R) (Eq. (4)), 
the distilled water was replaced with a 100-ppm 
methylene blue (MB) solution. Before performing the 
FRR test (Eq. (5)), the MB solution was partially replaced 
with distilled water and swirled without pressure to 

eliminate any leftover MB on the surface membrane 
before being completely replaced with new distilled 
water. All measurements were taken using a two-bar 
system compaction for 15 min. 

1
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A t
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
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p

r
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%R 1 100
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 
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2

1

J
FRR 100%

J
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J1 denotes PWF (L/m2h), v permeates volume (L), A 
membrane surface area (m2), t time (h), Cp permeate 
concentration, and Cr concentration J2 is water flux 
(L/m2h), and retentate was determined using a UV-vis 
spectrophotometer at 664 nm. The thermal stability of 
PVDF and PVDF/CA membranes was evaluated by 
TGA. The membranes were heated up to 900 °C at a 
heating rate of 10 °C/min under an air atmosphere. 

■ RESULTS AND DISCUSSION 

Isolation of Cellulose and Synthesis of CA from 
Screw Pine Leaves 

Initially, cellulose was isolated by soaking screw 
pine leaf powder in water to remove pentose sugar, 
tannins, and pigments. White powders of cellulose were 
obtained at 40.24% yield. The fiber does not appear in 
SEM images of screw pine leaf powder (Fig. 1(a) and 
1(b)) because it was bonded by lignin and hemicellulose 
[7]. An alkalization method was used to remove lignin 
and hemicellulose. The bleaching process was 
performed to degrade the remaining lignin to increase 
cellulose purity [29-30]. SEM images of cellulose and the 
magnification (Fig. 1(c) and 1(d)) revealed the 
individual fiber after alkalization and bleaching. 
Cellulose was successfully isolated from screw pine 
leaves, as confirmed by SEM. The isolated cellulose was 
converted into CA. Cellulose morphology changed after 
the acetylation process. SEM images of CA and the 
magnification (Fig. 1(e) and 1(f)) showed that CA 
formed aggregates with produce hole, where no fibers 
were found in synthesized CA. Morphological changes 
from cellulose to CA occur due to acetylation 
substitution  towards  the –OH group,  in which  initially  
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Fig 1. SEM image and the magnification of (a, b) screw pine leave powder, (c, d) cellulose, and (e, f) CA 

 
intramolecular hydrogen bonds of the –OH functional 
group were formed [31]. 

Analysis of the functional group of screw pine leaf 
powder, cellulose, and cellulose acetate was investigated 
using FTIR (Fig. 2). The absence of peaks at 1504 and 
1235 cm−1 for C=C stretching lignin in cellulose spectra 
[8] indicated that lignin was eliminated, and cellulose was 
successfully isolated. In the FTIR spectra of CA, bands 
appeared at 1754, 1374, and 1235 cm−1, corresponding to 
functional groups of C=O stretching for carbonyl ester, 
C–H in O–(C=O)–CH3, and C–O stretching for acetyl. 
The decrease in absorption intensity for –OH stretching 
at 3384 cm−1 shows that the –OH group of cellulose was 
substituted with acetyl groups from acetic anhydride 
[28,32-33]. The success of CA synthesis was validated by 
FTIR data, which matched the CA obtained in prior 
studies [28,32,34]. Furthermore, the DS value supports 
the successful CA synthesis. The DS of CA was 3.50, 
confirming the formation of cellulose triacetate. 

The Fischer mechanism reaction was used to 
synthesize CA (Fig. 3). The initial esterification reaction 

was carried out by substituting cellulose hydroxyl 
groups with acetyl groups. CA synthesis begins by 
enhancing the reactivity of cellulose's acetyl group with 
glacial acetic acid. The acetylation process requires a 
large cellulose surface, and the rate of the acetylation 
reaction is  determined by the  accessibility of the surface  
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Fig 2. FT-IR spectra of (a) screw pine leave, (b) cellulose, 
and (c) CA 
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Fig 3. Fischer esterification mechanism reaction 

 
opening ability of the cellulose fiber. The greater the 
surface area of the cellulose fiber, the easier the 
subsequent acetylation reactions [35]. Acetylation was 
accomplished by using acetic anhydride, and sulfuric acid 
was used as a catalyst. When the –OH group of cellulose 
is exchanged with the acetyl group of acetic anhydride, the 
desired CA and acetic acid are produced as a result. 
Because acetylation is an exothermic reaction, the 
reaction was carried out at a low temperature to maintain 
the cellulose is being degraded. The acetylation reaction is 
terminated through a hydrolysis process with the addition 
of acetic acid. This method eliminates unreacted acetic 
anhydride and releases the acetyl group [34]. CA was 
obtained as a white powder in 89% yield. 

The cellulose and CA thermograms revealed three 
stages of degradation (Fig. 4). The first degradation 
occurred below 100 °C, exhibiting water evaporation. 
Because of the acetylation process of cellulose, mass 
reduction of cellulose was greater than CA in the first 
degradation (Table 1). Water absorption of cellulose 
acetate is reduced when hydroxyl groups are replaced with 
acetate groups. In the second stage, the cellulose and CA 
polymer chains degraded, with CA having more excellent 
thermal stability than cellulose [14]. CA polymer chain 
degradation is identical to CA produced by Chuayplod 
and  Aht-Ong [36],  which  degraded at  298–375 °C.  The  
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Fig 4. Thermogram of (a) cellulose and (b) CA 

Table 1. Thermal stability of cellulose and CA 
Samples Temperature (°C) Mass reduction (%) 
Cellulose 31–54 8.76 

 205–407 86.52 
 407–600 3.28 

CA 31–90 5.99 
 270–370 70.59 
 390–600 17.16 

third stage is cellulose and CA backbone degradation 
[14]. This finding demonstrated that the acetylation 
process improved cellulose's thermal stability. 
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Characterization and Performance Evaluation of 
PVDF and PVDF/CA Membranes 

PVDF and PVDF/CA membranes were 
characterized by TGA and DTG analysis. Thermograms 
of PVDF and PVDF/CA membranes (Fig. 5(a)) showed 
similar thermal stability. Degradation at temperatures 
under 100 °C appeared in the PVDF membrane due to 
water evaporation [4,17]. Whereas evaporation of water 
in the PVDF/CA membrane did not appear. Degradation 
of PVDF polymer matrix in PVDF and PVDF/CA 
membrane occurred at a relatively similar temperature at 
420 and 490 °C. Therefore, the addition of CA in the 
PVDF matrix membrane did not drastically affect the 
thermal stability of the PVDF membrane. DSC 
thermogram of PVDF and PVDF/CA membrane (Fig. 
5(b)) showed the endotherm peak. The addition of CA 
caused a shift in melting temperature (Tm) from 169 to 
171 °C. It showed that the PVDF membrane has two 
crystalline phases, α and β phases [37]. The addition of CA 

did not decrease the characteristic melting point of the 
PVDF membrane. 

Water contact angle, porosity, PWF, water flux, 
rejection, and FRR were used to evaluate the 
performance of PVDF and PVDF/CA membranes, as 
shown in Table 2. The addition of cellulose acetate 
decreased the water contact angle of the PVDF 
membrane. The acetylation process decreases the 
number of cellulose hydroxyl groups [38]. Whereas 
cellulose hydroxyl groups unsubstituted with acetate 
groups can ensure the hydrophilic properties of CA. The 
porosity of the PVDF membrane increases up to 85.47% 
with CA addition. The difference in hydrophilicity 
between PVDF and CA causes a repulsive force that 
increases the porosity of the PVDF membrane [4]. 

PWF and water flux increased twice in the 
PVDF/CA membrane. Increasing the porosity of 
PVDF/CA improves membrane water permeability 
because  water can easily  travel through the  membrane. 
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Fig 5. (a) TGA and (b) DSC of PVDF and PVDF/cellulose membranes 

Table 2. Performance evaluation of PVDF and PVDF/CA membranes and the comparison with PVDF/CA membrane 
other studies 

Membrane Feed 
molecule 

Water contact 
angle (o) 

Porosity (%) PWF 
(L/m2h) 

Water flux 
(L/m2h) 

Rejection (%) FRR (%) Ref. 

PVDF MB 89.70 ± 2.12 70.70 ± 0.48 17.08 ± 2.02 11.22 ± 0.18 82.89 ± 2.11 80.26 ± 0.68 This work 
PVDF/CA MB 88.13 ± 1.01 85.47 ± 0.88 45.42 ± 3.07 42.15 ± 3.08 77.73 ± 3.57 86.45 ± 3.62 This work 
PVDF/CA PEG ~93.00 - 136.20 - 3.00 94.20 [12] 
PVDF/CA PEG ~61.00 ~82.00 522.00 ~300.00 ~68.00 ~76.00 [26] 
PVDF/CA MB 56.43 ~84.00 140.00 83.17 90.24 95.77 [27] 



Indones. J. Chem., 2023, 23 (5), 1436 - 1444    

 

Elyna Wahyu Trisnawati et al. 
 

1442 

The higher the porosity of the PVDF/CA membrane, the 
lower MB rejection because the MB molecule can pass 
through the membrane. Lower membrane rejection is 
achieved by increasing water permeability [17,39]. PVDF 
membrane anti-fouling properties improved with the 
addition of CA, which has an excellent anti-fouling 
performance and minimizes interaction between MB and 
surface membrane [40]. The washing treatment 
performed before the FRR test improved the anti-fouling 
value of the PVDF/CA membrane. PVDF/CA membrane 
performed well and was comparable to earlier studies that 
employed commercial CA as a filler for PVDF membrane. 
Table 2 shows a comparison of membrane performance 
with previous studies. Our PVDF/CA membrane 
performances are comparable to other commercial PVDF 
membranes with the addition of CA. In this work, 
including CA synthesized from screw pine cellulose 
resulted in higher porosity, water permeability, and FRR 
values than the PVDF membrane. As a result, the 
PVDF/CA membrane developed in this work has the 
potential to be used in dye wastewater filtration. 

■ CONCLUSION 

Cellulose was successfully isolated from screw pine 
(Pandanus tectorius) leaves by alkalization and bleaching 
treatment which was confirmed by FTIR, SEM, and TGA 
analysis. Cellulose acetate (CA) was produced with high 
yields of 89% utilizing Fischer esterification processes and 
acetic anhydride reagents. The cellulose acetates were 
more thermally stable than cellulose and had a high DS of 
3.50. The presence of CA did not affect the thermal 
stability of the PVDF membrane. The addition of CA 
improves PVDF membrane performance by increasing 
water permeability by twice and anti-fouling qualities up 
to 86.45%. PVDF/CA membrane also has good filtration 
ability against methylene blue (MB) up to 77.73%. Thus, 
these membranes have the potential for dye wastewater 
treatment. This synthesized CA has good properties as a 
filler to PVDF membrane for filtration MB. 
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 Abstract: Cellulose derivatives from natural resources continuously develop to find the best 
hydrophobic polymer-based membrane technology performance. This study was conducted 
to improve the hydrophilicity, performance, and anti-fouling of polyvinylidene fluoride 
(PVDF) membrane with cellulose acetate (CA) filler synthesized from screw pine (Pandanus 
tectorius) leaf cellulose. CA was synthesized by the Fischer esterification mechanism and 
the PVDF membrane was fabricated using the phase inversion method with 0.3% CA 
concentration. FTIR analysis of CA shows an absorption at 1700 cm−1 suggesting that the 
hydroxyl group of cellulose had been successfully substituted with an ester group (C=O), 
and CA has a high degree of substitution (DS) value of 3.50. Adding CA improved the 
hydrophilicity and anti-fouling properties of up to 86.45% of PVDF membranes. 
Furthermore, CA increased the value of water permeability 2–3 times than pristine PVDF 
membrane. The presence of CA enhanced the porosity of the PVDF membrane, which 
promoted the membrane's effectiveness for MB filtering. As a result, CA from screw pine leaf 
cellulose has promising features as a filler for PVDF membranes and potential dye filtration. 

Keywords: anti-fouling; cellulose; cellulose acetate; polyvinylidene fluoride; water 
permeability 

 
■ INTRODUCTION 

Polyvinylidene Fluoride (PVDF), commonly known 
as poly(1,1-difluoroethylene), has a repeating unit of 
(CH2–CF2) [1]. PVDF is a polymer that is frequently 
utilized as a matrix membrane due to its excellent 
properties, such as thermal stability, membrane-forming 
ability, and high mechanical strength [2]. Nonetheless, the 
hydrophobic nature of PVDF membrane causes fouling, 
decreasing the membrane performance and shortening 
the membrane lifetime [3-4]. It is crucial to increase 
hydrophilicity to reduce PVDF membrane fouling. 

Among the numerous materials utilized to promote 
PVDF membrane hydrophilicity, natural polymer has 
received attention due to its low cost and ease of availability 
[5]. Cellulose is one of the most common natural polymers 
in the world, accounting for 700,000 billion tons of total 
biomass production per year [6]. Natural cellulose-based 
fibers have several advantages over synthetic fibers, 
including low cost, low density, good strength, good 

stiffness, environmentally friendly, biodegradable, 
renewable, and health-safe [7-8]. The cellulose skeleton's 
hydroxyl groups can be chemically modified to form 
ester groups that are insoluble in water [8-10]. 

Cellulose acetate (CA) is a cellulose ester derivative 
that has been widely applied in membranes. CA is a 
desirable polymer due to its low cost, biocompatibility, 
biodegradability, and acceptable physical qualities in 
industry [11-12]. CA is utilized in food packaging, 
coatings, sealants, and membrane separation [13]. Wood 
and cotton are the most important material resources for 
industrial synthesizing CA, although they have a high 
lignin content which requires more chemicals to remove 
cellulose [14]. Screw pine (Pandanus tectorius) is a non-
wood plant of Pandanaceae family that grows naturally 
on river banks and swamps in the tropics that are rarely 
utilized. Isolation of cellulose from non-wood materials 
can reduce the usage of chemicals [8,15]. The functional 
groups of screw pine fibers are similar to those of flax, 
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kenaf, and linen natural fibers [16]. Screw pine leaves have 
a chemical composition of 37.3% cellulose, 34.4% 
hemicellulose, 15.7% pentose, 24% lignin, and 2.5% 
others [17]. As a result, Screw pine leaves can potentially 
be a source of CA synthesis. 

Previous research used commercial CA [18-20] for 
matrix membranes and generated CA [14,21-23]. CA 
commercial has been used to improve water flux and 
fouling resistance in polyethersulfone (PES) [24], 
polysulfone (PSf) [25], and PVDF membranes [12,26-27]. 
So far, synthetic CA has not been used as a matrix 
membrane filler. No previous research has employed CA 
synthesized from screw pine as a PVDF membrane filler. 
This study used screw pine (P. tectorius) leaves as the 
starting material to synthesize cellulose acetate. It was 
used as a filler for PVDF membranes to improve water 
permeability and anti-fouling qualities. Water 
permeability, rejection, and anti-fouling from the flux 
recovery ratio (FRR) test were used to evaluate the 
performance of the manufactured PVDF/CA membrane. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were screw pine 
leaves collected from Yogyakarta coastal area, aquadest, 
NaOH, HCl, NaOCl, acetic acid anhydride, acetic acid 
glacial, H2SO4, DMAc, and PEG 400. Chemicals were 
purchased from e-Merck, Germany. PVDF (Solef PVDF 
1010 Mw 352 kDa) was obtained from Solvay. 

Instrumentation 

The instrumentations used in this study were 
Fourier transform infrared (FTIR) Shimadzu FTIR 
Prestige 21 Model 8201 PC, scanning electron microscope 
(SEM) JEOL JSM-6510LA, thermogravimetric analyzer 
(TGA), and differential scanning calorimetry (DSC) STA 
Linseis PT 1600. 

Procedure 

Isolation of cellulose from screw pine leaves 
Cellulose from screw pine leaves was isolated [17]. 

Screw pine leaves were collected from Yogyakarta coastal 
area. Screw pine leaves are stripped of their thorns and cut 
into 12 × 3 cm pieces. The leaf pieces were then sun-dried. 

Dried screw pine leaves were cut into smaller pieces of 
around 1 × 1 cm and immersed in water for 3 × 24 h, 
with the water changed regularly. The screw pine leaves 
were then sun-dried again and grounded. Screw pine 
leave powder (100 g) was mixed in 10% NaOH for 2 h at 
100 °C, with a screw pine leave to NaOH ratio of 1:20. 
The mixture was then neutralized to pH 7 and dried for 
3 h at 60 °C. The dry powder was mixed with 4% NaOCl 
pH 4.5 at 100 °C for 2 h with a 1:20 alkalization product 
to NaOCl ratio. To obtain cellulose from screw pine 
leaves, the mixture was neutralized to pH 7 and dried at 
60 °C for 3 h. 

Synthesis of CA 
CA was synthesized following [28] with 

modifications. Screw pine leaf cellulose (1 g) was added 
with glacial acetic acid (2.4 mL) and agitated for 60 min 
at 38 °C. The mixture was then stirred for 45 min at 
38 °C with glacial acetic acid (4 mL) and sulfuric acid 
(0.5 mL). The mixture was then chilled to 18 °C. The 
acetylation procedure was then carried out. Acetic 
anhydride (10 mL) and sulfuric acid (0.5 mL) were 
added to the mixture and agitated for 90 min at 35 °C. 
The acetylation process was stopped by adding distilled 
water (1 mL) and glacial acetic acid (2 mL) and stirring 
at room temperature for 1 h. The mixture was 
neutralized with distilled water. The product was dried 
at 60 °C for 3 h to obtain cellulose acetate. 

PVDF/CA membrane fabrication 
Membrane PVDF/CA was fabricated by phase 

inversion [17]. First, DMAc (9.32 g) and PEG 400 
(0.48 g) were stirred 5 min. The mixture was then added 
with cellulose acetate (0.036 g) and stirred for 10 min. 
Finally, PVDF (2.16 g) was added to the mixture and 
agitated at 60 °C for 24 h to prepare the dope solution 
for the PVDF/CA membrane. Otherwise, the PVDF 
dope solution was made using the same method, but 
without the CA filler. The dope solution was then cast in 
a glass plate and placed in a coagulation bath containing 
distilled water to produce the membranes. 

Characterization of cellulose acetate 
The FTIR spectral analysis was used to calculate 

the degree of substitution (DS) of cellulose acetate. 
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According to Eq. (1), the absorbance of C=O cellulose 
acetate was compared to the absorbance of C–O cellulose. 

C O

C O

Abs
DS

Abs



  (1) 

The functional groups of the cellulose and cellulose 
esters were determined by FTIR spectrophotometer. The 
dried samples were combined in a 1:100 ratio with 
potassium bromide (KBr) powder, compressed into a thin 
transparent pellet, and the transmission was measured at 
4000–400 cm−1. 

The surface morphologies of cellulose and cellulose 
acetate were analyzed by SEM. Coated samples with a thin 
layer of gold were mounted and imaged at 500–5000× 
magnifications with 10 kV accelerating voltage at a 
pressure of 70 Pa. The thermal stability of cellulose and 
cellulose acetate was studied by TGA. The samples were 
heated up to 600 °C at a heating rate of 10 ℃/min under 
an air atmosphere. 

PVDF and PVDF/CA membranes characterization and 
performance evaluation 

The performance of PVDF and PVDF/CA 
membranes was evaluated [17]. PVDF and PVDF/CA 
membranes were evaluated by water contact angle, 
porosity (ε), pure water flux (PWF), water flux, rejection, 
and flux recovery ratio (FRR). Membrane porosity was 
determined using the gravimetric technique and Eq. (2), 

wet dried

wet

W W
(%)

A I
 

   
  

 (2) 

where Wwet is the weight of the membrane (g), Iwet is the 
thickness of the membrane (cm) in wet condition, Wdried 
is the weight of the dry membrane (g) after oven at 60 °C 
for 24 h, ρ is water density (g cm−3), and A is the 
membrane area (m2). 

The membrane performance was evaluated using a 
dead-end system with continuous measurements 
beginning with PWF, water flux, rejection, and FRR. The 
membrane (diameter 5 cm) was placed in a stirred cell 
and then filled with distilled water to measure PWF (J1) 
(Eq. (3)). To assess water flux and rejection (%R) (Eq. (4)), 
the distilled water was replaced with a 100-ppm 
methylene blue (MB) solution. Before performing the 
FRR test (Eq. (5)), the MB solution was partially replaced 
with distilled water and swirled without pressure to 

eliminate any leftover MB on the surface membrane 
before being completely replaced with new distilled 
water. All measurements were taken using a two-bar 
system compaction for 15 min. 
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J1 denotes PWF (L/m2h), v permeates volume (L), A 
membrane surface area (m2), t time (h), Cp permeate 
concentration, and Cr concentration J2 is water flux 
(L/m2h), and retentate was determined using a UV-vis 
spectrophotometer at 664 nm. The thermal stability of 
PVDF and PVDF/CA membranes was evaluated by 
TGA. The membranes were heated up to 900 °C at a 
heating rate of 10 °C/min under an air atmosphere. 

■ RESULTS AND DISCUSSION 

Isolation of Cellulose and Synthesis of CA from 
Screw Pine Leaves 

Initially, cellulose was isolated by soaking screw 
pine leaf powder in water to remove pentose sugar, 
tannins, and pigments. White powders of cellulose were 
obtained at 40.24% yield. The fiber does not appear in 
SEM images of screw pine leaf powder (Fig. 1(a) and 
1(b)) because it was bonded by lignin and hemicellulose 
[7]. An alkalization method was used to remove lignin 
and hemicellulose. The bleaching process was 
performed to degrade the remaining lignin to increase 
cellulose purity [29-30]. SEM images of cellulose and the 
magnification (Fig. 1(c) and 1(d)) revealed the 
individual fiber after alkalization and bleaching. 
Cellulose was successfully isolated from screw pine 
leaves, as confirmed by SEM. The isolated cellulose was 
converted into CA. Cellulose morphology changed after 
the acetylation process. SEM images of CA and the 
magnification (Fig. 1(e) and 1(f)) showed that CA 
formed aggregates with produce hole, where no fibers 
were found in synthesized CA. Morphological changes 
from cellulose to CA occur due to acetylation 
substitution  towards  the –OH group,  in which  initially  
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Fig 1. SEM image and the magnification of (a, b) screw pine leave powder, (c, d) cellulose, and (e, f) CA 

 
intramolecular hydrogen bonds of the –OH functional 
group were formed [31]. 

Analysis of the functional group of screw pine leaf 
powder, cellulose, and cellulose acetate was investigated 
using FTIR (Fig. 2). The absence of peaks at 1504 and 
1235 cm−1 for C=C stretching lignin in cellulose spectra 
[8] indicated that lignin was eliminated, and cellulose was 
successfully isolated. In the FTIR spectra of CA, bands 
appeared at 1754, 1374, and 1235 cm−1, corresponding to 
functional groups of C=O stretching for carbonyl ester, 
C–H in O–(C=O)–CH3, and C–O stretching for acetyl. 
The decrease in absorption intensity for –OH stretching 
at 3384 cm−1 shows that the –OH group of cellulose was 
substituted with acetyl groups from acetic anhydride 
[28,32-33]. The success of CA synthesis was validated by 
FTIR data, which matched the CA obtained in prior 
studies [28,32,34]. Furthermore, the DS value supports 
the successful CA synthesis. The DS of CA was 3.50, 
confirming the formation of cellulose triacetate. 

The Fischer mechanism reaction was used to 
synthesize CA (Fig. 3). The initial esterification reaction 

was carried out by substituting cellulose hydroxyl 
groups with acetyl groups. CA synthesis begins by 
enhancing the reactivity of cellulose's acetyl group with 
glacial acetic acid. The acetylation process requires a 
large cellulose surface, and the rate of the acetylation 
reaction is  determined by the  accessibility of the surface  
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Fig 2. FT-IR spectra of (a) screw pine leave, (b) cellulose, 
and (c) CA 
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Fig 3. Fischer esterification mechanism reaction 

 
opening ability of the cellulose fiber. The greater the 
surface area of the cellulose fiber, the easier the 
subsequent acetylation reactions [35]. Acetylation was 
accomplished by using acetic anhydride, and sulfuric acid 
was used as a catalyst. When the –OH group of cellulose 
is exchanged with the acetyl group of acetic anhydride, the 
desired CA and acetic acid are produced as a result. 
Because acetylation is an exothermic reaction, the 
reaction was carried out at a low temperature to maintain 
the cellulose is being degraded. The acetylation reaction is 
terminated through a hydrolysis process with the addition 
of acetic acid. This method eliminates unreacted acetic 
anhydride and releases the acetyl group [34]. CA was 
obtained as a white powder in 89% yield. 

The cellulose and CA thermograms revealed three 
stages of degradation (Fig. 4). The first degradation 
occurred below 100 °C, exhibiting water evaporation. 
Because of the acetylation process of cellulose, mass 
reduction of cellulose was greater than CA in the first 
degradation (Table 1). Water absorption of cellulose 
acetate is reduced when hydroxyl groups are replaced with 
acetate groups. In the second stage, the cellulose and CA 
polymer chains degraded, with CA having more excellent 
thermal stability than cellulose [14]. CA polymer chain 
degradation is identical to CA produced by Chuayplod 
and  Aht-Ong [36],  which  degraded at  298–375 °C.  The  
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Fig 4. Thermogram of (a) cellulose and (b) CA 

Table 1. Thermal stability of cellulose and CA 
Samples Temperature (°C) Mass reduction (%) 
Cellulose 31–54 8.76 

 205–407 86.52 
 407–600 3.28 

CA 31–90 5.99 
 270–370 70.59 
 390–600 17.16 

third stage is cellulose and CA backbone degradation 
[14]. This finding demonstrated that the acetylation 
process improved cellulose's thermal stability. 
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Characterization and Performance Evaluation of 
PVDF and PVDF/CA Membranes 

PVDF and PVDF/CA membranes were 
characterized by TGA and DTG analysis. Thermograms 
of PVDF and PVDF/CA membranes (Fig. 5(a)) showed 
similar thermal stability. Degradation at temperatures 
under 100 °C appeared in the PVDF membrane due to 
water evaporation [4,17]. Whereas evaporation of water 
in the PVDF/CA membrane did not appear. Degradation 
of PVDF polymer matrix in PVDF and PVDF/CA 
membrane occurred at a relatively similar temperature at 
420 and 490 °C. Therefore, the addition of CA in the 
PVDF matrix membrane did not drastically affect the 
thermal stability of the PVDF membrane. DSC 
thermogram of PVDF and PVDF/CA membrane (Fig. 
5(b)) showed the endotherm peak. The addition of CA 
caused a shift in melting temperature (Tm) from 169 to 
171 °C. It showed that the PVDF membrane has two 
crystalline phases, α and β phases [37]. The addition of CA 

did not decrease the characteristic melting point of the 
PVDF membrane. 

Water contact angle, porosity, PWF, water flux, 
rejection, and FRR were used to evaluate the 
performance of PVDF and PVDF/CA membranes, as 
shown in Table 2. The addition of cellulose acetate 
decreased the water contact angle of the PVDF 
membrane. The acetylation process decreases the 
number of cellulose hydroxyl groups [38]. Whereas 
cellulose hydroxyl groups unsubstituted with acetate 
groups can ensure the hydrophilic properties of CA. The 
porosity of the PVDF membrane increases up to 85.47% 
with CA addition. The difference in hydrophilicity 
between PVDF and CA causes a repulsive force that 
increases the porosity of the PVDF membrane [4]. 

PWF and water flux increased twice in the 
PVDF/CA membrane. Increasing the porosity of 
PVDF/CA improves membrane water permeability 
because  water can easily  travel through the  membrane. 
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Fig 5. (a) TGA and (b) DSC of PVDF and PVDF/cellulose membranes 

Table 2. Performance evaluation of PVDF and PVDF/CA membranes and the comparison with PVDF/CA membrane 
other studies 

Membrane Feed 
molecule 

Water contact 
angle (o) 

Porosity (%) PWF 
(L/m2h) 

Water flux 
(L/m2h) 

Rejection (%) FRR (%) Ref. 

PVDF MB 89.70 ± 2.12 70.70 ± 0.48 17.08 ± 2.02 11.22 ± 0.18 82.89 ± 2.11 80.26 ± 0.68 This work 
PVDF/CA MB 88.13 ± 1.01 85.47 ± 0.88 45.42 ± 3.07 42.15 ± 3.08 77.73 ± 3.57 86.45 ± 3.62 This work 
PVDF/CA PEG ~93.00 - 136.20 - 3.00 94.20 [12] 
PVDF/CA PEG ~61.00 ~82.00 522.00 ~300.00 ~68.00 ~76.00 [26] 
PVDF/CA MB 56.43 ~84.00 140.00 83.17 90.24 95.77 [27] 
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The higher the porosity of the PVDF/CA membrane, the 
lower MB rejection because the MB molecule can pass 
through the membrane. Lower membrane rejection is 
achieved by increasing water permeability [17,39]. PVDF 
membrane anti-fouling properties improved with the 
addition of CA, which has an excellent anti-fouling 
performance and minimizes interaction between MB and 
surface membrane [40]. The washing treatment 
performed before the FRR test improved the anti-fouling 
value of the PVDF/CA membrane. PVDF/CA membrane 
performed well and was comparable to earlier studies that 
employed commercial CA as a filler for PVDF membrane. 
Table 2 shows a comparison of membrane performance 
with previous studies. Our PVDF/CA membrane 
performances are comparable to other commercial PVDF 
membranes with the addition of CA. In this work, 
including CA synthesized from screw pine cellulose 
resulted in higher porosity, water permeability, and FRR 
values than the PVDF membrane. As a result, the 
PVDF/CA membrane developed in this work has the 
potential to be used in dye wastewater filtration. 

■ CONCLUSION 

Cellulose was successfully isolated from screw pine 
(Pandanus tectorius) leaves by alkalization and bleaching 
treatment which was confirmed by FTIR, SEM, and TGA 
analysis. Cellulose acetate (CA) was produced with high 
yields of 89% utilizing Fischer esterification processes and 
acetic anhydride reagents. The cellulose acetates were 
more thermally stable than cellulose and had a high DS of 
3.50. The presence of CA did not affect the thermal 
stability of the PVDF membrane. The addition of CA 
improves PVDF membrane performance by increasing 
water permeability by twice and anti-fouling qualities up 
to 86.45%. PVDF/CA membrane also has good filtration 
ability against methylene blue (MB) up to 77.73%. Thus, 
these membranes have the potential for dye wastewater 
treatment. This synthesized CA has good properties as a 
filler to PVDF membrane for filtration MB. 
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 Abstract: The textile sector leaves 80% of effluent untreated. Carcinogenic, mutagenic, 
and poisonous synthetic colors in textile waste streams harm the ecosystem. 
Biodegradable natural dyes are safer than synthetic dyes. Merbau sawdust is abundant 
in Papua but underutilized. Merbau wood (Intsia bijuga) has considerable tannin and 
dye potential. Tannin diffuses to the surface, coloring it brown in humid air or water. 
Merbau extract can be dried to make powdered natural dye. This study examines Merbau 
sawdust extract drying and natural dye quality at different temperatures. The drying 
process was carried out in a convective oven at 60, 75, and 90 °C. The data showed that 
the solid product of natural dye was already dried at 60–90 °C within 100 min. The 
content of tannin in the dried natural dye powder was analyzed by titration method. The 
tannin content in the solid product was 0.5–0.9 g tannin/g solid. The drying rate during 
the constant drying rate period is around 0.00137 to 0.00256 g/cm2 min. The effect of 
drying temperature (60 to 90 °C) on the tannin degradation is insignificant, based on the 
titration method and FTIR analysis. 

Keywords: drying; natural dye; Intsia bijuga; mass and heat transfer; tannin 

 
■ INTRODUCTION 

The textile industry is one of the largest water-
consuming industries and the most significant 
contributor to pollution in water bodies. Synthetic dyes 
are more widely used in the textile industry because they 
produce consistent colors for each batch production and 
do not easily fade when applied to the fabrics [1]. 
However, the chemicals contained in synthetic dyes can 
be harmful to the environment [2]. In the textile industry, 
untreated dye-containing wastewater potentially 
contributes up to 80% of all emissions [1-2]. In most of 
the waste generated from the textile industry, there are 
very high levels of biochemical oxygen demand (BOD) 
and chemical oxygen demand (COD). In addition, 
synthetic dyes can inhibit plant growth and 
photosynthesis and increase bioaccumulation, toxicity, 

mutagenic, and carcinogenic properties [3]. An 
alternative dye that is safe for the environment, non-
toxic, and easily degraded in nature is needed. 

Dye is a pigmented compound that colors a 
material or object [4-5]. Dyes are divided into two types, 
namely natural and synthetic dyes. Natural dyes are 
extracted from plants, animals, or microorganisms 
available in nature [5-6]. Meanwhile, synthetic dyes are 
made from artificial materials resulting from derivatives 
of hydrocarbon compounds such as benzene and 
naphthalene. The advantage of natural dyes is that they 
do not contain harmful chemicals and are biodegradable 
or decomposed naturally by the environment, so they do 
not harm the ecosystem. Natural dyes fade faster than 
synthetic dyes, so fixative compounds such as salt or 
vinegar are needed [7]. In addition, there is no specific 
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natural dye production method to produce the same color 
composition each time it is made. 

In contrast, the production method of synthetic dye 
can be adjusted to the desired color composition. 
However, the drawback is that synthetic dyes can produce 
carcinogenic, toxic, and mutagenic wastes, harming the 
living things around them. Therefore, it is necessary to 
empower natural dyes more [8]. 

Natural dyes are often obtained from plants with 
color pigments in their roots, stems, leaves, fruit, and skin 
[8-11]. There are two various ways to isolate the natural 
dyes, which are: (a) extraction of natural dyes with water 
or organic solvent at high or low temperatures for a 
specific time [12], and (b) extraction of natural dyes by 
hydrolyzing the material with acids or bases, according to 
its polarity. 

Natural dyes can be used in various industries, such 
as food, textile, cosmetics, and pharmaceuticals [12-14]. 
Some examples of natural dyes that are often used in the 
textile industry are indigo (Indigofera sp.), soga bark 
(Ceriops candolleana Arn.), tegeran wood (Cudraina 
javenensis), and kesumba (Bixa orellana). To prevent the 
color on the textile from fading quickly, adding a dye 
fixator or mordant in the fabric dyeing process is 
necessary. Mordant can be selected from non-toxic 
materials to prevent environmental pollution [15]. Some 
of the most commonly used fixators are alum, borax, lime 
water, vinegar, and palm sugar. 

Various studies have been conducted on numerous 
plants to produce natural dyes [8,10]. Many plants in 
Indonesia can be utilized as natural sources of dyes, such 
as Indigofera, turmeric, tegeran wood. Fatubun et al. [14] 
used eight different types of plants to create a diverse 
range of colors, including red, blue, yellow, and brown. 
Their innovative approach involves harnessing the 
natural pigments present in these plants to produce 
vibrant and varied hues. This method showcases the rich 
biodiversity of plant-based colorants and highlights the 
potential for sustainable and eco-friendly alternatives in 
various industries. 

Moreover, Fauziyah and Hakim [15] utilized ten 
different types of plants to create a spectrum of colors, 
ranging from deep crimson to bright green and even 

shades like olive and lime. Their research highlights the 
extensive palette that natural sources can offer, 
showcasing variations from deep scarlet to vibrant 
emerald, demonstrating the diverse applications of 
plant-based coloration in various fields. In addition, The 
availability of multiple plants in Indonesia can be a 
potential for Indonesia to compete in the international 
market. One of the plants are widely available in 
Indonesia that can produce a natural brown color is the 
wood of the Merbau (Intsia bijuga). 

Merbau trees commonly can grow to a height of 
more than 30 m. The wood of this tree is often used as a 
building material and as a wooden floor for ships. The 
Merbau tree, known as ironwood by the people of 
Papua, can produce multifunctional Merbau wood. This 
wood does not rot quickly if not in contact with soil and 
is stronger than teak [16]. Merbau wood has high 
economic value and has been used locally and exported. 
The Merbau tree is a type of tree commonly found both 
in Papua and Java [17]. Many timber mills and plywood 
industries in Papua utilize Merbau wood as raw material 
and produce sawdust as waste. 

The speciality of Merbau timber is its very high 
tannin content. Tannins are a type of polyphenol that is 
found in many plant species, including trees, and serve 
to protect the plant from herbivores and other 
environmental stressors. Merbau wood, which comes 
from the Intsia spp. tree, contains a group of tannins 
known as proanthocyanidins [18]. These tannins are 
also commonly referred to as condensed tannins or 
polyflavonoid tannins. Merbau tree wood contains 
tannin pigment, which is brown. The pigments in these 
plants can be used as natural dyes with high economic 
value. Therefore, the tannins in Merbau sawdust can be 
extracted as a natural dye. 

Tannins are polyphenols consisting of several 
hydroxyl groups which can be extracted from plants 
[19]. The extraction process is generally carried out 
using the Soxhlet or extractor. After the natural dyes are 
extracted from Merbau wood, the extracts can be dried 
to form natural dye powder using a dryer. The tannins 
in natural dyes will be easily damaged if exposed to high 
temperatures. Drying the extract to produce powder 
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requires a relatively high temperature and quite a long 
time so it will affect the quality of the natural dyes 
produced. From this research, parameters of drying rate 
and drying conditions can relatively maintain the quality 
of the natural dye product. An analysis of the degradation 
of tannins during drying and the tannin content in natural 
dye powders is carried out to determine the temperature 
effect on the natural dye product quality. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study are Merbau sawdust 
extract obtained from Gama Indigo, Yogyakarta, and 
Merbau sawdust obtained from CV Karui, Jayapura, 
Papua. Distilled water, KMnO4 (99% purity Merck, 
Germany), indigo carmine (C.I.73015 Merck, Germany), 
and H2SO4 (95–97% purity Merck, Germany). 

Instrumentation 

The experimental rig used in this research consists 
of an oven equipped with thermometers to measure wet 
bulb and dry bulb temperatures. This oven has a 
temperature controller that can be adjusted according to 
the experimental requirements. Additionally, an exhaust 
system regulates air circulation within the oven, 
maintaining a stable experimental environment and 
ensuring consistent results. The oven unit is the Memmert 
UN 30 Universal model and it is equipped with a 32-L 
capacity and allows for temperature adjustments of up to 
300°C. The oven is a key component in the research, 
allowing for precise control and monitoring of 

temperature conditions, thus enabling the collection of 
accurate and reliable data for further analysis in the 
study. FTIR unit is Shimadzu FTIR IR-Spirit Serial No 
A224158. The experimental rig is shown in Fig. 1. 

Procedure 

Drying 
Washed and dried petri dishes were weighed on a 

digital analytical balance, and their mass was recorded. 
Each petri dish was filled with 10 mL Merbau extract 
using a volume pipette, weighed, and its initial mass 
sample was recorded. 

The oven was turned on, and the dry bulb 
temperature was set to 60 °C. When the dry bulb 
temperature was stable, the four petri dishes containing 
the extracts were put into the oven and positioned, as 
shown in Fig. 1. The four samples were weighed at the 
time interval of 5 min until the sample mass was 
constant. 

The petri dishes containing dried samples were 
removed from the oven and then cooled in a desiccator 
for 10 min. Petri dishes were weighed, and the results 
were recorded. The petri dishes were covered with 
aluminum foil and left at room temperature for 24 h. 
The petri dishes were dried again at 110 °C for 1 h and 
weighted as a dry weight. The above steps were repeated 
for temperatures of 75 and 90 °C. The experimental data 
was a mass of samples at various times for 60, 75, and 
90 °C drying temperatures. 

Tannin content analysis 
The analyses of tannin content in plant extracts were 

 
Fig 1. Experimental apparatus for drying 
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performed according to the International Pharmacopoeia 
and AOAC method in Kumari and Jain [20]. The 
preparation of 0.1 M KMnO4 solution was mixing 0.79 g 
of KMnO4 with 100 mL of distilled water in a beaker glass. 
The solution was heated for 15 min and left overnight at 
room temperature. The solution was filtered and added by 
distilled water up to 250 mL. Indigo carmine indicator 
solution was prepared by mixing 3 g of indigo carmine 
with 100 mL of distilled water and dissolving with 25 mL 
of concentrated H2SO4. The solution was heated for 15 min 
and left overnight at room temperature. The solution was 
then diluted until 500 mL with distilled water. 

Tannin analysis was performed by titration. A blank 
solution (without extract sample) was prepared by adding 
20 mL of the indigo carmine solution with 180 mL distilled 
water. The blank solution was titrated with KMnO4 until 
the color changed from blue to yellow. Titration was 
carried out three times. A total of 10 mL of liquid Merbau 
sample was put into a 200 mL volumetric flask. As much 
as 20 mL of indigo carmine solution was put into a 
volumetric flask, and then distilled water was added until 
it reached 200 mL. The liquid sample solution with indigo 
carmine was titrated with KMnO4 until the color changed 
from blue to reddish brown. Titration was carried out 
three times. A petri dish containing dried samples was 
added with sufficient distilled water to form a solution. 
The entire sample solution on the petri dish was put into 
a 200 mL volumetric flask. Then, 20 mL of indigo carmine 
solution and 180 mL of distilled water were added and 
shaken until homogeneous. A 50 mL sample solution with 
indigo carmine was titrated with 0.1 M KMnO4 solution. 
The titration was carried out until the color changed from 
blue to reddish brown. The titration was repeated three 
times for each sample. 

Tannin degradation 
An empty petri dish was prepared, and the initial 

mass was recorded. Merbau extract as much as 10 mL was 
put into a petri dish. The mass of the petri dish containing 
Merbau sample was weighed. The petri dish containing 
the sample was put into the oven at a specific temperature 
to heat and dry for 20 min. After that, the petri dish 
containing the sample was removed, cooled, and then 
weighed. This step was repeated for heating and drying at 

40, 60, 80, 100, and 120 min at the same position in the 
oven. The sample phase at each drying time was 
recorded. 

The first sample (drying time 20 min) from the 
previous step was dissolved with sufficient distilled 
water in a petri dish. The tannin content in the solution 
was then analyzed using the described method. The 
experiment was conducted for heating and drying 
temperatures of 60, 75, and 90 °C. 

FTIR analysis 
A sample of dried tannin was also analyzed with its 

related functional groups (especially –OH and C–O) 
using a FTIR unit, that is Shimadzu FTIR IR-Spirit Serial 
No A224158. This type of FTIR unit does not need 
special sample preparation, in which a solid sample can 
be examined directly without further preparation. The 
dried tannin samples from several drying temperatures 
(60–100 °C) were examined. 

Data analysis 
The water content in the sample was calculated 

using Eq. (1a) for wet basis and Eq. (1b) for dry basis 
[21]; 

st sc

s0 0

W W
x

W W





 (1a) 

st sc

sc 0

W W
x

W W





 (1b) 

where x represents the water content in the sample (g 
H2O/g wet sample), Wst represents the mass of the 
sample and container at time t min (g), Wsc represents 
the mass of the dry sample and container at the end of 
the drying process (g), Ws0 is the mass of the initial 
sample and container (g), and W0 is the mass of the 
empty container (g). The tannin content in the sample 
can be calculated using Eq. (2) [22]; 

1 2

g of tanninTannin content
mL of sample

(V V ) 0.004157 FP
                           

V

 
  
 

  


 (2) 

where FP denotes the dilution factor (200 mL/50 mL), 
V1 denotes the volume of KMnO4 used for sample 
titration (mL), V2 denotes the volume of KMnO4 used 
for blank titration (mL), and V denotes the volume of 
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Merbau sample dried on a petri dish (10 mL). One mL of 
0.1 M KMnO4 is equivalent to 0.004157 g of tannin. 
Meanwhile, the drying rate N can be calculated using Eq. 
(3) [23]. 

sdW1N
A dt

    (3) 

In this case, Ws (g) represents the mass of the sample at 
any time (= Wst − W0), A is the effective drying surface 
area (cm2), and t is the drying time (min). During the 
constant drying rate, the curve Ws against drying time t is 
essentially a linear line, with its slope equal to drying rate 
N. The mass transfer coefficient (KY) in the constant 
drying rate period can be calculated by Eq. (4) and (5) [24]; 

Y sN K (Y ' Y ')   (4) 

Y
s

NK
(Y ' Y ')




 (5) 

where N denotes the drying rate at a constant drying 
period (g H2O/cm2 min), KY denotes the gas phase mass 
transfer coefficient (g/cm2 min ΔY), Ys' is the saturated 
humidity of air at wet bulb temperature (g H2O/g of dry 
air), and Y' is the humidity of the drying air (g H2O/g of 
dry air). The Ys' and Y' values can be calculated using Eq. 
(6-9) [24]; 

as
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P
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where Pas denotes the saturated vapor pressure of water at 
wet bulb temperature (mmHg), Pt is the total system 
pressure (760 mmHg), Cs denotes humid heat, 
(Btu/lb °F), 0.24 and 0.45 are values of the specific heat of 
the air and water vapor (Btu/lb °F), respectively, λw 
denotes latent heat of vapor (Btu/lb), Td denotes dry bulb 
temperature (°F), and Tw is the wet bulb temperature (°F). 
Eq. (10) and (11) estimate the heat transfer coefficient 
during constant drying rate (N) [24]; 

d w

w w

hA(T T )QN
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where N represents the constant drying rate 
(g H2O/m2 s), h is the convection heat transfer coefficient 
(W/m2 °C), and Q denotes heat transfer rate (J/s). 
The tannin degradation or content reduction rate is 
estimated by first-order reaction, as commonly used in 
degradation reactions (Eq. (12)); 

ta
d ta

dM
k M

dt
   (12) 

Mta is the tannin content, and kd is the degradation rate 
constant. Integration of Eq. (12) from t = 0 (initial 
condition with tannin content = Mta0) results in Eq. (13) 
[25]. 

ta
d

ta0

M
ln k t

M
 

  
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 (13) 

The degradation rate constant kd can be expressed as the 
Arrhenius equation in this case. 

■ RESULTS AND DISCUSSION 

The variation of the drying process was the oven 
temperatures of 60, 75, and 90 °C. Fig. 2 shows the water 
content on a wet basis, and Fig. 3 shows the water 
content on a dry basis as a function of drying time. Fig. 
2 presents a drastic decrease in water content in the 
initial period. Fig. 3 demonstrates that the dry basis 
water content linearly decreases with the time in the 
initial period of the drying process, known as a constant-
rate period. 

The drying process goes through three stages: the 
initial period, the constant-rate period, and the falling-
rate period. The initial drying period occurs at several 
minutes. The constant drying rate follows after the initial 
drying period, where the sample mass decreases linearly 
with the drying time. The value of drying rate constant 
can be estimated from Fig. 2, which is based on Eq. (3). 
The value of the constant drying rate is used to calculate 
the mass transfer coefficient and the heat transfer 
coefficient. 

From Fig. 4, it can be seen that the longer the 
drying time, the more the sample mass will decrease. The 
sample mass became constant after drying for 100 min 
at 60 °C, 60 min at 75 °C, and 40 min at 90 °C. Table 1 
presents the value of the constant drying rate of 4 
samples at  60, 75, and 90 °C.  It  shows  that  the  sample  
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Fig 2. Water content (wet basis) at various times, temperature:(a) 60 °C, (b) 75 °C, and (c) 90 °C 

 
Fig 3. Water content (dry basis) as a time function, temperature: (a) 60 °C, (b) 75 °C, and (c) 90 °C 

Table 1. Values of constant drying rate at 60 to 90 °C 
Temperature (°C) Sample 1 Sample 2 Sample 3 Sample 4 N avg (g/cm2 min) 

60 0.00131 0.00149 0.00134 0.00135 0.00137 
75 0.00238 0.00249 0.00240 0.00221 0.00237 
90 0.00265 0.00251 0.00254 0.00255 0.00256 
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Fig 4. The sample mass as a time function at temperatures of (a) 60 °C, (b) 75 °C, and (c) 90 °C 

 
position within the dryer tray does not affect the drying 
rate, so the value of the constant drying rate is taken as the 
average of 4 samples. 

Based on Eq. (4-9), the average mass transfer 
coefficient at a constant drying rate and the average heat 
transfer coefficient can be calculated. Table 2 summarizes 
the values of mass transfer and heat transfer coefficients. 

Ndukwu et al. [26] studied the drying of cocoyam 
slices using a drying oven, similar to this research. They 
found that the mass and heat transfer coefficients were 
around 1.01 × 10−6–3.45 × 10−6 m/s and 1.18–3.58 W/m2K, 
respectively. The heat transfer coefficient from this 
research is higher than that of Ndukwu et al [26]. For 
comparison, the KY unit in this research is converted into 
a m/s unit, which results in 1.43 × 10−5–2.42 ×10−5 m/s. 
Table 3 compares heat and mass transfer coefficients 
between this research's and other research results. This  
 

phenomenon shows that the mass and heat transfer 
coefficients in this research are more or less within the 
range of other research results. 

The tannin content in the four samples was 
analyzed by the volumetric method. Table 4 presents the 
values of tannin content for all drying temperatures. 

Table 3. Comparison of mass and heat transfer 
coefficients 

 KY (m/s) hത 
(W/m2 °C) 

This research 1.43 × 10−5–
2.42 × 10−5 

11.06–14.64 

Ndukwu et al. [26] 1.01 × 10−6–
3.45 × 10−6 

1.18–3.58 

Kumar et al. [27] - 33.35–58.0 
Chen et al. [28] - 19.96 

 

Table 2. Mass transfer coefficient and heat transfer coefficient at various temperatures 
Drying temperature (°C) Kଢ଼തതതത (g H2O/cm2 min) hത (W/m2 °C) 

60 0.0859 14.64 
75 0.1067 11.06 
90 0.1452 12.29 
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Table 4. The tannin content in the dried sample (after the drying process) 
Temperature (°C) Sample 1 Sample 2 Sample 3 Sample 4 Average (g/g) 

60 0.556 0.523 0.561 0.684 0.581 
75 0.653 0.762 0.906 0.533 0.714 
90 0.593 0.816 0.786 0.593 0.697 

 
Based on the value of tannin content at each drying 

temperature, as shown in Table 4, the highest average 
tannin content was obtained at a drying temperature of 
75 °C. However, the value of tannin content much varied, 
which was around 0.5 to 0.9 g tannin/g. Hence, the effect 
of drying temperature cannot be observed from merely 
tannin content at various temperatures. The effect of 
heating on the tannin quality or content over  time was 
then investigated by heating and drying samples for 20 to 
120 min at temperatures of 60, 75, and 90 °C. Fig. 5 
presents tannin content (in 10 mL initial Merbau extract) 
at various times. 

The tannin content in sample data can be used to 
evaluate the rate of tannin degradation based on Eq. (14). 
Three lines in Fig. 5 show the estimated correlation 
between tannin content and drying time at temperatures 
of 60, 75, and 90 °C. The degradation rate constant is 
given in Table 5, which is quite small. This phenomenon 
indicates that the tannin degradation rate is very low. 

This rate constant kd is expressed in the Arrhenius 
equation, Eq. (14): 

1
dk 1.0061exp( 15.11 RT)min   (14) 

It shows that activation energy = 15.11 J/mol is small;  
 

therefore, the temperature effect on tannin degradation 
is insignificant. 

The effect of temperature on the quality of tannin 
content was then investigated through the concentration 
or content of functional groups within the tannin sample 
drying at various temperatures. In this case, the 
corresponding functional groups in tannin are hydroxyl 
(O–H) and carbonyl (C=O and C–O) functional groups. 
Examination of these functional groups was carried out 
using FTIR. 

Fig. 6 depicts the tannic acid spectrum, which 
exhibits high absorption between 3500 and 2900 cm−1, 
with a broad band centered at 3262 cm−1. The hydroxyl 
groups (O−H) H-bonded broadly and powerfully, and the 
C−H are responsible for this band (aromatic medium). 
A strong peak caused by the alkane medium (C−H) is 
seen at 2718 cm−1. The sharp and robust peak between 
2920 and 2807 cm−1 corresponds to the symmetric and 

Table 5. The tannin degradation rate constant 
Temperature (°C) Constant kd (min−1) 

60 0.000673 
75 0.000712 
90 0.001130 

 

 
Fig 5. The tannin content in 10 mL sample at various times and temperatures 
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Fig 6. FTIR analysis results of samples at various drying temperatures 

 
antisymmetric C–H stretching vibrations of the CH2 and 
CH3 groups, respectively. Due to the signal properties of 
carbonyl groups C=O stretching (1610 cm−1) and C–O, 
tannic acid contains certain aromatic esters (1160 cm−1). 

Further experiments were conducted to investigate 
the thermal degradation of tannin. Some tannin solution 
was dried at several temperatures, i.e., from 60 to 100 °C, 
until solid tannin was produced. The drying process was 
around 3 h. FTIR then examined this solid tannin 
product. Based on the FTIR results of absorbance values 
for functional groups, the concentration of O–H at 
3200 cm−1, C–O at 1160 cm−1, and aromatic C–H at 
1450 cm−1 were estimated by their absorbance values. In 
this case, the amount of aromatic C–H was assumed to be 

constant along the drying process, irrespective of the 
drying temperature. 

On the other hand, hydroxyls in tannin probably 
occurred to react to give the C–O functional group, as 
follows slowly, Eq. (15). 

2C OH HO C C O C H O          (15) 
Fig. 7 depicts the O–H and C–O absorbance ratio, 

compared to aromatic C–H absorbance, based on FTIR 
results at 60 to 100 °C. Fig. 6 indicates that during the 
drying process, there was a slight decrease in the O–H 
group when the drying temperature rose, and according 
to the reaction in Eq. (15), the C–O group also slowly but 
steadily increased. However, a small reduction of O–H 
and an  increase  in the  C–O group  have  little  effect on 

 
Fig 7. Absorbance changes of tannin hydroxyl and C–O functional groups at various drying temperatures 
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tannin quality. As shown in Table 4, the value of tannin 
content has significant variation, irrespective of drying 
temperature. It can be concluded that drying temperature 
in the range of 60 to 90 °C has little effect on the quality of 
natural dye products. 

■ CONCLUSION 

In this study, several conclusions can be drawn. 
During the constant drying period, the drying rate is 
around 0.00137 to 0.00256 g/cm2 min, in which the tannin 
solid product is already dry within 100 min at 60–90 °C. 
The tannin content in the dried product is around 0.5 to 
0.9 g tannin/g solid. The drying temperature has little 
effect on the quality of tannin products. Observation of 
the absorbance intensity of hydroxyl and carbonyl 
functional groups using FTIR indicates that higher drying 
temperature tends to reduce the amount of hydroxyl 
group slightly and to increase the number of carbonyl 
groups. At drying temperatures of 60 to 90 °C, the average 
mass transfer coefficient, KY, is 0.0859–0.1452 
g H2O/cm2 min and the average heat transfer coefficient, h, 
is 11.06–14.64 W/m2 °C. Both titration method and FTIR 
analysis show that the effect of drying temperature (60 to 
90 °C) on tannin degradation is insignificant. 
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 Abstract: The sparse treatment of highly toxic leachates produced in landfills due to the 
excessive generation of urban solid waste is a common problem worldwide. For this 
reason, this research aims to show the convenience of the use of algal biotechnology in 
leachate bioremediation processes. Nannochloris sp. species was used in this research. It 
was isolated and cultured for bioassays. The leachate was diluted to 5 and 10% in the 
microalgae cultures during a period of 8 d in which the growth of the species. Then 
removal of nutrients (phosphate and nitrate) and the production of lipids by the 
microalgae were measured. Nannochloris sp. removed more than 70% of the phosphates 
and 60% of the nitrates from samples. This result shows the benefits of using these 
microalgae to treat landfill leachate at low cost and also with the potential to obtain bio-
lipids that may be useful for biodiesel production. 

Keywords: bioremoval; bio-lipids; landfill leachate; microalgae; Nannochloris sp. 

 
■ INTRODUCTION 

Excessive population growth, industrialization, and 
global consumerism have led to different threatening 
conditions for humanity such as global warming, plagues, 
and food shortages. Additionally, overpopulation has 
caused the uncontrolled generation of solid wastes, which 
are deposited in holes called landfills, which through the 
years, decompose and become highly toxic by-products 
named leachate, which has toxic organic and inorganic 
components [1-2]. These leachates have high levels of 
biochemical oxygen demand (BOD5), chemical oxygen 
demand (COD), solids, nutrients, and heavy metals [3]. 
For the elimination of these substances, expensive 
processes such as membrane technologies, ion exchange, 
adsorption with activated carbon, flocculation 
coagulation, or advanced oxidation processes are required 
[4-5]. 

In Cartagena, the leachates are maintained in 
collection ponds where the pH is kept close to neutral 
and evaporated due to the action of high local 
temperatures. Nevertheless, the ponds may suffer spills 
due to leaks in the membranes they have. These leachate 
leaks might cause eutrophication of water sources if they 
get in contact, which may produce the appearance of 
algae bloom, a drop in oxygen levels, increase toxicity 
and turbidity, and may also reach the human food chain, 
which could be a threat for public health [6-7]. 

On the other hand, the bioremediation of 
wastewater using microalgae has recently gained interest 
due to its advantages, such as the removal of nutrients 
from contaminated water, low investment, and low 
environmental damage since it does not require or 
generate harmful chemicals in the process. Additionally, 
microalgae consume carbon dioxide (CO2) that they use 
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as a carbon source and produce more oxygen than trees 
via photosynthesis [8-9]. 

The diversity of the biomass obtained from 
microalgae cultures, combined with new large-scale 
cultivation technologies, has allowed the biomass 
obtained from these organisms to be used for commercial 
purposes in different fields, for example, as a source of 
protein, fatty acids for biofuels, pigments, biomolecules 
for pharmaceutical use and personal care products [10-
11]. Previous studies have confirmed that microalgae may 
be cultivated in wastewater not only from piggeries, wine 
factories, palm oil mills and municipal but also in leachate 
from landfills. Microalgae may remove large amounts of 
dissolved pollutants from these effluents and also generate 
biomass rich in bioproducts of high-added value [12-15]. 
Additionally, polyunsaturated fatty acids obtained from 
microalgae may be used as feedstock in the production of 
biofuels, which are vital due to the imminent depletion of 
fossil fuels [16]. Biodiesel is a promising alternative 
because of its renewable nature. Unlike traditional land 
crops, microalgae may be rapidly grown in small spaces at 
any time of the year, which favors a greater production of 
biomass and lipids [17-18]. 

Due to the increase in the contamination of water 
resources and the urgent necessity to find a sustainable 
and renewable source of polyunsaturated fatty acids to 
generate biofuels, microalgal biotechnology appears as a 
viable and attractive alternative to achieve both goals. 
Therefore, this study aimed to determine the efficiency of 
nutrient removal (phosphate and nitrate) from landfill 
leachate using the microalga Nannochloris sp. 
Additionally, we determine the amount of lipids 
recovered in the bioremediation process to analyze their 
potential use in biofuel production. 

■ EXPERIMENTAL SECTION 

Materials 

Microalgae and culture medium 
Nannochloris sp. was isolated and cultured for 

bioassays with leachate in the Universidad del Sinu and 
Sena Cinaflup aquaculture biotechnology laboratories in 
Cartagena, Colombia. The culture medium used was the 
modified Comway medium, which contains the following 

substances: FeCl3·6H2O (26 g), MnCl2·4H2O (0.72 g), 
H3BO3 (67.2 g), EDTA (90 g), Na2HPO4·12H2O (40 g), 
NaNO3 (200 g), Na2SiO3 (40 g), H2O (2 L), trace metals 
(2 mL), and vitamin solution (100 mL). The trace metal 
solution contained ZnCl2 (2.1 g), CoCl2·6H2O (2 g), 
(NH4)6Mo7O24·4H2O (0.9 g), CuSO4·5H2O (2 g), and 
distilled water (100 mL), while the vitamin solution was 
composed of decamyl (210 mg) and distilled water 
(100 mL) [19]. 

Landfill leachate 
For pollutant removal bioassays, the leachate was 

obtained from Los Cocos landfill, located in Cartagena 
city, Colombia. For its characterization, tests 
standardized by the American Public Health Association 
(APHA) were applied to determine the content of 
various contaminants before starting the assays. The 
measured parameters of the landfill leachate are 
provided in Table 1 [20]. 

Instrumentation 

All concentration measures were done using 
GENESYS™ 50 UV-vis spectrophotometer of single cell 
holder, Model: Genesys 50, made by Thermo Fisher 
Scientific Inc. Ultrasound extraction procedures were 
conducted in an ultrasonic bath, model HH-S4, Zenith 
Lab (Jiangsu) Co., Ltd No. 12 Hongshan Road, China. 
Solvent extraction procedures were made using Pyrex 
Soxhlet extraction apparatus, model CLS3740S, Merck 
KGaA, Darmstadt, Alemania. 

Procedure 

Bioremediation experiments 
To carry out the bioassays, the leachate was diluted 

without any pretreatment to 5% and 10% (v/w) in 
1000 mL Erlenmeyer flasks using the microalgae 
cultures in the growth phase as solvent. The final volume 
of each bioassay was 400 mL. The optical density at 
680 nm was measured daily to assess culture growth, 
phosphate content was measured by the ascorbic acid 
method, and nitrate content by the cadmium reduction 
method. All procedures were done by spectrophotometry. 

The percentage of contaminant removal was 
calculated using the Eq. (1): 
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

   (1) 

where Cf is the final concentration of the contaminant and 
C0 is the initial concentration. The percentage of 
inhibition was calculated for the cultures using the Eq. (2): 

C m

C

DO DO
%Inhibition 100

DO


   (2) 

where DOC is the optical density of the control and DOm 
is the optical density of the sample. 

Lipids extraction 
Lipids were extracted from dry samples of 

Nannochloris sp. microalgae biomass following the method 
provided by Bligh & Dyer [21] and Hu et al. [22] with 
modifications. Initially, 0.5 g of lyophilized biomass was 
stirred in 30 mL of chloroform: methanol solution (2:1 v/v) 
for 60 min, and then ultrasound was applied to the mixture 
for another 60 min. Then, the phases were separated by 
centrifugation at 2000 rpm and the solvent mixture was 
evaporated using a rotary evaporator. The percentage of 
lipids was found by gravimetry using the Eq. (3): 

L

M

P
Percentage of  lipid 100%

P
   (3) 

where PL is dry weight of total lipids and PM is dry weight 
of microalgae biomass. 

■ RESULTS AND DISCUSSION 

Characterization of Landfill Leachate 

The landfill leachate had a dark color, an unpleasant 
odor, a high COD content and also showed high levels of 
nutrients, especially ammoniacal nitrogen (Table 1). 
According to the literature, the N:P ratio must be in the 
range of 5–40 for optimal growth of the microalgae; in this 
case, it was 49.79, which according to other authors, may 
be a usable value, so no phosphorous supplement was 
added to the culture. The pH is an essential parameter for 
microalgae growth that must be between 7 and 9. 
According to the literature review, this range was reached 
for bioassays with the effect of dilution at 5 and 10%. The 
phenol content in leachate was less than 0.10 mg/L, so it 
does not affect the growth of the microalgae since it does 
not reach values greater than 70 mg/L that inhibit the 
growth of the microorganisms [23]. The values found for 
the leachate characterization are in Table 1. 

Table 1. Leachate properties 
Parameter Mean value (mg/L) 
DQO 1272.00 
Ammonium N - NH4

+ 1277.00 
Nitrates N - NO3

− 12.45 
Nitrites N - NO2

− 5.10 
Phosphates P - PO4

−3 26.00 
N:P 49.79 
pH 8.90 
Phenol < 0.10 
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Fig 1. Growth of microalgae in leachate 

Culture Growth 

All the experiments showed a clear inhibition in 
the growth of the microalgae induced by the interaction 
with leachate. The solution at 5% leachate presented 
better growth at the end of the bioassays, which indicates 
that the microalgae initially adapted to the adverse 
conditions during the first 6 d. Then it could reproduce 
satisfactorily in that concentration the following days. In 
contrast, the microalgae in the 10% leachate solution 
showed a good start, growing in the first 5 d, but then the 
growth rate declined (Fig. 1). 

Regardless of the percentage of dilution of the 
leachate, a clear inhibition was noted in the growth of 
the microalgae. The 5% bioassays were inhibited by 
21.99% in their growth, while the 10% bioassays suffered 
a 35.20% growth inhibition according to Eq. (2). 

These results may be associated with high turbidity 
or excessive color of the contaminant since this decreases 
the penetration of light into the culture and may limit 
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photosynthesis and biomass production. High 
ammonium content (> 1000 mg/L) may also affect the 
growth of the microalgae, so at a higher concentration of 
leachate (10%) the growth of the microalgae was lower in 
the bioassays affected probably by this fact. Several 
authors recommend that in order to obtain better cell 
growth rates, a complementary addition of phosphorus 
(in the form of K2HPO4) should be made to lower the N:P 
ratio and thus achieve higher cell density in cultures [24]. 
Other factors that could affect growth are the presence of 
bacteria since no pretreatment was carried out on the 
leachate and the presence of other contaminants like toxic 
heavy metals as reported by Khanzada and Övez [25]. 

Phosphate Removal 

For phosphates bioremediation, it was found that 
remotion in the 5% solution was equal to 75.3% and a 
remotion of 78.6% was achieved for the 10% solution. In 
Fig. 2, it may be seen that the behavior in the removal of 
phosphates was similar for the two dilutions of leachate 
that were tested. 

The removal for the 5% solution occurred during 
the first 4 d and then reached a constant value during the 
rest of the bioassays. For the 10% sample, it was observed 
that the maximum removal occurred during the first 3 d 
of the bioassays to stabilize for the other days of the 
experiments (Fig. 2). 

Phosphorus is an essential nutrient in the energy 
metabolism of microalgae. It can be found in nucleic 
acids, proteins, lipids, and intermediate products of 
carbohydrate metabolism. Furthermore, culture medium 
with low phosphorus concentrations results in low cell 
densities in microalgae cultures. During the metabolic 
process, phosphate (PO4

3−) is assimilated in the form of 
H2PO4

− and HPO4
2− and incorporated into cells through a 

phosphorylation mechanism, where much of the PO4
3− is 

used to obtain adenosine triphosphate (ATP) starting 
from adenosine diphosphate (ADP), thus the microalgae 
obtain its cellular energy source [26-27]. Similar results 
for phosphorus removal were found by Hu et al. [22], 
where the authors diluted leachate to 5, 10, and 15% and 
observed removal of 80% of the phosphate content when 
samples were bio-treated with a consortium of microalgae  
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Fig 2. Phosphate removal from leachate 

Chlorella vulgaris and Scenedesmus dimorphus. Similarly, 
de Souza et al. [28] found phosphate removals between 
67.8 and 92.0% using the microalga Scenedesmus sp. to 
bioremediate pre-treated leachate. On the other hand, in 
cases where there is little available phosphorus, like in 
this study, the microalgae probably first accumulate the 
available phosphorus internally for later use in the 
assimilation of ammoniacal nitrogen [24-25]. Fig. 2 
shows that in both leachate dilutions, a high removal of 
available phosphate was achieved, and the microalgae 
first accumulated for posterior consumption. 

Nitrate Removal 

The nitrate removal percentage for the 5% leachate 
solution was 62.2%, while for the 10% leachate solution 
was 42.9%. It may be seen in Fig. 3 that the concentration 
of nitrates in the 5% solution began the bioassays with 
lower removal levels than the 10% solution, but on the 
sixth day, it showed a considerable removal of nitrates, 
which is consistent with the increase in cell growth of the 
microalgae in the 5% solution on this day (Fig. 3). 

Nitrogen is an essential nutrient required for the 
growth of microalgae and it is also the basic component 
of nucleic acids, amino acids, and all proteins, which are 
essential for the functioning of these microorganisms. 
Microalgae, to growth assimilate nitrogen that they 
remove from the environment. The nitrates (NO3

−) 
obtained  from  the   environment   must  be  reduced  to  
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Fig 3. Nitrate removal from leachate 

nitrites (NO2
−) and finally reduced to ammonium ion 

(NH4
+). This implies an energy expenditure, and then they 

incorporate it directly into the amino acids by 
condensation with glutamate [29]. In this study, the 
microalgae initially had to adapt to the high levels of 
contaminants in the leachate, which is reflected in the 
growth levels, and it was the 5% bioassays that achieved 
the greatest removal of nitrates and, therefore, the greatest 
cell density at the end of the bioassays (Fig. 3). Similar 
levels of nitrate removal were obtained by Chang et al. [1] 
that removing 61% of nitrates using C. vulgaris in 
photobioreactors and de Souza et al. [28] that obtained 
nitrate removal rates between 24 and 67% in leachates 
treated with Scenedesmus sp. microalga. 

Lipids Production 

The composition of the biomass obtained is critical 
data to evaluate the potential of the microalgae to produce 
biodiesel. Due to the fact that the bioassays with 5% 
dilution achieved the highest cell growth, only this one 
was analyzed to determine the percentage of lipids in the 
biomass. In this order of ideas, the biomass obtained from 
the Nanochloris sp. microalgae reached 23% lipids when 
exposed to 5% diluted leachate. 

Hernández-García et al. [30] reported a lipid content 
similar to this study was reported, reaching 20.0% of lipids 
while culturing Desmodesmus sp. and Scenedesmus obliquus 
in landfill leachate. Also, Paiva et al. [12] reported 16.6% 
of lipids with Chlorella sp. and Scenedesmus sp., Zhao et 

al. [31] reported values of 14.5 and 20.8% of lipid 
composition for Chlamydomonas sp. grown on landfill 
leachate. Hu et al. [22] obtained 26.0–29.0% lipids 
culturing C. vulgaris and S. dimorphus in landfill leachate. 
Viegas et al. [4] cultured C. vulgaris and obtained 23.8% 
of lipids and obtained 22.6% of lipids with Scenedesmus 
sp.. The lipid yields of the above authors were 
approximately the same as those found in this work. This 
means that if Nanochloris sp. culture conditions are 
optimized, the lipid composition could also be improved. 

■ CONCLUSION 

In this study, the bioremediation of leachate from 
a local landfill in Cartagena, Colombia was evaluated 
using the Nannochloris sp. microalgae. When compared 
to the control bioassay, the microalgae's growth showed 
an inhibition of between 20 and 30%. This could be 
attributed to the cultures' extremely high N:P ratio, high 
ammonium content, and black hue due to the leachate 
addition. The percentage of nutrient removal was high 
in both cases, which makes microalgae a feasible 
alternative to bioremediate this type of toxic waste. The 
production of lipids from Nannochloris sp. achieved a 
good level even in non-optimized conditions. This study 
demonstrated the successful cultivation of isolated 
native Nannochloris sp. using local landfill leachate for 
simultaneously remarkable nutrient removal and 
significant lipid production by this strain. 
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 Abstract: In this research, the synthesis of new substituted oxazolone derivatives is 
described via Erlenmeyer synthesis of N-acyl amino acid. Firstly, the azo derivative 1 was 
prepared by coupling the diazonium salt of 3-amino-4-methoxybenzoic acid with 4,5-
dichloroimidazole in sodium hydroxide solution. Benzoyl chloride derivative 2, the key 
intermediate of the synthesis, was synthesized by the acylation of azo-carboxylic acid 
derivative 1 with thionyl chloride. The resulting acyl chloride derivative reacted with 
glycine in a basic catalyst to form a hippuric acid derivative 3. After that, oxazolone 
derivatives 4a–4f were prepared via the reaction of the hippuric acid derivative with 
various aromatic aldehydes. All new compound structures were confirmed by spectral 
techniques, i.e., FTIR, 1H-NMR, 13C-NMR spectroscopy, and elemental analysis. The 
antimicrobial activity (Staphylococcus aureus and Escherichia coli) of all new compounds 
was screened in vitro. The results against S. aureus and E. coli showed that most of the 
tested compounds have an activity ranging from moderate to low. The antioxidant 
activity of derivative 4a was also evaluated and showed good antioxidant activity. 

Keywords: antibacterial; antioxidants; Erlenmeyer reaction; glycine; oxazolone 

 
■ INTRODUCTION 

The Erlenmeyer azlactones, also known as 4-
arylidene-2-substituted-5(4H)-oxazolones, were first 
introduced in 1983 by Friedrich Gustav Carl Emil 
Erlenmeyer [1]. This family of compounds is distinguished 
by its five-membered heterocyclic (γ-lactone) ring that 
contains nitrogen, oxygen atoms, and an exocyclic C=C 
[2]. Due to their broad range of biological and 
pharmacological qualities, they have attracted much more 
attention [3]. They serve as intermediates and suitable 
building blocks for the production of a variety of 
physiologic active compounds like amino acids and 
heterocyclic compounds [4-6]. In addition, these 
compounds are particularly effective as antioxidants [7], 
antitumors [8], antimicrobials [9], and antihypertensives 
[10] agents. The Erlenmeyer method is the most used 
method for creating oxazolones [11], which includes a 
condensation reaction of hippuric acid or its derivatives 

with aryl aldehydes in dehydrating agent as acetic 
anhydride and basic catalyst as anhydrous sodium acetate 
[12]. Among the numerous heterocyclic compounds 
containing nitrogen atoms, the imidazole ring, a typical 
component of natural products, has particular structural 
features and a variety of biological activities [13]. The 
unique structure of the imidazole ring was utilized to 
design, formulate, and develop imidazole-based 
therapeutic agents in medical fields, including 
anticonvulsant, antimicrobial, anticancer, anti-HIV, 
anti-hypertensive, antidepressant, anti-inflammatory, 
antileishmanial, pain-relieving, and anti-inflammatory 
[14-16]. Moreover, azo compounds have been used as 
hypotensive, anticancer, antifungal, antibacterial, anti-
inflammatory, and antiviral therapeutic agents [17-20]. 

Due to various pharmaceutical activities to 
oxazolone, imidazole, and azo functions and since 
differing substituents is a common method in medicinal 
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chemistry for drug design and as a continuation of 
previous studies, this study aimed to synthesize and study 
antibacterial and in vitro antioxidant activity of the new 
oxazolone derivatives. 

■ EXPERIMENTAL SECTION 

Materials 

In this study, the chemicals utilized included p-
anisic acid and 4,5-dichloroimidazole were purchased 
from Fluorochem. Thionyl chloride and p-
nitrobenzaldehyde were purchased from CDH while 3,4-
methoxybenzaldehyde, p-tolualdehyde, 2,2-diphenyl-1-
picrylhydrazyl (DPPH), ascorbic acid, DMSO, methanol 
and ethanol 99% were purchased from Sigma Aldrich. 
The vanillin, 4-bromobenzaldehyde, 4-
hydroxybenzaldehyde (TCL), acetic anhydride 99% 
(Scharlau), glycine, hydrochloric acid, sodium nitrite, 
Mueller–Hinton agar (Himedia), sodium hydroxide 
(B.D.H), and anhydrous sodium acetate (Fluka) were also 
used in this work. 

Instrumentation 

The digital melting point device from Stuart, UK 
was used to measure the melting points. The reactions 
were monitored on Merck silica gel plates TLC 60 F254 
and the products were visualized by iodine vapor. On a 
Bruker 400 MHz device, 1H and 13C-NMR spectra were 
obtained, tetramethylsilane was employed as an internal 
standard and DMSO-d6 as a solvent, values in parts per 
million are supplied for all NMR chemical shifts in 
University of Basrah, College of Education of Pure 
Sciences, Chemistry Department, Iraq. On the EuroFA 
elemental analyzer apparatus, elemental analysis (C.H.N) 
were counted. Infrared spectra were recorded and 
represented in wavenumber on (Shimadzu FTIR-8400S) 
spectrophotometer. 

Procedure 

Synthesis of azo derivative 3-((4,5-dichloro-1,3-
diazole-2-yl)diazenyl)-4-anisic acid (1) 

The synthesis was carried out in two steps, the first 
step includes diazonium salt formation by dissolving p-
anisic acid (0.16 g, 1 mmol) in an acidic solution 
consisting of distilled water (20 mL) and concentrated 

HCl (4 mL) with cooling to 0 °C. The solution was 
treated with sodium nitrite (0.069 g, 1 mmol) in distilled 
water (5 mL) at the same temperature and continued 
stirring the above mixture for half an hour. A clear 
solution of diazonium salt was obtained, which was used 
directly in the second step by adding it slowly to 4,5-
dichloroimidazole (0.13 g, 1 mmol) in absolute ethyl 
alcohol (15 mL) and (10 mL) of 10% NaOH with stirring 
for 2 h below 5 °C. The mixture was adjusted at pH 6 
[21], and the orange precipitate was formed, then 
isolated by filtering, washed many times with distilled 
water, dried, and recrystallization from absolute ethanol. 
An orange powder with a yield 90%, and a melting point 
231–233 °C, as shown in Scheme 1. 

FTIR using KBr, ν (cm−1): 3173 (NH imidazole), 
3400–2500 (OH carboxylic acid), 3070 (C–H aromatic), 
2993 (C–H aliphatic), 1604 (C=N imidazole), 1681 
(C=O), 1575–1504 (C=C aromatic), 1450 (N=N), 864 
(C–Cl). 1H-NMR (400 MHz, DMSO-d6), δ (ppm): 12.84 
(1H, br, OH), 11.74 (1H, s, NH), 7.40–8.14 (3H, m, 
aromatic), 4.06 (3H, s, OCH3). 13C-NMR spectrum 
(DMSO-d6, 100 MHz, δC, ppm): 56.8 (C-17), 114.0 (C-
15), 117.9 (C-13), 123.5 (C-12), 128.5 (C-2), 131.0 (C-
131), 134.8 (C-14), 141.0 (C-11), 150.9 (C-5), 160.3 (C-
10), 167.0 (C-18). C11H8Cl2N4O3, Found, %: C 41.73; H 
2.74; N 17.75. Calculated, %: C 41.93; H 2.56; N 17.78. 

Synthesis of 3-((4,5-dichloro-1,3-diazole-2-
yl)diazenyl)-4-methoxybenzoyl chloride (2) 

To a carboxylic acid derivative 1 (0.3 g, 1 mmol), 
thionyl chloride (13.7 mol, 6 mL) was added slowly by a 
dropping funnel with stirring at room temperature, then 
refluxed at 70 °C for 7 h. After the completion of the 
reaction (followed up by TLC), the excess thionyl 
chloride was removed by reduced pressure and the 
product was used immediately in the next step [22]. A 
red powder with a yield of 91%, and a melting point of 
195–197 °C, as shown in Scheme 1. 

FTIR using KBr, ν (cm−1): 3172 (N–H), 3085 (C–H 
aromatic), 2846 (C–H aliphatic), 1751(C=O acyl), 1604 
(C=N imidazole), 1535–1512 (C=C aromatic), 1442 
(N=N aromatic) and 825 (C–Cl). 1H-NMR (400 MHz, 
DMSO-d6), δ (ppm): 11.83 (s, 1H, NH), 7.25–8.09 (m, 
3H, aromatic), 3.91 (s, 3H, OCH3). 13C-NMR (100 MHz, 
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DMSO-d6, δ, ppm): 171.1 (C-17), 155.8 (C-10), 148.8 (C-
5), 142.2 (C-11), 131.8 (C-14), 131.5 (C-3), 129.8 (C-12), 
128.7 (C-13), 122.7 (C-2), 114.2 (C-15) and 57.0 (C-20). 
Found, %: C 39.20; H 2.22; N 16.13. C11H7Cl3N4O2. 
Calculated, %: C 39.60; H 2.12; N 16.97. 

Synthesis of (3-((4,5-dichloro-1,3-diazole-2-
yl)diazenyl)-4-methoxybenzoyl) glycine (3) 

Aryl benzoyl chloride 2 (0.333 g, 1 mmol) in a 
minimum amount of acetone was added slowly over a 
30 min period with portions to a mixture of glycine 
(0.075 g, 1 mmol) and sodium hydroxide (10 mL, 10%). 
The reaction mixture continued stirring vigorously for 
one day at room temperature, and the reaction progress 
was monitored through TLC (benzene: methanol 4:1, 
v/v). Crushed ice was added to the mixture and then 
acidified with HCl (concentrated) to pH 2–3. The formed 
precipitate was filtered and washed several times with 
cold distilled water, dried, and recrystallized from 
methanol [23]. The reddish-orange powder with a yield of 
64% and the melting point of the compound (decompose 
at 196 °C), as shown in Scheme 1. 

FTIR using KBr, ν (cm−1): 2543–3548 (O–H acid), 
3371 (N–H amide), 3178 (N–H), 3070 (C–H aromatic), 
2985, 2846 (C–H aliphatic), 1712 (C=O acid), 1697 (C=O 
amide), 1604 (C=N imidazole), 1535–1504 (C=C 
aromatic), 1450 (N=N) and 825 (C–Cl). 1H-NMR 
(400 MHz, DMSO-d6), δ (ppm): 12.95 (br s, 1H, OH acid), 
11.96 (s, 1H, NH imidazole), 7.40–8.19 (m, 3H, aromatic), 
7.84 (s, 1H, NH amide), 4.05 (s, 2H, CH2), 3.83 (s, 3H, 
OCH3). 13C-NMR (100 MHz, DMSO-d6, δ, ppm): 172.2 
(C-22), 167.7 (C-16), 151.4 (C-10), 148.8 (C-5), 142.2 (C-
11), 131.7 (C-14), 128.1 (C-13), 125.3 (C-3), 124.0 (C-12), 
123.7 (C-2), 114.1 (C-15), 56.9 (C-21) and 46.3 (C-18). 
Found, %: C 41.61; H 2.83; N 18.16. C13H11Cl2N5O4. 
Calculated, %: C 41.95; H 2.97; N 18.86. 

Synthesis of 2-substituted-4-arylidene-5(4H)-
oxazolones derivatives (4a-4f) 

A mixture of N-acyl amino acid compound 3 
(0.37 g, 1 mmol), various aromatic aldehydes (1 mmol), 
anhydrous sodium acetate (1 mmol), and acetic 
anhydride (20 mL, 10.5 mol) was shaken for 30 min at 
room temperature. Then, the mixture was refluxed at  
 

80 °C. Absolute ethanol (5 mL) was added slowly with 
stirring after the completion of the reaction (TLC 
monitored), the pot of reaction was left standing 
overnight, and the solid product was filtered, washed 
with distilled water, dried, and recrystallized using 
ethanol [24], as shown in Scheme 1. 
2-(3-((4,5-Dichloro-l,3-diazole-2-yl)diazenyl)-4-
methoxyphenyl)-4-(4-hydroxybenzylidene)oxazol-
5(4H)-one (4a). 4-Hydroxybenzaldehyde (0.12 g, 
1 mmol), Dark brown powder with a yield (65%), and a 
melting point of 229–231 °C, Rf = 0.65 (benzene: 
methanol 4:1, v/v). FTIR using KBr, ν (cm−l): 3394 (O–
H), 3163 (N–H), 3132 (C–H aromatic), 3008 (C–H 
olefin), 2908, 2839 (C–H aliphatic), 1733 (C=O 
oxazolone), 1675 (C=N oxazolone), 1650 (C=N 
imidazole), 1604 (C=C alkene), 1558–1512 (C=C 
aromatic), 1458 (N=N aromatic), 1218 (C–O) and 840 
(C–Cl). 1H-NMR (400 MHz, DMSO-d6), δ (ppm): 11.32 
(br s, 1H, NH), 8.80 (s, 1H, C–H olefin), 6.93–8.24 (m, 
7H, aromatic), 7.82 (br s, 1H, OH), 3.99 (s, 3H, OCH3). 
13C-NMR (100 MHz, DMSO-d6, δ, ppm): 168.9 (C-19), 
166.1 (C-18), 160.1 (C-25), 155.4 (C-10), 148.8 (C-5), 
144.2 (C-11), 137.5 (C-16), 134.7 (C-23,27), 132.3 (C-
21), 130.1 (C-14), 128.5 (C-22), 126.7 (C-12), 126.4 (C-
3), 124.1 (C-2), 121.7 (C-13), 116.3 (C-26,24), 111.7 (C-
15), and 56.4 (C-30). Found, %: C 52.70; H 2.69; N 15.45. 
C20H13Cl2N5O4. Calculated, %: C 52.42; H 2.86; N 15.28. 
4-(4-Bromobenzylidene)-2-(3-((4,5-dichloro-1,3-
diazole-2-yl)diazenyl)-4-methoxyphenyl)oxazol-
5(4H)-one (4b). 4-Bromobenzaldehyde (0.18 g, 
1 mmol), Light brown powder with a yield 69%, and the 
melting point 210–212 °C, Rf = 0.3 (hexane: ethyl acetate 
5:1, v/v). FTIR using KBr, ν (cm−l): 3163 (N–H), 3101 
(C–H aromatic), 3085 (C–H olefin), 2931, 2854 (C–H 
aliphatic), 1778 (C=O oxazolone), 1680 (C=N 
oxazolone), 1650 (C=N imidazole), 1612 (C=C alkene), 
1558–1519 (C=C aromatic), 1458 (N=N aromatic), 1226 
(C–O) and 887 (C–Cl). 1H-NMR (400 MHz, DMSO-d6), 
δ (ppm): 11.82 (br s, 1H, NH), 8.92 (s, 1H, C–H olefin), 
7.03–8.27 (m, 7H, aromatic), 3.89 (s, 3H, OCH3). 13C-
NMR (100 MHz, DMSO-d6, δ, ppm): 167.3 (C-19), 161.9 
(C-18), 155.4 (C-10), 149.1 (C-5), 138.3 (C-11), 135.4 
(C-16), 134.4 (C-24,26),132.7 (C-22), 132.1 (C-23,27), 
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128.3 (C-12), 128.0 (C-3), 123.9 (C-25), 121.6 (C-2), 121.5 
(C-13), 112.6 (C-15), and 57.2 (C-30). Found, %: C 46.21; 
H 2.55; N 13.63. C20H12BrCl2N5O3. Calculated, %: C 46.09; 
H 2.32; N 13.43. 
2-(3-((4,5-Dichloro-l,3-diazole-2-y1)diazenyl)-4-
methoxyphenyl)-4-(3,4-
dimethoxybenzylidene)oxazol-5(4H)-one (4c). 3,4-
Dimethoxybenzaldehyde (0.16 g, 1 mmol), Caramel color 
powder with a yield 63%, and the melting point 137–
139 °C, Rf = 0.6 (chloroform: methanol 4:1, v/v). FTIR 
using KBr, ν (cm−1): 3178 (N–H), 3132 (C–H aromatic), 
3078 (C–H olefin), 2962, 2839 (C–H aliphatic), 1727 
(C=O oxazolone), 1668 (C=N oxazolone), 1634 (C=N 
imidazole), 1610 (C=C olefin), 1589–1512 (C=C 
aromatic), 1458 (N=N aromatic), 1272 (C–O) and 810 
(C–Cl). 1H-NMR (400 MHz, DMSO-d6), δ (ppm): 11.83 
(br s, 1H, NH), 8.42 (s, 1H, C–H olefin), 7.02–8.28 (m, 6H, 
aromatic), 4.00 (s, 3H, OCH3), 3.88 (s, 3H, OCH3), 3.70 (s, 
3H, OCH3). 13C-NMR (100 MHz, DMSO-d6, δ, ppm): 
166.0 (C-19), 160.9 (C-18), 154.6 (C-10), 150.4 (C-25), 
149.7 (C-26), 148.1 (C-5), 144.9 (C-11), 131.8 (C-16), 
130.7 (C-24), 130 (C-14), 129.9 (C-22), 128.9 (C-23), 
127.7 (C-3), 126.6 (C-12), 122.6 (C-2), 121.5 (C-13), 114.2 
(C-27), 112.6 (C-24), 111.7 (C-15), 56.2 (C-29), 56.3 (C-
32), and 56.9 (C-34). Found, %: C 52.86; H 3.09; N 13.52. 
C22H17Cl2N5O5. Calculated, %: C 52.60; H 3.41; N 13.94. 
2-(3-((4,5-Dichloro-l,3-diazole-2-yl)diazenyl)-4-
methoxyphenyl)-4-(4-hydroxy-3-
methoxybenzylidene)oxazol-5(4H)-one (4d). Vanillin 
(0.15 g, 1 mmol), Umber color powder, Yield (71%), 
m.p = 151–153 °C, Rf = 0.5 (chloroform: methanol 4:1, 
v/v).FTIR using KBr, ν (cm−1): 3271 (O–H), 3163 (N–H), 
3132 (C–H aromatic), 3016 (C–H olefin), 2947, 2839 (C–
H aliphatic), 1715 (C=O oxazolone), 1662 (C=N 
oxazolone), 1645 (C=N imidazole), 1635 (C=C olefin), 
1589–1512 (C=C aromatic), 1458 (N=N aromatic), 1218 
(C–O) and 825 (C–Cl). 1H-NMR (400 MHz, DMSO-d6), 
δ (ppm): 11.83 (br s, 1H, NH), 9.27 (br s, 1H, OH), 8.25 
(s, 1H, C–H olefin), 7.01–8.13 (m, 6H, aromatic), 3.98 (s, 
3H, OCH3), 3.82 (s, 3H, OCH3). 13C-NMR (100 MHz, 
DMSO-d6, δ, ppm): 166.9 (C-19), 160.2 (C-18), 155.1 (C-
10), 153.6 (C-25), 149.5 (C-5), 148.6 (C-26), 144.5 (C-11), 
136.1 (C-16), 135.9 (C-21), 131.8 (C-14), 129.9 (C-23), 

129.09 (C-3), 126.5 (C-22), 123.9 (C-12), 123.2 (C-2), 
119.8 (C-13), 114.2 (C-24), 113.0 (C-27), 111.1 (C-15), 
56.0 (C-30), and 55.9 (C-33). Found, %: C 51.75; H 3.22; 
N 14.19. C21H15Cl2N5O5. Calculated, %: C 51.65; H 3.09; 
N 14.34. 
2-(3-((4,5-Dichloro-1,3-diazole-2-yl)diazenyl)-4-
methoxyphenyl)-4-(4-methylbenzylidene)oxazol-
5(4H)-one (4e). 4-Methylbenzaldehyde (0.12 g, 
1 mmol), Brown powder with a yield 70%, and the 
melting point 215–217 °C, Rf = 0.35 (chloroform: 
methanol 4:1, v/v). FTIR using KBr, ν (cm−1): 3209 (N–
H), 3147 (C–H aromatic), 3093 (C–H olefin), 2923, 2854 
(C–H aliphatic), 1740 (C=O oxazolone), 1685 (C=N 
oxazolone), 1660 (C=N imidazole), 1623 (C=C olefin), 
1604–1512 (C=C aromatic), 1442 (N=N aromatic), 1265 
(C–O) and 825 (C–Cl). 1H-NMR (400 MHz, DMSO-d6), 
δ (ppm): 11.83 (br s, 1H, NH), 8.63 (s, 1H, C–H olefin), 
7.01–8.57 (m, 7H, aromatic), 3.99 (s, 3H, OCH3), 2.37 (s, 
3H, CH3). 13C-NMR (100 MHz, DMSO-d6, δ, ppm): 
166.7 (C-19), 159.3 (C-18), 155.0 (C-10), 145.6 (C-5), 
144.6 (C-11), 138.1 (C-25), 136.9 (C-16), 136.0 (C-22), 
135.1 (C-21), 133.2 (C-14), 131.8 (C-23,27), 129.8 (C-
26,24), 129.6 (C-12), 126.3 (C-3), 123.3 (C-2), 121.3 (C-
13), 114.2 (C-15), 56.0 (C-30), and 21.6 (C-28). Found, 
%: C 55.61; H 3.08; N 15.67. C21H15Cl2N5O3. Calculated, 
%: C 55.29; H 3.31; N 15.35. 
2-(3-((4,5-Dichloro-1,3-diazole-2-yl)diazenyl)-4-
methoxyphenyl)-4-(4-nitrobenzylidene)oxazol-
5(4H)-one (4f). 4-Nitrobenzaldehyde (0.15 g, 1 mmol), 
Reddish brown powder with a yield 75%, and the 
melting point 240–242 °C, Rf = 0.55 (benzene: methanol 
4:1, v/v). FTIR using KBr, ν (cm−1): 3209 (N–H), 3109 
(C–H aromatic), 3085 (C–H olefin), 2908, 2846 (C–H 
aliphatic), 1789 (C=O oxazolone), 1698 (C=N 
oxazolone), 1655 (C=N imidazole), 1633 (C=C olefin), 
1527–1546 (C=C aromatic), 1458 (N=N aromatic), 1265 
(C–O), 848 (C–Cl) and 1564, 1378 (NO2). 1H-NMR 
(400 MHz, DMSO-d6), δ (ppm): 11.84 (br s, 1H, NH), 
8.88 (s, 1H, C–H olefin), 7.20–8.42 (m, 7H, aromatic), 
3.89 (s, 3H, OCH3). 13C-NMR (100 MHz, DMSO-d6, δ, 
ppm): 167.4 (C-19), 160.9 (C-18), 155.8 (C-10), 148.2 
(C-5), 147.6 (C-25), 144.9 (C-11), 136.8 (C-22), 131.8 
(C-16), 131.4 (C-23,27), 131.1 (C-21), 130.8 (C-14), 



Indones. J. Chem., 2023, 23 (5), 1463 - 1471    

 

Lina Saadi and Shaimaa Adnan 
 

1467 

124.7 (C-3), 124.5 (C-12), 124.2 (C-24,26), 123.4 (C-2), 
122.3 (C-13), 114.2 (C-15), and 56.4 (C-29). Found, %: C 
49.58; H 2.56; N 17.40. C20H12Cl2N6O5. Calculated, %: C 
49.30; H 2.48; N 17.25. 

■ RESULTS AND DISCUSSION 

The study design includes the synthesis of new 
oxazolone derivatives bearing imidazole moiety. The 
synthesis of different derivatives 1–3 and target 
compounds 4a–4f is outlined in Scheme 1. At first, we 
prepared azo derivative 1 with a high yield of 90% through 
the general method that includes two steps, diazotization 
of primary amine and then coupling with aromatic 
compound. The produced azo derivative 1 was used to 
synthesize acid chloride derivative 2 under anhydrous 
conditions in a high yield of 91% with thionyl chloride. 

Then, compound 2 was used immediately in the 
Schotten Baumann reaction by reacting with glycine in 
10% NaOH to afford hippuric acid derivative 3 through 
the nucleophilic displacement mechanism. Compound 
3 was utilized to synthesize oxazolone derivatives 4a–4f 
by Erlenmeyer condensation reaction with acetic 
anhydride in the presence of anhydrous sodium acetate 
and different aldehydes (4-hydroxybenzaldehyde, 4-
bromobenzaldehyde, 3,4-dimethoxybenzaldehyde, 
vanillin, p-tolualdehyde, and 4-nitrobenzaldehyde). One 
of the observations that attracted our attention during 
the synthesis of oxazolone derivatives is that the reaction 
time is directly affected by the type of benzaldehyde 
used. It was observed that the substituted benzaldehyde 
with NO2 and Br groups required 10 and 15 h to complete 
the   reaction,   respectively.   Meanwhile,   benzaldehydes  

 
Scheme 1. Synthesis of oxazolone derivatives (4a–4f) 
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substituted with electron-donating groups such as OH 
and OCH3, needed more time, 21 and 23 h, respectively. 
It is clear that the substituents in the aromatic ring play an 
essential role in determining the reaction time and rate. 
All synthesized compounds were characterized by 
spectral techniques like 1H, 13C-NMR, and FTIR in 
addition to C.H.N analyses. 

The FTIR spectrum results showed that compound 
1 has a medium band at 1450 cm−1 due to the azo group. 
The stretching vibration of the carbonyl of acid showed a 
strong band at 1661 cm−1. The 1H-NMR spectrum of 
compound 1 shows a broad peak at 12.84 ppm due to acid 
proton and also a single peak at 11.74 ppm attributed to 
(NH imidazole) while 13C-NMR spectra show signals at 
167.0 for the carbon of carbonyl acid. 

The FTIR analysis of compound 2 shows a shifting 
of the carbonyl band of acid to higher frequencies at 
1751 cm−1, indicating the formation of acid chloride in 
addition to the disappearance of a broad band of acid 
hydroxyl. The 1H-NMR spectra of compound 2 show the 
disappearance of hydroxyl protons of acid while 13C-NMR 
gives an important signal at 171.1 ppm belonging to the 
carbon of carbonyl group. 

The FTIR analysis of compound 3 shows 
characterized new bands. The broad band at 2543–
3548 cm−1 belongs to OH acid (Glycine). Also, sharp 
bands attributed to carbonyl groups at 1697 and 
1712 cm−1. In addition to a new stretching vibration of 
NH amide bond appearance at 3371 cm−1. 

The 1H-NMR of compound 3 shows many peaks, at 
12.95 ppm belonging to (OH acid). Another new single 
peak belongs to the NH amide proton at 7.89 ppm in 
addition to methylene (CH2) protons at 4.05 ppm. On the 
other hand, 13C-NMR gives new signals at 172 ppm 
belonging to the carbonyl of acid. A characteristic signal 
at 167.7 ppm was attributed to the carbonyl of amide. The 
methylene group also gave a new signal at 46.3 ppm. 

Compounds 4a–4f that synthesized by the reaction 
between compound 3 and various aromatic aldehydes. 
These compounds show many new bands at different 
regions in FTIR spectra; the new bands in the range 3008–
3093 cm−1 belong to the olefin C–H bond in oxazolone  
 

derivatives. Other new bands in the range 1662–
1698 cm−1 were attributed to (C=N Oxazolone), the 
stretching vibration at 1715–1789 cm−1 belong to (C=O 
oxazolone), new C=C olefin bands also appear in the 
range 1604–1635 cm−1 while absorption bands of C–O of 
oxazolone ring appear in the fingerprint region in the 
range 1218–1265 cm−1. 

1H-NMR of compounds 4a–4f shows the 
appearance of new peaks in the range 8.90–8.25 ppm 
belonging to =C-H olefin proton. On the other hand, 
13C-NMR spectra of compounds 4a–4f were given 
special packages; the bands at the range 159–166 ppm 
were attributed to the carbon of C=N oxazolone (C-18), 
the bands in the range 160–168 ppm were attributed to 
the carbon of C=O oxazolone (C-19). Elemental analysis 
was also performed for the prepared compounds, and it 
was found that the theoretical or calculated value is close 
to the practical value, and thus this supports the validity 
of the synthesized chemical compositions. 

The compounds were screened for their growth 
inhibition activity in vitro against two types of bacterial 
strains, Gram-positive and -negative, and derivative 4a 
was also tested for its antioxidant activity. 

Antibacterial Effectiveness 

The well plate method was utilized to evaluate the 
newly synthesized derivatives in vitro against Gram-
positive (Staphylococcus aureus) and Gram-negative 
(Escherichia coli) microorganisms [25-26] where was 
taken 100 μg/mL concentration from each compound in 
dimethyl sulfoxide (DMSO) as a solvent, after incubation 
for 24 h, the inhibitory zone diameter has been calculated. 
Most of the evaluated compounds that underwent 
antibacterial testing exhibited moderate activity against 
the growth of the tested microbial strains. 

The findings indicated that, among synthetic 
compounds, 4a showed no activity against S. aureus 
(inhibition zone less than 5 mm), while 3, 4b, 4c, 4d, 4e, 
and 4f showed low activity against S. aureus bacteria. On 
the other hand, E. coli response to the produced 
chemicals was better, ranging between moderate and low 
activities, whereas compounds 3, 4a, 4d, and 4f showed  
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Table 1. Antimicrobial activity zone of synthesized 
compounds 

Compounds 
Inhibition zone diameter (mm) 

E. coli S. aureus 
2 10 5 
3 11 7 
4a 12 3 
4b 10 5 
4c 9 10 
4d 12 7 
4e 6 8 
4f 13 6 
S1(Amoxicillin drug) 15 14 
S2(Ciprofloxacin drug) 40 25 
DMSO - - 

moderate activities, which have a higher inhibition zone 
than the rest of the synthesized compounds. The 
inhibition zone diameters were classified as very strong 
(≥ 20 mm), strong (15–20 mm), moderate (10–15 mm), 
weak or low (< 10 mm) [27-28]. 

The results of the structure-activity relationship of 
the synthesized compounds oxazolone 4a–4f have shown 
that the derivatives 4a, 4d, and 4f that contain strong 
electron donating groups such as OH and OCH3 in para 
and meta positions and strong electron withdrawal groups 
as NO2 in the para position, respectively, showed higher 
inhibitory activity than the rest of the other derivatives. 
The presence of halogen group (4b) and methyl group 
(4e) in the p-position of the phenyl ring does not have a 
significant influence on the activity. It should be noted 
that the effect of hydroxy, methoxy, and nitro groups is 
higher on E. coli than S. aureus. Table 1 indicates 
antibacterial efficiency as compared to the reference drugs. 

Antioxidant Activity 

The antioxidant activity of the prepared oxazolone 
derivative containing the hydroxyl group was evaluated 
using the rapid method (DPPH radical scavenging) in 

which the DPPH radical is characterized by its strong 
absorption and at a wavelength of 517 nm [29-31], 
which changes color in the presence of an oxidizing 
substance from violet to yellow. Methanol-DMSO 
mixture was used as the sample solvent. 

One of the target compounds, which is the 
oxazolone derivative 4a, was chosen to test its ability to 
scavenge free radicals, as we expected that the oxazolone 
derivative 4a could give higher antioxidant activity than 
the other synthesized compounds because it possesses a 
hydroxyl group at the phenyl ring that can donate a 
hydrogen atom to the free radical DPPH and converts it 
to a stable molecule. The experimental results of 
compound 4a supported our previous expectations, as 
they demonstrated that compound 4a has a significant 
free radical scavenging rate of 77% and is close to 
vitamin C. The antioxidant capacity of a synthetic 
derivative 4a was examined utilizing several 
concentrations from 200 to 12.5 μg/mL. The percentage 
inhibition of DPPH scavenging activity showed that 
200 μg/mL, the highest dose of the tested compound 4a 
had the highest antioxidant activity (77.16%) with IC50 
of 23.40 μg/mL compared to ascorbic acid (80.36%) with 
IC50 of 21.04 μg/mL, which was used as a standard. Data 
are depicted as mean ± SD. Table 2 illustrates the results 
of antioxidant efficiency. 

■ CONCLUSION 

In summary, this study has synthesized new 
imidazole-based oxazolone derivatives from the 
condensation of hippuric acid derivative with aromatic 
aldehydes with different substituents and evaluated their 
antibacterial and antioxidant activities. The results 
above indicate that the p-nitro substituted group on the 
benzene ring of oxazolone derivative highly affects the 
antibacterial activity against E. coli, the same effect shown 
in a hydroxy group at the same position and a methoxy 
group at the meta position.  Furthermore, the oxazolone  

Table 2. Antioxidant activity of synthesized compound 4a 

Compound 
Inhibition of DPPH (%) 

IC50, μg/mL 
200 μg/mL 100 μg/mL 50 μg/mL 25 μg/mL 12.5 μg/mL 

4a 77.16 ± 2.41 71.37 ± 6.21 65.93 ± 2.41 51.47 ± 3.07 43.48 ± 3.57 23.40 
Ascorbic acid (standard) 80.36 ± 2.87 69.48 ± 3.71 54.48 ± 2.41 40.43 ± 7.08 17.63 ± 7.20 21.04 
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derivative 4a that evaluated its antioxidant activity 
exhibited good and close action to the activity of the 
standard drug used for the purpose of comparison in this 
study in the DPPH test. However, more research focusing 
on the mechanisms of action of oxazolones on bacterial 
response is needed. 
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 Abstract: Soil pollution with heavy metals has become a serious global threat, largely 
due to anthropogenic activities, and cadmium (Cd) is one of the most toxic known heavy 
metals. This study aimed to assess cadmium levels in several agricultural soils in several 
Syrian regions. Soil samples were taken from six agricultural lands, prepared, and 
processed to determine the total content of cadmium using a graphite furnace atomic 
absorption spectrometry. The results showed that the values of cadmium concentration 
ranged between 0.60 and 1.48 ppm in the studied soil samples, exceeding the permissible 
limit in some areas. Cadmium values were higher in farmland soils near industrial 
facilities  than those far from them  .This study indicates the spread of Cd contamination 
throughout the study area, significantly near the industrial activities; thus, it may impact 
local agricultural production safety and human health. 

Keywords: cadmium; contamination; agricultural soil; atomic absorption spectrometry 

 
■ INTRODUCTION 

Soil pollution with heavy metals has become a 
serious global threat to the ecosystem and food security 
[1]. This may occur mainly due to anthropogenic 
activities resulting from rapid development in agriculture 
and industry, urbanization, and increment growth of the 
population [1-2]. These anthropogenic activities, such as 
mining and processing of metal ores, burning of fossil 
fuels, using fertilizers, including sewage sludge and 
pesticides, transport, and many other industrial 
processes, have caused an accumulation of heavy metals 
in soil and in plants [1-3]. This makes its impact on the 
safety of agricultural products a significant concern [4]. 

Heavy metals are toxic and non-degradable, and 
their presence in soil persists long after being released into 
the environment [5-7]. They can result in potential health 
risks to human beings and ecosystems through direct 
ingestion or contact with contaminated soil, the food 
chain (soil-plant-human or soil-plant-animal-human), 
drinking of contaminated groundwater, reduction in food 
quality, and reduction in land usability for agricultural 
production [5-6]. In addition, Heavy metal 
contamination in soil has a combined worldwide 

economic impact estimated to be more than US$10 
billion per year [1]. 

Cadmium (Cd) is one of the heavy metals known 
widely and the most toxic [4,8]. Cadmium is used in 
Ni/Cd batteries, anticorrosive coatings for metals, 
pigments, polyvinyl chloride (PVC) stabilizers, and 
alloys and electronic compounds. Cd is also an impurity 
in several products, including phosphate fertilizers, 
detergents, and refined petroleum products [4-9]. The 
application of agricultural inputs containing Cd, such as 
fertilizers, pesticides, and biosolids (sewage sludge), the 
disposal of industrial wastes, or the deposition of 
atmospheric contaminants increases the total 
concentration of Cd in soils [5-9]. 

Exposure to Cd can cause various deleterious 
effects on cellular molecules, mainly due to oxidant–
antioxidant imbalance [1]. Moreover, Cd has been 
implicated in the pathogenesis of many cancers, itai–itai 
disease, and cardiovascular diseases, inducing 
nephrotoxicity and osteotoxicity and impairing the 
function of the immune system [1,8]. 

Evaluating the contamination of cultivated soil 
with heavy metals can help judge whether the soil meets 
the standard and whether the pollution will threaten 
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human health and the ecological environment. In 
addition, it may provide a scientific basis for determining 
the heavy metals whose control needs to be a priority and 
managing the potential health risks. 

Owing to the hazard of Cd, the presence of several 
anthropogenic activities that can release Cd into the 
environment near some cultivated lands, and the toxic 
effects that may result on human health and the 
environment, this study aimed to determine the 
concentration of Cd in several agricultural soils in Syria 
and to assess the extent of their contamination due to the 
spread of the metal pollution from waste dumpsites to 
these agricultural areas. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were concentrated 
nitric acid (Sigma-Aldrich), and concentrated 
hydrochloric acid (Sigma-Aldrich). 

Instrumentation 

The digestion was done in Anton Paar-Multiwave 
3000 microwave (Scientific Instruments), and the Cd  
 

concentration was measured using graphite furnace 
atomic absorption spectrometry (GF-AAS ZEEnit 700 P, 
Analytik Jena AG, Germany). Soil pH was measured by 
a pH meter (Boeco, BT-600, Germany). 

Procedure 

Study area 
Six typical agricultural soils in Damascus and 

Homs were selected as the study areas. Deir Ali is a small 
town in southern Syria administratively subordinate to 
the Damascus countryside. Ibn Al-Nafees region is 
located in the north of Damascus and contains orchards, 
including those of Abu Jarash. Al-Mleha is a town in the 
Ghouta area of Damascus countryside, west of 
Jaramana. Qattinah is a village in central Syria, located 
south of Homs. Tall al-Shawr is a village located in the 
southwest of Homs. Finally, Hassia is an industrial city 
40 km from Homs, as shown in Fig. 1. 

Collection and treatment of soil samples 
The top surface soil samples (0–25 cm deep) were 

collected randomly from the agricultural lands in self-
locking polyethylene bags and transported to the 
laboratory. After collection, pebbles, and twigs were  
 

 
Fig 1. Location map of the sampling points in the study area 
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removed. The samples were air-dried at room 
temperature, grounded, homogenized, and sieved 
through a 2 mm stainless steel sieve. Finally, fine powder 
was stored until analysis. 

Sample preparation and analysis 
Sixty soil samples were processed to assess the total 

concentration of Cd. To estimate the whole content of Cd, 
a 0.6 g dried soil sample was digested with acid mixture of 
concentrated nitric acid and concentrated hydrochloric 
acid (5 mL HNO3 + 1 mL HCl) in the microwave 
digestion system for 15 min according to the US EPA 
method 3051A (the protocol followed in the laboratories 
of the Ministry of Local Administration and 
Environment), where it was put in heat and pressure 
resistant Teflon tube. The digested samples were then 
filtered through the filter paper. 

The extracts of soil samples were digitized and ready 
to be read in graphite furnace atomic absorption 
spectrometry. The metal standards were prepared from a 
stock solution of 1000 ppm by successive dilutions to get 
the following solution concentrations of Cd (0, 0.2, 0.5, 
1 ppm). All measurements were made in triplicates. Soil 
pH was conveniently measured in (1/2.5) soil/water 
suspensions using a pH meter. 

Statistical analysis 
Descriptive statistics, including maximum, 

minimum, mean, and standard deviation were calculated. 
Regression coefficients and ANOVA were used to identify 
the relationship between soil pH and Cd concentration. 

■ RESULTS AND DISCUSSION 

The pH is a main factor in assessing the mobility 
and retention of heavy metals in soils [10]. The range of 
pH values was from 1.3 to 8.1, indicating that the soil in 
the study areas was strongly acidic and slightly alkaline, 
Table 1. Changes in pH seem to be one of the most 
important factors affecting heavy metal content in soil. 
Soil acidity increases the absorption of heavy metals, 
while the alkalinity of the soil may reduce the retention 
of heavy metals. In other words, lower soil pH will 
increase the activity of heavy metal ions and enhance 
bioavailability [10-11]. Table 2 shows the study of the 
relationship between soil pH and Cd metal 
concentration by applying a regression coefficient 
(P > 0.05). So, this study found no linear correlation 
between pH soil and Cd content, Fig. 2. Although Cd is 
one of the most mobile heavy metals in the environment, 

this may be attributed to the physicochemical properties 
of soil and the surrounding anthropogenic activities that 
can affect the soil pH [12-13]. 

Table 1. Results of soil pH 
Region pH 
Deir Ali 1.6 
Ibn Al-Nafees Orchards 1.3–1.6 
Al-Mleha 7.9–8.0 
Tall Al-Shawr 7.7–7.9 
Qattinah 7.3–7.5 
Hassia 7.8–8.1 

 
Fig 2. Correlation between pH and Cd concentration 
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Table 2. Regression coefficient and ANOVA results of pH with Cd concentration 
Regression: 

Model R R Square Adjusted R Square Std. Error of the 
Estimate 

1 .067a .005 -.051 3.21173 
Predictors: (Constant), Cd Concentration 
ANOVAa 

Model Sum of 
Squares df Mean Square F Sig. 

1 Regression .848 1 .848 .082 .778b 
Residual 185.674 18 10.315   
Total 186.522 19    

a. Dependent Variable: pH 
b. Predictors: (Constant), Cd Concentration 
Coefficientsa 

Model 
Unstandardized 

Coefficients Standardized Coefficients t Sig. 

B Std. Error Beta   
1 (Constant) 6.141 3.123  1.967 .065 

Cd Concentration -.889 3.099 -.067 -.287 .778 
a. Dependent Variable: pH 
The statistical tables showed (P > 0.05), So there is no linear correlation between soil pH and Cd concentration. 

 
There is a growing environmental concern about Cd 

being one of the most ecotoxic metals, exhibiting highly 
adverse effects on soil health, biological activity, plant 
metabolism, and the health of humans and animals [14-
15]. It is worth noting that the permissible limit of Cd, 
according to the Syrian standard, is 1 ppm. 

The measurement results showed that the values of 
Cd concentration ranged between 0.60 and 1.48 ppm in 
the studied soil samples, and the highest measured value 
for Cd was in sample No. (7), which was taken from the 
orchards of Abu Jarash in the Damascus Ibn al-Nafees 
area, while the Cd's lowest value was in sample No. (3), 

which was taken from the workers' housing for Deir Ali 
thermal station in Damascus countryside. Descriptive 
statistical characteristics of the soil Cd content are 
shown in Table 3 according to each area. 

The results found that the highest value of the 
average Cd concentration was for the samples of Ibn Al-
Nafees orchards, where the values exceeded 1 ppm in 
most points. In comparison, it was more dispersed in 
both Qattinah and Hassia Industrial City despite 
exceeding the value of 1 ppm at some points, then Tall 
Al-Shawr, and finally the Deir Ali thermal station and 
Al-Mleha, Fig. 3. 

Table 3. Descriptive statistics of the soil cadmium content according to each area 
 Sample 

number 
Minimum 

value 
Maximum 

value Mean 
Standard 
deviation Median 

Deir Ali 9 0.60 1.09 0.77 0.21 0.66 
Ibn Al-Nafees Orchards 15 0.85 1.48 1.13 0.19 1.07 
Al-Mleha 6 0.67 0.94 0.78 0.09 0.77 
Tall Al-Shawr 12 0.66 1.33 0.98 0.22 0.94 
Qattinah 6 0.74 1.47 1.03 0.31 0.94 
Hassia 12 0.71 1.41 1.03 0.22 1.00 



Indones. J. Chem., 2023, 23 (5), 1472 - 1478    

 

Ranim Ibrahim et al. 
 

1476 

 
Fig 3. Quartile distribution of cadmium in the soil samples 

 
Cd in Ibn Al-Nafees orchards may be attributed to 

the widespread use of cadmium in various industries near 
this area, such as battery production, tanning, and dyeing. 
This was consistent with the study of Amouei et al. [16] 
and Sor et al. [17], where the levels of metals, including 
Cd, are higher in industrial lands or near them than that 
in remote lands due to industrial human activities. Cd 
content in the samples of Abu Jarash orchards exceeded 
the upper acceptable limit as a result of the use of 
phosphate fertilizers and irrigation with polluted Yazid 
River water that directly exposed the soil to this metal, and 
this was supported by the study conducted by Maas et al. 
[18], where the percentage of Cd pollution was low, due 
to the non-use of phosphate fertilizers contaminated with 
it. 

There was also observed dispersion in the values 
obtained in both the Qattinah and Hassia industrial areas, 
and the difference may be attributed to the presence of Cd 
in the samples of agricultural lands near the industrial 
facilities with higher concentrations than the samples of 
agricultural lands far from them. It must be pointed out 
that the population living in places close to sources of Cd 
pollution is exposed to severe damage, as chronic 
exposure to Cd leads to anemia, insomnia, high pressure, 
and renal disorders, as indicated by Rahman et al. and 
Yang et al. [19-20]. 

The agricultural lands in the Tall al-Shawr area were 
irrigated with a stream contaminated with the residues of 

the fertilizer factory near this area, and the cultivation of 
vegetables like potatoes, cabbage, and sugar beet mainly 
prevails. Due to cadmium, metal has a high mobility in 
the soil, which makes it easy to pick up by plants. 
Therefore, it is recommended rainfed agriculture only in 
such areas. 

In the Deir Ali region, the results were almost in 
agreement with the results of Kelmendi et al. [21], which 
showed elevated concentrations of Cd in the studied 
soils. The current study concluded that Cd 
contamination exceeded the permissible limits due to 
the proximity of the agricultural lands from which the 
samples were taken to the power plant, which was 
evident in this study in Sample No. (2) taken from 
agricultural land located at the drainage outlet of Deir 
Ali station. Since Cd reaches the atmosphere as a passive 
product of coal combustion processes in power plants, it 
settles in soil or water sources and then living organisms 
with toxic effects. 

This study also found that Cd content was within 
the natural limits in Mleha samples due to the absence 
of industrial facilities surrounding the area, in addition 
to irrigating agricultural lands with pure well water. 
According to the governorates, the current study 
displayed that Cd value is higher than 1 ppm in each of 
the governorates of Damascus and Homs, while it is the 
lowest in Damascus countryside, with less dispersion, as 
shown in Fig. 4. This may be due to the multiplicity and  
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Fig 4. Quartile distribution of cadmium in the soil samples according to governorate 

 
proximity of the sources of pollution to agricultural lands 
in Damascus and Homs than it is in the countryside of 
Damascus. 

■ CONCLUSION 

The results revealed that elevated concentrations of 
Cd were found in almost all the soil samples, indicating 
that the surrounding industrial activities greatly affect the 
soil in the contaminated areas. This may contribute to the 
pollution of water sources and the transformation of Cd 
from soil to vegetables and, consequently, human health 
risks. Thus, the present study provides a scientific basis 
for preventing and controlling soil heavy metal pollution 
to ensure local agricultural production safety and health 
risk management. However, further Research is required 
to assess the heavy metals in farmland soils, especially 
near industrial areas. 
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