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 Abstract: Erythrina crista-galli is commonly used in folk medicines for its 
pharmacological properties which are associated with the bioactive compounds. Profiling 
botanical parts of E. crista-galli is an exciting topic and essential to uncover the similarity 
and clustering based on their chemical content. The botanical parts of E. crista-galli, 
including bark, flowers, leaves, roots, and twigs, were subjected to pyrolysis-gas 
chromatography/mass spectrometry. The samples were pyrolyzed using a multi-shot 
pyrolyzer. The relative abundance of the pyrolysate was subjected to multivariate 
analysis, i.e., principal component analysis (PCA) and hierarchical cluster analysis 
(HCA). The scree plot for PC.1, PC. 2, and PC. 3 accounted for 36.5%, 27.2%, and 20.3%, 
respectively. Together, the first three PCs explain 84% of the total variance. The PCA 
allows characterizing the roots of E. crista-galli by the highest relative abundance of lignin 
G, followed by the twigs, bark, and leaves, while the flowers had the least relative 
abundance of lignin G. The HCA allows to cluster the botanical parts of E. crista-galli 
into three different clusters based on their chemical component similarity, i.e., flowers-
leaves, twigs, and roots-bark. In conclusion, Py-GC/MS analysis can be used in 
conjunction with multivariate data analysis to characterize the botanical parts of E. 
crista-galli. 

Keywords: E. crista-galli; pyrolysis-GC/MS; multivariate analysis; principal component 
analysis; hierarchical clustering analysis 

 
■ INTRODUCTION 

Erythrina (Fabaceae) is a large genus comprising 
around 200 species [1]. They are commonly used in folk 
medicines in Asian, African, and South American 
countries due to their pharmacological properties. One of 
the Erythrina species, E. crista-galli, was traditionally used 
as a wound healing and sedative. Meanwhile, people in 
Indonesia used E. crista-galli for malaria treatment by 
stewing the leaves and barks [2]. Additionally, E. crista-
galli was also reported to have laxative, hypertensive, and 
diuretic activities. The botanical parts of E. crista-galli 

have various bioactivity; for example, the aerial parts of 
E. crista-galli have analgesic and anti-inflammatory 
activities; the root has antibacterial and antifungal 
activities, the bark has antibacterial, antimycobacterial, 
and antifungal activities; the leaves have antibacterial, 
antifungal, antivirus, animal repellent, and cytotoxic 
activities; while the flowers show antimutagenic activity 
[3]. These efficacies are associated with the metabolites 
constituents, which may unevenly spread within the 
botanical parts of E. crista-galli, as reported for some 
other species [4-5]. Thus, profiling the botanical parts of 
E. crista-galli is an exciting topic and essential to uncover 
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the similarity and the clustering of every botanical part 
based on their chemical content. 

Various methods can be used for metabolite 
profiling, such as gas chromatography (GC) [6], high-
performance liquid chromatography (HPLC) [7], gas 
chromatography coupled to mass spectrometry (GC-MS) 
[8], gas chromatography coupled to time-of-flight mass 
spectrometry (GC-TOF-MS) [9], ultra-performance 
liquid chromatography coupled to time-of-flight mass 
spectrometry (UPLC-TOFMS) [10], and pyrolysis-gas 
chromatography/mass spectrometry (Py-GC/MS) [5]. 
Among these methods, Py-GC/MS has the advantage that 
it is a fast analysis method, it requires simple sample 
preparation and a small amount of sample. Py-GC/MS 
can analyze diverse metabolite species, including high 
molecular weight metabolites, which in turn provides the 
opportunity to analyze the whole compound including 
primary and other metabolites [11]. 

Pyrolysis works by applying heat greater than the 
energy of specific bonds so that the molecule will fragment 
in a reproducible way. The fragments produced are then 
separated by the capillary column of the GC to produce 
the pyrogram. The interpretations of resulting pyrograms 
require detailed knowledge of the pyrolysis behavior of 
the desired compounds. This poses extreme difficulty for 
the global elucidation of metabolites, but since the Py-
GC/MS of complex matrices results in a complex mixture 
of volatile fragments of the original sample, the resulting 
pyrogram can be used very effectively as a fingerprint of 
that particular sample. The analysis of the fingerprint 
pattern of these samples is often accomplished by the use 
of multivariate statistical techniques, which can be used to 
reveal relationships between samples and correlations 
between variables [12]. Two of the most used multivariate 
techniques to explore similarities and hidden patterns 
among samples are principal component analysis (PCA) 
and hierarchical cluster analysis (HCA) [13]. 

When the variables in a data set are highly 
correlated, which suggests data redundancy, PCA is 
extremely beneficial. PCA can be used to reduce the 
original variables into a smaller number of new variables 
called principal components that explain the majority of 
the variance in the original variable due to this 

redundancy [14]. PCA can also provide visualization to 
look for grouping in a data set. However, this method 
does not explicitly define clusters, and this is where the 
HCA method comes in [15]. HCA is a method to 
determine the underlying structure of observations by 
repeating a procedure that associates or dissociates each 
object until they are all processed wholly and equally. 
This method divides samples from a data set into groups 
that are related to one another [16]. Therefore, in our 
study, we use HCA in addition to PCA to explore 
similarities and hidden patterns among different parts of 
E. crista-galli. 

In this study, Py-GC/MS was applied to 
characterize the botanical parts (bark, flowers, leaves, 
roots, and twigs) of E. crista-galli. The result obtained 
from Py-GC/MS was then subjected to PCA and HCA 
multivariate analysis to distinguish between parts of E. 
crista-galli based on their whole chemical component. 
The PCA and HCA analyses were performed in the R 
programming language. To the best of our knowledge, 
this is the first study that aimed to characterize five 
different parts of the E. crista-galli plant based on their 
whole metabolites using Py-GC/MS and to cluster these 
different parts of E. crista-galli based on their metabolite 
fingerprint similarity. 

■ EXPERIMENTAL SECTION 

Materials 

Materials used were the botanical parts of E. crista-
galli, including bark, flowers, leaves, roots, and twigs, 
that were collected from Bandung, West Java, Indonesia. 
These plant materials have been determined at the 
Laboratory of Agricultural Production Technology & 
Services, Agricultural Cultivation Department, Faculty 
of Agriculture, Universitas Padjajaran, under voucher 
specimen number 1020. 

Instrumentation 

The equipment used in this study was eco-cup SF 
PY1-EC50F, glass wool, multi-shot pyrolyzer (EGA/PY-
3030D) interfaced with GC/MS system QP-2020 NX 
(Shimadzu, Japan) equipped with an SH-Rxi-5Sil MS 
column with electron impact of 70 eV. 
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Procedure 

Pyrolysis-GC/MS measurement 
Py-GC/MS was performed on several botanical parts 

of E. crista-galli plants (i.e., bark, flowers, leaves, roots, 
and twigs). About 500 μg of samples were analyzed by Py-
GC/MS. It was put in eco-cup SF PY1-EC50F and covered 
by glass wool. Furthermore, the eco-cup was pyrolyzed at 
500 °C for 6 s using a multi-shot pyrolyzer (EGA/PY-
3030D) which was interfaced (interface temperature 
280 °C) with a GC/MS system QP-2020 NX (Shimadzu, 
Japan) equipped with an SH-Rxi-5Sil MS column 
(30 m × 0.25 mm i.d. film thickness 0.25 μm), with 
electron impact of 70 eV and helium as a carrier gas. The 
pressure was 20.0 kPa (15.9 mL/min, column flow 
0.61 mL/min). The temperature profile for GC was as 
follows: 50 °C held for 1 min. Then the temperature 
increased until 280 °C (5 °C/min), and 13 min at 280 °C. 
Products resulting from the pyrolysis were identified by 
comparing their retention times and mass spectra data 
with NIST LIBRARY 2017.14. The identified pyrolysates 
were further compared with the literature [17]. 

Multivariate analysis 
In this study, we performed two multivariate 

analyses, PCA which was followed by agglomerative 
hierarchical clustering or Hierarchical Clustering on 
Principal Components (HCPCs). Pyrograms of the 
botanical parts were assigned a matrix (row i, column k). 
The botanical parts were assigned as observations (i), 
whereas pyrolysis products were as descriptors (k). Mean 
centering and scaling were applied to the matrix during 
the preprocessing stage. The mean centering procedure 
was performed to maintain the important variation. The 
scaling step was employed due to the different scales of 
pyrolysis products. 

An orthogonal linear transformation was applied to 
the matrix to produce principal components [18]. Fs (resp. 
Gs) indicates the coordinate vectors of the samples (resp. 
pyrolysis products), which can be expressed as Eq. (1) and 
(2): 

s ik k s
ks

1F (i) x m G (k)

  (1) 

s ik i s
ks

1G (k) x p F (i)

  (2) 

whereas Fs(i) and Gs(k) represent the coordinates of the 
botanical part i and pyrolysis product k on the axis s. 
Notation λs is the eigenvalue corresponding to the axis s. 
Notations of mk and pi are the weights associated with 
pyrolysis product k and the botanical part i, respectively, 
whereas xik refers to the matrix (row i, column k). The 
first PCs responsible for at least 80% variance were 
retained and subjected to agglomerative hierarchical 
clustering. The most similar individual observations i 
were agglomerated iteratively based on the pairwise 
distance of Ward’s criterion. The number of clusters was 
selected according to the hierarchical tree. PCA and 
HCPC were computed in the R programming language 
environment using FactoMineR [19]. The results were 
visualized using factoextra [20] or ggplot2 [21]. Leave-
one-out cross-validation (LOOCV) computation for 
PCA was performed using chemometrics [22]. 

■ RESULTS AND DISCUSSION 

Pyrolysis Products of the Botanical Parts of E. 
crista-galli 

The chemical compositions of bark, flowers, leaves, 
roots, and twigs of E. crista-galli were analyzed by Py-
GC/MS. This analysis method produces a pyrogram that 
plots retention time to its relative intensity. The resulting 
pyrograms from the analysis of botanical parts of E. 
crista-galli are given in Fig. 1. 

According to the resulting pyrogram (Fig. 1), 93 
pyrolysis products (pyrolysates) were identified by 
comparing their retention times with mass spectra data 
with NIST LIBRARY 2017.14. Table 1 shows pyrolysates 
and their relative intensities in each sample. The most 
abundant pyrolysates belong to polysaccharides, 
followed by lignins and extractives. This finding is 
unsurprising since polysaccharides and lignins are the 
main constituents of plant materials [23]. In softwood, 
polysaccharides such as cellulose and hemicellulose 
compose 41–50 and 11–33% of the biomass, respectively, 
while lignin constitutes 19–30%. The cellulose and 
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Fig 1. Pyrogram comparison of 5 botanical parts of E. crista-galli 

Table 1. Pyrolysis products and their relative abundance 
tR 

(min) a 
Pyrolysis product 

SI 
(%)b 

Molecular 
formula 

Relative abundance (%) 
Roots Flowers Leaves Bark Twigs 

 Polysaccharide 
1.927 ammonium carbamate 98 CH6N2O2 15.230 25.440 18.070 18.690 17.380 
2.177 2-oxopropanal 88 C3H4O2 3.690 1.590 4.830 4.610 3.030 
2.343 2-methylpropanal 95 C4H8O - - 0.800 0.330 0.830 
2.472 butane-2,3-dione 91 C4H6O2 1.810 1.030 1.240 1.470 6.470 
2.585 3-methylbutanoic acid 74 C5H10O2 - 2.800 - - - 
2.768 acetic acid 96 C2H4O2 9.700 2.980 4.390 6.150 0.660 
2.918 2,5-dihydrofuran 87 C4H6O 0.840 0.370 0.510 0.580 4.840 
2.977 1-hydroxypropan-2-one 98 C3H6O2 - 4.830 4.030 4.920 0.400 
3.015 1-hydroxypropan-2-one 97 C3H6O2 5.090 - - - 0.490 
3.267 2-oxobutyl acetate 84 C6H10O3 0.360 - - - 1.250 
3.409 2,3-dihydro-1,4-dioxine 82 C4H6O2 0.720 - 0.620 0.760 3.000 
3.823 1-methylpyrrole 92 C5H7N 0.380 - 0.450 0.550 2.100 
4.034 3-methylpenta-1,4-diene 84 C6H10 1.470 2.120 1.190 1.440 0.470 
4.285 1-nitropropan-2-one 83 C3H5NO3 2.430 1.830 2.500 2.090 1.160 
4.603 methyl 2-oxopropanoate 96 C4H6O3 2.330 0.890 0.920 2.260 0.700 
4.861 5-(cyclohexylmethyl)pyrrolidin-2-one 83 C11H19NO 0.470 - - 0.940 1.380 
5.534 furan-2-carbaldehyde 90 C5H4O2 1.320 0.570 0.570 1.200 0.820 
6.100 2-hydroxycyclohexyl acetate 81 C8H14O3 0.960 - 0.570 0.740 4.120 
6.268 2-oxopropyl acetate 95 C5H8O3 1.180 0.620 0.760 1.610 - 
7.367 4,4-dimethyl-5-oxopentanenitrile 77 C7H11NO 0.250 - - - - 
7.564 2H-furan-5-one 91 C4H4O2 1.170 - - 0.720 - 
7.964 cyclopentane-1,2-dione 90 C5H6O2 - 2.630 2.510 4.840 - 
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tR 
(min) a Pyrolysis product 

SI 
(%)b 

Molecular 
formula 

Relative abundance (%) 
Roots Flowers Leaves Bark Twigs 

8.009 4,5-dimethyloctane 83 C10H22 4.780 - - - - 
8.812 ethenyl propanoate 79 C5H8O2 - - - 0.230 - 
8.951 5-methylfuran-2-carbaldehyde 84 C6H6O2 0.410 - - 0.540 - 
9.063 3-methylcyclopent-2-en-1-one 93 C6H8O 0.280 - - 0.390 - 

10.960 2-hydroxy-3-methylcyclopent-2-en-1-
one 

88 C6H8O2 - 1.410 3.120 1.590 1.450 

11.013 2-hydroxy-3-methylcyclopent-2-en-1-
one 

97 C6H8O2 1.440 - - - - 

12.773 4-methoxyphenol (p-cresol) 96 C7H8O2 - 1.530 - - - 
13.277 cyclopropylmethanol 88 C4H8O 1.200 0.770 0.740 0.830 1.030 
13.370 3-methylbutyl 2-methylpropanoate 80 C9H18O2 0.410 0.480 - - - 
13.690 3-hydroxy-2-methylpyran-4-one 89 C6H6O3 - - - 0.320 - 
13.802 3-ethyl-2-hydroxycyclopent-2-en-1-

one 
89 C7H10O2 0.530 0.800 0.420 0.430 0.600 

14.272 1,4-dioxaspiro[2.4]heptan-5-one 80 C5H6O3 0.430 - - - - 
15.130 7-methyl-1,4-dioxaspiro[2.4]heptan-5-

one 
87 C6H8O3 0.610 - - 0.570 - 

17.024 1,4:3,6-dianhydro-α-D-glucopyranose 91 C6H8O4 0.590 - - 0.660 - 
17.185 2,3-dihydro-1-benzofuran 91 C8H8O - 3.980 1.620 0.540 - 
17.330 2,3-anhydro-D-mannosan 91 C6H8O4 0.260 - - 0.720 - 
27.036 6,7-dimethoxy-1-[(E)-2-

phenylethenyl]-1,2,3,4-
tetrahydroisoquinoline 

77 C19H21NO2 0.220 - - - 0.260 

30.117 3H-[1]benzofuro[3,2-d]pyrimidin-4-
one 

77 C10H6N2O2 - - - 0.520 0.370 

31.110 tetradecanoic acid 91 C14H28O2 - - - - 0.920 
32.728 7,11,15-trimethyl-3-

methylidenehexadec-1-ene 
94 C20H38 - - 3.680 - - 

33.651 7,11,15-trimethyl-3-
methylidenehexadec-1-ene 

89 C20H38 - - 1.680 - - 

35.045 (E)-octadec-6-enyl acetate 90 C20H38O2 - 2.790 - - - 
35.527 hexadecenoic acid 94 C16H32O2 2.400 7.920 7.560 6.060 6.170 
39.482 octadecanoic acid 93 C18H36O2 1.850 9.290 6.250 5.860 5.930 
46.895 dotriacontane 94 C32H66 - - 0.510 - 0.620 
48.570 tetracontane 88 C40H82 - 1.390 0.890 - 0.240 
52.731 dotriacontane 95 C32H66 - 8.470 3.830 - 3.010 

 Total 64.810 86.530 74.260 73.160 69.700 
 Lignin G 

12.806 guaiacol 97 C7H8O2 4.370 - 2.800 2.700 3.450 
16.006 4-methylguaiacol 96 C8H10O2 1.960 - 0.860 1.770 2.050 
18.545 4-ethylguaiacol 94 C9H12O2 0.740 - - 0.400 0.570 
19.697 4-vinylguaiacol 93 C9H10O2 4.840 0.670 2.650 1.880 3.920 
20.821 eugenol 94 C10H12O2 1.070 - 0.330 0.470 0.860 
21.092 4-propylguaiacol 89 C10H14O2 0.240 - - 0.480 - 
22.280 cis-isoeugenol 83 C10H12O2 1.190 - - - 1.030 
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tR 
(min) a Pyrolysis product 

SI 
(%)b 

Molecular 
formula 

Relative abundance (%) 
Roots Flowers Leaves Bark Twigs 

23.508 trans-isoeugenol 95 C10H12O2 3.120 - 1.100 1.330 2.480 
24.584 acetoguaiacone 96 C9H10O3 0.810 - - - 0.190 
25.603 guaiacylacetone 92 C10H12O3 0.670 - - - 0.880 
29.322 (E)-4-(3-hydroxyprop-1-en-1-yl)-2-

methoxyphenol 
91 C10H12O3 0.640 - - - 0.320 

30.973 (E)-4-(3-hydroxyprop-1-en-1-yl)-2-
methoxyphenol 

92 C10H12O3 6.940 - - 1.210 3.800 

 Total 26.590 0.670 7.740 10.240 19.550 
 Lignin H 

9.731 phenol 98 C6H6O 0.650 2.770 2.260 1.760 1.460 
11.901 2-methylphenol 94 C7H8O - 0.660 0.450 0.650 11.893 
12.642 p-cresol 96 C7H8O 0.820 1.550 1.690 2.220 12.579 

 Total 1.470 4.980 4.400 4.630 25.932 
 Lignin S 

20.707 syringol 94 C8H10O3 0.810 - 1.710 0.630 0.950 
23.320 4-methylsyringol 90 C9H12O3 0.350 - 0.560 - 0.510 
26.422 4-vinylsyringol 93 C11H14O4 0.980 - 2.560 3.110 1.270 
28.507 cis-4-propenylsyringol 83 C11H14O3 0.170 - - 0.330 - 
28.720 syringaldehyde 92 C9H10O4 0.210 - - - - 
29.782 trans-4-propenylsyringol 92 C11H14O3 0.560 - 1.060 0.530 0.990 
31.320 syringylacetone 92 C12H16O4 - - - - 0.410 

 Total 3.080 0.000 5.890 4.600 4.130 
 Extractive and others 

6.380 o-xylene 92 C8H10 - - 0.570 - - 
10.169 2,2-diethyl-3-methyl-1,3-oxazolidine 88 C8H17NO 0.680 - - 0.450 - 
16.419 2-(hydroxymethyl)-2-nitropropane-

1,3-diol 
83 C4H9NO5 - - - 1.760 - 

19.262 1H-indole 92 C8H7N - 1.250 1.470 - - 
21.897 3-methyl-1H-indole 96 C9H9N - - 0.400 0.410 - 
26.275 3,4-diacetyloxy-6,8-

dioxabicyclo[3.2.1]octan-2-yl acetate 
82 C12H16O8 - - - 1.310 - 

27.026 pentadecan-1-ol 85 C15H32O - - - 0.210 - 
32.85 3,7,11,15-tetramethylhexadec-2-ene 94 C20H40 - - 0.500 - - 

34.833 (Z)-18-octadec-9-enolide 93 C18H32O2 - 0.460 - - - 
34.963 (8Z)-1-oxacycloheptadec-8-en-2-one 91 C16H28O2 - 1.820 - - - 
35.188 (Z)-18-octadec-9-enolide 90 C18H32O2 - 2.730 - - - 
38.401 phytol (alkenol) 96 C20H40O - - 0.400 0.630  
38.995 (9Z,12Z,15Z)-octadeca-9,12,15-

trienoic acid 
85 C18H30O2 - - - 0.530 - 

39.068 (7Z,10Z,13Z)-hexadeca-7,10,13-trienal 90 C16H26O - - 0.930 - - 
39.88 hexadecanamide 88 C16H33NO - - 0.660 - - 

44.976 6,7-dimethoxy-1-phenyl-3,4-
dihydroisoquinoline 

61 C17H17NO2 - 0.630 - 0.950 - 

45.688 2,6,10,15,19,23-pentamethyl-2,6,18,22-
tetracosatetraen-10,15-diol 

86 C30H54O2 - - - - 1.330 
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tR 
(min) a Pyrolysis product 

SI 
(%)b 

Molecular 
formula 

Relative abundance (%) 
Roots Flowers Leaves Bark Twigs 

48.224 (E)-3,3'-dimethoxy-4,4'-
dihydroxystilbene 

91 C16H16O4 1.510 - - - 0.970 

48.284 methyl 2-phenylquinoline-7-
carboxylate 

67 C17H13NO2 - - - 0.830 - 

49.421 clionasterol 93 C29H50O 1.870 - - - - 
50.815 squalene 95 C30H50 - - 0.500 - - 
50.404 heptacosyl heptafluorobutyrate 95 C31H55F7O2 - - - - 0.530 

 Total 4.060 6.890 5.430 7.080 2.830 
a SI (%) = Similarity index based on NIST 2017 library (%) 
b tR (min) = retention time in minutes 

 
hemicellulose contents in the hardwood are 39–53 and 
19–36%, respectively, while lignin is 17–24%. Meanwhile, 
the percentages of cellulose and hemicellulose in the 
herbaceous plants are 24–50 and 12–38%, respectively, 
whereas lignin is 6–29% [24]. 

Based on Table 1, carbohydrates generate several 
classes of compounds during pyrolysis, such as anhydrous 
sugars, carbonyls, lactones, furans, pyrans, carboxylic 
acids, and esters [17]. The examples of anhydrous sugars 
are 1,4:3,6-dianhydro-α-D-glucopyranose and 2,3-
anhydro-D-mannosan, whereas those of carbonyls are 2-
oxopropanal and butane-2,3-dione. 

During the Py-GCMS analysis, lignin is fragmented 
into its monomers: H (p-hydroxyphenyl unit), G 
(guaiacyl unit), and S (syringyl unit). The concentration 
of lignin and its monomeric composition change between 
plant species, tissues, cell types, and different cell wall 
layers during development [25]. Based on the relative 
abundance (%) of lignin monomers, among the 5 
botanical parts of E. crista-galli, the twigs have the highest 
total lignin content (45.59%), followed by roots (23.56%), 
bark (18.26%), and leaves (18.03%), while flowers have the 
lowest total lignin content (5.56%). Lignin accumulates in 
the cell walls of specialized cell types to enable plants to 
stand upright and conduct water and minerals [26]. Twigs 
provide mechanical support and transport water, 
carbohydrates, and nutrients [27]. This explains why the 
twigs have the highest total lignin content among the 
other botanical parts of E. crista-galli. 

Py-GC/MS provides a complete overview of global 
metabolite fingerprints to characterize botanical parts of 

E. crista-galli. Through pattern recognition analysis, the 
multivariate data obtained from Py-GC/MS analysis can 
be useful to provide information on how each botanical 
part of E. crista-galli is different from one another based 
on the metabolite fingerprint. Therefore, we coupled the 
Py-GC/MS results with multivariate analysis in the next 
step. 

Multivariate analysis is concerned with datasets 
having several response variables for each observational 
or experimental. The commonly used multivariate data 
analysis for pattern recognition are PCA and HCA. 
These are examples of unsupervised learning techniques 
in which the objective is to identify previously unknown 
structures in the data set, as well as to identify clusters in 
a given dataset without using class membership 
information in the calculations [28]. 

Multivariate Analysis 

Multivariate analysis with all pyrolysis products 
PCA is a statistical method that can be used to 

visualize information in a data set by describing how 
each sample differs from another, which variables 
contribute significantly to this difference, as well as to 
identify sample patterns. In our research, in order to 
easily identify which metabolite contribute to the 
similarity or differences between 5 botanical parts of E. 
crista-galli based, we use the relative abundance data of 
metabolites as variables for PCA analysis, as done by 
several previous studies [29]. 

PCA minimizes the data dimension by creating the 
so-called principal components (PCs), which are linear 
combinations of the variables in the data set to 
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summarize the data [30]. Fig. 2(a). shows the scree plot, 
which is a line plot of the principal components along 
with the percentage of explained variance from the 
principal component analysis of the data set. Cross-
validation was subjected to the data set in order to 
determine the number of PCs that should be retained in 
order to account for most of the data variability. The 
result from cross-validation suggests that at least the first 
three PCs should be retained to fulfill a variance of 80% 
(Fig. 2(b)). 

Fig. 3 shows the score plot of the botanical parts of 
E. crista-galli on PC.1, PC.2, and PC.3. PC.1 accounts for 
36.5% of the total variance, while PC.2 27.2% and the PC.3 
20.3%. Together, the first three PCs explain 84% of the 
total variance. Each PC can be described by the origin 

variables (Rts). Variables described the best in each PC 
can be identified by the correlation coefficient and the 
coordinates of the botanical parts on a PC. Correlation 
coefficients are calculated for all the variables, followed 
by testing the significance of each correlation coefficient 
and sorting the variables from the most to the less 
correlated. The most significant variables then describe 
each PC; such a method is beneficial for interpreting the 
dimensions with many variables [20]. Table 2 shows a 
list of significantly correlated variables to PC.1, 2, and 3 
from the PCA. 

According to Table 2, eugenol, 4-ethylguaiacol, 
trans-isoeugenol, and (E)-4-(3-hydroxyprop-1-en-1-
yl)-2-methoxyphenol are pyrolysates that have a positive 
correlation to PC.1. Therefore, samples with a high score 

 
Fig 2. (a) Scree plot and (b) box plot of cumulative variances resulted from leave-one-out cross-validation 

 
Fig 3. PCA score plot of botanical parts of E. crista-galli on PC.1, PC.2, and PC.3 
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Table 2. List of significantly correlated variables to PC.1, PC.2, and PC.3 
tr (min) Corr. p-value Pyrolysis product Origin 

PC.1 
20.821000 0.979400 0.003541 eugenol Lignin-G 
18.545000 0.978600 0.003747 4-ethylguaiacol Lignin-G 
23.508000 0.970400 0.006087 trans-isoeugenol Lignin-G 
30.973000 0.934900 0.019742 (E)-4-(3-hydroxyprop-1-en-1-yl)-2-methoxyphenol Lignin G 

9.731000 -0.992500 0.000776 phenol Lignin-H 
PC.2 

6.268000 0.974000 0.005015 1-(acetyloxy)-2-propanone Linear ketone derivatives 
PC.3 

26.422000 0.924300 0.024734 4-vinylsyringol Lignin-S 
13.370000 -0.966000 0.007472 3-methylbutyl 2-methylpropanoate   Linear ketone derivatives 

 
on PC.1 will have a high relative abundance of these 
pyrolysis products. On the other hand, phenol has a 
negative correlation to PC.1. Thus, any sample with a high 
score on PC.1 will have a low relative abundance of that 
pyrolysis product. For PC.2, only 1-(acetyloxy)-2-
propanone has a significant positive correlation to the 
second latent variable. Meanwhile, for PC.3, 4-
vinylsyringol and 3-methylbutyl 2-methylpropanoate are 
positively and negatively correlated to the third latent 
variable, respectively. 

The PCA score plot (Fig. 3) shows that roots have 
the highest score on PC.1, followed by twigs, bark, leaves, 
and flowers. Revering to Table 2, most of the significantly 
correlated variables on PC.1 come from the pyrolysis 
products of lignin G. Roots have the highest score on 
PC.1, while flowers have the lowest score. Thus, roots are 
characterized by high lignin G content, whereas flowers 
are low lignin G content, which is also confirmed by Table 
1. Similarly, since the bark owns a high score on PC.2, it 
has the highest relative abundance of 1-(acetyloxy)-2-
propanone, whereas twigs have the lowest relative 
abundance of this pyrolysis product. 

Visualization provided by PCA score plots may 
facilitate clustering in pyrolysis product data. Nonetheless, 
PCA does not explicitly define clusters. More formal 
approaches can be used by clustering methods. Cluster 
analysis divides observations into groups that are related 
to one another. In terms of specific characteristics, each 
group or cluster is homogeneous and should be distinct 
from others. The closeness of two objects is expressed by 

similarity or dissimilarity, which can be computed by 
mathematical methods, and eventually displayed in a 
dendrogram based on the features of individual objects 
[30]. HCPC is a clustering approach that allows to 
combine principal component method, hierarchical 
clustering, and partitioning clustering method to 
identify clusters within a data set. The combination of 
the principal component method along with the 
clustering method is useful in a situation where the data 
set contains multiple continuous variables. The PCA can 
be used to reduce the dimension of the data, and then 
clustering can be performed on the PCA result [15]. 

From the PCA and LOOCV analysis, at least the 
first three PCs should be retained to cover 80% of the 
variance (Fig. 2). Therefore, we performed the HCPC 
analysis from the first three (84% total variance) and 
four principal components (100% total variance). Fig. 4 
shows the dendrogram of botanical parts of E. crista-galli 
resulting from HCPC analysis. 

HCPC analysis from the first three and four 
principal components shows that the botanical parts of 
E. crista-galli are divided into three different clusters. Fig. 
4 show that in HCPC analysis with the first three PCs, 
cluster 1 consists of flower, cluster 2 consists of leaves 
and bark, and cluster 3 consists of twig and root, whereas 
in HCPC analysis with four PCs, Cluster 1 consists of 
flowers and leaves, cluster 2 consists of twigs and cluster 
3 consists of roots and bark. Since the first four PCs 
cover 100% variability, HCPC analysis from the first four 
PCs is used to cluster botanical parts of E. crista-galli. 
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Fig 4. Hierarchical clustering on the factor map of botanical parts of Erythrina crista-galli with (a) three PCs and (b) 
four PCs. Clusters 1, 2, and 3 are denoted by pink, green, and yellow, respectively 

Table 3. Variables that describe the most each cluster 
tR 

(min) 
Mean in 
category 

Overall 
mean p-value Pyrolysis product Origin 

Cluster 1 
19.2620 1.3600 0.5440 0.046681 1H-indole Unknown 

Cluster 2 
50.4040 0.5300 0.1060 0.045500 heptacosyl heptafluorobutyrate Extractive/Unknown? 

45.6880 1.3300 0.2660 0.045500 2,6,10,15,19,23-pentamethyl-2,6,18,22-
tetracosatetraen-10,15-diol 

Unknown 

31.3200 0.4100 0.0820 0.045500 syringylacetone Lignin-S 
31.1100 0.9200 0.1840 0.045500 tetradecanoic acid Linear ketone derivatives 
11.9010 11.8900 2.7306 0.045795 2-methylphenol Lignin-H 
2.9180 4.8400 1.4280 0.046366 2,5-dihydrofuran Furan derivatives 

12.6420 12.5700 3.7718 0.046617 p-cresol Lignin-H 
2.4720 6.4700 2.4040 0.047257 2,3-butanedione Linear ketone derivatives 

Cluster 3 
15.1300 0.5900 0.2360 0.045707 7-methyl-1,4-dioxaspiro[2.4]heptan-5-one Lactone derivatives 

17.0240 0.6250 0.2500 0.046065 (1S,3R,6R,7R,9R)-2,5,8-
trioxatricyclo[4.2.1.03,7]nonan-9-ol 

Anhydro sugars 

4.6030 2.2950 1.4200 0.046812 methyl 2-oxopropanoate Linear ketone derivatives 
8.9510 0.4750 0.1900 0.048895 5-methylfuran-2-carbaldehyde Cyclopentenone derivatives 

 
Table 3 shows a list of variables that describe the 

most exact cluster. Variables that are significantly 
associated with specific clusters have higher mean 
category values than the overall mean. Thus, it could be 
said that cluster one (i.e., flowers and leaves) is 
characterized by the higher content of 1H-indole 
pyrolysate. 1H-indole is assumed to be a minor pyrolysis 
product that originated from protein [31] or extractive as 
an alkaloid after fragmentation of the pyrolysis process 
and was detected by Py-GC/MS [32]. 1H-Indole is 
produced by the pyrolysis of the amino acid tryptophan. 

It undergoes thermal degradation at a temperature 
above 800 °C. Three main pyrolysates of indole are 
phenylacetonitrile, 2- methylbenzonitrile, and 3-
methylbenzonitrile which formed due to the opening of 
the pyrrole ring [25]. Since, in our research, the pyrolysis 
was performed at the temperature of 500 °C, the indole 
might not undergo a pyrolytic reaction. That’s why 1H-
indole (retention time, tR = 19.267 min) and 3-methyl-1-
H-indole (tR = 21.897 min) pyrolysate are still detected. 
Those pyrolysates might also indicate the presence of 
indole alkaloids such as 1H-indole-3-propanamide, 
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abrine, and hypaphorine (Fig. 5) that has been identified 
in Erythrina genus [33]. Since indole pyrolysate is 
associated with the presence of indole alkaloids, the 
flowers and leaves contain a higher amount of indole 
alkaloids compared to the other clusters. 

Other pyrolysates that could indicate the presence of 
alkaloids are 6,7-dimethoxy-1-phenyl-3,4-
dihydroisoquinoline (tR = 44.976 min) and methyl 2-
phenylquinoline-7-carboxylate (tR = 48.284 min). 
Isoquinoline is one compound that is very stable at 
elevated temperatures. It undergoes pyrolysis at a 
temperature above 900 °C to produce benzene, toluene, 
naphthalene, phenanthrene, and anthracene, as well as 
the isomer of the other quinoline, indole, and several 
nitriles, including benzonitrile, and several isomers of 
cyanostyrene and cyanonaphthalene [25]. 

Cluster 2 (i.e., twigs) is characterized by a higher 
relative abundance of heptacosyl heptafluorobutyrate, 
2,6,10,15,19,23-pentamethyl-2,6,18,22-tetracosatetraen-
10,15-diol, syringylacetone, tetradecanoic acid, 2-
methylphenol, 2,5-dihydrofuran, p-cresol, and 2,3-
butanedione pyrolysate. Heptacosyl heptafluorobutyrate 
and 2,6,10,15,19,23-pentamethyl-2,6,18,22-
tetracosatetraen-10,15-diol were detected at the end of 
pyrogram as minor pyrolysis products from amino acids 
of lignocellulose biomass samples [34]. Cluster 3 (i.e, 
roots and barks) is characterized by a higher relative 
abundance of 7-methyl-1,4-dioxaspiro[2.4]heptan-5-one, 
(1S,3R,6R,7R,9R)-2,5,8-trioxatricyclo[4.2.1.03,7]nonan-
9-ol, methyl 2-oxopropanoate, and 5-methylfuran-2-
carbaldehyde pyrolysate. 

Tables 2 and 3 show that the distribution of samples  
 

in the score plot of PC.1, PC.2, and PC.3, as well as the 
clustering, are mainly influenced by the polysaccharide 
and lignin content in those samples. This is mainly true 
since polysaccharides and lignin are relatively abundant 
compared to extractives in higher plants, whether in 
softwood, hardwood, or even in herbaceous plants [24]. 

Multivariate analysis with only extractive pyrolisate 
The second principal component analysis was 

performed on the relative abundance (%) of extractive 
pyrolysates. Fig. 6 shows the score plot of the samples for 
the second PCA. 

For the second principal component analysis, PC.1 
and PC.2 account for 37.8 and 31.9% of the total 
variance, respectively, while PC.3 contributes to 20.2% 
of the total variance. Together the first three PCs account 
for 89.9% of the total variance. The analysis shows that 
phytol (tR = 38.401 min) is the variable that significantly 
correlated to PC.1 (corr. = 0.938, p val. = 0.0179). Since 
bark has the highest score on PC.1, therefore it has the 
highest relative abundance of phytol. 

Indole (tR = 19.262 min) is the pyrolysate that is 
significantly correlated to PC.2 (corr. = −0.949, p-value 
= 0.0136) and the correlation of indole with PC.2 is 
negative. Thus, samples with the smallest score in PC.2 
(i.e., leaves and flowers) have the highest relative 
abundance of this pyrolysate. (Z)-18-Octadec-9-enolide, 
(8Z)-1-oxacycloheptadec-8-en-2-one, and (Z)-18-
Octadec-9-enolide are pyrolysates that significantly 
correlated to PC.3 with correlation value of −0.925. Since 
the correlation value is negative, indicating samples that 
have a positive value on PC.3 will have a small relative 
abundance of those pyrolysates. 

 
Fig 5. Indole alkaloids identified in Erythrina 
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Fig 6. Score plot of botanical parts of E. crista-galli for the second principal component analysis 

 
■ CONCLUSION 

Py-GC/MS analysis can be used in conjunction with 
multivariate data analysis to characterize the botanical 
parts of E. crista-galli. The Py-GC/MS shows that most 
pyrolysis products or pyrolysate are originated from 
polysaccharides and lignin. PCA shows that the roots of 
E. crista-galli is characterized by the highest relative 
abundance of lignin G, while the flowers have the least 
relative abundance of lignin G. Hierarchical cluster 
analysis shows that the botanical parts of E. crista-galli are 
clustered in three different clusters based on their 
similarity. Cluster 1 consists of flowers and leaves and is 
characterized by the higher content of indole pyrolysate. 
Cluster 2 consist of twigs and characterized by higher 
relative abundance of heptacosyl heptafluorobutyrate, 
2,6,10,15,19,23-pentamethyl-2,6,18,22-tetracosatetraen-
10,15-diol, syringylacetone, tetradecanoic acid, 2-
methylphenol, 2,5-dihydrofuran, p-cresol, and 2,3-
butanedione pyrolysate, and cluster 3 consist of roots and 
barks is characterized with higher relative abundance of 
7-methyl-1,4-dioxaspiro[2.4]heptan-5-one, 
(1S,3R,6R,7R,9R)-2,5,8-trioxatricyclo[4.2.1.03,7]nonan-
9-ol, methyl 2-oxopropanoate, and 5-methylfuran-2-
carbaldehyde pyrolysate. 
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 Abstract: In the present work, nanoparticles of Al2O3, Cu-Al2O3, and Ni-Al2O3 were 
prepared using Hibiscus rosa-sinensis plant leaf extract through co-precipitation 
method. The prepared nanomaterials were characterized through TGA, EDX, SEM, UV-
Vis, XRD, and FTIR instruments. The electrochemical behavior of Al2O3, Cu-Al2O3, and 
Ni-Al2O3 has been studied in DMF solution in the potential ranges from −1.5 to 1.5 V. 
The nanoparticles are thermally stable, according to the TGA, and the XRD patterns 
revealed that all the Al2O3, Cu-Al2O3, and Ni-Al2O3 particles were crystalline, with the 
mean sizes of 12.44, 34.61, and 31.63 nm, respectively. The cyclic voltammogram showed 
a cathodic peak (Epc) at 0.49 V with an anodic counterpart (Epa) at 0.49 V [E1/2 = 1.748 V]. 
The optical band gaps of Al2O3, Cu-Al2O3, and Ni-Al2O3 were 3.8, 3.2 and 3.65 eV, owed 
a cathode. It is observed that the electrochemical behavior of Ni-Al2O3 was identical to 
that of Al2O3 and Cu-Al2O3. The anodic and cathodic peak values rise with the scan rate. 
The one-electron oxidation and reduction processes are reversible, as seen by the shifting 
cathodic peak value toward higher negative values. All cycles exhibit absorption has a 
constant anodic current. This result indicated the diffusion-based redox process. 

Keywords: cyclic voltammogram; electrochemical behavior; co-precipitation method; 
Al2O3; Hibiscus rosa-sinensis 

 
■ INTRODUCTION 

With potential applications in industries range 
starting cosmetics to electronics, the area of 
nanotechnology and nanoscience are rapidly expanding 
for biological, physical, chemical, and phenomena at the 
sub-atomic and atomic level [1-9]. Scientists are working 
hard to discover new technologies through nanosciences 
and nanotechnology that are involved in the creation of 
new materials with distinctive and better properties [10-12]. 
Nanoparticles (NPs) are synthetic particles produced by 
nanotechnology. NPs are increasingly being used in 
medicine, catalysis, cosmetics, dyes, and biosensing fields 
[6]. 

Outstanding physicochemical characteristics are 
found in NPs. When compared to other approaches, the 
synthesis and stability of NPs made from plants are both 
quicker and more stable [13]. Because there are so many 
plants, they are easily accessible, have an advantage over 

physical and chemical methods, and are simple to work 
with [14]. Additionally, there are no hazardous chemicals 
used in the production process. Natural capping agents 
derived from plants are useful for the production of NPs 
[15]. Doping is an important parameter used for NPs 
due to the reformation of physicochemical properties of 
metal oxide, which has large applications, especially in 
the electrochemical field [16]. 

Many processes are applied in the fabrication of 
NPs, together with electrochemistry, electrical devices, 
and catalysis [17]. In several branches of chemistry, cyclic 
voltammetry has emerged as a prominent and popular 
electro-analytical technique. By adjusting the electrode 
potential of an electrochemical cell, the redox reaction 
occurring on the electrode can be managed. Therefore, 
it is essential to study the electrochemical reactions that 
take place at electrode/electrolyte contact. By methodically 
analyzing the current-voltage data of a specific 
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electrochemical cell, cyclic voltammetry is a potent tool 
for studying the electrochemical behavior of a system. 
Voltammetric techniques are widely used by inorganic, 
physical, and biological chemists for a wide range of 
applications, including basic research on oxidation and 
reduction processes in various media, adsorption on 
surfaces, mechanisms of electron transfer and reaction, the 
kinetics of electron transfer processes, transport, speciation, 
and thermodynamic properties of solvated species [18]. 

The research interest of our group is to synthesize 
NPs using plants which are easily approachable, non-
toxic, cheap, and safe. Scientists around the world are 
working on different plants for the synthesis of NPs, but 
the Hibiscus rosa-sinensis plant is not used up till now. 
The NPs were synthesized using the co-precipitation 
method using H. rosa-sinensis leaves extract in this study. 

■ EXPERIMENTAL SECTION 

Materials 

Aluminium(III) nitrate, copper(II) nitrate, dimethyl 
sulfoxide (DMSO), nickel(II) nitrate, potassium chloride, 
and H. rosa-sinensis leaves were the ingredients employed 
in the manufacture of undoped and copper doped 
aluminium oxide (Al2O3) NPs. All chemicals came from 
the Sigma Aldrich firm and were utilized without any 
further processing. Aluminium(III) nitrate solution was 
prepared by taking 10 mL of aluminium(III) nitrate 
(1.06 M) and dissolved in 50 mL of deionized water to 
give 1 mM solution. 

Instrumentation 

A Gallenkamp thermal stirrer was used for the batch 
experiments (ZHWY-200B, ZHICHENG Analytical Co. 
Ltd). The metal solution was filtered through a Whatman 
filter paper No. 1 (Millipore Corp., Bedford, and Mass). A 
double-beam UV–visible spectrophotometer (UV-1800 
240 V, Shimadzu Corporation) was used for the 
determination of NPs. Additionally, the particles 
underwent calcination in a muffle furnace (JFF 2000). The 
functional groups contained in the solution were 
examined by using FTIR (Perkin Elmer, resolution at 
4 cm−1 in a range of diffusion reflect an assembly and 
KBr). Through EDX (INCA-200) and SEM (JSM-5910, 

JEOL), respectively, the particles' elemental composition 
and surface morphology were examined. TGA was used 
to do the thermal studies of the particles (25–800 °C). 
Electrochemical characterizations of NPs were done by 
cyclic voltammetry. The cyclic voltammetric 
Potentiostate DY 2300 model was used to obtain a cyclic 
voltammogram. The electrochemical workstation 
consisted of a cell containing three electrodes: the 
calomel electrode was used as the reference electrode, 
the graphite electrode was used as the working electrode, 
and the gold electrode was used as the counter electrode. 
XRD analysis was performed at Cu Kα radiation = 
1.5406, using the 2 ranges of 20–80° with a step width of 
0.02” and step time of 2.40 s [19]. 

Procedure 

Preparation of H. rosa-sinensis leaves extract 
Fresh H. rosa-sinensis plant leaves were collected 

from District Charsadda. The leaves of the plant were 
washed several times with water to remove the dust 
particles and then sun-dried for 10 min to remove the 
residual moisture. After that, the leaves were shaded and 
dried for two weeks. Finally, dried leaves were ground 
into fine powder form. The extract was prepared by 
placing 20 g of finely powdered leaves, adding to 200 mL 
of double distilled water and boiling for 30 min. The 
extract was cooled to room temperature and filtered. 
The filtered extracts were stored in a refrigerator to be 
used for further experiments [20]. 

Synthesis of Al2O3 NPs 
Using the green combustion approach and leaf 

extract from the H. rosa-sinensis plant as fuel, Al2O3 NPs 
were prepared. A 40 mL of aluminum(III) nitrate 
solution 1 mM was combined with 10 mL of H. rosa-
sinensis plant extract. The muffle furnace was preheated 
at 200 ± 5 °C. The sample is then taken in a clay crucible 
and put in a muffle furnace. In roughly 2–3 min, the 
mixture burnt completely, yielding undoped Al2O3 NPs. 
The sample (ash) was then filtered to remove any 
leftover ash made from plant extract. The ash was 
cleaned with deionized water multiple times to remove 
impurities. The generated NPs were also calcinated for 
2 h at 200 ± 5 °C to achieve purity. The characterization 
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results showing the Al2O3 NPs are fine and accurate, which 
were kept in an airtight container for further study [20]. 

Synthesis of copper-doped Al2O3 NPs 
Using the green combustion technique and the leaf 

extract of H. rosa-sinensis as fuel, Cu-doped Al2O3 NPs 
were precipitated. In 40 mL of double-distilled water, 
1 mM of aluminium(III) nitrate and 1.305 g of copper(II) 
nitrate trihydrate (Cu(NO3)2·3H2O) were combined with 
10 mL of H. rosa-sinensis leaf extract. Using a magnetic 
stirrer and continual stirring at 2000 rpm, the solution 
was homogenized for 2 to 5 min. Firstly, the temperatures 
are set to 200 ± 5 ℃ and then start combustion. The 
sample was heated to 200 ± 5 °C in a muffle furnace 
before being placed in a clay crucible (with the aid of a 
long iron sample holder). Cu-doped Al2O3 NPs were 
produced as a result of the mixture burning within 2 to 
3 min. Ashes from the plant extract were removed from 
the mixture through filtering, and pollutants were 
eliminated through rinsing with double-distilled water. 
To achieve purity, the produced NPs underwent 2 h 
calcination at 200 ± 5 °C. The output, which was light 
greenish Cu-doped Al2O3 NPs kept in an airtight 
container, was satisfactory [19]. 

Synthesis of nickel-doped Al2O3 NPs 
Utilizing the green combustion technique and H. 

rosa-sinensis leaf extract as fuel, Ni-doped Al2O3 NPs were 
created. A 10 mL of H. rosa-sinensis leaf extract was 
combined with 1 mM of aluminum(III) nitrate, 1.305 g of 
nickel(II) nitrate, and 40 mL of double distilled water. A 
magnetic stirrer was used to mix the solution 
continuously for 2 to 5 min at 2000 rpm. At the start of 
combustion, the temperature of the muffle furnace 
(Neycraf™ JFF 2000 furnace) is 200 ± 5 °C. Following that, 
the sample was taken in a clay crucible and heated to 
200 ± 5 °C in a muffle furnace. The mixture burnt entirely 
in 2 to 3 min, resulting in Ni-doped Al2O3 NPs. The 
resulting mixture was filtered to remove any ash from the 
plant extract before being cleaned with double-distilled 
water to remove any impurities. The synthesized NPs 
underwent a 2 h calcination procedure to obtain purity. 
As a result, fine, white Ni-doped Al2O3 NPs were created 
and stored in an airtight container [19]. 

 
Fig 1. Schematic representation of an electrochemical 
cell for CV experiments 

Procedure for electrochemical measurement 
(solution) 

KCl solution was commonly employed as the inner 
solution for the reference electrode or as supporting 
electrolytes in the sample solution during cyclic 
voltammetry. Prepared Al2O3 NPs weighing 0.006 g 
were dissolved in 10 mL of DMSO solvent. A few drops 
of KCl solution were then added to this mixture. 
Similarly, for the 2 mM solution of Ni-doped Al2O3 NPs, 
the generated doped particle powder weighing 0.007 g 
was diluted in 10 mL of DMSO solvent. This solution was 
supplemented with a few drops of KCl solution. 
Likewise, for the 2 mM solution of Cu-doped Al2O3 NPs, 
the obtained doped particle powder weighing 0.007 g 
was diluted in 10 mL of DMSO solvent. A few drops of 
KCl solution were added to this combination. These 
carefully prepared solutions were integral to the 
subsequent electrochemical measurements. 

Cyclic voltammetry 
A schematic representation of an electrochemical 

cell is presented in Fig. 1. 

■ RESULTS AND DISCUSSION 

Characterization 

SEM analysis 
SEM analysis was employed in order to determine 

the size and morphologies of Al2O3, Cu-Al2O3 and Ni-
Al2O3 NPs. SEM analysis of Al2O3, Cu-Al2O3, and Ni-
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Al2O3 NPs. Fig. 2(a), (b) and (c) are taken within the range 
of 1 μm with the magnification of 10,000×, at an 
accelerating voltage of electron beam of 20 kV which are 
exhibited. Fig. 2(a), (b) and (c) shows the typical SEM 
images of Al2O3, Cu-Al2O3, and Ni-Al2O3 NPs. It is observed 
that Al2O3, Cu-Al2O3 and Ni-Al2O3 are of spherical 
morphology and have narrow diameter distributions (50–
80 nm). However, Al2O3 NPs show aggregation (Fig. 
2(a)), while Cu-Al2O3 and Ni-Al2O3 NPs are uneven and 
homogeneously scattered, as shown in Fig. 2(b, c). 

EDX analysis 
The EDX spectrum of Al2O3 demonstrates a strong 

link between O and Al with element weights of 59.35% 
and 40.65%, confirming the formation of Al2O3 NPs. 
Al2O3 NPs doped with Cu, the EDX spectrum reveals a 
prominent band of O, Al, S, Cl, and Cu with element 
weight of 58.79%, 38.67%, 0.82%, 0.35%, and 4.27% 
confirming the synthesis of Cu doped Al2O3 NPs. While 
Al2O3 NPs doped with Ni, the EDX spectrum reveals a 
prominent band of C, O, Al, K, and Ni with element 
weight of 8.04%, 46.22%, 39.67%, 0.72%, and 5.36% 
confirming the sample contains Ni doped Al2O3 NPs (see 
Table 1). 

XRD analysis 
Fig. 3(a), (b), and (c) shows the results of the XRD 

examination of Al2O3, Cu-Al2O3, and Ni-Al2O3 NPs. Cu-
Al2O3, Ni-Al2O3, and Al2O3 sample crystallization took 
place at 350 °C calcinating temperatures. The samples 
exhibit high crystallinity, which shows that contaminants 
have been removed and a crystalline phase has formed. 
According to the XRD examination, tetragonal Al2O3 
particles were produced with good crystallinity. The 
crystal sizes for Cu-Al2O3, Ni-Al2O3, and Al2O3 NPs, were 

with diameters of 12.44, 34.61, and 31.63 nm, exhibit high 
crystallinity, which  shows that contaminants  have been  

Table 1. EDX of Al2O3, Cu-Al2O3, and Ni-Al2O3 
 Element Weight (%) Atomic (%) 

Al2O3 O K 59.35 71.12 
Al K 40.65 28.88 
Totals 100.00 100.00 

Cu-Al2O3 O K 55.89 68.51 
Al K 38.67 28.11 
S K 0.82 0.50 
Cl K 0.35 0.19 
Cu K 4.27 2.69 
Totals 100.00 100.00 

Ni-Al2O3 C K 8.04 12.69 
O K 46.22 54.78 
Al K 39.67 27.88 
K K 0.72 0.35 
Ni K 5.36 4.29 
Totals 100.00 100.00 
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Fig 3. XRD Analysis of (a) Al2O3, (b) Cu-Al2O3, and (c) 
Ni-Al2O3 

 
Fig 2. SEM images of (a) Al2O3, (b) Cu-Al2O3, and (c) Ni-Al2O3 
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removed and a crystalline phase has formed. According to 
the XRD examination, tetragonal Al2O3 particles were 
produced with good crystallinity. The crystal sizes for Cu-
Al2O3, Ni-Al2O3, and Al2O3 NPs, were with diameters of 
12.44, 34.61, and 31.63 nm, respectively. It was discovered 
that the amount of additive had a significant impact on 
the nanocrystalline Al2O3 crystalline size effect. The 
growth in crystallite size is caused by the doping's 
continued addition. The increase in crystallite size with 
the increased addition of the doped. The observed pattern 
has a number of sharp peaks orientation in the planes 
(110), (020), (101), (022), (200), (111), (211), (220), (002), 
(310), (112), (301), and (202) at different angles (2θ) 
indicating that higher crystallinity of the material. No 
peaks of extra impurity crystalline phases have been 
detected. All strong and sharp diffraction peaks obtained 
are approved by the formation of Al2O3. The experimental 
XRD pattern shows diffraction lines of cassiterite Al2O3 
(ICDD PDF no. 88-0287). The crystallite size (D) was 
calculated by the measurement of the diffraction line and 
applying the Debye Scherrer formula, Eq. (1) [21]; 

0.94D
cos



 

 (1) 

where λ is the wavelength of α radiations, β the full width 
at half maximum of the peaks corresponding to the plane, 
and θ the angle obtained from 2θ value corresponding to 
a maximum intensity peak in the XRD pattern. The size 
of crystalline NPs can be estimated by the amount by 
which the X-ray line is sharp. 

FTIR analysis 
Fig. 4 shows the Fourier transform infrared (FTIR) 

spectra of the synthesized Al2O3 as well as doped Cu-Al2O3 
and Ni-Al2O3 NPs. The FTIR spectrum of Al2O3 and Cu-
Al2O3 and Ni-Al2O3 NPs shows the carbonyl group (C=O), 
stretching C=C aromatic ring, C-OH stretching vibrations, 
and C-I hydrogen compound at 1653, 1416.34, 1329.98, 
1043.71, 814.21, and 541.53 cm−1, respectively [22]. The 
FTIR analysis clearly shows that plant chemicals are 
adsorbed on the surface of metal NPs and act as capping, 
stabilizing, and protecting agents, as shown in Fig. 4(a-c). 

TGA analysis 
Fig. 5(a), (b) and (c) shows the TGA analysis for Al2O3,  

Cu-Al2O3, and Ni-Al2O3 NPs was performed within the 
temperature range (25–800 °C). This study was 
performed in the nitrogen environment at a speed of 
15 °C/min to analyze the weight loss of the samples. The 
weight loss caused by moisture was excluded at 100 °C. 
Thus, the total weight loss in Cu-Al2O3 was 44.57% up to 
800 °C, 21.22% in Ni-Al2O3, and 62.66% in Al2O3 NPs 
were observed. Cu-Al2O3 and Ni-Al2O3 loosed less 
weight due to the presence of more functional groups 
[23-24]. 
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Fig 4. FTIR spectra of (a) Al2O3 and (b) Cu-Al2O3, (c) 
Ni-Al2O3 NPs 
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Fig 5. Thermal gravimetric analysis of (a) Al2O3 and (b) 
Cu-Al2O3, (c) Ni-Al2O3 NPs 
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UV-Vis and Optical Band Energy 

UV-Vis absorption spectra and optical band gap 
energy of Al2O3, Cu-Al2O3, and Ni-Al2O3. The spectra 
show strong absorption peaks at 303, 324 and 300 nm for 
Al2O3, Cu-Al2O3 and Ni-Al2O3. This is due to electron 
photoexcitation from the valence band to the conduction 
band. The direct optical band gap energy (Eg) of Al2O3, 
Cu-Al2O3 and Ni-Al2O3 is calculated using the Tauc 
relation, Eq. (2) and (3); 

   2
gh h E      (2) 

where β is constant, and α is the absorption coefficient, 
and it is determined using the following relation: 
  2.303TA    (3) 

where A and T are the absorbances and the thickness of 
the prepared sample, respectively. Fig. 6 represents the 
plot of (αhν)2 against hν of Al2O3, Cu-Al2O3 and Ni-
Al2O3. The direct optical band gap energy Eg is calculated 
by extrapolating the linear portion of the plot with 
photon energy (hν) [25]. As shown values of Eg are 3.8, 
3.2 and 3.65 eV. 
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Fig 6. UV-Vis Spectra of (a) Al2O3, (b) Cu-Al2O3 and (c) Ni-Al2O3 and optical band gap of (d) Al2O3, (e) Cu-Al2O3 and 
(f) Ni-Al2O3 
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Electrochemical Studies 

The electrochemical behavior of the metal NPs 
undoped Al2O3, doped Cu-Al2O3 and Ni-Al2O3 have been 
studied in DMF solution. Fig. 7 shows the cyclic 
voltammogram of metal NPs Al2O3, doped Cu-Al2O3 and 
Ni-Al2O3, in DMF solution with potential ranges of −1.5 
to 1.5 V. The electrochemically irreversible reduction 
peak observed at 0.524 V is due to the reduction of Al2O3, 
doped Cu-Al2O3 and Ni-Al2O3 center. This value is in 
agreement with those observed in the related Al2O3, 
doped Cu-Al2O3 and Ni-Al2O3 Schiff base complexes. The 
irreversibility of the redox processes can be attributed to 
the instability of the reduced species in DMF solvent. By 
expanding the cyclic voltammogram potential range and 
monitoring the cyclic voltammogram of 1, 2 and 3 from 
−1.5 to 1.5 V, one reduction wave at −1.5 to 1.5 V. The 
cyclic voltammogram shows a cathodic peak (Epc) at 
0.49 V with an anodic counterpart (Epa) at 0.49 V [E1/2 = 
1.748 V]. The electrochemical behavior and the data are 
in agreement with those reported for related Al2O3, doped 
Cu-Al2O3 and Ni-Al2O3 [26]. From the cyclic 
voltammogram, it is clear that the electroactive species 
reduced and then oxidized. In the forward scan, the 
species lost electrons and becomes reduced. In reverse 
scan, the species gained electrons and became oxidized. 
The oxidation and reduction take place on the working 
electrode. At a 2 V/s scan rate, the voltammogram was 
completed very quickly, which showed the electrical 
energy stored in electroactive species. 

Voltammogram of Polycyclic 

To obtain 5 cycles voltammogram for Al2O3, Cu-
Al2O3 and Cu-Al2O3 at room temperature and pressure, 
the potentiostat was operated at 0.05 V with a potential 
range of −1.5 V to +1.5 V. The redox process was based 
on adsorption-regulated or diffusion controlled, which 
multicycles assist in explaining. If the anodic current 
drops in several cycles, adsorption takes place. The redox 
process was diffusion-based if the anodic current 
continued to flow unaltered [27]. 

Fig. 8(a) displays the Al2O3 voltammogram with 5 
back-to-back cycles and a scan rate of 0.05 V. The 
voltammogram demonstrated that the anodic current was 
not constant, proving that absorption was taking place. 
All cycles that exhibit absorption have a constant anodic 
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Fig 8. Cyclic voltammogram of (a) Al2O3, (b) Cu-Al2O3 and (c) Ni-Al2O3 at 0.05 V scan rate 

 
current. The values of anodic and cathodic currents are 
essentially constant. This showed that the redox process 
was diffusion based. 

At a scan rate of 50 mV, Fig. 8(b) shows a 5 cyclic 
voltammogram of Cu-Al2O3. The voltammogram made it 
evident that the anodic current stayed constant, 
indicating a diffusion control redox mechanism. Because 
each Cu-Al2O3 molecule had a similar amount of anode 
surface area to employ, the current stayed constant. The 
intricate molecule does not stick to the anode's surface but 
is desorbed from the surface. 

The potentiostat was operated for 5 cyclic 
voltammograms at a 0.05 V scan rate for Ni-Al2O3 in 
order to demonstrate the adsorption base redox process. 
The anodic current remained constant, as seen in Fig. 
8(c), demonstrating a diffusion-controlled redox 

mechanism. Each Ni-Al2O3 molecule had a similar 
amount of anode surface area to employ, making the 
current stay constant. The intricate molecule does not 
adhere to the anode's surface, because each complicated 
molecule readily donates electrons at the anode, and the 
current was produced. 

Voltammogram of Different Scan Rates 

The Al2O3 voltammogram was displayed in Fig. 
9(a) at various scan speeds. The cathodic potential value 
changes to the negative side as the scan rate value rises, 
whereas the anodic peak goes to the positive side. 
Reversible mechanisms of oxidation and reduction existed 
because the heterogeneous rate constant values are high. 

The voltammogram of Cu-Al2O3 at various scan 
speeds is shown in Fig. 9(b). With an increase in scan rate,  
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Fig 9. Voltammogram of (a) Al2O3, (b) Cu-Al2O3 and (c) Ni-Al2O3 at 0.05V scan rate at various scan rates 

 
the anodic potential value shifts toward a more positive 
value and the cathodic potential value toward a more 
negative side. It demonstrated that the mechanism is 
reversible. The Ni-Al2O3 voltammogram was displayed in 
Fig. 9(c) at various scan speeds. The electrochemical 
behavior of Ni-Al2O3 was identical to that of Al2O3 and 
Cu-Al2O3. The anodic and cathodic peak values rise with 
the scan rate. The one-electron oxidation and reduction 
processes are reversible, as seen by the shifting cathodic 
peak value toward higher negative values. 

■ CONCLUSION 

The present work presented using H. rosa-sinensis 
plant leaf extract, Al2O3, Cu-Al2O3, and Ni-Al2O3 NPs 
were prepared through co-precipitation method. The 
synthesized particles were analyzed using different 
techniques EDX, XRD, FTIR, and UV-Vis. The phase 
structure and surface area of the prepared photocatalyst 
were investigated using XRD. The shape and composition 
of Al2O3, Cu-Al2O3, and Ni-Al2O3 NPs were analyzed 
through SEM and EDX techniques. The cyclic 
voltammogram shows a cathodic peak (Epc) at 0.49 V with 
an anodic counterpart (Epa at 0.49 V [E1/2 = 1.748 V] within 
potential ranges from −1.5 to 1.5 V. The electrochemical 
behavior and the data are in agreement with those 
reported for related Al2O3, Cu-Al2O3, and Ni-Al2O3. It is 
noted that the intricate molecule does not adhere to the 
anode's surface as each molecule readily donates electrons 
at the anode, and the current was produced. 
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 Abstract: Research on Dye Sensitized Solar Cell (DSSC) fabrication has been carried out 
using a combination of dyes extracted from Curcuma xanthorrhiza and Anredera 
cordifolia. Each dye was extracted by treating pH 1 to 13 and then characterized using 
UV-Vis spectroscopy. The band gap energy was determined by using the cyclic 
voltammetric method. The UV-Vis spectrum of C. xanthorrhiza extract reveals the 
presence of curcumin components. The UV-Vis spectrum of A. cordifolia indicates the 
presence of chlorophyll and a trace of anthocyanin. C. xanthorrhiza extract had the least 
band gap energy in the acid phase, pH 1, at 0.66 eV, and the alkaline phase, pH 13, at 
0.43 eV. The minimum band gap energy of A. cordifolia extract was determined to be 
0.96 eV in the acid phase, pH 7, and 0.65 eV in the alkaline phase, pH 12. When A. 
cordifolia and C. xanthorrhiza extracts were mixed, with the best composition ratios 
being pH 7:pH 1 (3:2 ≈ pH 1.7) and pH 12:pH 13 (1:4 ≈ pH 12.6). The composition of 
this mixture was applied to the DSSC resulting in an efficiency of 0.096 and 0.147%, 
respectively. 

Keywords: Curcuma xanthorrhiza; Anredera cordifolia; pH; extract; DSSC 

 
■ INTRODUCTION 

The demand for energy around the world is 
increasing every day, and this trend will continue in the 
future. Therefore, efforts to develop renewable energy 
sources continue to be made, such as energy from the sun, 
wind, and water, which are widely available in nature at 
low cost [1-3]. This motivates researchers to explore 
energy sources that are clean, practical, renewable, 
abundant, and environmentally friendly. One of the 
promising renewable energy sources is solar cells, also 
known as photovoltaic solar cell to harvest solar energy 
[4]. Solar energy is one of the energies that can be 
converted into other energies [5-7]. Sunlight can be 
converted into electrical energy using solar cells by 
converting solar radiation directly into a source of 
electrical energy [8-9]. 

Dye Sensitized Solar Cells (DSSC) were first 
discovered by Michael Grätzel and Brian O'Regan in 1991. 
DSSC continues to develop until the manufacture of 

Nitrogen-doped carbon nanotubes grafting rutile TiO2 
nanofilms, which is carried out by Belkhanchi et al. [10]. 
The DSSC device consists of a conductive glass, a 
semiconductor oxide material, a dye as a 
photosensitizer, an electrolyte, and a counter electrode 
[11-12]. Currently, the most efficient dye sensitizer used 
for electron transfer in DSSC is a polypyridyl 
ruthenium(II) complex compound, with an overall 
photovoltaic conversion efficiency of 10% [13]. DSSC 
has attracted wide attention both scientifically and 
industrially due to their easy manufacture, low cost, 
versatility, and wide range of dyes [4]. 

The working principle of DSSC will be briefly 
explained as follows. Sunlight with a certain intensity 
can penetrate into the dye layer because the layer of 
conductive glass and semiconductor crystals can be 
easily penetrated by visible light. If the energy of the 
photon hits the energy gap of the dye molecule, which is 
the difference between the highest electron-filled 
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molecular orbital (HOMO) and the lowest empty 
molecular orbital (LUMO), the dye will absorb it, 
promoting one electron from HOMO to LUMO. The 
light energy can cause the excitation of one electron from 
HOMO to LUMO in the dye molecule. The excited 
electrons will then be injected into the conduction band 
of the semiconductor then collected by the conductive 
glass of the anode. These electrons flow towards an inert 
counter electrode and are collected by the conductive 
glass at the cathode. Then the electrons will be captured 
by the redox pair electrolyte and will return to the dye for 
regeneration [11]. An illustration of the working principle 
of DSSC is shown in Fig. 1. 

Recently, many DSSC studies have explored sources 
of natural dyes as promising sensitizers. Besides being 
easy to obtain, natural dyes are also cheap and 
environmentally friendly. Natural dyes could come from 
plants, such as flowers, leaves, fruit, fruit skins, and 
vegetables. Natural pigments that have been studied to 
date include anthocyanins, chlorophyll, betacyanins, 
betaxanthins, betalains, and beta-carotene [14]. Natural 
dyes can be extracted directly from plants with a variety 
of solvents and a variety of treatments. DSSC fabricated 
using extracts from plants of saffron, mallow, red onion, 
and oregano has an efficiency of 0.51, 0.45, 0.54, and 0.51, 
respectively [15]. Previous studies have also reported that 
DSSC fabricated using extracts from pandan leaves has an 
efficiency of 0.35% [16] and spinach leaves of 0.002% [17]. 

Many studies in the world also focus research on 
semiconductor materials. Research on semiconductors is 
expected  to  increase  the  efficiency  of DSSC,  which  also  

 
Fig 1. Working principle of DSSC [18] 

considers the dye molecules that can easily bind to the 
layer. 

Until now, the most frequently used 
semiconductor is TiO2 because it is stable, easy to obtain, 
and non-toxic [19]. In addition, the dye can also bind 
easily to the TiO2 layer to improve the performance of 
the DSSC. Semiconductors besides TiO2, there are also 
other materials such as ZnO [20], SnO2 [21], ZnO-CdS 
[22], ZnO-Fe2O3 [23], and TiO2-Ag [24]. 

The purpose of this study was to determine the 
performance efficiency of DSSC using dyes extracted 
from Curcuma xanthorrhiza and Anredera cordifolia. 
Each sample was optimized for pH in the extraction 
process to determine the smallest band gap energy. From 
here, the smallest band gap will be varied in the mixing 
composition, and the smallest band gap energy will be 
sought again. Then, it will be used for DSSC fabrication. 
Measurement of band gap energy using Cyclic 
Voltammetry (CV) method, and for the characterization 
of compounds using UV-Vis spectrophotometry. 

■ EXPERIMENTAL SECTION 

Materials 

TiO2 powder obtained from Sigma Aldrich. NaOH, 
KI, and polyethylene glycol (PEG 1000) were purchased 
from Merck. Demineralization water purchased from 
CIMS. Ethanol and acetonitrile were purchased from 
Fulltime. C. xanthorrhiza rhizome and A. cordifolia leaves 
were bought from local markets in Pabean-Surabaya, 
with curcumin concentration varying from 1.0–2.4% in 
the extract of C. xanthorrhiza rhizome and chlorophyll 
content ranging from 20 to 24 mg/L in the extract of A. 
cordifolia. Carbon pencil 2B (Faber-Castell), Kimwipes 
KIMTECH (PT Indolab Utama) and cudle wax (Aladin, 
PT Elos Bintang Selamat). Iodine (I2) was purchased in 
VWR Chemicals. ITO conductive glass was purchased 
from Ali Jaya Lab. HNO3 was obtained from Emsure 
while HCl was purchased from SAP Chemicals. 

Instrumentation 

Calibrated digital pH meter (ATC), used to adjust 
pH. A rotary evaporator (Buchi R-300) is used to 
evaporate the solvent resulting from the extraction. UV-
Vis spectroscopy (Shimadzu 1800) was used to 
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characterize the compounds produced from the 
extraction of C. xanthorrhiza and A. cordifolia. The band 
gap energy was determined using a Voltammetry (797 VA 
Computrace). DSSC performance test using 10-watt LED 
lamp (509.554 mW/cm2), multimeter, potentiometer, and 
other supporting tools. 

Procedure 

Extraction of C. xanthorrhiza rhizomes 
The obtained C. xanthorrhiza is then peeled off and 

washed with water until clean. C. xanthorrhiza that has 
been cleaned, cut into small pieces, and then dried using 
an oven. C. xanthorrhiza was extracted using the 
maceration method. The dried C. xanthorrhiza is reduced 
in size by breaking it, then macerated using ethanol with 
a ratio of 1:10 (sample:solvent). Optimization of the 
extraction is done by adjusting the pH from 1 to 13. 
Adjust the pH by adding HCl and NaOH. Maceration was 
carried out in dark conditions and protected from light 
for ± 24 h. The extraction results were then filtered using 
filter paper. The obtained filtrate is concentrated using a 
rotary evaporator. 

Extraction of A. cordifolia leaves 
The leaves were obtained from the A. cordifolia 

plant, which was separated from the stem. Then the A. 
cordifolia leaves were cleaned with a tissue that had been 
moistened with a little water and then cut into small 
pieces. The extraction process for A. cordifolia leaves was 
the same as for C. xanthorrhiza rhizomes. 

Preparation of TiO2 paste 
TiO2 paste was prepared based on the procedure from 

previous research [25], with a slight modification by adding 
PEG 1000. A 1.15 g TiO2 powder was added with 1.5 g PEG 
1000. Then 1.5 mL HNO3 was added to the mixture and 
stirred for ± 30 min until evenly distributed. After that, let 
it stand for ± 10 min until the paste is stable. 

Preparation of working electrode 
The working electrode was prepared following the 

procedure from previous work [26], with slight 
modifications. The prepared TiO2 paste was coated onto 
the ITO glass on the conductive side. Paste the coating 
using the Doctor Blade method, with an area of 
2 cm × 1.5 cm. Then the glass is heated at 450 °C using a 

hot plate for 30 min. The sintering product is left to 
stand until the temperature returns to normal. TiO2 
coating that exceeds the active area of 2 cm × 1.5 cm is 
removed with ethanol-soaked laboratory wipes. 

The finished glass is then soaked in color pigments 
extracted from C. xanthorrhiza and A. cordifolia for 
24 h. Soaking is done in a dark place away from light. 
After soaking, color pigments that exceed the active area 
are removed with ethanol-soaked laboratory wipes. 

Preparation of counter electrode 
The counter electrode was made following the 

procedure from previous research [27], with some 
modifications. ITO glass was made with a deposition 
size of 2 cm × 1.5 cm using tape. A 2B pencil graphite is 
shaded on ITO glass, then the tape is removed. ITO glass 
which has been shaded with pencil graphite, is heated 
over a burning candle. After that, wait until the 
temperature decreases, and trim the edges using 
ethanol-soaked laboratory wipes. 

Preparation of electrolyte 
The electrolyte solution was made by dissolving 

8.3 g of KI and 1.27 g of I2 in 100 mL of ethylene glycol. 
To avoid direct sunlight, the solution was stored in a 
dark place. 

Assembly of dye-sensitized solar cell 
The DSSC circuit starts from the working 

electrode, then stacked with the opposing electrode, 
clamped left and right with a paperclip. After that, the 
electrolyte solution is dripped on the edges, occasionally 
opening the paper clip gap to make it easier for the 
electrolyte to enter it. 

Characterization and measurement 
The results of A. cordifolia and C. xanthorrhiza 

extracts which optimized for pH values, were divided into 
two ranges is at pH 1 to 7 (considered as the acid phase), 
and at pH 8 to 13 (considered as the alkaline phase). 
Characterization of extracted compounds using UV-Vis 
spectrophotometry. Then the band gap energy is 
determined using CV method, with a potential range of 
-1 to 1 V and a scan rate of 20 mV/s. 

Characterization of DSSC is determined from the 
value of Voc, Isc, Pin, FF, and efficiency. To test the 
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performance of DSSC using a potentiometer 250 kΩ. For 
the light source, a LED lamp 10 watt is used with a light 
intensity of 509.554 mW/cm2. The overall performance of 
the cell was determined by FF. The FF (Eq. (1)) and cell 
efficiency (ηሻ (Eq. (2)) were calculated using the following 
formula [28]; 

max m ax

oc sc

V I
FF

V I





 (1) 

oc sc

in

FF V I
100%

P
 

    (2) 

where Vmax = maximum output voltage, Imax = maximum 
output current, Isc = short circuit current, Voc = open 
circuit voltage, and Pin = input power 509.554 mW/cm2. 

■ RESULTS AND DISCUSSION 

UV-Vis Spectroscopic Characterization of C. 
xanthorrhiza 

Results of C. xanthorrhiza extract with pH treatment 
did not show a significant shift in wavelength. In the pH 
range of 1–7 (Fig. 2(a)), the resulting wavelength is 
around 424 nm. This compound tends to be stable and 
maintains its structure in acidic conditions [29]. A peak 
with a maximum wavelength of 422 nm was found at pH 
8–11 (Fig. 2(b)). At pH 8–11 (Fig. 2(b)), the resulting 
wavelength is around 422 nm, pH 13 has shifted to 
419 nm and there are signs of the appearance of small 
absorption at a wavelength of 438 nm. This is a 
characteristic of curcumins in C. xanthorrhiza. Electron 
excitation of the π→π* transition occurs in the absorption 

band in the visible light range, not the n→π* transition, 
which is proven by theoretical studies [30-31]. Although 
not significant, curcumin at pH 8–12 experienced a 
hypochromic or blue shift effect caused by the influence 
of solvents. At pH 13, a shoulder peak occurs at 438 nm. 
Alkaline hydrolysis causes the degradation of curcumin, 
resulting in ferulic acid and feruloyl methane fractions, 
which reduce absorbance [32-33]. This is supported by 
the research of Sinha et al. [34] and Pourhajibagher et al. 
[35] who reported that curcumin extracts in ethanol 
show variable wavelengths around 350–470 nm due to 
the degradation of curcumin compounds at the pH 
above 11. 

UV-Vis Spectroscopic Characterization of A. 
cordifolia 

Results of the A. cordifolia extract will be presented 
in this study. Treatment of pH extract under acidic 
conditions did not show a significant wavelength shift. It 
can be seen in Fig. 3(a), the treatment of pH 1–7 on the 
extract showed the same peak pattern. The absorption 
peaks appear at 664, 436, and 412 nm, which reflect the 
characteristics of the chlorophyll a [35-36]. Theoretically, 
chlorophyll will lose the central magnesium atom in its 
structure under acidic conditions, which is called 
pheophytin. The green color has faded, turning yellow 
[37-38]. From the spectrum in Fig. 3(a), it can be 
predicted that the presence of chlorophyll a that lost a 
central magnesium atom is  called pheophytin a because  

 
Fig 2. The spectrum of C. xanthorrhiza extract (a) pH 1 to 7 and (b) pH 8 to 13 
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Fig 3. The spectrum of A. cordifolia extract (a) pH 1 to 7 and (b) pH 8 to 13 

 
chlorophyll a absorbs red light at approximately 662 nm 
and violet light at approximately 430 nm. Then the 
absorption peak appears at 468 nm, which indicates the 
presence of anthocyanin molecules [39]. However, the 
treatment of pH 1–7 affects the absorbance. Where the 
increase in pH from 1 to 7, the absorbance also increases. 
The increase in absorbance is related to the number of 
molecules or the concentration of chlorophyll a that has 
been extracted. Then it can be seen in Fig. 3(b), there is no 
shift in wavelength at pH 8–11. The absorption pattern is 
still the same with pH 1–7. However, there was a decrease 
in absorbance at pH 8–11. This is related to the quantity 
of molecules or the concentration of chlorophyll a that is 
extracted less. At pH 12 there is a change in the 
wavelength absorption. The resulting wavelengths are 640 
and 412 nm. Predictably this absorption is an intact 
chlorophyll b with a central magnesium atom. At pH 12 
there was also no absorption peak at a wavelength of 
468 nm, which indicated that anthocyanin compounds 
were not extracted at this pH. At pH 13, the resulting 
wavelengths are 660 and 401 nm. There is a shift of 664 to 
660 nm. Predictably at the top is the presence of an intact 
chlorophyll a with magnesium as the central atom. 
Besides that, there is a shift in the absorption of the 
wavelength at the peak of 412 to 401 nm. This is related to 
the chlorophyll a which is hydrolyzed into chlorophyllide 
a and phytol group [40-41]. 

Band Gap Determined of Cyclic Voltammetry 

The band gap energy of the extraction results with pH  

treatment was determined by the CV method. 
Measurements were made at a scan rate of 20 mV/s at a 
potential range of −1 to 1 V. The band gap energy was 
determined from the difference between HOMO and 
LUMO values. If the difference between the HOMO and 
LUMO values is getting smaller, the better the quality of 
the extracted dye. The ability to regenerate dyes shows 
the ease of electron transfer from electrolyte I−/I3

− to the 
HOMO band of the substance. This is related to the 
easier process of excitation of dye electrons from the 
valence band to the conduction band; with sufficiently 
small energy, the electrons can be excited. The 
conduction band is affected by the TiO2; which the effect 
of TiO2 will be in line with the energy of the LUMO dye 
compound, the easier it is for electron injection. The 
values calculated in the equation below involve 4.40 eV 
as the standard energy level of iodine electrolyte below 
the vacuum level (b). Thus, the HOMO, LUMO, and 
band gap energy values can be calculated by Eq. (3-5) [42]. 

 HOMO oxE e E 4.40 eV    (3) 
 LUMO redE e E 4.40 eV    (4) 

g LUMO HOMOE E E   (5) 
The HOMO value is correlated with the oxidation state 
(oxidation peak), while the LUMO is correlated with the 
reduction state (reduction peak) of the CV [34]. The CV 
can be seen in Fig. 4. This research will study the 
combination of dye mixtures and compositions. The 
band gap energy values are summarized in Table 1. In 
the range of pH 1 to 7, the best band gap energy of C. 
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xanthorrhiza extract was at pH 1 of 0.66 eV. While in the 
pH range 1 to 7, the best band gap energy is found at pH 
7 of 0.96 V. The A. cordifolia extract in the range of pH 8 
to 13 has the best band gap energy at pH 13 of 0.43 eV. 
Meanwhile, in the range of pH 8 to 13, the best band gap 
energy at pH 12 is 0.65 eV. Of all the dye extraction results 
with pH variations that have been described, all of them 
have the potential to become sensitizers in DSSC. 
However, the band gap energy is taken from this optimum 
pH to be used for mixing variations. Characterization was 
also carried out by UV-Vis spectroscopy and 
voltammetry. The bandgap energy of TiO2 is 3.2 eV [43]. 
The LUMO TiO2 energy has been determined to be 
−4.00 eV [44]. So that the excitation of electrons from the 
dye will be easier to inject into the TiO2 layer when 
exposed to light. Therefore, the dye produced in this study 
has the potential as a DSSC sensitizer and is expected to 
increase DSSC efficiency. Electrons are injected into the 

conduction band of the porous semiconductor layer 
because the LUMO of the dye has a higher energy level 
than that of the conduction layer. Suggesting that the 
electron injection from these LUMOs to the TiO2 
conduction band is possible. Use of TiO2 for a variety of 
benefits, including it is stable, can be used as an electrode 
in photoelectrochemical systems operating at high 
temperatures, is inexpensive, non-toxic, and has good 
optical properties that aid the injection of excited dye 
electrons into the semiconductor [44]. 

UV-Vis Spectroscopic Characterization of Mixed 
Extracts 

This characterization is viewed from the best band 
gap energy determined by the previous CV method. In 
this study, the extract was mixed in two parts, acid and 
alkaline. Under acidic conditions, the extracts of pH 7 and 
1 were  mixed, while in  alkaline conditions,  the extracts  

 
Fig 4. Cyclic voltammogram of C. xanthorrhiza extract (a) pH 1 to 7 (b) pH 8 to 13, and A. cordifolia extract  
(c) pH 1 to 7, (d) pH 8 to 13 
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Table 1. Energy band gap between HOMO and LUMO, extraction results with variations in pH 

pH 
C. xanthorrhiza extract A. cordifolia extract 

HOMO 
(eV) 

LUMO 
(eV) 

Band gap 
(eV) 

HOMO 
(eV) 

LUMO 
(eV) 

Band gap 
(eV) 

1 -4.42 -3.76 0.66 -4.69 -3.48 1.21 
2 -4.45 -3.78 0.67 -4.69 -3.65 1.04 
3 -4.46 -3.78 0.68 -4.67 -3.64 1.03 
4 -4.46 -3.71 0.75 -4.66 -3.64 1.02 
5 -4.47 -3.71 0.76 -4.69 -3.70 0.99 
6 -4.48 -3.69 0.79 -4.61 -3.63 0.98 
7 -4.51 -3.70 0.81 -4.60 -3.64 0.96 
8 -4.48 -3.68 0.80 -4.66 -3.62 1.04 
9 -4.48 -3.72 0.76 -4.65 -3.62 1.03 

10 -4.47 -3.72 0.75 -4.63 -3.66 0.97 
11 -4.47 -3.72 0.75 -4.57 -3.70 0.87 
12 -4.41 -3.89 0.52 -4.50 -3.85 0.65 
13 -4.34 -3.91 0.43 -4.49 -3.83 0.66 

 
were mixed with pH 12 and 13. The mixture was varied in 
the composition ratio of 1:4, 2:3, 1:1, 3:2, and 4:1 (A. 
cordifolia extract: C. xanthorrhiza extract). 

The results of mixing extract pH 7 and 1 with a 
composition ratio of 1:4, 2:3, 1:1, 3:2, and 4:1 resulted in 
the final pH being 1.2, 1.5, 1.6, 1.7, and 2.0. UV-Vis 
spectrum resulting from a mixture of pH 7 and 1 with 
various composition ratios can be seen in Fig. 5. The 
spectrum which is generated from the entire composition 
mixture shows the dominance of curcumin molecules. 
The resulting absorption peak is 423 nm, and for a 
mixture of 4:1, composition is 422 nm. Almost no visible 
signs of the presence of chlorophyll molecules. This is 
because the ethanol solvent does show a more suitable 
level of polarity in the curcumin molecule than in 
chlorophyll.  Basically, the curcumin molecule produces a 
higher concentration when extracted using ethanol than 
chlorophyll. Chlorophyll has a side chain called phytol in 
which there are many methyl functional groups, thus 
reducing the polarity when extraction using ethanol 
solvent. If seen, indeed, the curcumin molecule produces 
a relatively higher absorbance in the previous 
characterization than chlorophyll. 

The results of mixing extract pH 12 and 13 with a 
composition ratio of 1:4, 2:3, 1:1, 3:2, and 4:1 resulted in the 
final pH is 12.6, 12.4, 12.3, 12.2, and 12.1. UV-Vis spectrum 

 
Fig 5. UV-Vis spectrum mixture composition A. 
cordifolia pH 7 and C. xanthorrhiza pH 1 

resulting from a mixture of pH 12 and 13 with various 
composition ratios can be seen in Fig. 6. The spectrum 
which resulted is still the same as before, namely the 
dominance of curcumin molecules and no signs of the 
presence of chlorophyll molecules. A mixture of 1:4 
composition resulted in a strong peak at 417 nm and a 
shoulder peak at 439 nm. At a mixture of 2:3 and 1:1 
composition, it resulted in a strong peak at 417 nm and 
a broad peak at 438 nm. Then a mixture of 3:2 
composition resulted in an absorption peak at 419 nm, 
and no shoulder peak appeared as in the previous 
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composition. Finally, the 4:1 composition mixture only 
produces an absorption peak at 417 nm, and the shoulder 
peak that appears is not too strong and sharp. This shows 
that the composition mixture only shifts the absorption 
peak slightly so that it experiences a bathochromic effect 
on the shoulder peak and a hypochromic effect on the 
strong peak. 

Determination Band Gap of Mixed Extracts 

This characterization is based on the best band gap 
energy determined by the previous CV method on each 
dye that has the best pH for acidic and alkaline conditions. 
In acidic conditions, A. cordifolia extract with pH 7 and 
C. xanthorrhiza extract with pH 1 were combined, while 
in alkaline conditions, A. cordifolia extract with pH 12 was 
combined with C. xanthorrhiza extract with pH 13. Each 
of these combinations varied with composition ratios of 
1:4, 2:3, 1:1, 3:2, and 4:1 (A. cordifolia extract: C. 
xanthorrhiza extract). The CV can be seen in Fig. 7. 

In a mixture of extracts pH 7 and 1, the best band 
gap was obtained at a composition of 3:2 with a final pH 
of 1.7. pH 1.7 is the most optimal concentration in the 
extract mixture. This is because at this pH, it has the 
lowest band gap among the other mixtures, as shown in 
Table 2. The smaller the band gap in the mixture, the 
easier the dye electron excitation process from the valence 
band to the conduction band will be, so the quality of the 
mixed dye will be better. When exposed to light, the 
electrons will be excited properly and consequently inject 

into the TiO2 layer. Higher concentration could cause an 
obstacle to the total electron excitation process, so the 
excitation does not take place optimally. 

The results of measurements of HOMO-LUMO 
energy and energy band gap A. cordifolia extract mixture 
(pH 7) and C. xanthorrhiza extract (pH 1) as well as a 
mixture of A. cordifolia extract (pH 12) and C. 
xanthorrhiza extract (pH 13) were determined by 
voltammetry can be seen in Tables 2 and 3. 

The best bandgap composition in the mixed extract 
pH 12 and 13, a composition of 1:4, was found with a 
final pH of 12.6. The molecular concentration at pH 12.6 
is considered the most optimal. The curcumin molecules 
extracted at  pH 13 were less,  therefore the  composition 

 
Fig 6. UV-Vis spectrum mixture composition A. 
cordifolia pH 12 and C. xanthorrhiza pH 13 

 
Fig 7. Cyclic voltammogram mixture composition (a) A. cordifolia pH 7 and C. xanthorrhiza pH 1 (b) A. cordifolia  
pH 12 and C. xanthorrhiza pH 13 
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Table 2. HOMO, LUMO, and band gap mixture pH 7 and 1 

Mixture 
composition 

Mixture of A. cordifolia extract (pH 7) and C. xanthorrhiza extract (pH 1) 
HOMO 

(eV) 
LUMO 

(eV) 
Band gap 

(eV) 
1:4 ൎ pH 1.2 -3.70 -4.60 0.90 
2:3 ൎ pH 1.5 -3.70 -4.66 0.96 
1:1 ൎ pH 1.6 -3.73 -4.60 0.87 
3:2 ൎ pH 1.7 -3.73 -4.57 0.84 
4:1 ൎ pH 2.0 -3.72 -4.60 0.88 

Table 3. HOMO, LUMO, and band gap mixture pH 12 and pH 13 

Mixture 
composition 

Mixture of A. cordifolia extract (pH 12) and C. xanthorrhiza extract (pH 13) 
HOMO 

(eV) 
LUMO 

(eV) 
Band gap 

(eV) 
1:4 ൎ pH 12.6 -3.83 -4.45 0.62 
2:3 ൎ pH 12.4 -3.79 -4.47 0.68 
1:1 ൎ pH 12.3 -3.83 -4.50 0.67 
3:2 ൎ pH 12.2 -3.73 -4.57 0.69 
4:1 ൎ pH 12.1 -3.74 -4.58 0.84 

 
of the mixture at pH 12.6 was more abundant than C. 
xanthorrhiza extract. The composition ratio between 
chlorophyll b and curcumin molecules is optimum in this 
composition because it has a smaller band gap than C. 
xanthorrhiza extract or A. cordifolia extract. In a mixture 
of these compositions, both can excite electrons well when 
exposed to light. 

DSSC Performance Sensitized from Mixture 
Selected Compositions of Dyes 

DSSC performance was tested using a 10-watt LED 
lamp with a light intensity of 509.554 mW/cm2. The 
distance between the lamp and the DSSC is 4 cm. 
Measurement of DSSC performance using a 
potentiometer as reported by Setyawati et al. [45]. 
Characterization includes Voc, Isc, Fill Factor, and 
efficiency. The summary and characterization of the I-V 
curve of the DSSC can be seen in Table 4 and Fig. 8. 

In this study, a mixture of pH 7 and 1 extracts was 
selected at a ratio of 3:2 with a pH of 1.7. This 
combination resulted in cell parameters of Isc = 2.5 μA, 
Voc = 320 mV, and FF = 1.83, with a maximum cell 
efficiency of 0.096%. Under acidic conditions, curcumin 
molecules tend to be stable and maintain their structure. 
However, in the extraction process, the pH treatment 
affected the concentration of the extracted curcumin 
molecules, so the best was chosen [46]. Meanwhile, 
chlorophyll in acidic conditions affects the release of a 
magnesium atom as the central atom of the chlorophyll 
complex. In addition, the presence of anthocyanins was 
detected at this pH when extracted. This is associated 
with the greater steric hindrance when mixing, which 
will affect the binding to the TiO2 layer, and also the 
injection of electrons into the TiO2 layer when exposed 
to light. The structure of the anthocyanins may influence 
DSSC performance. For example, if the structure includes  

Table 4. Characterization DSSC mixture of the best composition A. cordifolia extract and C. xanthorrhiza extract 
Extract mixture 

(pH) Composition ratio Voc 
(mV) 

Isc 
(μA) FF Efficiency 

(%) 
7 and 1 3:2 ൎ pH 1.7 320 2.5 1.83 0.096 

12 and 13 1:4 ൎ pH 12.6 407 3.3 1.67 0.146 
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Fig 8. I-V Curves DSSC mixture of the best composition 
A. cordifolia extract and C. xanthorrhiza extract 

a longer R group, the steric hindrance for the anthocyanin 
to form a bond with the oxide surface of the TiO2. As a 
result, it efficiently blocks the molecule from chemical 
adsorption on the TiO2 film layer. Therefore, in this study, 
the best pH was also selected, and the best mixture 
composition was also selected to produce optimal 
efficiency when used as a dye sensitizer in DSSC. 

Under alkaline conditions, a mixture of pH 12 and 
13 was chosen with a ratio of 1:4 to produce a final pH of 
12.6, to be used as a dye sensitizer in DSSC. In the alkaline 
phase, curcumin molecules have hydrolysis so that they 
are degraded. This causes a change in the chromophore 
group, which results in a change in visible light 
absorption, resulting in a smaller band gap for electron 
excitation. Then chlorophyll at this pH is predicted as 
pure chlorophyll without anthocyanins, and also, the 
central magnesium atom cannot be separated. So that 
when mixing, the steric resistance that occurs is smaller 
than that of the acidic phase. This makes the process of 
chemical bonding by the dye functional groups to the 
TiO2 layer easier, and also, when exposed to light, it will 
be easier to inject electrons into the TiO2 layer. At this 
stage, the selection of the best composition is also carried 
out to obtain optimal efficiency and sensitivity to sunlight. 
In alkaline conditions, the best combination of A. 
cordifolia extract pH 12 with C. xanthorrhiza extract pH 
13 is a ratio of 1:4 with a final pH of 12.6. The composition 

of this combination has the smallest band gap energy 
that has been determined by cyclic voltammetry and also 
characterized using UV-Vis spectroscopy. The observed 
cell parameters from this combination were Isc = 3.3 μA, 
Voc = 407 mV, and FF = 1.67, with the maximum cell 
efficiency obtained being 0.146%. 

■ CONCLUSION 

Sensitized DSSC from extracts of C. xanthorrhiza 
and A. cordifolia with pH treatment has been 
successfully fabricated. The UV-Vis spectrum shows 
that the extracted pigment contains curcumin and 
chlorophyll compounds. The pH treatment also showed 
a shift in the characteristics of the absorption peak 
associated with changes in the chromophore and 
auxochrome groups in the molecule. The band gap 
energy of the extracted dye, by pH treatment, was 
determined using cyclic voltammetry. These two dyes 
have the potential to be applied as DSSC sensitizers. The 
best mixture of these two dyes (A. cordifolia extract:C. 
xanthorrhiza extract) was found at pH 7 and 1 with a 
composition of 3:2 ൎ pH 1.7, producing Voc, Isc, FF, and 
η, of 320 mV, 2.5 μA, 1.83, and 0.096%, respectively. 
Then at pH 12 and 13 with a composition of 1:4 ൎ pH 
12.6, it produced Voc, Isc, FF, and η, of 407 mV, 3.3 μA, 
1.67, and 0.146%, respectively. 
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 Abstract: This study aims to validate the method for measuring metformin 
hydrochloride plasma concentrations using High-Performance Liquid Chromatography 
(HPLC). This research performed chromatography on a 250 mm 4.6 mm 5 μm purosphere® 
Star RP-18 column at ambient temperature with a UV detector system at 233 nm. The 
mobile phase components were 70% phosphate buffer (KH2PO4) (10 mM), sodium 
dodecyl sulfate (0.3 mM), and 30% acetonitrile. It was pumped at an isocratic flow rate 
of 1.2 mL/min. Metformin HCl and ranitidine HCl (internal standard) were extracted 
using acetonitrile. The calibration curve was linear (R2 = 0.9998) in the 0.18–6 μg/mL 
concentration range. The lower limit of quantification (LLOQ) was 0.18 μg/mL. For 
intraday accuracy and precision, the percent difference and the coefficient of variation 
were less than 4 and 7%, and for inter-day were lower than 8 and 6%. The recovery 
average was 100.96%. The short-term plasma stability test was stable at 24 h at ambient 
temperature, and the long-term stability test was steady for 30 d at −20 °C. It was also 
stable after three freeze-thaw cycles. The method meets selectivity, sensitivity, linearity, 
accuracy, precision, recovery, carryover, and stability requirements and can be applied to 
population-based pharmacokinetic modeling. 

Keywords: human plasma; HPLC-UV; metformin HCl; pharmacokinetic; validation 

 
■ INTRODUCTION 

Metformin hydrochloride (metformin HCl) is the 
recommended starting therapy for diabetes type 2 [1-2] 
and also for prediabetes and diabetes prevention [3]. It 
can be used as monotherapy or in combination with 
insulin or other glucose-lowering treatments [4-5]. In 
addition, metformin controls gestational diabetes caused 
by polycystic ovarian syndrome and shows early promise 
as an anticancer drug [6-7] and anti-aging [7]. Metformin 
HCl has a chemical name of 1,1-Dimethylbiguanide 
hydrochloride, a molecular formula of C4H11N5•HCl, and 
a molecular weight of 165.62 g/mol [8]. Therefore, 
monitoring metformin plasma levels are critical for 
investigating the medication's pharmacokinetics/ 

pharmacodynamics modeling, pharmacogenomics, and 
therapeutic drug monitoring to achieve a better clinical 
result for the patient. 

Various chromatographic techniques are currently 
available for metformin HCl analysis in human plasma. 
A literature review conducted by Kaur et al. states that 
the High-Performance Liquid Chromatography (HPLC) 
method is a reasonably good method for analyzing 
plasma metformin levels compared to other methods 
such as High-Performance Thin-layer Chromatography 
(HPTLC), Hydrophilic Interaction Liquid 
Chromatography HILIC-MS/MS, Liquid 
Chromatography tandem mass spectrometric (LC-MS-
MS), Ultra-High Performance Liquid Chromatography 
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(UPLC). It is because the HPLC method can separate and 
quantify metformin levels, has a fast analysis time, 
minimizes the use of organic solvents, and is affordable 
for clinical testing of metformin, as mentioned above. The 
study recommends developing HPLC methods to focus 
on developing new extraction methods, mobile phases, 
and adsorbent materials for HPLC separation [9]. LC-
MS-MS has better sensitivity than HPLC-UV, but as long 
as the HPLC-UV method can determine metformin levels 
according to therapeutic concentrations, this method can 
still be used according to the objectives of the study [10-
11]. However, LC-MS-MS is also not optimal for clinical 
applications due to the high cost and limited availability 
of the necessary equipment in clinical laboratories [12]. 

Several studies have used HPLC-UV to analyze 
metformin in dosage form and human plasma [12-17]. 
Because of the need to minimize disruptions while 
minimizing analyte loss, metformin extraction and 
purification from human plasma is sometimes the most 
challenging step in bioanalysis [12-15]. Organic liquid-
liquid extraction is an easy, accurate, and effective way to 
prepare samples for most drugs. However, metformin's 
high polarity makes the extraction more difficult including 
its extraction from biological matrices that become more 
complicated [12-13], and several previous studies 
reported that this method produces a longer running time 
[13,18]. Therefore, protein precipitation has been the 
preferred sample preparation approach to address 
metformin extraction's difficulty. However, this method’s 
time retention is too short, has poor recovery [19] and is 
ineffective in removing endogenous interferences [18-19]. 

Another problem that occurred in several previous 
studies was the use of a relatively narrow range of 
calibration curves [12,14,18], thus not covering the range 
of metformin plasma therapeutic levels of 0.4–5 μg/mL 
[20-21]. Based on these problems, the current study was 
conducted to modify the extraction method and mobile 
phase and adjust the calibration curve range to estimate 
metformin plasma levels in patients with diabetes mellitus 
so that it is expected to produce better validity parameter 
results, especially for metformin concentration needs in 
pharmacokinetic modeling studies. In addition, FDA 
guidelines state that full validation should be performed 

on developing new bioanalytical methods or 
revisions/modifications of existing bioanalytical 
methods [22]. 

This study aims to validate a simple and effective 
metformin plasma extraction technique for plasma 
concentration measurement by HPLC-UV. The method 
needs to be validated because there are modifications in 
the extraction method to get a better recovery test, 
modifications in the composition of the mobile phase to 
get a shorter running time, and ranitidine as an internal 
standard. The study reports on the accuracy, precision, 
linearity, sensitivity, Lower Limit of Quantification 
(LLOQ), carryover, selectivity, and stability in stock 
solutions, human plasma, three freeze-thaw cycles, and 
results of applying this method in preliminary 
population-based pharmacokinetic modeling using 
Monolix 2023R1 software. 

■ EXPERIMENTAL SECTION 

Materials 

Metformin HCl and ranitidine HCl (the internal 
standard) were secondary reference standards sourced 
from the National Agency of Drug and Food Control of 
Indonesia. Acetonitrile and potassium dihydrogen 
phosphate (KH2PO4) were purchased from Merck, 
Germany. Sodium dodecyl sulfate (SDS) was purchased 
from Sigma-Aldrich, and sterile water for injection from 
Ikapharmindo (Indonesia). In addition, human plasma 
was taken from healthy volunteers who had signed an 
informed consent agreement. The Medical and Health 
Research Ethics Committee (MHREC), Faculty of 
Medicine, Public Health and Nursing, Universitas Gadjah 
Mada approved the study with the reference number: 
KE/FK/0217/E.C./2021 and conducted it following the 
Declaration of Helsinki. A preliminary population-
based pharmacokinetic modeling study involved 17 
patients with type 2 diabetes mellitus receiving 500 mg 
of metformin every 12 h as a monotherapy. 

Instrumentation 

Metformin HCl plasma concentration was 
measured using Shimadzu High-Performance Liquid 
Chromatography (HPLC) LC-10AD VP manual 
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injection with a U.V. detector system at 233 nm. The 
separation was performed on purosphere® Star RP-18 
end-capped 250 mm 4.6 mm 5 μm from Merck Germany. 
The mobile phase was a phosphate buffer (70%) and 
acetonitrile (30%) mixture. The phosphate buffer 
consisted of 10 mM potassium dihydrogen phosphate 
(KH2PO4) and 0.3 mM sodium dodecyl sulfate (SDS) at 
pH 5.2. Analyses were run at a 1.2 mL/min flow rate, and 
injection volumes were 20 μL at room temperature 
column. The recorder system used is Shimadzu Class-VP 
version 6.1 software. A preliminary study of population-
based pharmacokinetic modeling was conducted with 
Monolix 2023R1 software from Lixoft. 

Procedure 

The metformin assay method used in this study is a 
modification of several previously published methods 
developed by Amini et al. and Gabr et al. [12-13] with 
changes to the extraction method, composition, and 
procedure of preparation of the mobile phase and the 
concentration range of the calibration curve and quality 
control samples considering the therapeutic range of 
metformin in plasma in diabetes mellitus patients. 

Plasma calibration standards and quality control 
samples 

Metformin HCl and ranitidine HCl standard 
solutions were made by dissolving 10 mg of each reference 
standard in 10 mL of distilled water to yield a final 
concentration of 1000 μg/mL and storing them at −20 °C. 
Metformin HCl working solution was created by diluting 
aliquots of the standard solutions with distilled water to 
obtain final levels of 60, 40, 20, 10, 5, 2.5, and 1.8 μg/mL. 
These solutions were utilized to create plasma calibration 
standards in the 0.18 to 6.0 μg/mL linear calibration 
range. The lower limit of quantification (LLOQ), Quality 
Control Low (QCL), Quality Control Medium (QCM), 
and Quality Control High (QCH) plasma samples were 
produced with 0.18, 0.54, 3.0, and 4.5 μg/mL 
concentrations, respectively. 

Extraction procedure 
A volume of 500 μL of plasma containing 

metformin HCl was mixed with 50 μL ranitidine HCl and 
1 mL acetonitrile in a test tube. A 2 min vortexing 

procedure was followed by a 10 min centrifugation step 
at 10,000 rpm. Then, the supernatant was taken and the 
second extraction process was performed for the 
remaining residue by adding 1 mL acetonitrile and 
conducting the same vortexing and centrifugation 
procedure. Finally, the supernatant from the first and 
second extractions were combined and evaporated with 
nitrogen (N2). The resulting dry extract was reconstituted 
with 500 μL of phosphate buffer: acetonitrile (70:30) and 
vortexed for 3 min. It was then filtered using a 0.45 μm 
syringe filter, and 20 μL was administered into a 
previously equilibrated HPLC system. 

Assay validation 
Assessment for the validation of the analytical 

method refers to the guidelines from the US Food and 
Drug Administration (FDA) and European Medicines 
Agencies (EMA) [22-23]. The specificity was determined 
by comparing metformin and internal standard-
containing samples’ chromatograms to those of blank 
samples. In addition to the calibration standards curve, 
further tests were conducted to establish intra-day and 
inter-day assay precision and accuracy, selectivity, 
sensitivity, recovery, carryover, and stability. Besides the 
LLOQ concentration, which should be at most 20% of 
the coefficient of variation (CV) and percentage of 
difference (% diff), the acceptance criterion for the CV 
and % diff should be at most 15% [22-23]. 

Preliminary population-based pharmacokinetic 
modeling study 

Seventeen patients with type 2 diabetes mellitus 
who received Metformin HCl 500 mg twice daily in 12 h 
intervals as monotherapy were subjected to periodic 
blood sampling. Metformin blood levels were determined 
at two sampling points for each patient. The first 
sampling of all subjects was carried out at pre-dose/just 
before taking metformin. The second collection was 
carried out randomly at one of the times chosen between 
the time ranges of 0.5, 1, 2, 3, 4, 6, 8, and 10 h post-dose 
[20,24]. Modeling population-based pharmacokinetic 
parameters was performed using the monolix 2023R1 
software [25]. A volume of 500 μL of plasma samples 
were taken from patients, and extracted in the same 
methods described above. 
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■ RESULTS AND DISCUSSION 

Method Development 

The significant modification from the previous 
study [12-15,18-19,26] concerns the extraction method, 
composition, and preparation procedure of the mobile 
phase, as well as the concentration range of the calibration 
curve and quality control samples, taking into account the 
therapeutic range of metformin in the plasma of the 
patients with diabetes mellitus. Optimization of several 
alternative extraction methods was carried out in the 
preliminary study, including protein precipitation with 
trichloroacetic acid and acetonitrile. However, this method 
was less effective in removing the peaks of endogenous 
plasma compounds causing them to coincide with the 
peaks of metformin. Furthermore, liquid-liquid extraction 
was carried out with acetonitrile added with 100 μL NaOH 
8 M to alkalinize the pH. However, the metformin peak 
results obtained were less symmetric. Finally, the extraction 
was conducted in a more straightforward method and by 
only using acetonitrile as the solvent without alkalizing the 
pH with NaOH and without adding acetic acid. In addition, 
we also performed evaporation with nitrogen gas to 
produce dry extracts to concentrate the concentration of 
analytes, because in bioanalytic studies, it is challenging to 
quantify small amounts of the drug in plasma with the 
tailing factor level still according to the recommendations. 

A preliminary study was also conducted to optimize 
the mobile phase's performance. Initially, a combination 
of acetonitrile and sterile water for injection was used with 
various compositions. As a result, metformin appeared in 
a short retention time because it is a highly polar 
compound. However, in the early minutes, a peak of 
endogenous compounds will also appear in the plasma 
and can interfere with metformin peaks [19]. In 

modifying the mobile phase composition, phosphate 
buffer was used with SDS admixture. SDS is an anionic 
surfactant that can be a quasi-stationary phase that can 
delay the appearance of metformin peaks to a more 
optimal retention time [27]. SDS will form micelles 
above the critical micelle concentration, resulting in a 
pseudo-stationary phase that can partition 
components/analytes according to their partition 
coefficient [28]. The final mobile phase components 
were 70% phosphate buffer (KH2PO4) 10 mM, sodium 
dodecyl sulfate (0.3 mM), and 30% acetonitrile. Pure 
acetonitrile and its water (buffering) mixtures have 
unique chromatographic extraction characteristics and 
significant applications [29]. Fig. 2 shows an excellent 
peak symmetry, and both the analyte and internal 
standard were effectively separated at 4.8 and 6.7 min 
retention times with running time at 8 min. This result 
is better than previous references [12-15,19], which 
show a longer running time, thus less efficient. The 
resulting retention time was optimal, not too fast, so it 
did not coincide with endogenous plasma compounds. 
It was under 8 min, so it was efficient and suitable for 
laboratory and clinical pharmacokinetics services. 

Method Validation 

System suitability test 
Table 1 demonstrates that the HPLC-UV system 

satisfies all suitability test parameters. Resolution and 
relative retention parameters indicate that plasma 
matrices containing metformin and ranitidine (internal 
standard) are well separated. The tailing factor (TR) level 
also meets the requirements to guarantee accuracy in 
quantifying the area of the metformin peak [30]. The 
column used also has good efficiency based on the value 
of the Plate Number (N) and HETP parameters [30]. 

Table 1. System suitability test 
No. Parameters Acceptability criteria [30] Metformin Ranitidine [IS] 
1. Capacity factor (k') > 2 3.94 5.83 
2. Resolution (Rs) > 2 3.8 5.93 
3. Tailing factor (TF) ≤ 2 1.39 1.38 
4. Relative retention () > 1 2 1.39 
5 Plate number (N) > 2000 2526.4 2125 
6 Height Equivalent Theoretical Plate (HETP) 0.01–1 0.098 0.117 
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Selectivity 
Six individual plasma samples were analyzed by 

chromatography to examine the possibility of 
endogenous compounds in plasma that could interfere 
with the appearance of metformin hydrochloride peaks 
and internal standards. As illustrated in Fig. 2(a), no 
endogenous plasma peak interfered with the elution of 
metformin or ranitidine. It is generally considered that 
there are no interfering components when the analyte's 
response is less than 20% of LLOQ and the internal 
standard is less than 5% [22]. The result shows no 
significant interfering components at the retention time 
of the analyte and internal standards of the blank matrix. 

Lower limit of quantification [LLOQ] 
LLOQ was the least amount at which repeatability 

was within 20% of CV, and the measured concentration was 
within 20% of the actual attention [22-23]. Determining 
the LLOQ value was conducted using the response method's 
standard deviation and the calibration curve's slope [31]. 
In this study, we decided on the LLOQ value at 0.18 μg/mL 
with the CV values being 6.542% and % diff of 0.905%, 
which is better than the previous study reported by 
Ningrum et al. [19]. The LLOQ value set at 0.18 μg/mL 
indicates that the method can meet the sensitivity 
requirements in the analysis of metformin because the 
range of metformin levels in plasma is 0.4–5 μg/mL [20,24]. 

Linearity 
The standard calibration curve was drawn using 

seven spiking metformin plasma levels (0.18, 0.25, 0.5, 1, 
2, 4, 6 μg/mL), including the LLOQ. The standard curve 
is based on the metformin level series (x) versus the 
chromatogram area ratio of the metformin to ranitidine 

(y). The correlation coefficient was 0.9998 with the 
linear regression equation y = 0.1595x + 0.0043. Fig. 1 
displays the calibration curve from metformin spiked in 
human plasma. Several previous studies employed a 
calibration curve with a relatively limited range that did 
not correspond well with plasma metformin levels, 
particularly in the upper range (above 2 μg/mL) 
[12,14,18]. In addition, some studies had linearity with 
an R2 value under 0.999 [14,18]. 

Accuracy and precision 
Accuracy refers to the proximity of the obtained 

concentration value to the actual concentration of the 
analyte, expressed as a percentage difference (% diff). 
Precision refers to the similarity of repeated individual 
analyte measurements, denoted by the coefficient of 
variation (CV). The acceptance limits for % diff, and CV 
are 20% for LLOQ and 15% for QCL, QCM, and QCH 
[22-23]. Table 2 shows intra- and inter-day accuracy and 
precision data for measuring metformin in human 
plasma. For intraday accuracy and precision, the percent 
difference was less than 4%, and the coefficient of 
variation was less than 7%. The results were below 8 and 
6% on  day-to-day  accuracy  and precision.  Fig. 2 shows  

 
Fig 1. Spiked plasma metformin calibration curve 

Table 2. The intra- and inter-day accuracy and precision plasma spiking metformin 
 

Intra-day (n = 5) 
Inter-day (n = 5) 

 Day 2 Day 3 
Conc. 

(μg/mL) 
Accuracy 
(% diff) 

Precision 
(% CV) 

Accuracy 
(% diff) 

Precision 
(% CV) 

Accuracy 
(% diff) 

Precision 
(% CV) 

0.18 0.905 6.542 2.663 1.301 -3.893 5.305 
0.54 3.059 4.509 5.879 1.125 7.723 3.095 

3 -3.295 3.295 -3.877 2.014 -0.397 1.782 
4.5 0.415 2.008 -5.931 2.996 -0.622 2.264 

The acceptance limits for % difference [% diff] and CV are below 20% for LLOQ and < 15% for QCL, QCM, and 
QCH [22-23] 
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Fig 2. Chromatograms for a blank plasma sample (a), a zero sample (blank+internal standard 10 μg/mL) (b), spiking 
plasma metformin LLOQ sample (c), spiking plasma metformin QCL sample (d), spiking plasma metformin QCM 
sample (e) and spiking plasma metformin QCH sample (f). Zero, LLOQ, QCL, QCM, and QCH samples were spiked 
with the ranitidine 10 μg/mL as the internal standard 
 
an example of a chromatogram peak from LLOQ, QCL, 
QCM, and QCH samples. 

Recovery 
Recovery is a term that relates to an analytical 

process's extraction efficiency, expressed as the ability to 
recover a predetermined amount of analyte from a sample 
after sample extraction and processing, and is measured 
in terms of recovery percentage. The acceptance limit for 
% recovery is 80–120% for LLOQ and 85–115% for QCL, 
QCM, and QCH [31]. Table 3 shows the average recovery 
of LLOQ, QCL, QCM, and QCH, which ranged from 
96.159–104.905%. The relative recovery ranged between 
92.749–99.352% (LLOQ), 102.327–109.778% (QCL), 
95.357–102.524%  (QCM), and  101.477–106.714% (QCH).  

Table 3. Metformin plasma recovery 
Conc. 

(μg/mL) 
Mean recovery 

(n = 3) SD % CV 

0.18 96.159 3.307 3.439 
0.54 104.905 4.223 4.025 
3 98.693 3.609 3.657 
4.5 104.078 2.619 2.516 

The acceptance limits for % difference [% diff] and CV are below 
20% for LLOQ and < 15% for QCL, QCM, and QCH [22-23] 

The result indicated that the extraction method produced 
a better recovery test than the previous study by Gabr et 
al., with complex liquid-liquid extraction (recovery 
ranging from 93.7–88.5%) [13], Ningrum et al., that used 
a simple protein precipitation method (recovery ranged 
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from 59.98–93%) [19], and Nielsen et al., that used a solid-
phase extraction (recovery ranged 80–88%) [14]. 

Carryover 
After injecting the high concentration standard, 

carryover should not exceed 20% of the LLOQ and should 
not exceed 5% for the internal standard [22-23]. Results 
show that the average metformin level after injecting blank 
samples after a high concentration (6 μg/mL) was 0.038 μg/ 
mL (not greater than the LLOQ value of 0.18 μg/mL) and 
0.051% for the internal standard (lower than 5%). 

Stability 
Every step in the sample preparation and analysis 

and the storage conditions employed should be examined 
to verify that the analyte concentration does not change. 
The stability tests that were carried out were stock 
solution storage stability (Table 4) and plasma storage 
stability (Table 5). 
Stability in stock solution (short and long term). The 
stock solution was tested for stability for 24 h at ambient 
temperature and 30 d under freezing (−20 °C). Testing was 
conducted using QCL and QCH samples. Table 4 shows 
that the stock solution stability test was excellent, as 
demonstrated by the accuracy value (% diff) and precision 
(CV) being less than 15%. In conclusion, the metformin 
stock solution was steady at ambient temperature for 24 h 
and after 30 d under freezing (−20 °C). 
Stability in human plasma 
(i) Short term stability. Stability testing with QCL and 

QCH samples was conducted at 25 °C for baseline 
and after 24 h (Table 5). As a result, the concentration 
of metformin HCl in plasma remained constant for 
24 h at room temperature because both CV and % diff 
was less than 15%. 

(ii) Long term stability. Two QCL and QCH plasma 
samples were subjected to stability testing at −20 °C 

storage conditions for 0, 7, and 30 d. Table 5 informs 
that the accuracy value (% diff) was −11.324% (QCL) 
and −8.753% (QCH), and the precision (CV) was 
0.853% (QCL) and 1.925% (QCH) after 30 d at 
−20 °C storage. Therefore, metformin plasma 
spiking was steady for 30 d at −20 °C. 

(iii) Freeze and thaw stability. The effect of three freeze/ 
thaw cycles on the plasma metformin concentrations 
of the QCL and QCH samples in duplicate was 
evaluated. Table 6 shows that after three freeze/thaw 
cycles, the accuracy value (% diff) was 0.535% (QCL) 
and 4.75% (QCH), respectively. The precision 
parameter (CV) was 1.89% (QCL) and 1% (QCH). 
The results show a good test for three freeze/thaw 
cycles from accuracy and precision parameters. 

The stability test results on stock solutions and 
human plasma showed results that met the stability 
criteria, both under short-term and long-term (30 d) 
storage conditions. The stability criteria following FDA 
and EMEA guidelines were % diff and CV below 15% 
[22-23]. For the short-term stability test, storage at room 
temperature for 24 h was carried out to ensure that the 
metformin HCl stock solution and metformin HCl in 
human plasma were stable during the analysis. 
Meanwhile, the results of long-term stability testing both 
in stock solutions and human plasma showed long-
lasting results in storage at −20 °C for 30 d. The method 
also offers sample stability after three freeze-thaw cycles. 

Table 4. Short and long-term stock solution stability 

Conc. 
(μg/mL) 

After 24 h at room 
temperature (n = 3) 

After 30 d at  
−20 °C (n = 3) 

% diff % CV % diff % CV 
0.54 -1.486 4.118 -4.086 9.391 
4.5 -4.246 0.672 -1.163 2.712 

Note: acceptance criteria limit % diff and CV are below 15% [22-23] 

Table 5. Stability of metformin in human plasma 

Conc. 
(μg/mL) 

Room temperature In −20 °C 
Baseline After 24 h After 24 h After 7 d After 30 d 

% diff % CV % diff % CV % diff % CV % diff % CV % diff % CV 
0.54 0.616 2.201 -4.946 6.505 -5.883 0.760 -8.416 0.971 -11.324 0.853 
4.5 0.24 0.415 -1.482 0.606 1.222 0.600 1.020 0.312 -8.753 1.925 

Note: acceptance criteria limit % diff and CV are below 15% [22-23] 



Indones. J. Chem., 2023, 23 (4), 937 - 947    

 

Dimas Adhi Pradana et al. 
 

944 

Table 6. Freeze/thaw stability test 
Conc. 

(μg/mL) 
After three freeze/thaw cycles (n = 3) 

% diff % CV 
0.54 -0.79 1.896 
4.5 5.53 1 

Note: acceptance criteria limit % diff and CV are below 15% [22-23] 

Application in Preliminary Population-Based 
Pharmacokinetic Modeling Study 

Metformin concentrations in human plasma  
 

samples were collected from 17 type two diabetes mellitus 
patients who received metformin HCl 500 mg twice 
daily in 12 h intervals as monotherapy. Fig. 3 shows the 
chromatogram profile of metformin in the patient's 
plasma, which looks similar to the chromatogram profile 
during the method validation test. Preliminary 
population-based pharmacokinetic modeling studies 
were done using Monolix 2023R1 software. Fig. 4 shows 
the profile of the level-versus-time curve of 17 patients 
based on a population.  Plasma sampling  was conducted  

 
Fig 3. Representative chromatograms from diabetes mellitus patients receiving metformin 500 mg twice daily with 
spiking internal standard 10 μg/mL 

 
Fig 4. Population-based plasma metformin levels (± error standard) vs. time from 17 diabetes mellitus patients 
receiving metformin 500 mg twice daily 
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Table 7. Population-based pharmacokinetics parameters 
from 17 types two diabetes mellitus 500 mg twice daily 
Parameters Value SE RSE (%) 

ka_pop (h−1) 0.751 0.147 19.648 
V_pop (L) 209.567 14.049 6.704 
k_pop (h−1) 0.165 0.0138 8.387 
Cmax_pop* (μg/mL) 2.35 0.0025 0.106 
Cmin_pop* (μg/mL) 0.51 0.05 9.8 

SE: Standard error 
RSE: relative standard error 
ka_pop: absorption rate constant from the population 
V_pop: apparent volume of drug distribution in the body from the 
population 
k_pop: elimination rate constant from the population 
Cmax: maximum plasma drug concentration from the population 
Cmin: minimum plasma drug concentration from the population 
*: values based on population-based metformin plasma level curve 
profiles versus time created by Monolix 2023R1 (Fig. 4) 

twice as blood sampling from each patient will be 
combined in 1 observation data curve. The curves of 
plasma metformin level versus time indicate ideal 
pharmacokinetic phases, namely the absorption, peak, 
and elimination phases. Table 7 informs the value of 
population pharmacokinetic parameters from the 
Monolix 2023R1 software processing results using the 
pharmacokinetics structural model. The pharmacokinetic 
structural model equation used is as follows: Cc =Cc0 + 
(ka*amtDose/(V*(ka-k))*(exp(-k*t)-exp(-ka*t))) with the 
PK model definition; Cc = pkmodel(ka, V, k). 

Curves of metformin plasma level versus time and 
population parameter values from an initial population-
based pharmacokinetic study exhibited encouraging 
results. In addition, it demonstrates that the method can 
be utilized in a population-based pharmacokinetic study. 

■ CONCLUSION 

The method performed in the current study meets 
the requirements for selectivity, sensitivity, linearity, 
accuracy, precision, recovery, carryover, and stability 
requirements based on EMA and FDA guidelines. The 
modifications in the extraction method obtained a better 
recovery test and the composition of the mobile phase 
obtained a shorter running time. A preliminary 
population-based pharmacokinetic study showed 
promising results from the curve of metformin plasma 

levels versus time and population parameter values. 
Furthermore, it shows that this method can be applied 
in a population-based pharmacokinetic study in diabetes 
mellitus patients who receive metformin 500 mg every 
12 h as monotherapy. 
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 Abstract: The pollination process in oil palm is assisted by the insect Elaeidobius 
kamerunicus, which occurs when male and female flowers bloom producing volatile 
compounds that act as attractants. This study aims to identify volatile compounds in oil 
palm flowers based on differences in times with gas chromatography mass spectrometry 
(GC-MS). The research steps include determining the time of the release of volatile 
compounds in oil palm flowers, extracted using steam distillation, and identification by 
GC-MS. There are different times of the release of volatile compounds for each type of oil 
palm flower. Three times by male flowers, at 08:00 am, 11:00 am and 14:00 pm, with the 
highest volatile compounds at 14:00 pm. Meanwhile, female flowers occurred at 09:00 
am, 12:00 am and 15:00 pm, with the highest volatile compounds at 12:00 am. The results 
of the GC-MS analysis showed that 21 and 19 volatile compounds were identified, with a 
total of 38 different types. Estragole compounds were dominant in both types of flowers 
and did not show significant differences in the area sum values at each time of 
observation. These results indicated the importance of estragole compound for the 
pollination process in oil palm. 

Keywords: Elaeis guineensis Jacq.; estragole; palm oil; volatile compounds 

 
■ INTRODUCTION 

Oil palm (Elaeis guineensis Jacq.) is one of the 
plantation commodities that has an important role in 
economic development and is a source of foreign 
exchange for the country. The productivity and land area 
of oil palm continues to increase every year, from 22.5 
million and 4.5 million tons in 2010 to 44.8 million and 
8.9 million tons in 2020 [1]. The development of oil palm 
area and productivity in Indonesia is influenced by several 
factors, one of which is the role of the oil palm pollinating 
insect (SPKS) Elaeidobius kamerunicus Faust which was 
introduced in March 1983. In general, there was an 

increase in pollination efficiency, so the fruit set value 
increased from 11.27 to 75.56%, and there was an 
increase in other production components such as bunch 
weight and crude palm oil per Ha [2]. 

The pollination process by E. kamerunicus occurs 
when male and female flowers bloom, producing volatile 
compounds that act as attractants. Several studies 
reported that the volatile compound that acts as an 
attractant for E. kamerunicus is estragole [3-5]. Estragole 
is an allylphenol derivative compound formed through 
the shikimate (phenylpropanoid) pathway. In addition 
to estragole, it is suspected that there are other volatile 
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compounds that act as attractants. Anggraeni et al. [3] 
analyzed the volatile compounds of male oil palm flowers 
at the 100% flowering stage. The results showed that there 
were compounds of palmitic acid, 4-tetradecyl 
chloroacetate, estragole, and 1-dodecyne. Meanwhile, 
female flowers contain 4-tetradecyl chloroacetate, 
palmitic acid, farnesol, and squalene compounds. 
Muhamad Fahmi et al. [4] identified volatile compounds 
from oil palm flowers on different soil types. There were 
10 compounds identified, estragole was found to be the 
main compound in sandy soil (37.49%), clay (30.71%), 
and peat soil (27.79%). Other compounds such as 9,12-
octadecadionic acid and n-hexadecanoic acid were found 
as the main compounds in peat (27.18% and 7.45%), 
sandy soil (14.15% and 9.31%); and clay (30.23% and 
4.99%). The interaction between oil palm and E. 
kamerunicus benefits both plants and pollinating insects, 
E. kamerunicus gets food from male flowers and then 
carries pollen to female flowers [6]. Based on Anggraeni 
et al. [3], E. kamerunicus is active foraging during the day 
and peaks at 10:00–11:00 am. Until now, there has been 
no research that has identified the volatile compound 
content of oil palm flowers at different times, in the 
morning, afternoon and evening. GC-MS is a powerful 
instrument for identifying volatile compounds from 
plants [7-9]. This study aims to identify the content of 
volatile compounds in male and female flowers of oil palm 
based on differences in that time with the GC-MS. 

■ EXPERIMENTAL SECTION 

Materials 

The palm flower was collected from the collecting 
observational data, and research samples were Batu 
Kotam (111°30'6.1"E2°18'39.9"S) and Rangda area 
(111°36'59.7664"E 2°18'47.7493"S) in West Kotawaringin, 
Central Kalimantan, Indonesia. The oil palm flower 
extraction process was carried out at the Sulung Research 
Station Laboratory, Central Kalimantan. Analysis of 
volatile compounds was carried out at the Central 
Laboratory, Universitas Padjadjaran, Jatinangor, West 
Java, Indonesia. The materials used were anthesis 
(≥ 75%), female receptive oil palm flowers (≥ 75%), 
distilled water, 4-allylanisole (98%, Sigma-Aldrich), 

trans-anethole (99%, Sigma-Aldrich), anisole (99%, 
Merck), methyl eugenol (98%, Sigma-Aldrich), ethyl 
oleate (90%, Sigma-Aldrich), and dichloromethane 
(99.8%, Merck). 

Instrumentation 

Tiger Select Portable VOC Detector (ION Science 
Ltd.) was performed to analyze volatile compounds in 
palm flowers and gas chromatography-mass 
spectrometry (GC-MS) type Agilent 7 890 A was carried 
out to investigate volatile compounds from extract from 
steam distillation. 

Procedure 

This research process goes through several stages. 
The first stage was observing oil palm flowers in the field 
to determine the time of the release of volatile 
compounds. The second step is to extract volatile 
compounds from oil palm flowers by using a steam 
distillation technique. The last stage is the identification 
of the types of volatile compounds by using GC-MS. 

Determination of release of volatile compounds 
Detection of the level and time of the release of 

volatile compounds was carried out by using a portable 
VOC detector on 10 samples of male and female oil palm 
flowers with blooming criteria ≥ 75%. Portable VOC 
detectors are used for specific applications for spot-
checking and measuring for such a volatile or gas 
compound. Observations were made on three sample 
points with an interval of 60 min from 07:00 am–17:00 
pm [3]. 

Extraction of volatile compounds from oil palm 
flowers 

The volatile compounds of oil palm flowers were 
obtained by using a steam distillation apparatus [7]. 
Determination of the timing of flower sampling based 
on the pattern of the release of the highest volatile 
compounds from the detection results in the field. 
Distillation materials to obtain volatile compounds were 
1 kg of male and female flowers and 4 L of distilled water 
[10]. The distillation process was carried out for 4 h [7] 
at room temperature (± 25 °C) and chiller temperature 
(below 20 °C) [11-12]. 
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Identification of volatile compounds using GC-MS 
The results of the distillation were then analyzed 

using GC-MS to determine the composition of volatile 
compounds in oil palm flowers [10]. Analysis of the 
composition of volatile compounds begins with the 
preparation of the distillate, which is taken as much as 
1 mL and injected into the GC-MS with a split ratio of 
1:50 using the hot-needle technique. Several dilution 
experiments were carried out on the sample to be injected 
so that the compound with the smallest percentage could 
be read. The temperature of the injection area and the 
transfer line used at the interface set is 325 °C, with the 
ion source adjusted to a temperature of 200 °C. The 
carrier gas used is helium (He 99.99%), with a constant 
flow rate of 1 mL/min. The initial oven temperature was 
at 50 °C for 2 min, after which it was raised to 200 °C at 
10 °C/min, which was then equilibrated for 3 min, before 
the next sample injection. The mass spectrum was 
recorded at one scan per second with a mass detection 
range of m/z 40–470 amu. Chromatograms and mass 
spectra were evaluated using GC/MSD 5977B with a limit 
of fit 80%. Data acquisition and processing were carried 
out using the NIST 17 mass spectral library. The 
concentration of the studied compound was calculated 
from the peak area in the total ion chromatogram. The 
relative abundance was obtained from the electronic 
integration of the measurements and the average results 
of three replicates [13]. 

■ RESULTS AND DISCUSSION 

Time Pattern for the Release of Volatile 
Compounds in Palm Flower 

Determination of the time pattern for the release of 
volatile compounds emitted by male and female flowers 
of oil palm at 07:00 am to 17:00 pm using the VOC 
detector showed differences for each type of oil palm 
flower (Fig. 1). There are three times for the release of 
volatile compounds by male flowers, namely at 08:00 
am, 11:00 am, and 14:00 pm, with the highest release at 
14:00 pm. Meanwhile, the three times for the release of 
volatile compounds in female flowers occurred at 09:00 
am, 12:00 am and 15:00 pm. The peak of the release of the 
highest volatile compounds occurred at 12:00 am. This 
will be marked by a stronger floral aroma when in the 
field. The release of volatile compounds in male flowers 
was higher than that of female flowers, seen at the peak 
of the release of volatile compounds by male flowers of 
0.610 ppm, while in female flowers, it was 0.056 ppm. 

Identification of Volatile Compounds in Male 
Palm Flowers by GC-MS Based on the Time 

The results of volatile compounds based on the 
time of the release of volatile compounds in male flowers 
were identified using GC-MS. The results of the GC-MS 
analysis identified 13 compound peaks at 8:00 am (Fig. 2), 
7 compound peaks at 11:00 am (Fig. 3) and 14 compound 
peaks at 14:00 pm (Fig. 4).  Based on  the detected peaks,  

 
Fig 1. Time pattern for the release of volatile compounds from oil palm flowers 
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Fig 2. Chromatogram of male flowers at 08:00 am 

 
Fig 3. Chromatogram of male flowers at 11:00 am 

 
Fig 4. Chromatogram of male flowers at 14:00 pm 

 
the dominant volatile compound in oil palm flowers for 
all observation times was estragole. 

Identification of GC-MS on the sample at 8:00 am 
obtained the highest peak compound with a retention 
time (RT) of 10.603 min and a sum area of 99.66, which is 
suspected to be estragole (Fig. 2). In addition, other peaks 
were identified, these compounds were 2-propenamide, 
nonanal, 1-ethenyl-4-methoxybenzene, anethole, 1-
ethenyl-1-methyl-2,4-bis(1-methylethenyl)cyclohexane, 
methyl eugenol, germacrene D, 3-methyl-6-(1-methyl 
ethylidene)cyclohexene, γ-elemene, α-farnesene, 1-(2-
Acetoxyethyl)-1-(4-methylpent-4-enyl)-2-(1-methyl 
ethenyl)cyclobutane, and hexamethylcyclotrisiloxane 
(Table 1). 

The dominant estragole compound was identified 
at 11:00 am with RT 10.602 min and area sum 99.65 (Fig. 
3). Six other compounds identified were anethole, 1-
ethenyl-1-methyl-2,4-bis(1-methylethenyl)cyclohexane, 
methyl eugenol, 4-(2,6,6-trimethyl-1-cyclohexen-1-yl)-
2-butanone, 1-ethenyl-1-methyl-2,4-bis(1-methylethenyl) 
cyclohexane, and 1,5-dimethyl-8-(1-methylethenyl)-
1,5-cyclodecadiene (Table 2). There are 14 peaks at 14:00 
am, with the highest peak at RT 10.603 min and a sum 
area of 98.33 which is suspected to be estragole 
compound (Fig. 4). Meanwhile, other peaks are linalool, 
nonanal, 1-methoxyadamantane, (1S,2E,6E,10R)-
3,7,11,11-tetramethylbicyclo[8.1.0]-undeca-2,6-diene, 
2-butanone, 4-(2,6,6-trimethyl-1-cyclohexen-1-yl),  
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Table 1. List of volatile compounds of male flowers samples at 08:00 am 

Peak Compound Start RT (min) End Height Area Area 
sum 

%Area 

1 2-Propenamide 8860 8.931 8952 963 1851 0 0.00 
2 Nonanal 8976 9.025 9057 1833 3201 1 0.01 
3 1-Ethenyl-4-methoxybenzene 9826 9.845 9899 1295 2063 1 0.01 
4 Estragole 10450 10.603 11066 4730275 39799003 10000 99.66 
5 Anethole 11800 11.840 11888 22181 35322 9 0.09 
6 1-Ethenyl-1-methyl-2,4-bis(1-

methylethenyl)cyclohexane 
13220 13.255 13298 20171 30331 8 0.08 

7 Methyl eugenol 13304 13.336 13390 10844 18611 5 0.05 
8 Germacrene D 13482 13.522 13565 1893 3928 1 0.01 
9 3-Methyl-6-(1-

methylethylidene)cyclohexene 
13649 13.673 13705 1849 3080 1 0.01 

10 γ-Elemene 13792 13.816 13870 2725 5612 1 0.01 
11 α-Farnesene 13924 13.948 13983 1644 3558 1 0.01 
12 1-(2-Acetoxyethyl)-1-(4-methylpent-4-

enyl)-2-(1-methylethenyl)cyclobutane 
14358 14.409 14436 2707 5769 1 0.01 

13 Hexamethylcyclotrisiloxane 26293 26.328 26371 3452 6965 2 0.02 

Table 2. List of volatile compounds of male flowers samples at 11:00 am 

Peak Compounds Start RT 
(min) End Height Area Area 

sum %Area 

1 Estragole 10458 10.602 11125 4710964 37728112 10000 99.65 
2 Anethole 11806 11.838 11890 39044 63305 17 0.17 
3 1-Ethenyl-1-methyl-2,4-bis(1-

methylethenyl)cyclohexane 
13226 13.256 13288 24758 36233 10 0.10 

4 Methyl eugenol 13313 13.331 13361 4119 5843 2 0.02 
5 4-(2,6,6-Trimethyl-1-cyclohexen-

1-yl)-2-butanone 
13792 13.816 13876 5811 10247 3 0.03 

6 1-Ethenyl-1-methyl-2,4-bis(1-
methylethenyl) cyclohexane 

14339 14.409 14474 3911 8957 2 0.02 

7 1,5-Dimethyl-8-(1-methylethenyl)-
1,5-cyclodecadiene 

14824 14.851 14902 3489 6125 2 0.02 

 
trans-β-Ionone, pentadecanal, nonadecane, 1-docosene, 
nonadecane, and 5-eicosene (Table 3). 

The interpretation of the main peak of the mass 
spectrum in the male flower sample at 8.00 am was 
obtained at a retention time of 10.603 min. The mass 
spectrum of the compound at the main peak m/z = 148, 
the molecular ion is thought to have fragmented with the 
release of (C2H3

•), yielding (M-27) at m/z = 146. The peak 
at m/z = 77 probably appears due to the loss of the group 
(CH3O•) produce (M-31). The compound is thought to be 
estragole (Fig. 5). 

Meanwhile, the chromatogram peak in male flower 
samples at 11.00 am with a retention time of 10.602 min 
was a compound with the molecular formula C10H12O. 
The mass spectrum showed that the molecular mass of 
the compound was 148 and showed a molecular ion peak 
at m/z 148 followed by fragments at m/z 148, 121, 77, 65, 
and 51 (Fig. 6). The peak of the chromatogram on male 
flower samples at 14:00 pm obtained a retention time of 
10.603 min is suspected to be estragole compounds. The 
mass spectrum showed molecular ion peaks at m/z 148 
with fragments at m/z 148, 121, 77, and 51 (Fig. 7). 
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Identification of GC-MS Volatile Compounds Based 
on Time of the Release of Female Palm Flowers 

The results of the samples that have been isolated by 
steam distillation technique are separated between the oil 
and water phases, then identified using GC-MS to 

determine the content of volatile compounds. The 
results of GC-MS showed that 10 compound peaks were 
identified in the female flower sample at 9:00 am (Fig. 8), 
14 compound peaks at 12:00 am (Fig. 9) and 9 
compound peaks at 15:00 pm (Fig. 10). 

Table 3. List of volatile compounds of male flowers samples at 14:00 pm 

Peak Compounds Start RT 
(min) 

End Height Area Area 
sum 

%Area 

1 Linalool 8898 8.924 8957 2266 3720 1 0.01 
2 Nonanal 8981 9.016 9054 11440 17638 6 0.06 
3 1-Methoxyadamantane 10297 10.329 10370 7462 14154 5 0.05 
4 Estragole 10465 10.603 10874 4731972 27998331 10000 98.33 
5 Estragole 11806 11.836 11887 16406 27216 10 0.10 
6 (1S,2E,6E,10R)-3,7,11,11-

Tetramethylbicyclo[8.1.0]undeca-2,6-diene) 
13489 13.526 13575 5832 10301 4 0.04 

7 4-(2,6,6-Trimethyl-1-cyclohexen-1-yl)-2-
butanone 

13772 13.823 13869 5902 9793 3 0.03 

8 trans-β-Ionone 14351 14.405 14448 6037 11085 4 0.04 
9 Pentadecanal 17117 17.173 17214 7956 13300 5 0.05 

10 Nonadecane 22301 22.344 22389 34569 61392 22 0.22 
11 1-Docosene 24195 24.241 24276 47492 77535 28 0.27 
12 Nonadecane 24467 24.497 24553 80103 139741 50 0.49 
13 5-Eicosene 26092 26.119 26143 17311 24950 9 0.09 
14 Nonadecane 26299 26.332 26369 38549 63429 23 0.22 

 
Fig 5. Mass spectrum and structure of estragole in male flower samples at 08:00 am 

 
Fig 6. Mass spectrum and structure of estragole in male flowers samples at 11:00 am 
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Fig 7. Mass spectrum and structure of estragole in male flowers samples at 14:00 pm 

 
Fig 8. Chromatogram of female flowers at 09:00 am 

 
Fig 9. Chromatogram of female flowers at 12:00 am 

 
Fig 10. Chromatogram of female flowers at 15:00 pm 

 
The peaks found in female flower samples at 

09:00 am occurred at a retention time of 10.599 min with 
a sum area of 98.91 (Fig. 8). The results of the 
identification of the peaks are suspected to be estragole 
compounds. Other compounds identified based on the 

peak formed included 2-propenamide, anethole, methyl 
eugenol, hexadecane, 1,1'-(2-methyl-1,3-
propanediyl)biscyclohexane, nonadecane, and 1,2,4-
benzenetricarboxylic acid, 1,2-dimethyl ester (Table 4). 

An increase in the number of peaks was identified at  
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12:00 am. There are 14 peaks, with the peaks occurring at 
a retention time of 10.608 min and a sum area of 97.74 
which is suspected to be estragole. Other peaks besides 
estragole are thought to be volatile compounds, namely 
anisole, 2-propenamide, anethole, methyl eugenol, 2-
methyl-3-(3-methyl-but-2-enyl)-2-(4-methyl-pent-3-
enyl)-oxetane, 1-butanamenite, hexadecane, ethyl 9-
octadecenoate, hexamethylcyclotrisiloxane, nonadecane, 
and di-n-decylsulfone (Table 5). 

The peak at 15:00 pm occurred with a retention 
value of 10.596 min, an area sum of 99.22, and it was 
suspected that the compound was estragole. Estragole is 
the dominant compound found in female flowers. 
Meanwhile, other compounds identified were anethole, 
1,5-dimethyl-8-(1-methylethenyl)-1,5-cyclodecadiene, 
methyl eugenol, 2-(4a,8-dimethyl-2,3,4,5,6, 7-
hexahydro-1H-naphthalen-2-yl)propan-2-ol, hexadecane, 
nonadecane, and hexamethylcyclotrisiloxane (Table 6). 

Table 4. List of volatile compounds of female flowers at 09:00 am 

Peak Compounds Start RT (min) End Height Area Area 
sum 

%Area 

1 2-Propenamide 8890 8.936 8955 699 1536 0 0.00 
2 Estragole 10468 10.599 10958 4755799 34816630 10000 98.91 
3 Anethole 11805 11.840 11878 26397 43320 12 0.12 
4 Methyl eugenol 13309 13.336 13463 17428 35926 10 0.10 
5 Hexadecane 22314 22.341 22381 8225 13302 4 0.04 
6 1,1'-(2-Methyl-1,3-

propanediyl)biscyclohexane 
24197 24.241 24273 4871 7830 2 0.02 

7 Nonadecane 24456 24.499 24537 74102 127162 37 0.36 
8 1,2,4-Benzenetricarboxylic acid, 1,2-

dimethyl ester 
25407 25.448 25477 4092 6843 2 0.02 

9 1,1'-(2-Methyl-1,3-
propanediyl)biscyclohexane 

26081 26.121 26145 6193 10764 3 0.03 

10 Nonadecane 26288 26.334 26390 78296 136393 39 0.39 

Table 5. List of volatile compounds of female flowers at 12:00 am 

Peak Compounds Start 
RT 

(min) End Height Area Area sum %Area 

1 Anisole 5786 5.831 5870 7120 13291 4 0.04 
2 2-Propenamide 8909 8.928 8939 961 1991 1 0.01 
3 Estragole 10489 10.501 10683 4752892 34492145 10000 97.74 
4 Anethole 11791 11.837 11896 168108 271686 79 0.77 
5 Methyl eugenol 13290 13.333 13411 84818 140562 41 0.40 
6 2-Methyl-3-(3-methyl-but-2-enyl)-

2-(4-methyl-pent-3-enyl)-oxetane 
16654 16.687 16733 2031 3351 1 0.01 

7 N,3-dimethyl-1-butanamenite 20965 21.006 21038 1418 2832 1 0.01 
8 Hexadecane 22305 22.343 22391 6243 10796 3 0.03 
9 Ethyl 9-octadecenoate 23079 23.114 23178 9513 15750 5 0.04 

10 Hexamethylcyclotrisiloxane 23450 23.469 23507 1169 2020 1 0.01 
11 Nonadecane 24445 24.499 24563 71008 122503 36 0.35 
12 Nonadecane 26271 26.333 26401 98126 175607 51 0.50 
13 Di-n-decyl sulfone 27930 27.960 27998 11336 20054 6 0.06 
14 Hexamethylcyclotrisiiloxane 28779 28.819 28873 8327 15989 5 0.05 
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Table 6. List of volatile compounds of female flowers at 15:00 pm 

Peak Compounds Start RT 
(min) 

End Height Area Area 
sum 

%Area 

1 Estragole 10435 10.596 11343 4735482 38092950 10000 99.22 
2 Anethole 11796 11.839 11928 31757 50578 13 0.13 
3 1,5-Dimethyl-8-(1-methylethenyl)-1,5-

cyclodecadiene 
13214 13.254 13281 5543 9149 2 0.02 

4 Methyl eugenol 13295 13.332 13443 43300 80864 21 0.21 
5 2-(4a,8-Dimethyl-2,3,4,5,6,7-hexahydro-

1H-naphthalen-2-yl)propan-2-ol 
13489 13.521 13567 1821 3275 1 0.01 

6 Hexadecane 22301 22.341 22382 6666 11918 3 0.03 
7 Nonadecane 24462 24.497 24562 38908 66014 17 0.17 
8 Nonadecane 26275 26.332 26410 41806 71474 19 0.19 
9 Hexamethylcyclotrisiloxane 27918 27.956 28015 3540 6889 2 0.02 

 
The mass spectrum for all-time peaks of the release 

of volatile compounds in female flowers that occurred at 
09:00 am, 12:00 am, and 15:00 pm obtained the main peak 
m/z =  148 which was suspected to be estragole. The 
fragmentation pattern that occurs based on the mass 
spectrum for the female oil palm flower samples at 09:00 
am, 12:00 pm is m/z 148, 121, 77, 51 (Fig. 11 and 12) and 
the fragmentation pattern for the female oil palm flower 
at 15:00 pm fragments occurred at m/z 148, 121, 77, 65  
 

and 51 (Fig. 13). 
Estragole or 1-allyl-4-methoxybenzene is an 

oxygenated volatile organic compound (OVOC) with 
the molecular formula C10H12O, molecular weight 
148.20 g/mol, boiling point 216 °C at 760 mmHg, density 
0.946 g/cm3, liquid at room temperature room, and is 
optically inactive. Estragole is not classified as a terpenoid 
compound because it is produced by the phenylpropanoid 
pathway  instead of the  terpenoid  pathway.  Estragole is  

 
Fig 11. Spectrum and structure of estragole in female flower samples at 09:00 am 

 
Fig 12. Spectrum and structure of estragole in female flower samples 12:00 am 
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Fig 13. Spectrum and structure of estragole in female flower samples 15:00 pm 

 
found in the essential oils of tarragon and basil plants. 
Estragole exhibits a carcinogenic effect in mice and can 
covalently modify DNA. Estragole produced by oil palm 
plays a role in attracting E. kamerunicus. The study 
conducted by Swaray et al. [14] showed that the stronger 
aroma of estragole/p-methoxyally benzene had the effect 
of increasing the population density of E. kamerunicus. 

Anethole is a compound produced through the 
phenylpropanoid pathway and is an isomer of estragole 
which has a characteristic anise aroma. Phenylpropene is 
a class of volatile compounds found in gymnosperms and 
angiosperms. When removed from flowers, these 
compounds serve as attractants for pollinators who will 
detect these compounds through their olfactory system. 
At high concentrations, this compound shows toxicity to 
cells which is useful as a defense compound [15]. 

Anisole is a monomethoxybenzene in which the 
benzene ring is substituted by a methoxy group. Anisole 
is a plant metabolite found in Peristeria elata and Ocium 
gratissimum plants. Anisole and its derivatives (e.g. p-
vinyl-anisole, p-ethyl-anisole, and p-ethylene-anisole) 
were detected in the rainforest canopy using PTR-MS 
[16]. 

Ethyl oleate is a long-chain fatty acid ethyl ester 
resulting from the formal condensation of the carboxy 
group of oleic acid with the hydroxy group of ethanol. 
This compound acts as plant metabolite and acaricide. 
Ethyl oleate is a natural constituent that can be found in 
cottonseed oil, linseed oil, peanut oil, coconut oil, and 
palm kernel oil [17]. 

Methyl eugenol (C12H24O2) is a phenylpropanoid 
group compound which is a derivative of eugenol, the 
shikmiate secondary metabolite biosynthesis pathway 

between L-phenylaalnine and L-tyrosine [18-19]. This 
compound is found in several types of plants, including 
Melaleuca bracteate, O. minimum, O. sanctum, and O. 
tenuiflorum. According to Kardinan's study [20], methyl 
eugenol was used as an attractant to attract fruit flies 
Bactocera spp. According to Russo et al. [21] and 
Jankowska et al. [22], methyl eugenol as an attractant is 
classified as a "food lure" which attracts male flies for 
food needs and after consumption it will be synthesized 
in the body of male fruit flies into pheylpropanoid and 
coniferyl alcohol compounds which are used as sex 
pheromones to attract female fruit flies during mating. 
Methyl eugenol belongs to kairomones which can attract 
fruit flies Bactrocera spp. The male sex is then consumed 
and processed in the body to produce sex pheromones 
as a substance that attracts female fruit flies in the mating 
process [23]. 

In their life activities, insects communicate them 
through chemicals called semiochemicals which are 
divided into two, namely pheromones for 
communication between individuals within one species 
and allelochemicals for communication between 
individuals in different species [24]. Pheromones are 
divided into several types, such as sex pheromones or 
sexual stimulation to call the opposite sex; i.e., 
aggregation pheromones to gather or combine, alarm 
pheromones that are a sign of danger and alert, 
epideictic pheromones to indicate the laying area of eggs 
for female insects to other female insects, territorial 
pheromones to indicate the territory of certain 
organisms, and trail pheromones to provide information 
to the group and other pheromones [25-26]. 
Allelochemicals consist of allomones (organisms that 
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release chemical compounds benefit, while those that 
receive chemical compounds are harmed), kairomones 
(organisms that release chemical compounds are harmed, 
while those who receive the benefit), and synomones 
(organisms that release and receive chemical compounds 
are equally benefited). Plants produce a bewildering 
variety of VOCs comprising a great diversity of chemical 
structures. In addition, diverse metabolic path paths 
produce various alkanes and low-molecular ethylene, 
acetaldehyde, acetone, or methanol [25-29]. Volatile 
compounds from oil palm flowers are thought to belong 
to the allelochemical type of synomones. The insect E. 
kamerunicus gets food from oil palm flowers and benefits 
oil palm flowers because it acts as a pollinator that carries 
pollen from male flowers to female flowers [6]. 

■ CONCLUSION 

Observation of the release pattern of volatile 
compounds was carried out at 07:00 am–17:00 pm. The 
results showed that there were three times of release by 
male flowers, namely at 08:00 am, 11:00 am and 14:00 pm, 
with the highest peak release at 14:00 am, while the three 
peak times for the release of volatile compounds in female 
flowers occurred at 09:00 am, 12:00 am, and 15:00 pm 
with the highest peak of the release of volatile compounds 
occurred at 12:00 am. These results suggest that sunlight 
effect the volatile compounds release. The results of the 
GC-MS analysis showed that 21 and 19 volatile 
compounds were identified from male and female flower 
samples with a total of 38 different types of compounds. 
Estragole compounds were dominant in both types of 
flowers and did not show significant differences in the 
area sum values at each time of observation. Other 
compounds identified were consistently present in both 
types of flowers, namely anetol, 2-propenamide, 
nonadecane, and methyl eugenol, although with different 
sum area values. 
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Fig S1. HR-TOFMS spectrum of (1) 

40080012001600200024002800320036004000
0

10

20

30

40

50

60

70

80

90

100

T
ra

n
sm

it
ta

n
ce

 (
%

)

Wavenumber (cm-1)  
Fig S2. FTIR spectrum of (1) 

 
Fig S3. 1H-NMR spectra of (1) (500 MHz in CDCl3) 
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Fig S4. 13C-NMR spectrum of (1) (125 MHz in CDCl3) 

 
Fig S5. DEPT 135° spectrum of (1) (125 MHz in CDCl3) 
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Fig S6. HSQC spectrum of (1) 

 
Fig S7. 1H-1H-COSY spectrum of (1) 

 
Fig S8. HMBC spectrum of (1) 
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Fig S9. HR-TOFMS spectrum of (2) 
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Fig S10. IR spectrum of (2) 
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Fig S11. 1H-NMR spectrum of (2) (500 MHz in CDCl3) 

 
Fig S12. 13C-NMR spectrum of (2) (125 MHz in CDCl3) 
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Fig S13. DEPT 135° spectrum of (2) (125 MHz in CDCl3) 

 
Fig S14. HSQC spectrum of (2) 

 
Fig S15. 1H-1H-COSY spectrum of (2) 
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Fig S16. HMBC spectrum of (2) 

 
Fig S17. HR-TOFMS spectrum of (3) 
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Fig S18. IR spectrum of (3) 

 
Fig S19. 1H-NMR spectrum of (3) (500 MHz in CDCl3) 

 
Fig S20. 13C-NMR spectrum of (3) (125 MHz in CDCl3 
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Fig S21. DEPT 135° spectrum of (3) (125 MHz in CDCl3) 

 
Fig S22. HR-TOFMS spectrum of (4) 
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Fig S23. IR spectrum of (4) 

 
Fig S24. 1H-NMR spectrum of (4) (500 MHz in CDCl3) 
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Fig S25. 13C-NMR spectrum of (4) (125 MHz in CDCl3) 

 
Fig S26. DEPT 135° spectrum of (4) (125 MHz in CDCl3) 
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Fig S27. HR-TOFMS spectrum of (5) 
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Fig S28. IR spectrum of (5) 
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Fig S29. 1H-NMR spectrum of (5) (500 MHz in CDCl3) 

 
Fig S30. 13C-NMR spectrum of (5) (125 MHz in CDCl3) 

 
Fig S31. DEPT 135° spectrum of (5) (125 MHz in CDCl3) 
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 Abstract: The Aglaia species, which contains triterpenoids, is the most numerous in the 
Meliaceae family. The A. cucullata species, of which there are only a few known examples, 
has received scant research attention. This investigation aims to identify triterpenoids in 
an n-hexane preparation of A. cucullata stem bark and evaluate their effects against the 
A549 lung cancer cell line. Five dammarane-type triterpenoids were isolated from the A. 
cucullata trunk bark, which is (1) (20S)-20-hydroxydammar-24-en-3-one, (2) 
cabraleone, (3) cabralealactone, (4) eichlerianic acid, and (5) (+)-fouquierol. Their 
chemical structures were determined using infrared, high-resolution mass spectrometry, 
and nuclear magnetic resonance, as well as through data comparison of the reported 
compounds. Compound 1 was priorly separated from the Aglaia genus, compounds 2–4 
were first isolated from the A. cucullata species, and compound 5 has been reportedly 
isolated from the Meliaceae family and the Aglaia genus. All substances were tested for 
their lethal potential against the A549 lung cancer cell type. A seco structure in the A ring 
of dammarane-type triterpenoid might play an important part in the lethal activity of 
component 4, which showed the greatest activity with an IC50 value of 32.17 μM against 
the A549 lung cancer cell line. 

Keywords: Aglaia cucullate; cytotoxic activity; lung cancer cell (A549); Meliaceae 
triterpenoids 

 
■ INTRODUCTION 

Terpenoids, including the crucial triterpenoids, are 
produced via the acetate/mevalonate route in the 
cytoplasm and endoplasmic membrane [1-2]. Their 
carbon structure is made of six isoprene units. Eukaryotic 
species have been found to contain more than 20,000 
triterpenoids [1] and around 200 distinct structures. 
Higher plants typically contain triterpenoids, which serve 

as a first line of defense against microbes, parasites, and 
predators [3-4]. Based on their molecular structure, 
triterpenoids are categorized as either acyclic [5-6], 
monocyclic [6-7], bicyclic [8-9], tetracyclic [10-11], 
pentacyclic [12], or hexacylic [5-6]. There are many 
potential health benefits associated with triterpenoids, 
including anti-inflammatory [13-14], antioxidant [15], 
antibacterial [16-17], antiviral [18-19], antifungal [20-
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21], hepatoprotective [20-21], anti-disease Alzheimer's 
[21], immunomodulatory [22-23], cytotoxic [24], and 
anticancer [25-26]. Cedrela [25], Turraea [26], 
Entandrophragma [27], Azadirachta [28], Guarea [29], 
Lansium [30], Chisocheton [31], Melia [32], Dysoxylum 
[33], Toona [34], and Aglaia [35] are all examples of taxa 
in the Meliaceae family that contain triterpenoids. 

A. cucullata (Roxb.) Pellegr, also called Pacific 
maple, is a mangrove plant that belongs to the Aglaia 
genus [36-37]. A. cucullata is a tall tree that grows in 
coastal forests in tropical regions such as India, 
Bangladesh, Myanmar, Thailand, Malaysia, and 
Indonesia [38-39]. This species is widely spread in several 
regions in Indonesia, including in northern Sumatra and 
Kalimantan, southern Sulawesi coast, Halmahera, 
Ambon, Aru, and Irian Jaya [37]. Moreover, the plant’s 
timber is utilized for boat construction, house supports, 
and fuel wood [38], while the leaves and fruits are for 
treating diarrhea, dysentery, skin infections, and cardiac 
diseases by Thai people [40], and as anti-inflammation 
and rheumatism by Burma people [41]. Flavaglines with 
cytotoxic activity towards oral human KB, breast cancer 
cells in human BC, and small cell lung NCI-H187 [40], 
bisamides [42], kaurane and labdane diterpenoids, and 
cycloartane triterpenoid with TRAIL resistance-
overcoming activity [38] have been isolated through 
chemical analysis of this species. In our ongoing efforts to 
search for triterpenoids from the Indonesian Aglaia 
plants, we have further investigated the stem bark of A. 
cucullata. As a result, five triterpenoids (1–5) were 
successfully isolated and elucidated. Compound 1 was 
reported first time in the Aglaia genus, compounds 2–4 
were found in A. cucullata for the first time, while 
compound 5 was discovered for the first time in Meliaceae 
family and Aglaia genus. All isolated compounds were 
assayed against A549 lung cancer cell lines. The detail of 
isolation, structure elucidation, and cytotoxic activity are 
described in this article. 

■ EXPERIMENTAL SECTION 

Materials 

The stem bark of A. cucullata was obtained from the 
Manggar River, Balikpapan, East Kalimantan, in December 

2020. The plant was examined at the Herbarium 
Wanariset, Balikpapan (collection No. FF7.20), and stored 
at the Faculty of Forestry, Universitas Mulawarman. 

For extraction, fractionation, isolation, and 
purification, the following pro analyst and technical 
grade solvents are utilized: chloroform p.a. (Merck), 
acetone, methanol (MeOH), ethanol, ethyl acetate 
(EtOAc), n-butanol, n-hexane (Sigma-Aldrich), A549 
cells were obtained from American Type Culture 
Collection (ATCC® CCL-185TM, Virginia, USA). 
Roswell Memorial Park Medium (RPMI) 1640 (Cat. 
No.11530586, Gibco, USA), 10% Fetal Bovine Serum 
(FBS, Cat. No.10082147, Gibco), and 1% Penicillin-
Streptomycin were used to cultivate the cells (Cat. No. 
15140112, Gibco). The cells were incubated at 37 °C in 
an incubator containing 5% CO2 (Cat. No. 8000DH, 
Thermo Fisher Scientific, USA). 

Instrumentation 

A PerkinElmer Spectrum 100 FTIR spectrometer 
(PerkinElmer, USA) was utilized to characterize the KBr 
plate's IR spectrum. Using a Waters Xevo QTOF mass 
spectrometer (Waters, USA), mass spectra were 
acquired. Tetramethyl silane (TMS) was used as an 
internal standard, and NMR spectra were obtained using 
a Bruker Av-500 spectrometer (Bruker, Germany) at 
500 MHz for 1H-NMR and 125 MHz for 13C-NMR. The 
column chromatography on ODS RF-18 and silica G60 
was conducted using thin layer chromatography (TLC) 
on a silica G60 GF254 (Merck, 0.25 mm) column and a 
variety of solvent systems (Merck, 70–230 and 230–
400 mesh). Spots were discovered using 10% H2SO4 in 
ethanol, which was heated and then examined under UV 
light at 254 and 365 nm. 

Procedure 

Extraction and isolation 
The pulverized stem bark of A. cucullata was 

macerated in ethanol for 7 d (40 L). Using a rotary 
vacuum evaporator at 40 °C, the ethanol solvent was 
evaporated to produce a concentrated ethanol extract 
residue (523 g). The crude ethanol extract was 
suspended in a 4:1 ethanol:water mixture and 
partitioned with each substance to obtain the crude 
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extracts of n-hexane (128 g), EtOAc (35.7 g), and n-
butanol (13.1 g). The n-hexane crude extract was 
separated by vacuum-liquid chromatography (VLC) on 
silica G60 eluting with n-hexane:EtOAc:MeOH (100:0–
0:100, 10% v/v) to produce seven fractions (A-G). 
Fraction C (16.2 g) was further separated by VLC on silica 
G60 and eluted with n-hexane:EtOAc (100:0–50:50, 10% 
v/v) to yield four subfractions (C1-C4). Subfraction C2 
(1.28 g) was subjected to column chromatography (CC) 
on silica gel (230–400 mesh) eluted with n-hexane:EtOAc 
(100:0–80:20, 1% v/v) to produce four subfractions (C2A-
C2D). Subfraction C2B (160.8 mg) was further purified 
with CC over silica gel (230–400 mesh) eluted with n-
hexane:EtOAc (8:2) to give compound 1 (13.2 mg). 
Subfraction C2C (562.8 mg) was further separated with 
CC over silica gel (230–400 mesh) eluted with n-
hexane:EtOAc (90:10, v/v) to yield five subfractions 
(C2C1-C2C5). Subfraction C2C2 (243.8 mg) was purified 
by CC over silica gel (230–400 mesh) eluted with n-
hexane: EtOAc (85:15, v/v) to yield compound 2 
(113.3 mg). In addition, subfraction C4 (12.7 g) was 

separated using CC on silica gel (70–230 mesh) and 
eluted with n-hexane: EtOAc (100:0–30:70, 2% v/v) to 
generate ten subfractions (C4A-C4J). Subfraction C4E 
(2.4 g), which was separated by CC over silica gel (230–
400 mesh) and eluted with n-hexane: EtOAc (80:20, v/v) 
to give four subfractions (C4E1-C4E4). Subfraction 
C4E2 (276.3 mg) was separated using CC silica gel (230–
400 mesh) and an isocratic mixture of n-hexane, 
chloroform, and EtOAc (50:40:10, v/v) to give 
compound 3 (15.5 mg). Subfraction C4E2D (83 mg) was 
purified by reverse-phase CC on ODS eluted with 
MeOH: water (80:20, v/v) to give compound 4 (5.3 mg). 
Subfraction C4E2E (26.7 mg) was purified by CC over 
silica gel (230–400 mesh) via an isocratic mixture of n-
hexane:chloroform:EtOAc to yield 5 (10.2 mg). 
(20S)-20-hydroxydammar-24-en-3-one (1). White 
crystal, m.p. 166–168 °C, IR νmax (cm−1): 3448, 2955, 
1704, 1378, 1018. 1H-NMR (CDCl3, 500 MHz) and 13C-
NMR spectral data (CDCl3, 125 MHz) are shown in 
Table 1. HR-TOFMS m/z found at 443.3817 [M+H]+ 
(calculated for C30H51O2, m/z = 443.3811). 

Table 1. The summary result of NMR signal of (20S)-20-hydroxydammar-24-en-3-one (1) in CDCl3 (δ in ppm, 
500 MHz for 1H and 125 MHz 13C-NMR) 

Position 13C-NMR 1H-NMR (ΣH, mult., J) COSY HMQC HMBC 
1 39.90 1.86 (2H, m) H2 C1 - 
2 34.10 2.37-2.42 (2H, m) H1 C2 - 
3 218.00 - - - - 
4 47.40 - - - - 
5 55.40 1.32 (1H, m) H6 C5 - 
6 19.70 1.49 (1H, dd, 6.5, 2.4), 1.40 (1H, d, 6.5) H5/H7 C6 - 
7 34.60 1.50 (1H, dd, 7.0, 2.5), 1.26 (1H, d, 7.0) H6 C7 - 
8 40.30 - - - - 
9 50.00 1.36 (1H, dd, 9.2, 2.7) - C9 - 

10 36.80 - - - - 
11 22.00 1.45 (1H, dd, 8.5, 2.5), 1.25 (1H, d, 8.5) H12 C11 - 
12 27.50 1.79 (1H, d, 7.9), 1.23 (1H, dd, 7.9, 1.4) H11/H13 C12 - 
13 42.40 1.60 (1H, m) H12 C13 - 
14 50.30 - - - - 
15 31.20 1.40 (1H, ddd, 8.2, 6.6, 2.0), 1.03 (1H, dd, 6.6, 2.0) H16 C15 - 
16 24.80 1.69 (1H, dd, 7.0, 4.2), 1.44 (1H, d, 7.0) H15/H17 C16 - 
17 49.80 1.68 (1H, ddd, 9.1, 5.6, 2.1) H16 C17 - 
18 15.20 0.93 (3H, s) - C18 C7, C8, C9 
19 16.00 0.88 (3H, s) - C19 C1, C5, C9, C10 
20 75.40 - - - - 



Indones. J. Chem., 2023, 23 (4), 961 - 973    

 

Desi Harneti et al. 
 

964 

Position 13C-NMR 1H-NMR (ΣH, mult., J) COSY HMQC HMBC 
21 25.50 1.08 (3H, s) - C21 C17, C20, C22 
22 40.50 1.42 (2H, m) H23 C22 C24 
23 22.60 1.99 (2H, m) H22/H24 C23 - 
24 124.70 5.05 (1H, t, 6.1) H23 C24 - 
25 131.60 - - - - 
26 25.70 1.62 (3H, s) - C26 C24, C25 
27 17.70 1.56 (3H, s) - C27 C24, C25 
28 26.70 1.01 (3H, s - C28 C3, C4, C5 
29 21.00 0.97 (3H, s) - C29 C3, C4, C5 
30 16.40 0.82 (3H, s) - C30 C8, C13, C14, C15 

Table 2. The summary result of the NMR signal of cabraleone (2) in CDCl3 (δ in ppm, 500 MHz for 1H and 125 MHz 
13C-NMR) 

Position 13C-NMR 1H-NMR (ΣH, mult., J) COSY HMQC HMBC 
1 39.90 1.88 (1H, dd, 7.8, 2.4), 1.41 (1H, d, 7.8) H2 C1 - 
2 34.10 2.41 (2H, ddd, 6.5, 3.2, 1.6) H1 C2 - 
3 218.00 - - - - 
4 47.40 - - - - 
5 55.30 1.33 (1H, m) H6 C5 - 
6 19.70 1.50 (1H, dd, 8.2, 4.2), 1.41 (1H, d, 8.2) H5/H7 C6 - 
7 34.60 1.52 (1H, d, 6.5), 1.26 (1H, dd, 6.5, 2.1) H6 C7 - 
8 40.30 - - - - 
9 50.20 1.38 (1H, m) - C9 - 

10 36.90 - - - - 
11 22.30 1.47 (1H, m), 1.21 (1H, m) H12 C11 - 
12 27.00 0.99 (2H, m) H11/H13 C12 - 
13 43.00 1.63 (1H, m) H12 C13 - 
14 50.00 - - - - 
15 31.40 1.43 (1H, m), 1.04 (1H, m) H16 C15 - 
16 25.80 1.74 (2H, m) H15/H17 C16 - 
17 49.80 1.82 (1H, m) H16 C17 - 
18 15.20 0.94 (3H, s) - C18 C7, C8, C9 
19 16.10 0.88 (3H, s) - C19 C1, C5, C9, C10 
20 86.50 - - - - 
21 27.10 1.09 (3H, s) - C21 C17, C20, C22 
22 34.80 1.83 (1H, m), 1.62 (1H, m) H23 C22 - 
23 26.40 1.81 (2H, m) H22/H24 C23 - 
24 86.40 3.57 (1H, dd, 4.6, 9.4) H23 C24 - 
25 70.30 - - - - 
26 27.80 1.13 (3H, s) - C26 C24, C25 
27 24.10 1.05 (3H, s) - C27 C24, C25 
28 26.80 1.02 (3H, s) - C28 C3, C4, C5 
29 21.00 0.97 (3H, s) - C29 C3, C4, C5 
30 16.30 0.82 (3H, s) - C30 C8, C13, C14, C15 
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Cabraleone (2). Colorless needle crystal, m.p. 160–
161 °C, IR νmax (cm−1): 3584, 2964, 1708, 1386, 1369, 1058; 
1H-NMR (CDCl3, 500 MHz) and 13C-NMR spectral data 
(CDCl3, 125 MHz) are shown in Table 2. HR-TOFMS m/z 
found at 459.3838 [M+H]+ (calculated for C30H51O3, m/z 
= 459.3838). 
Cabralealactone (3). Colorless crystal, m.p. 157–159 °C, 
IR νmax (cm−1): 2972, 1755, 1704, 1386, 1376, 1084. 1H-
NMR, δH (ppm): 1.78 (1H, dd, J = 7.8, 2.5 Hz, H-1a), 1.42 
(1H, d, J = 7.8 Hz, H-1b), 2.57 (1H, dd, J = 8.5, 3.0 Hz, H-
2a), 2.44 (1H, dd, J = 8.5, 4.2 Hz, H-2b), 1.32 (1H, t, J = 6.3 
Hz, H-5), 1.57 (1H, ddd, J = 7.5, 6.3, 2.8 Hz, H-6a), 1.51 
(1H, dd, J = 6.3, 2.8 Hz, H-6b), 1.52 (1H, dd, J = 9.0, 2.8 
Hz, H-7a), 1.31 (1H, d, J = 9.0 Hz, H-7b), 1.46 (1H, d, J = 
5.6 Hz, H-9), 1.42 (1H, dd, J = 8.5, 2.7 Hz, H-11a), 1.13 
(1H, ddd, J = 8.5, 4.5, 2.7 Hz, H-11b), 1.96 (1H, dd, J = 4.5, 
2.7 Hz, H-12a), 1.27 (1H, ddd, J = 7.8, 4.5, 2.7 Hz, H-12b), 
1.57 (1H, dd, J = 4.5, 2.0 Hz, H-13), 1.51 (1H, ddd, J = 6.0, 
4.5, 2.4 Hz, H-15a), 1.15 (1H, dd, J = 4.5, 2.4 Hz, H-15b), 
1.86 (1H, dd, J = 7.0, 2.6 Hz, H-16a), 1.25 (1H, d, J = 7.0 
Hz, H-16b), 1.17 (1H, dd, J = 5.6, 2.4 Hz, H-17), 0.94 (3H, 
s, Me-18), 1.00 (3H, s, Me-19), 1.37 (3H, s, Me-21), 2.14 
(1H, m, H-22a), 1.90 (1H, m, H-22b), 2.65 (1H, m, H-
23a), 2.51 (1H, m, H-23b), 1.08 (3H, s, Me-28), 1.04 (3H, 
s, Me-29), 0.90 (3H, s, Me-30); 13C-NMR spectral data 
(CDCl3, 125 MHz) are shown in Table 3. HR-TOFMS m/z 
found at 415.3229 [M+H]+, (calculated for C27H43O3, m/z 
= 415.3212). 
Eichlerianic acid (4). White crystal, m.p. 165–167 °C, IR 
νmax (cm−1): 3421, 2968, 1704, 1376, 1260. 1H-NMR: δH 
(ppm): 1.97 (1H, ddd, J = 8.5, 6.0, 3.5 Hz, H-1a), 1.53 (1H, 
dd, J = 6.0, 3.5 Hz, H-1b), 2.39 (1H, dd, J = 7.8, 3.5 Hz, H-
2a), 2.18 (1H, ddd, J = 7.8, 6.2, 3.5 Hz, H-2b), 1.96 (1H, dd, 
J = 8.1, 5.6 Hz, H-5), 1.87 (2H, d, J = 5.6 Hz, H-6), 1.35 (2H, 
dd, J = 6.8, 5.6 Hz, H-7), 1.45 (1H, dd, J = 6.4, 3.2 Hz, H-
9), 1.41 (2H, d, J = 6.4 Hz, H-11), 1.62 (1H, dd, J = 7.3, 4.0 
Hz, H-13), 1.43 (2H, dd, J = 8.2, 3.5 Hz, H-15), 1.78 (2H, 
dd, J = 7.8, 3.5 Hz, H-16), 1.81 (1H, ddd, J = 7.8, 3.5, 2.1 
Hz, H-17), 0.89 (3H, s, Me-18), 0.86 (3H, s, Me-19), 1.15 
(3H, s, Me-21), 1.54 (2H, d, J = 6.4 Hz, H-22), 1.86 (2H, d, 
J = 6.4 Hz, H-23), 3.64 (1H, d, J = 5.5 Hz, H-24), 1.20 (3H, 
s, Me-26), 1.12 (3H, s, Me-27), 4.85 (1H, s, H-28a), 4.66 
(1H, s, H-28b), 1.73  (3H, s, Me-29),  1.02  (3H, s, Me-30);  

Table 3. NMR data of compounds 3–5* in CDCl3 (δ in 
ppm, 125 MHz 13C-NMR) 

Position 
of Carbon 

3 
δC 

4 
δC 

5 
δC 

1 39.90  34.30 39.00 
2 34.10 28.20 27.50 
3 218.00 179.30 78.90 
4 47.40 147.50 38.90 
5 55.30 50.80 55.80 
6 19.60 24.60 18.30 
7 34.60 33.90 35.20 
8 40.30 40.00 40.40 
9 50.20 41.20 50.60 

10 36.90 39.10 37.10 
11 21.90 22.30 21.50 
12 31.00 26.90 24.90 
13 43.30 42.90 42.40 
14 50.10 50.40 50.30 
15 31.20 31.50 31.20 
16 26.80 25.80 27.50 
17 49.20 49.70 50.10 
18 16.10 16.30 15.50 
19 15.20 20.20 16.20 
20 90.00 86.60 75.10 
21 25.50 27.20 25.40 
22 25.00 34.70 36.60 
23 29.20 26.40 29.20 
24 176.70 86.40 76.50 
25 - 70.30 147.70 
26 - 27.90 110.90 
27 - 23.20 17.80 
28 26.80 113.50 28.00 
29 21.00 24.00 15.40 
30 16.00 15.30 16.50 

13C-NMR spectral data are shown in Table 3. HR-
TOFMS m/z found at 475.3793 [M+H]+, (calculated for 
C30H50O4, m/z = 475.3787). 
(+)-Fouquierol (5). White colorless crystals, m.p. 147–
149 °C, IR νmax (cm−1): 3422, 2945, 1708, 1635, 1376, 
1084. 1H-NMR, δH (ppm): 1.68 (1H, ddd, J = 6.0, 4.5, 2.8 
Hz, H-1a), 1.03 (1H, dd, J = 4.5, 2.8 Hz, H-1b), 1.65 (1H, 
ddd, J = 7.8, 4.5, 3.4 Hz, H-2a), 1.57 (1H, dd, J = 4.5, 3.4 
Hz, H-2b), 3.20 (1H, dd, J = 6.4, 4.5 Hz, H-3), 0.74 (1H, 
ddd, J = 7.8, 6.4, 2.6 Hz, H-5), 1.54 (1H, ddd, J = 7.8, 5.8, 
2.5 Hz, H-6a), 1.45 (1H, dd, J = 5.8, 2.5 Hz, H-6b), 1.52 



Indones. J. Chem., 2023, 23 (4), 961 - 973    

 

Desi Harneti et al. 
 

966 

(1H, dd, J = 6.8, 2.5 Hz, H-7a), 1.29 (1H, d, J = 6.8 Hz, H-
7b), 1.33 (1H, dd, J = 8.5, 4.8 Hz, H-9), 1.49 (1H, ddd, J = 
9.2, 4.8, 3.4 Hz, H-11a), 1.26 (1H, dd, J = 4.8, 3.4 Hz, H-
11b), 1.68 (1H, ddd, J = 7.9, 4.8, 3.4 Hz, H-12a), 1.46 (1H, 
dd, J = 4.8, 3.4 Hz, H-12b), 1.68 (1H, dd, J = 4.8, 1.8 Hz, 
H-13), 1.46 (1H, ddd, J = 8.0, 5.6, 3.2 Hz, H-15a), 1.08 (1H, 
dd, J = 5.6, 3.2 Hz, H-15b), 1.65 (1H, dd, J = 6.7, 3.2 Hz, 
H-16a), 1.57 (1H, ddd, J = 7.8, 6.7, 3.2 Hz, H-16b), 1.66 
(1H, dd, J = 6.7, 3.2 Hz, H-17), 0.96 (3H, s, Me-18), 0.84 
(3H, s, Me-19), 1.15 (3H, s, Me-21), 1.47 (1H, d, J = 8.9 
Hz, H-22a), 1.29 (1H, dd, J = 8.9, 4.1 Hz, H-22b), 1.29 (2H, 
d, J = 8.9 Hz, H-23), 4.04 (1H, t, J = 6.1 Hz, H-24), 4.96 
(1H, s, H-26a), 4.84 (1H, s, H-26b), 1.74 (3H, s, Me-27), 
0.97 (3H, s, Me-28), 0.77 (3H, s, Me-29), 0.88 (3H, s, Me-
30); 13C-NMR spectral data are shown in Table 3. HR-
TOFMS m/z found at 483.3823 [M+Na]+ (calculated for 
C30H52O3Na, m/z = 483.3814). 

Cytotoxic activity test by Presto Blue assay 
Using the Presto Blue cell viability assay, the 

cytotoxic effect of compounds against A549 lung cancer 
cells was evaluated. This technique was formerly 
described by Hutagaol et al. [35]. Cells were cultivated in 
96-well microliter plates at a density of 1.7 × 104 cells per 

well for 24 h in RPMI 1640 media supplemented with 
10% (v/v) FBS and 1 L/mL antibiotics. The compounds 
were introduced to the wells after 24 h. Viability was 
determined after 96 h by observing the metabolic 
conversion reduction of resazurin substrate into the 
pink fluorescent resorufin product produced by viable 
cells. Using a multimode reader, the Presto Blue assay 
results were read at 570 nm and the reference at 600 nm. 
The following concentrations of each compound were 
tested in DMSO: 3.91, 7.81, 15.63, 31.25, 62.50, 125.00, 
250.00, and 500.00 g/mL, with a final concentration of 
2% in each well: 3.91, 7.81, 15.63, 31.25, 62.50, 125.00, 
250.00, and 500.00 g/mL. Using the linear regression 
method in Microsoft Excel, IC50 values were calculated 
following two parallel experiments of each compound 
concentration. Doxorubicin served as the positive 
experimental control in this study. 

■ RESULTS AND DISCUSSION 

Five triterpenoid compounds (Fig. 1) were 
obtained by separating and purifying the n-hexane 
extract from the stem bark of A. cucullata using the 
column chromatography technique. 

 
Fig 1. Structures of triterpenoids 1–5 
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Compound 1 was isolated as a colorless white 
crystal. The molecular formula of 1 was determined on 
HR-TOF-ESI-MS, giving a molecular formula of C30H50O2 
(Fig. S1) with m/z = 443.3817 as [M+H]+ (calculated m/z 
for C30H51O2 443.3811), corresponding to six degrees of 
unsaturation. The IR spectrum (Fig. S2) displayed the 
existence of hydroxyl (3448 cm−1), aliphatic C–H sp3 
(2955 cm−1), carbonyl (1704 cm−1), ether (1018 cm−1), and 
gem-dimethyl (1378 cm−1) functionalities. The 1H-NMR 
spectrum (Fig. S3) showed the presence of eight methyls 
singlet at δH/ppm 0.82 (CH3-30), 0.87 (CH3-19), 0.93 
(CH3-18), 0.97 (CH3-29), 1.01 (CH3-28), 1.08 (CH3-21), 
1.56 (CH3-27), and 1.62 (CH3-26), and an olefinic methine 
at δH/ppm 5.05 (1H, t, J = 5.0 Hz, H-24). Thirty carbons 
were revealed through 13C-NMR (Fig. S4) and DEPT (Fig. 
S5) experiments, which were classified as eight methyls at 
δC/ppm 15.2 (C-18), 16.0 (C-19), 16.4 (C-30), 17.7 (C-27), 
21.0 (C-29), 25.5 (C-21), 25.7 (C-26), and 26.7 (C-28), ten 
methylenes at δC/ppm 19.7 (C-6), 22.0 (C-11), 22.6 (C-
23), 24.8 (C-16), 27.5 (C-12), 31.2 (C-15), 34.1 (C-2), 34.6 
(C-7), 39.9 (C-1), and 40.5 (C-22), four methines 
(including one sp2) at δC/ppm 124.7 (C-24), 42.4 (C-13), 
49.8 (C-17), 50.0 (C-9), and 55.4 (C-5), six quaternary 
carbons (with two of them are one sp2 and one oxygenated 
sp3 carbons) at δC/ppm 131.6 (C-25), 75.4 (C-20), 36.8 (C-
10), 40.3 (C-8), 47.4 (C-4), and 50.3 (C-14), and one 
carbonyl carbon at δC/ppm 218.0 (C-3). In the HSQC 
spectrum data (Fig. S6) presented in Table 1, the proton 
signals were connected directly to their carbon atoms. The 
existence of two unsaturated degrees in the primary data 
indicated that compound 1 was a triterpenoid with a 
tetracyclic structure. This hypothesis was strengthened by 
the presence of four aliphatic quaternary carbons devoid 
of oxygen. The planar structure of 1 was analyzed through 
the 2D NMR spectra. The 1H-1H COSY spectrum of 1 
(Fig. S7) revealed key coupling relationships of H1/H2, 
H5/H6/H7, H9/H11/H12/H13/H17, H15/H16/H17, H22/H23/H24, 
together with the HMBC correlations (Fig. S8a and S8b) 
from CH3-18 to C-7, C-8, C-9; CH3-19 to C-1, C-5, C-9, 
C-10; CH3-30 to C-8, C-13, C-14, C-15; CH3-28/CH3-29 
to C-3, C-4, C-5, showing that 1 possessed a tetracyclic of 
the dammarane-type skeleton with the presence of 
carbonyl at C-3. Furthermore, the hydroxyl attachment at 

C-20 and olefinic group at C-24/25 in the side chain of 1 
was deduced by correlations of CH3-21 to C-17, C-20, 
H-22 to C-20, CH3-26/CH3-27 to C-24, C-25, and H-22 
to C-24. Compound 1 showed δC/ppm 75.4 (C-20), 25.5 
(C-21), and 40.5 (C-22), which is identical to the 20S 
[43]. Additional analysis and a review of the literature 
confirmed that compound 1 was (20S)-20-
hydroxydammar-24-en-3-one compared to those 
previously reported [44], which was at first isolated from 
the genus of Aglaia. 

Compound 2 was acquired as a colorless needle 
crystal. The molecular formula of 2 was determined as 
C30H50O3 with six degrees of unsaturation by the analysis 
of its positive HR-TOF-ESI-MS (Fig. S9) m/z = 459.3838 
as [M+H]+, calculated for C30H51O3 m/z = 459.3838. The 
IR spectrum (Fig. S10) presented the existence of 
hydroxyl (3584 cm−1), aliphatic C-H sp3 (2964 cm−1), 
carbonyl (1708 cm−1), ether (1058 cm−1), and gem-
dimethyl (1386 and 1369 cm−1) groups. The 1H-NMR 
spectrum (Fig. S11) showed the existence of eight 
methyls singlet at δH/ppm 0.82 (CH3-30), 0.88 (CH3-19), 
0.94 (CH3-18), 1.01 (CH3-28), 1.05 (CH3-27), 1.08 (CH3-
21), and 1.12 (CH3-26), and one oxygenated methine at 
δH/ppm 3.57 (1H, dd, J = 5.0, 10.0 Hz, H-24). The 13C-
NMR (Fig. S12) and DEPT 135° (Fig. S13) spectra of 2 
exhibited 30 carbon resonances, including eight methyls 
at δC/ppm 15.2 (C-18), 16.1 (C-19), 16.3 (C-20), 21.0 (C-
29), 24.1 (C-27), 26.8 (C-28), 27.1 (C-21), and 27.8 (C-
26), ten methylenes at δC/ppm 19.7 (C-6), 22.3 (C-11), 
25.8 (C-16), 26.4 (C-23), 27.0 (C-12), 31.4 (C-15), 34.1 
(C-2), 34.6 (C-7), 34.8 (C-22), and 39.9 (C-1), five 
methines sp3 (involving one oxygenated) at δC/ppm 86.4 
(C-24), 43.0 (C-13), 49.8 (C-17), 50.2 (C-9), and 55.3 (C-
5), six quaternary carbons sp3 (with two of them are 
oxygenated carbons) at δC/ppm 70.3 (C-25), 86.5 (C-20), 
36.9 (C-10), 40.3 (C-8), 47.4 (C-4), and one carbonyl 
carbon at δC/ppm 218.0 (C-3). The above data possessed 
two degrees of unsaturation (one ketone carbonyl and 
one cyclic by a tetrahydrofuran moiety [45]), indicating 
four tetracyclic of a triterpenoid framework. The 1H-1H 
COSY (Fig. S15) correlations of H1/H2, H5/H6/H7, 
H9/H11/H12/H13/H17, H15/H16/H17 allowed the structural 
skeleton that is dammarane typed. The HMBC spectrum  
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Fig 2. Selected HMBC and 1H-1H COSY correlations of compounds 1 and 2 

 
(Fig. S16), shows strong correlations (Fig. 2) from CH3-18 
to C-7, C-8, C-9; CH3-19 to C-1, C-5, C-9, C-10; CH3-30 
to C-8, C-13, C-14, C-15; and CH3-28/ CH3-29 to C-3, C-
4, C-5 proved the presence of a tetracyclic dammarane-
type, as well as the ketonic group positioned at C-3 in 2. 
Furthermore, the tetrahydrofuran form in the side chain 
of 2 was determined through the correlations of CH3-21 
to C-17, C-20, C-22, and CH3-26/CH3-27 to C-24, C-25, 
together with 1H-1H COSY correlations of H22/H23/H24 as 
demonstrated in Fig. 2. Compound 2 provided the 
chemical shifts of [δC/ppm 86.4 (C-24), δH/ppm 3.57 (1H, 
dd, J = 5.0, 10.0, H-24)] and [δC/ppm 86.5 (C-20)], 
referencing to the 20S and 24S orientations [45-46]. The 
NMR data comparison of compound 2 with the literature 
[47] revealed that 2 was cabraleone or 20S,24S-epoxy-25-
hydroxydammar-3-one, which was isolated from A. 
cucullata for the first time. 

Compound 3 was obtained as a colorless crystal. The 
molecular formula of 3 was verified as C27H42O3 based on 
HR-TOF-ESI-MS (Fig. S17) m/z = 415.3229 as [M+H]+, 
calculated for C27H43O3 m/z = 415.3212, which described 
seven degrees of unsaturation. The IR spectrum (Fig. S18) 
displayed the existence of aliphatic C-H sp3 (2972 cm−1), 
carbonyl ester (1755 cm−1), carbonyl ketone (1704 cm−1), 
gem-dimethyl (1386 and 1376 cm−1), and ether group 
(1084 cm−1). The 1H-NMR spectrum (Fig. S19) showed 
the presence of six methyls singlet at δH/ppm 0.90 (CH3-
30), 0.94 (CH3-18), 1.00 (CH3-19), 1.04 (CH3-29), 1.08 
(CH3-28), and 1.37 (CH3-21). These data implied that the 
oxidative degradation of two side chain methyl groups led 

to the γ-lactone moiety, resulting in the formation of tris 
nor-triterpenoid compound [48]. The 13C-NMR 
(Fig. S20) and DEPT 135° (Fig. S21) of 3 exhibited of 27 
carbons, assignable to six methyls at δC/ppm 15.2 (C-19), 
16.0 (C-30), 16.2 (C-18), 21.0 (C-29), 25.5 (C-21), and 
26.7 (C-28), 10 methylenes at δC/ppm 19.6 (C-6), 21.9 
(C-11), 25.0 (C-22), 26.8 (C-16), 29.2 (C-23), 31.0 (C-
12), 31.2 (C-15), 34.1 (C-2), 34.5 (C-7), and 39.9 (C-1), 
four methines sp3 at δC/ppm 43.3 (C-13), 49.3 (C-17), 
49.9 (C-9), and 55.3 (C-5), five quaternary carbons sp3 
(including one oxygenated carbon) at δC/ppm 90.1 (C-
20), 36.8 (C-10), 40.3 (C-8), 47.4 (C-12), and 50.1 (C-14), 
one carbonyl ester carbon at δC/ppm 176.8 (C-24), and 
one carbonyl ketone carbon at δC/ppm 218.0 (C-3). 
Based on the ¹H-NMR, 13C-NMR, DEPT 135° spectra, 
corresponding to the literature [49], compound 3 was 
established as the known compound cabralealactone, 
which was isolated for the first time in the A. cucullata. 

Compound 4 was isolated as a white crystal. The 
molecular formula of 4 was determined on HR-TOF-
ESI-MS, giving a molecular formula of C30H50O4 
(Fig. S22) with m/z 475.3793 [M+H]+ (calculated m/z of 
C30H51O4 = 475.3787), which revealed six degrees of 
unsaturation. The IR spectrum (Fig. S23) displayed the 
existence of hydroxyl (3421 cm−1), aliphatic C-H sp3 
(2968 cm−1), carbonyl ketone (1704 cm−1), gem-dimethyl 
(1376 cm−1), and ether group (1260 cm−1). The 1H-NMR 
spectrum (Fig. S24) showed the presence of seven 
methyls singlet at δH/ppm 0.86 (CH3-19), 0.89 (CH3-18), 
1.02 (CH3-30), 1.12 (CH3-27), 1.15 (CH3-21), 1.20 (CH3-
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26), and 1.73 (CH3-19). The presence of one oxygenated 
methine in the tetrahydrofuran ring at δH/ppm 3.64 (1H, 
dd, J = 5.5, 9.5 Hz, H-24), and one methylene sp2 at 
[δH/ppm 4.85 (1H, s, H-28a), 4.66 (1H, s, H-28b)], which 
are characteristic for a seco-dammarane triterpenoid [50]. 
Compound 4 possessed 30 carbons (Fig. S25 and S26), 
corresponding to seven methyls at δC/ppm 15.3 (C-30), 
16.3 (C-18), 20.2 (C-19), 23.2 (C-27), 24.0 (C-29), 27.2 (C-
21), and 27.9 (C-26), 11 methylenes (including one sp2) at 
δC/ppm 113.5 (C-28), 22.3 (C-11), 24.6 (C-6), 25.8 (C-16), 
26.4 (C-23), 26.9 (C-12), 28.2 (C-2), 31.5 (C-15), 33.9 (C-
7), 34.3 (C-1), and 34.7 (C-22), five methines sp3 
(involving one oxygenated) at δC/ppm 86.4 (C-24), 41.2 
(C-9), 42.9 (C-13), 49.7 (C-17), and 50.8 (C-5), six 
quaternary carbons (including one olefinic and two 
oxygenated) at δC/ppm 147.5 (C-4), 70.3 (C-25), 86.6 (C-
20), 39.1 (C-10), 40.0 (C-8), and 50.4 (C-14), and one 
carbonyl of carboxylic acid at δC/ppm 179.8 (C-3). Based 
on the ¹H-NMR, 13C-NMR, DEPT 135° spectra, which 
well-matched with the literature [50], compound 4 was 
confirmed as the known compound eichlerianic acid, 
which was isolated for the first time in the A. cucullata. 

Compound 5 was isolated as a colorless white 
crystal. Its molecular formula was determined as C30H52O3 
with six degrees of unsaturation by the analysis of its 
positive HR-TOF-ESI-MS (Fig. S27) m/z = 483.3823 as 
[M+Na]+, calculated for C30H52O3Na m/z = 483.3814. The 
IR spectrum (Fig. S28) displayed the existence of hydroxyl 
(3422 cm−1), aliphatic C-H sp3 (2945 cm−1), carbonyl 
ketone (1708 cm−1), olefinic (1635 cm−1), gem-dimethyl 
(1376 cm−1), and ether group (1084 cm−1). The 1H-NMR 
spectrum (Fig. S29) showed the presence of seven methyls 
singlet at δH/ppm 0.77 (CH3-29), 0.84 (CH3-19), 0.88 
(CH3-30), 0.96 (CH3-18), 0.97 (CH3-28), 1.15 (CH3-21), 
and 1.73 (CH3-27), two oxygenated methines at δH/ppm 
3.20 (1H, m, H-3), and 4.04 (1H, t, J = 6.1 Hz, H-24), and 
one methylene sp2 at [δH/ppm 4.96 (1H, s, H-27a), 4.84 
(1H, s, H-27b)]. The 13C-NMR (Fig. S30) and DEPT 135° 
(Fig. S31) spectra of 5 revealed 30 carbon resonances, 
including seven methyls at δC/ppm 15.4 (C-29), 15.5 (C-
18), 16.2 (C-19), 16.5 (C-30), 17.8 (C-27), 25.4 (C-21), and 
28.0 (C-28), 11 methylenes (involving one olefinic sp2) at 
δC/ppm 110.9 (C-26), 18.3 (C-6), 21.5 (C-11), 24.9 (C-12), 

27.4 (C-2), 27.5 (C-16), 29.2 (C-23), 31.2 (C-15), 35.2 (C-
7), 36.6 (C-22), and 39.0 (C-1), six methines sp3 
(including two oxygenated) at δC/ppm 76.5 (C-24), 78.9 
(C-3), 42.4 (C-13), 50.1 (C-17), 50.6 (C-9), and 55.8 (C-
5), six quaternary carbons (including one olefinic sp2 and 
one oxygenated sp3) at δC/ppm 147.7 (C-25), 75.1 (C-20), 
37.1 (C-10), 38.9 (C-4), 40.4 (C-8), and 50.3 (C-14). 
Based on the ¹H-NMR, 13C-NMR, and DEPT 135° 
spectra of compound 5 revealed a good fit to the 
literature [51], compound 5 was confirmed as the known 
compound (+)-fouquierol, which was isolated for the 
first time in the Meliaceae family and Aglaia genus. 

All isolated compounds 1–5 were classified as 
dammarane-type triterpenoids. In Aglaia genus, 
dammarane-type triterpenoids were commonly found. 
The modification of dammarane-type triterpenoids, 
including the A ring opening (such as in compound 4) 
and formation of epoxide ring at C-20/C-24 (such as in 
compounds 2 and 4), also followed by degradation of 
three carbon atoms in the side chain to give lactone ring 
(such as in compound 3), usually can be found in other 
species of Aglaia genus [45,48]. The cytotoxic activity of 
the triterpenoids 1–5 was assayed against the A549 lung 
cancer cell (Table 4) using a method previously reported 
[52-53]. Doxorubicin (1.08 μg/mL) was used as the 
positive experimental control in this study. Among all 
triterpenoid compounds, eichlerianic acid (4) had the 
highest cytotoxic activity, whereas (+)-fouquierol (5) 
showed the lowest cytotoxic activity. Compounds 1 (IC50 
142.30 μM) and 4 (IC50 32.17 μM) displayed moderate 
cytotoxic activity, compounds 2 (IC50 316.40 μM) and 3 
(IC50 415.43 μM) showed weak cytotoxic activity, and 
compound 5 (IC50 1747.63 μM) showed no cytotoxic 
activity [54]. The IC50 value implicated that the existence 

Table 4. Cytotoxic activity of compounds 1–5 
Compounds IC50 (μM) 
(20S)-20-hydroxydammar-24-en-3-one (1) 142.30 
Cabraleone (2) 316.40 
Cabralealactone (3) 415.43 
Eichlerianic acid (4) 32.17 
(+)-fouquierol (5) 1747.63 
Doxorubicin (+) 1.08 
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of a seco ring in compound 4 greatly enhanced its 
cytotoxic activity compared to compound 2. 
Furthermore, compound 1 had stronger cytotoxic activity 
than compound 5, demonstrating that the presence of an 
olefinic terminal with hydroxyl at C-24 in compound 5 
reduced its cytotoxic activity. These findings suggest that 
the seco moiety in the A ring and gem-dimethyl attached 
to quaternary carbon sp2 at the aliphatic side chain 
structure play several critical structural features in the 
cytotoxic activity of dammarane-type triterpenoids. 

■ CONCLUSION 

The n-hexane preparation of A. cucullata stems bark 
produced five dammarane-type triterpenoids, which were 
identified as (20S)-20-hydroxydammar-24-en-3-one (1), 
cabraleone (2), cabralealactone (3), eichlerianic acid (4), 
and (+)-fouquierol (5). Both compounds 1 and 5 were 
isolated for the first time from the Meliaceae family and 
the Aglaia genus, respectively. Compound 1 was the first 
compound to be isolated from the Aglaia genus. The 
cytotoxic potential of substances 1 through 5 was 
investigated using the A549 lung cancer cell type as a test 
subject. Among the triterpenoids of the dammarane class, 
Compound 4 exhibited the highest level of activity, 
whereas Compound 5 exhibited the lowest level. 
Increased cytotoxicity in the triterpenoid dammarane 
type can be attributed to the presence of a seco component 
in the A ring as well as gem-dimethyl connected to 
quaternary carbon sp2 in the aliphatic side chain. Because 
of this, the identification of these compounds lays the 
groundwork for the use of triterpenoid dammarane-type 
compounds as a therapeutic possibility for the treatment 
of lung cancer. These compounds have the potential to be 
developed into lead compounds for the treatment of lung 
cancer. 
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 Abstract: Essential oils are compounds extracted from plants and obtained by distillation. 
Indonesia has many kinds of plant commodities for essential oil production. Among the 
essential oils that have not been developed in Indonesia is citronella oil which can be 
extracted from the lemongrass plant this research, we develop Microwave Hydro-
Distillation (MHD) method has several advantages over conventional distillation methods: 
shorter time, higher oil quality and yield. This research proposes to extract citronella oil 
from lemongrass leaves using the MHD method using aquadest and NaCl solution addition. 
Operating variables are extraction time (20–180 min), material size (0.5, 1.0, and 1.5 cm), 
feed-to-solvent ratio (0.1; 0.15; and 0.2 g/mL), and microwave power (300, 450, and 
600 watts). The essential oil results are analyzed by GC-MS analysis, specific gravity, 
refractive index, and solubility. The results showed that it increased with extraction time 
followed by almost constant conditions, tended to decrease with increasing feed-to-solvent 
ratio, and increased yield with increasing microwave power. The results from the GC-MS 
analysis, the active substance content of geraniol was 46.61% and citronellal 5.62%. 
Additional salt in this method is a green and clean essential oil extraction. 

Keywords: extraction; essential oil; lemongrass; Cymbopogon nardus; Microwave 
Hydro-Distillation 

 
■ INTRODUCTION 

The variety of biological nature in Indonesia is 
famous and very abundant. There are essential oil plants 
that have not been able to be utilized as a whole. Indonesia 
has to be able to produce around 80 types of essential oil 
plants that can be traded in the world. Still, only a few 
kinds of essential oils can be produced by traditional 
refiners, including patchouli oil, citronella oil, clove oil, 
cananga oil, eucalyptus oil, sandalwood oil, fragrant root 
oil and citrus hystrix oil [1]. Essential oil is a high 
commodity requirement for perfume industries, 
cosmetics, pharmaceuticals, and food and beverage [2]. 
Producing primary and secondary products with price 
fluctuations resistance in the world trade area is highly 
valuable. However, essential oil production plants in 
Indonesia have not been adequately developed yet, so 
essential oil production cannot meet the quality and 
quantity requirements [3]. 

Lemongrass is a valuable plant. One of its 
usefulness is as an essential oil raw material. This plant 
is easy to cultivate and a significant opportunity for 
people who want to develop it [4]. Lemongrass plants 
have a significant potential to cultivate in Indonesia. 
Furthermore, Indonesia has this plant very abundant as 
a raw material. Many provinces in Indonesia produce 
essential oil, such as Nangroe Aceh Darussalam, 
Lampung, East Java, and West Java, with a total area of 
3.492 hectares [5]. There are 2 kinds of variants of 
lemongrass leaves cultivated in Java, and one is 
Cymbopogon winterianus which is cultivated at West 
Java and one more is Cymbopogon nardus which is 
cultivated at East Java. They have different chemical 
compounds, respectively [6-7]. 

Essential oil extraction commonly uses a 
conventional method: water or steam distillation [8]. 
Essential oils are colorless  to slightly yellowish and only  
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Fig 1. Schematic of MHD method 

slightly soluble in water [9]. Extraction of lemongrass 
essential oil by hydro-distillation is known by people as 7–
8 h extraction [10]. Essential oil product handling is also 
not optimal yet, causing less quality and low prices. The 
selection of a distillation system based on the leaves and 
stem of the plant as raw materials to produce higher yield, 
more efficiency, and avoid burnt leaves [11]. The lack of a 
system by traditional distillers (Low value of essential oil 
yield and quality) has to be overcome quickly by 
developing extraction technology by microwaves, one of 
which is by MHD method [12-13]. Microwaves are non-
ionic electromagnetic waves below radio frequency and 
above infrared frequency waves, with a frequency distance 
between 300 MHz and 300 GHz. In the oven, microwaves 
work at a frequency of 2,450 MHz for general purposes 
and extraction applications for chemical analysis [14]. 

For the development of microwave technology, a 
medium is required to boost the solvent's dielectric 
coefficient so that it can be optimally absorbed and 
transformed into thermal energy to increase extracted 
essential oil and break down protected oil molecules [15-
16]. Inorganic salts would cause more damage to the plant 
tissue's epidermal cells, making the essential oil easier for 
water vapor to extract and increasing the yield and 
separation effectiveness of the oil. 

This research aims to study the effect of adding NaCl 
salt on the extraction of lemongrass leaves by the MHD 
method. This research will review the effect of microwave 

power, extraction time, the ratio between feed and 
solvent (F/S), and NaCl level toward extraction yield and 
oil quality to determine the best value conditions of 
lemongrass leaves extraction by microwave to produce 
citronella oil. NaCl salt is very effective in avoiding losses 
of the heat-sensitive components, especially the main 
components in essential oil, suit for a cleaner essential 
oil product to develop the modern essential oil industry 
[17]. 

■ EXPERIMENTAL SECTION 

Materials 

Lemongrass leaves are from Cymbopogon nardus, 
taken from Lumajang, East Java. The leaves have withered 
for 2 × 24 h to reduce moisture content and minced 
following the research variable. The research material is 
based on a dry basis [18]. We used the leaves part based 
on Feriyanto et al. [19], which yielded higher than stem 
part yields. To separate between essential oil and its 
solvent, used n-hexane ACS grade (95% pro analysis, 
CAS No. 110-54-3). NaCl solution made from NaCl 99%. 

Instrumentation 

The MHD instrumentation scheme was handled 
by a microwave oven (Electrolux EMM2308X) (Fig. 1), 
which has dimensions of 50 cm in length, 40 cm in 
width, and 40 cm in height. The power of the microwave 
ranges from 0 to 800 W. In this research, the power used 
was 150, 300, 450, and 600 W. Extraction flask volume 
1 L as a glassware of material and solvent carried out the 
extraction process. Clevenger facilitates the extraction 
process so that while the process is in progress, solvents 
that have evaporated and condensed into the liquid 
phase can return to the extraction flask through the 
connection on the tool. In addition, the Clevenger is 
equipped with a Liebig condenser that helps the 
condensation process from vapors containing extracted 
oil. The instrumentation also has a Liebig condenser to 
maximize the cooling system. 

Procedure 

The MHD used a microwave oven. For the pre-
treatment procedure, lemongrass leaves were withered 
for 2 × 24 h, minced by size according to the variables 
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(0.5, 1.0, and 1.5 cm), and stored at room temperature 
± 30 °C. MHD research procedure is conducted by 
weighing lemongrass leaves according to the variables (30, 
45, and 60 g). Put the weighed lemongrass leaves into the 
one-neck extraction flask, add 300 mL solvent according 
to the variables, and flow the water in the cooling system 
(condenser reflux and Liebig on the Clevenger). Turn on 
the microwave so that the extraction flask containing raw 
materials gets exposed to microwave radiation according 
to operating conditions and research variables. When the 
first drops come out from the Liebig condenser, it 
calculates the extraction time starting. Stop the extraction 
process according to predetermined time variables. The 
result is in the form of oil and solvent poured into the 
separator funnel and added n-hexane. The mixture 
between oil and n-hexane from the solvent was separated. 
Oil and n-hexane were separated. The essential oil was 
kept in a vial bottle at a temperature of 4 °C to prepare and 
analyze the essential oil obtained. 

The experimental variables used in this study are as 
follows: Microwave power: 300, 450, and 600 W; material 
measure: 0.5 cm, 1 cm, and 1.5 cm; ratio F/S: 0.1, 0.15, and 
0.2 g/mL; solvents: aquadest and NaCl 2% solution; 
extraction time: 180 min (sampling time every 20 min). 
Calculation of yield takes account of the moisture content 
of leaves according to the research by Chen et al. [20], and 
the yield of citronella oil can be calculated by Eq. (1): 

essential oil massYield(%) 100%
mass of leaves (dry basis)

   (1) 

Gas chromatography-mass spectrometry (GC-MS) 
analysis 

GC-MS analysis results describe components 
contained and levels by peaks of components present in 
essential oil in detail [21]. The analysis was performed 
using GC-MS (AGILENT 6980N chromatography gas 
coupled with AGILENT 5973 inert mass spectrometry), 
carrier gas: Helium. The sample was injected at 250 °C 
inlet temperature with a split ratio of 1:50. The flow rate 
inside the GC column was held constant at 1 mL/min. 

■ RESULTS AND DISCUSSION 

Effect of Time on the Yield of Citronella Oil 

The influence of time in the  extraction of essentials  

is that the longer the extraction time, the more the 
amount of oil is obtained until a state of equilibrium 
when there is no increase in yield. It was called the 
optimal extraction time. In traditional distillations, the 
optimal extraction time 7 approximately h [22], while 
using a microwave only ranges from 2–3 h. 

Effect of Power of the Yield of Citronella Oil 

Power is the energy delivered per unit of time (J/s). 
In microwave extraction, power controls the amount of 
energy materials will receive to convert into thermal 
energy. This thermal energy conveys the movement of 
essential oil from a part of the plant to be extracted very 
well [23]. 

Microwave power must be carefully selected to 
minimize time consumption to obtain a temperature set 
without reaching excessive temperatures and 
overpressure. However, increased power with a longer 
microwave radiation time can lead to solvent loss due to 
evaporation. The variation of power used for the 
lemongrass leaves extraction process are 300, 450, and 
600 W [24]. Fig. 2 shows the yield for citronella oil 
increases as long as power increases, at 300 W (1.394%) 
at power 450 W (2.110%), experiencing an increase in 
yields. However, at power 600 W (0.904%), the yield of 
essential oils decreased and tended to be lower than 
other variables. 

Based on the graph, there is a tendency to increase 
the yield along with the increase in power. The more 
incredible energy received, the higher yield gets obtained 
because more energy is converted into the heat of  
 

 
Fig 2. The oil yield function of time for different 
microwave power 
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extraction, increasing the extraction yield. The decreasing 
yield of 600 W caused by the power does not work at an 
optimum point, and fast evaporation rate increases 
quickly. This finding may cause the degradation of 
ingredients that can reduce the yield obtained and 
damage the composition of essential oil contents [25]. 

High microwave power will accelerate the heating of 
the extracted material because linearly, with high power, 
the higher the heating temperature of the extracted 
material. High power conveys thermal energy to the 
material contacted and influences the temperature profile. 
The oil glands in lemongrass get overheated, breaking the 
cell walls and lysis process. Oil will diffuse to the solvent 
and evaporate with the solvent vapor, which is then 
condensed. High microwave power does not guarantee a 
high yield because each material has distinct 
characteristics. Therefore, the best operating conditions 
are needed to produce high yields and good-quality 
citronella oil. Based on the experiments that have been 
carried out in the manufacture of essential oil can be 
carried out at optimum power for the extraction of 
citronella oil by the MHD method based on Fig. 2 is 
450 W [26]. 

Effect of Material Size of % Yield of Citronella Oil 

Material size variations in the extraction process are 
0.5, 1.0, and 1.5 cm long. This size affects the surface area 
of the material submerged in the solvent. In addition, it 
also affects the number of material matrices included in 
one experiment. The effect of material size on yield can be 
seen in Fig. 3. Fig. 3 shows it can be seen that the yield of 
citronella oil for a size of 0.5 cm (1.572%) has the highest 
yield when compared to other sizes, 1.0 cm (0.976%) and 
1.5 cm (1.272%). Also, Fig. 3 shows a decrease in the yield 
of citronella oil as the length of the lemongrass leaves 
increases. This fact is because the longer the piece of 
lemongrass, the fewer oil glands are exposed to heat, 
thereby reducing the surface area of the extracted material 
so that the smaller the pieces of lemongrass leaves, the 
more yield is produced. Based on the experiments that 
have been carried out, optimization in the manufacture of 
essential oil from lemongrass can be done using a piece of 
material size of 0.5 cm [27]. 

 
Fig 3. The oil yield function of time for different material 
sizes 

According to the literature, the smaller the size of 
the extracted material can cause penetration from 
microwaves to be more effective. Where with the 
increasingly effective penetration of microwaves in 
smaller-sized materials, this then causes the extraction 
efficiency to increase. Based on Fig. 3, it can be seen that 
the yield of citronella oil for a size of 0.5 cm (1.572%) has 
the highest yield when compared to other sizes, 1.0 cm 
(0.976%) and 1.5 cm (1.272%). Where with the 
increasingly effective penetration of microwaves in 
smaller-sized materials, this then causes the extraction 
efficiency to increase [28]. 

Effect of Feed to the Solvent Ratio of Yield of 
Citronella Oil 

This research was conducted at the ratio of raw 
materials used per volume of solvents was 0.1, 0.15, 
0.2 g/mL, and the mass of material used is 30, 45, and 90 g. 

Increasing feed to solvent in the extraction flask 
causes a yield decrease. It caused by the surface of the 
material is not exposed to heat optimally. The flask 
becomes dense, and the heat distribution becomes not 
optimally spread. The dense flask resists heat transfer 
between materials so that it decreases extraction energy 
thermal. Based on Fig. 4, it is found that the optimal yield 
in the MHD method for citronella oil can be done using 
the best ratio, where the optimum ratio for the 
manufacture of citronella oil is about 0.1 g/mL [29]. 

The volume of the solvent remains constant while 
the mass of the material changes. It was found that 
increasing  the  solid  mass  can  reduce  the  surface  area  
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Fig 4. The oil yield function of time for different of feed 
to solvent ratios (F/S) 

available for the solvent to penetrate the plant material 
and dissolve the target molecules. In general, a lower 
material-to-solvent (F/S) ratio in extraction techniques 
can increase the yield of essential oils. The solvent volume 
should be sufficient to ensure the entire sample is ideally 
submerged so that the material can expand during 
extraction [30]. 

The interaction between power parameters, time, 
comparison of feeds and solvents, and material size will 
be discussed in a separate study of optimization and 
interaction between parameters. 

Effect of NaCl Salt Addition on the Yield of 
Citronella Oil 

The best variable for citronella is a material size of 
0.5 cm, F/S 0.1, with a material mass of 30 g with a power 
variation of 300, 450, and 600 W. This research uses NaCl 
salt to make NaCl 2% solution for the experiment. 
According to this research, the yield of essential oil 
increases at NaCl 1–2% and decreases at NaCl 
concentrations of 3–5% [31]. 

Another research stated that the yield of essential oil 
increases in NaCl by 1% and 2.5% but will experience a 
decrease in yield at NaCl concentrations by 5 and 10%. So 
from the two research above, variables were selected for 
extracting clove stem essential oil by the MHD method 
using NaCl solution 2% [32]. 

The addition of NaCl accelerates the phenomenon 
of mass and heat transfer because the addition of NaCl 
causes the boiling point of water to increase, which can 
result in the degradation of components, and a hydrolysis 

reaction occurs [33], so the extraction process can run 
faster. NaCl act as an electrolyte where NaCl solution 
consisting of ion moves and rubs against each other due 
to the influence of electromagnetic waves on the 
microwave so that the separation of essential oil from 
water becomes easier [34]. NaCl increases the polarity of 
the solvent to separate oil from solvent easier. 

The selection of solvent is one of the crucial factors 
that can significantly influence the extraction process 
using the microwave. The determination of the solvent 
depends on the solubility of the essential oil, the 
penetrating power of the solvent, the interaction 
between the solvent and the matrix of the material, and 
the dielectric constant [35]. This research used Water 
and NaCl solutions as solvents because the highest 
dielectric constant among all solvents is 80.4 and 78 [36]. 
This fact causes the solvent to have a high capacity to 
absorb microwaves, and essential oil in lemongrass 
leaves can be extracted optimally. In this experiment, we 
used water and added a NaCl solution of 2%. 

Fig. 5 shows, on the use of a 2% NaCl solvent, it can 
be seen that yield increases as the power increases, but 
there is a decrease in the immense power; yield increases 
from the power of 300 W (1.094%), 450 W (1.395%) as 
the power used increases. However, at a power variation 
of 600 W, there was a decrease (0.988%). 

From Table 1, it can be seen that the yield of 
citronella essential oil has changed at a solvent ratio of 
2% NaCl, namely for variables of 300 W (1.394 to 
1.094%), 450 W (2.110 to 1.395%), and 600 W (0.904 to 
0.988%). The addition of NaCl can affect the dielectric 
constant to get lower, resulting in the solvent not quickly 
capturing waves from the microwave so that heating is 
reduced, this is called dielectric decrement, but this does 
not happen because dielectric decrement occurs in 
molarity above 1.5 M. The molarity of the NaCl used is 
still below that number, so there is no dielectric 
decrement [37]. This result follows research conducted 
by Perez et al., where there was a decrease in oil yield 
from 0% NaCl to 1% NaCl and an increase after adding 
2.5% NaCl [32]. The increase in yield, along with the 
increase in the solvent ratio, is due to the increase in the 
boiling point of water. 
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Fig 5. The oil yield function of time for different addition of NaCl 2% solution 

Table 1. Comparison of the oil yield between water solvent and 2% NaCl solution 
Power Ratio F/S Material size (cm) % Yield (Water) % Yield (NaCl 2%) 

300 
0.1 0.5 

1.394 1.094 
450 2.110 1.395 
600 0.904 0.988 

 
Physical Properties of Citronella Oil 

The analysis results of the physical properties of 
citronella oil can be seen in Table 2. The specific gravity 
of citronella oil processed using the MHD method is 
0.896–0.915 g/mL and is close to SNI 06-3953-1995, which 
is 0.88–0.92 g/mL, meaning essential oil has met quality 
standards in Indonesia. The specific gravity of citronella 
oil extracted in this research is almost close to Putri's 
research [38], whose specific gravity is 0.8640–0.9087. 
The greater the weight fraction contained in the oil, the 
greater the density value. The greater the density value, 
the more components are contained in the substance with 
a high molecular weight and a long carbon chain [39]. 

Essential oil dissolves in ethanol 70% at a specific 
ratio and concentration. The solubility in ethanol of 70% 
states the ratio of the volume of essential oil and the 
volume of ethanol of 70% needed to dissolve essential oils. 

The solubility test on citronella oil obtained the results 
that the solubility of the citronella oil obtained was 
following the SNI standard, which was 1:2. This is also 
reinforced by the results of experiments conducted by 
Putri [40] that citronella oil dissolves in 70% ethanol in 
a ratio of 1:2, that is, 1 mL of citronella essential oil is 
required 2 mL of ethanol, so a clear solution is obtained. 
The solubility test in alcohol gives an idea of whether an 
oil is easily soluble or not. The easier the oil is soluble in 
alcohol, the more polar compounds in the oil. The 
solubility of alcohol is a principal factor in essential oil 
testing because it can determine the quality of the 
essential oil. 

The refractive index of citronella oil is 1468, which 
means that the value of the refractive index of the 
extracted oil is under the SNI standard, 1466–1475. The 
refractive index of  essential oils  is closely  related to the  

Table 2. Physical properties of citronella oil 
Physical properties SNI 06-3953-1995 Citronella oil 
Specific gravity (25 °C) 0.88–0.92 0.896–0.915 
Solubility 70% (v/v) 1:2 1:2 
Refractive index 1466–1475 1468 
Color Pale yellow to yellowish brown Pale yellow to yellowish brown 
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components composed in the resulting essential oil. 
Similarly, the specific gravity of the essential oil 
constituent components can affect its refractive index 
value. The more long-chain components such as 
sesquiterpenes or oxygen components are distilled, the 
density of the essential oil medium will increase, making 
the incoming light more challenging to refract. This 
finding leads to a more extensive oil refractive index. 
According to Guenther and Ketaren [39], the index value 
is also influenced, one of which is the presence of water in 
the oil content. The bias index value decreases as the water 
content increases. This fact is due to the nature of the 
water that it is easy to refract the oncoming light. 

Results of Analysis Chemical Properties of 
Citronella Oil 

The results of the analysis of the contents of 
citronella oil are provided in Table 3, and the 
chromatogram is displayed in Fig. 6. The predominant 
component of the essential oil extracted from lemongrass 
using the MHD method is geraniol, as shown in Fig. 6. 

Citronelal and geraniol experimental results for the 
MHD method were 5.62 and 46.61%. In a previous study 
by Putri, the main components of citronella oil from 
lemongrass leaves extraction by the MHD method are 
geraniol and citronellal 28.44 and 6.85%, respectively. 

This result does not correspond to the expected essential 
oil,  where  the  components of  geraniol  and  citronellal,  

Table 3. Result of GC-MS analysis of citronella oil 
Retention time (min) % area Compounds 

1.723 0.70 3-Methyl pentane 
1.767 23.41 Hexane 
1.892 1.80 Methyl cyclopentane 
7.873 0.36 Linalool 
8.693 3.00 Citronella 
8.864 0.37 Isoneral 
9.136 0.67 Isocitral 
9.822 2.62 Citronella 

10.044 10.35 Geraniol 
10.226 19.65 Geraniol 
10.469 16.61 Geraniol 
11.545 0.50 Butanoic acid 
11.707 9.71 Eugenol 
11.955 3.21 Geranyl acetate 
12.610 1.69 Caryophyllene 
12.933 0.83 Phenol 
13.390 0.47 Germacrene 
13.785 0.98 Naphthalene 
14.565 0.84 Cyclodecadiena 
14.685 0.95 Caryophyllene 
15.327 0.52 Naphthalene 
15.481 0.76 Cyclohexane 
Total 100  
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Fig 6. Gas chromatography-mass spectrometry chromatogram 
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according to SNI. 06-3953-1995, are respectively 85 and 
35%. According to Widyastuti and Sugiarso [41], genetic 
and environmental factors cause variation in the levels of 
geraniol and citronellal in this study. The availability of 
nutrients in the soil results in differences in the results of 
plant metabolic processes [42]. 

■ CONCLUSION 

The extraction of lemongrass leaves by the MHD 
Method shows that the smaller the material size affects, 
the greater the yield with an optimum size of 0.5 cm. The 
best value of the power of the MHD method's extraction 
process of lemongrass leaves is 450 W. As the ratio of 
solvents used increases, the yield obtained increases. The 
best solvent per material ratio value is F/S = 0.1, and the 
best solvent for the extraction process of lemongrass leaves 
by the MHD method is aquadest. Physical and chemical 
results of the analysis of citronella oil analyzed by GC-MS 
show that citronellal and geraniol components get results 
of 5.62 and 46.61%, respectively. The solubility analysis of 
citronella oil in alcohol is 70%, following previous 
research and Indonesian National Standardization results. 
The yield of citronella oil obtained from extraction by the 
MHD method using water solvents is more remarkable 
than using 2% NaCl, and this is because the dielectric 
constant of NaCl is more diminutive than water and needs 
to be studied further for higher NaCl concentrations. 
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 Abstract: Silica from rice husks (RH) has been used as a starting ingredient in the 
sonication synthesis of MCM-41 (RH-MCM-41). The impregnation of Fe3+ into RH-
MCM-41 pores to produce RH-MCM-41 containing Fe2O3 and Fe (denoted as Fe2O3-Fe-
RH-MCM-41) was carried out by examining the effect of various Fe3+ concentrations on 
the weight percent of Fe-frameworks (Fe3+ that replaces Si4+ in silicate frameworks) and 
Fe-non-frameworks, i.e., the iron oxide formed outside the silicate frameworks. Fe2O3-Fe-
RH-MCM-41 was washed with a 0.01 M HCl solution to remove Fe-non-frameworks 
from the materials and give Fe-RH-MCM-41 containing Fe-frameworks. The Fe content 
in Fe2O3-Fe-RH-MCM-41 (Fe-total) and Fe-RH-MCM-41 (Fe-frameworks) for each 
sample was determined by an AAS (atomic absorption spectrometer), whereas the content 
of Fe-non-frameworks was calculated from the difference between Fe-total and Fe-
frameworks. The XRD (X-ray diffraction) pattern, N2 adsorption-desorption isotherm 
profile, as well as the TEM (transmission electron microscope) image clearly demonstrate 
that the RH-MCM-41 exhibits an ordered p6mm hexagonal mesostructure with a large 
specific surface area and uniform pore size. Based on the weight percents of Fe-frameworks 
found in each sample, it is clear that the content of Fe-non-frameworks is significantly 
enhanced compared to that of Fe-frameworks when the more concentrated Fe3+ is used. 

Keywords: RH-MCM-41; impregnation; Fe-frameworks; Fe-non-frameworks 

 
■ INTRODUCTION 

Zeolites are being used as solid acid catalysts in a 
growing number of refining processes, as well as in the 
production of petrochemicals and specialty chemicals, 
because of their remarkable environmental friendliness, 
shape selectivity, durability, and reusability [1-2]. 
However, this material cannot be used to catalyze 
processes involving big molecules due to its very tiny 
(± 1 nm) pore size [3]. Thankfully, the mesoporous M41S 
family, which was discovered in 1992, has numerous 
advantages over microporous materials because of its 
larger pore size (3-10 nm) [4]. 

In general, silica precursors such as tetraethyl 
orthosilicate (TEOS) [5-7] and sodium silicate [8-11] are 
used in the synthesis of MCM-41, which is relatively 
expensive. Iron ore tailing [12-13], siliceous sugar 
industry waste [14], silicon carbide sludge and granite 

sludge [15], bentonite [16] and rice husk ash [17-19] 
have all been investigated for use as a silica precursor in 
the manufacture of MCM-41 to minimize production 
costs. Rice husk ash (RH) is the most potent natural 
substance because it contains SiO2 at concentrations of 
over 90% [20-22]. Rice is also widely grown in China, 
India, Pakistan, and East Asia [23]. Rice Husk-MCM-41 
(RH-MCM-41) prepared from rice husk material is 
reported to possess some properties such as porosity, 
crystallinity, and hydrothermal stability that are 
comparable to those synthesized from commercial 
silicates, such as tetraethyl orthosilicate (TEOS) [24]. 

MCM-41 is usually produced via the hydrothermal 
process, which entails heating the reactants with air in a 
sealed container (autoclave) [25-27]. Since the 
hydrothermal method requires a lot of time and energy 
to complete the reaction, it is less efficient and does not 
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meet the green chemistry principle. Alternative 
approaches, such as the sonochemistry process, which 
makes use of ultrasonic waves, have been used in a 
number of works to synthesize MCM-41 [28-30]. 
Ultrasonic vibrations can initiate chemical reactions in 
liquids by producing tiny bubbles known as micro-
cavitation. The high temperature and pressure created by 
the pulsation of the bubbles [31], of course, create 
conditions conducive for chemical reactions to occur. The 
sonochemistry approach requires less time and energy, 
making it a more cost-effective and environmentally 
friendly technique. 

It is well known that pure siliceous Si-MCM-41 has 
no acidity and lacks intrinsic catalytic applicability. 
Therefore, it must be heterogenized with transition metals 
to make it suitable for catalytic applications [32]. For 
example, Fe has been added to the MCM-41 structure to 
yield Fe-MCM-41, which has a negative framework 
charge due to some replacement of SiO4 by FeO4 
tetrahedrons. Counter ions, such as H+, could balance out 
the internal negative charge of the structure to produce 
the Brønsted-acidity [33]. For this reason, iron-modified 
mesoporous MCM-41 silica materials, Fe-MCM-41, have 
received significant attention as new nanostructured and 
catalyst materials in the last decade [34]. 

So far, impregnation has become one of several 
approaches to incorporate transition metals into the 
mesoporous MCM-41 frameworks [35-38]. However, in 
the impregnation of Fe3+ into MCM-41 material, there is 
always evidence for isomorphic substitution of trivalent 
iron in the frameworks that lead to the formation of Fe-
MCM-41, as well as iron oxide nanoparticles on the outer 
frameworks [38]. In general, transition metal oxides also 
have catalytic properties, so several researchers have 
synthesized metal oxide nanoparticles in the pores of 
MCM-41 [39-40] and SBA-15 [41-42], which are applied 
as catalysts for various reactions. In contrast, there are 
also some serious problems if the filling of the pores by 
Fe2O3 nanoparticles (denoted as Fe-non-frameworks) 
induces the blockage of the trivalent iron in the 
frameworks (denoted as Fe-frameworks), thereby reducing 
the catalytic activity as reported by Pieterse et al. [43]. 
Significant blockage of the pore channels apparently 

reduces the diffusion of the reactants. It means that the 
iron oxide nanoparticles outside frameworks are not 
preferable if their content exceeds the appropriate level. 
Therefore, the optimum ratio of Fe-frameworks to Fe-
non-frameworks contents should be investigated to 
maximize the catalytic activity of the materials. 

As far as we know, there are hardly any reports that 
focus on the investigation of the ratio of Fe-frameworks 
to Fe-non-frameworks in MCM-41. In fact, this 
information is essentially required in designing catalysts 
with the best performance in their catalytic activity. 
Based on this idea, in this study, we have synthesized 
MCM-41 from rice husk ash (RH-MCM-41) by the 
sonication method and systematically investigated the 
effect of Fe3+ impregnation at various concentrations on 
the weight percent ratio of Fe-frameworks to Fe-non-
frameworks in the RH-MCM-41 with the purpose of 
maximizing the catalytic properties of the materials. The 
use of rice husk as starting material is very advantageous, 
as there is a lot of rice husk waste in our surroundings, 
while the choice of the sonication method reduces the 
energy used for heating; thus, this study meets the 
principle of green chemistry and is environmentally 
more benign. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were rice husk 
taken from the rice huller in the district of Bantul, 
Special Region of Yogyakarta, Indonesia. Merck 
(Germany) provided the chemicals used in this study, 
which included hydrochloric acid (HCl, 37%), 
cetyltrimethylammonium bromide (CTAB, 99%), 
sulfuric acid (H2SO4, 96%), sodium hydroxide (NaOH, 
100%), ferric nitrate nonahydrate (Fe(NO3)3·9H2O, pro 
analysis), and nitric acid (HNO3, 65%). All of these 
chemicals are of analytical grade and are used directly 
without pretreatment. All experiments utilized distilled 
water. 

Instrumentation 

The instrumentations used in this study were 
ultrasonic waves produced by the Bransonic 220 
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ultrasonic device at room temperature (25 to 32 °C) using 
a 48 kHz frequency and a 100 W heating capacity. On a 
Shimadzu model XD-3H X-ray diffractometer operating 
at room temperature, X-ray diffraction (XRD) patterns 
were produced using Cu-Kα powder that had been 
irradiated at = 0.154 nm. A Shimadzu FTIR-8010PC was 
used to carry out the Fourier-transform infrared (FTIR) 
spectroscopy examination. The KBr disc technique was 
used to get the spectra at room temperature and the 
transmittance mode in the 4000–400 cm−1 range. Using 
the Quantachrome Nova 1200 gas sorption analyzer, we 
looked at the nitrogen adsorption-desorption isotherm at 
the temperature of liquid nitrogen (GSA). Prior to the 
examination, samples were outgassed for a whole night at 
250 °C. The Brunauer-Emmett-Teller (BET) surface area 
is determined by the multipoint BET method using 
adsorption data at relative pressures (P/P0) between 0.03 
and 0.1. At a relative pressure of 0.95, a mesoporous 
volume was calculated using isotherms. The Barrett-
Joyner-Halenda (BJH) approach was used to calculate the 
average mesoporous diameter based on the nitrogen 
isotherm adsorption branch. The transmission electron 
microscope (TEM, JEM-3010) was used to analyze the 
properties of the RH-MCM-41 pores. The Atomic 
Absorption Spectrophotometer (AAS, Perkin Elmer 3110) 
was used to determine the content of Fe in the samples. 

Procedure 

The extraction of silica and synthesis of sodium 
silicate solution 

The following procedure, similar to the one we 
previously reported [25], was used to obtain rice husk 
silica. First, rice husks were washed using water and dried 
for 12 h at 120 °C. The clean and dry rice husks (100 g) 
were put into a 3 M HCl solution (500 mL) and then 
refluxed at 80 °C for 3 h in a round-bottom flask equipped 
with a magnetic stirrer. The mixture was cooled, filtered, 
and washed with distilled water to remove residual acid. 
The result was again dried at a temperature of 120 °C for 
12 h, then calcined at a temperature of 650 °C for 6 h at a 
speed of 2 °C min−1. To make sodium silicate solution, 
rice husk silica (4.0 g) and NaOH pellets (1.25 g) were put 
into distilled water (35 g), then stirred to form a gel. This 

gel was heated to 80 °C with stirring for 2 h, then cooled 
in the air to room temperature. 

Synthesis of RH-MCM-41 
To produce a CTAB solution, CTAB (10 g) was 

added to distilled water (50 mL) at 60 °C and stirred for 
30 min. A 15-mL solution of sodium silicate was added 
to the above CTAB solution to form the gel. The pH of 
this gel was adjusted to 11 by steadily dropping 5 M 
H2SO4. After that, the gel was placed in a sealed glass 
bottle and exposed to ultrasonic exposure at a frequency 
of 40 Hz at room temperature for 180 min. The white 
precipitate was collected after the ultrasonic treatment, 
rinsed with the necessary amount of distilled water, and 
dried at 110 °C for 100 min. The sample was calcined in 
air at a rate of 2 °C min−1 to 540 °C and held there for 5 h 
for the template to dissipate, and RH-MCM-41 was 
produced. 

Impregnation of Fe3+ into RH-MCM-41 pores 
Initially, RH-MCM-41 (1 g) was activated by 

heating at 120 °C for 3 h. The sample was then placed in 
a 100 mL solution of various concentrations (0.02, 0.04, 
0.06, 0.08, and 0.10 M) of Fe(NO3)3·9H2O solutions that 
had been acidified with HNO3 until pH 2. At 40 °C, the 
mixture was magnetically stirred for 8 h, then left to 
stand for 4 h to achieve maximal impregnation. The 
solid phase was filtered out with Whatman 42 paper, 
washed three times with distilled water, dried at room 
temperature, heated at 110 °C for 3 h, and then calcined 
in air at 500 °C for 8 h. The resulting materials were 
labeled as Fe2O3(0.02)Fe-RH-MCM-41, Fe2O3(0.04)Fe-
RH-MCM-41, Fe2O3(0.06)Fe-RH-MCM-41, 
Fe2O3(0.08)Fe-RH-MCM-41, and Fe2O3(0.10)Fe-RH-
MCM-41. The Fe-total content in the five samples was 
determined by the AAS method. 

Removing of Fe2O3 from Fe2O3-Fe-RH-MCM-41 
Each 0.5 g of Fe2O3-Fe-RH-MCM-41 material 

acquired from the previous procedure was put into 
50 mL of HCl 0.01 M, then magnetically stirred at 
ambient temperature for 2 h. The sediments were then 
separated by filtering with Whatman No. 42 paper, 
washed three times with distilled water, dried at room 
temperature, and then dried at 110 °C for 2 h. The new 
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materials were labeled as (0.02)Fe-RH-MCM-41, 
(0.04)Fe-RH-MCM-41, (0.06)Fe-RH-MCM-41, (0.08)Fe-
RH-MCM-41, and (010)Fe-RH-MCM-41. The content of 
Fe-frameworks in the five samples was determined by the 
AAS method, while the content of Fe-non-frameworks is 
the difference between Fe-total and Fe-frameworks. 

■ RESULTS AND DISCUSSION 

X-ray Diffractogram Analysis 

The X-ray diffractograms for RH-MCM-41 and 
Fe2O3-Fe-RH-MCM-41 were collected in Fig. 1(A) (small 
angle) and 1(B) (wide angle). The standard XRD pattern 
of α-Fe2O3 (ICDD No. 33-0664) is included in Fig. 1(B/g) 
for comparison. The small angle diffractogram for RH-
MCM-41 (Fig. 1(A/a)) exhibits three well-resolved bands 
that can be indexed as 100, 110, and 200 reflections 
indicated with 2D p6mm hexagonal symmetry of the 

lattice. All samples of Fe2O3-Fe-RH-MCM-41, which 
were synthesized with Fe3+ concentration of less than 0.1 
M (Fig. 1(A/b-e)), still had three diffraction peaks with 
fairly high intensity. This shows a high degree of pore 
symmetry even after impregnation. However, the 
synthesized Fe2O3-Fe-RH-MCM-41 sample with a 0.1 M 
Fe3+ concentration (Fig. 1(A/f)) only had two diffraction 
peaks with relatively low intensity. This is an indication 
of damage to some of the pore structures [44]. 

The decrease in intensity of the small angle 
diffractogram on all samples after the impregnation 
should be attributed to the incorporation of Fe2O3 
nanoparticles in the pores. These Fe2O3 nanoparticles 
lessen the contrasting scatter of the mesoporous materials 
pores and frameworks. Erdem et al. [45] and Costa et al. 
[46] stated that, in general, the scattering intensity for 
Bragg reflections decreased when the scattering material  

 
Fig 1. The X-ray diffractogram of RH-MCM-41 and Fe2O3-Fe-RH-MCM-41 in the small angle (A) and wide angle 
(B/a-f), and hematite (B/g) 
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was filled into the pores because it increased the phase 
cancellation between the scattering from the walls and the 
pore region. 

The absorption widens with a peak at 2θ = 23° (Fig. 
1(B/a-f)), characteristic of the amorphous silica forming 
the pore walls (ICDD 29-0085). In addition, characteristic 
weak peaks for hematite (α-Fe2O3) were observed at 2θ 
30–75° (Fig. 1(B/b-f)), where the intensity increased with 
increasing Fe3+ concentration in the precursor solution. 
This case also indicates that the impregnation of Fe3+ into 
the pores of MCM-41 resulted in the formation of α-Fe2O3 
particles outside the frameworks. 

As illustrated in Fig. 2, iron oxide nanoparticles 
developing in RH-MCM-41's pores are thought to be 
triggered by hydrogen bonds developing between the 
silanol groups on the RH-MCM-41 surface and the 
hydrated Fe(III) cations, such as the two-core cation 
Fe2(OH)2(H2O)4+, which is present in large amounts in a 
pH-low solution of Fe(III) [47]. The concentration of 
Fe2(OH)2(H2O)4+ increased significantly during the 
filtering, washing, and calcination operations, reaching a 
super-saturated state and precipitating iron oxide 
nanoparticles. 

The impregnation of Fe3+ also induces the reflected 
diffraction peaks of all samples to shift to a lower 
diffraction angle (2θ), indicating an increase in both 
basal spacing (d) and lattice parameter (ao). The increase 
in these parameters can be attributed to isomorphic 
substitution, in which tetravalent silicon in the 
frameworks is replaced by trivalent iron. This increase 
occurs because the Pauling radius of Fe (64 pm) is larger 
than that of Si (42 pm). As a result, the bond length of 
Fe-O is larger than that of Si-O, and thus the lattice 
parameters are increased. Similar results have also been 
reported by previous researchers [48-49]. 

As illustrated in Fig. 3, it is believed that the 
isomorphic substitution mechanism of Si4+ in the 
frameworks by Fe3+ is initiated by the protonation of the 
two oxygen atoms of the siloxane bridge (O-Si-O), 
which causes the breaking of the two Si-O bonds, 
followed by the release of Si4+ and the entry of Fe3+. There 
is an excess of negative charge on Fe in the product 
because Si with a charge of 4+ is replaced by Fe with a 
charge of 3+. The positive ions, primarily H+, neutralize 
the negative charge, leading to the formation of Brønsted 
acid sites, which is very useful for catalytic activity. 

 
Fig 2. Mechanism estimation of the formation of iron oxide nanoparticles in the pores of RH-MCM-41 

 
Fig 3. Estimation on the mechanism of isomorphous substitution of Si4+ in the MCM-41 frameworks by Fe3+ 
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FTIR Spectra Analysis 

Fig. 4 shows the FTIR spectra of RH-MCM-41 and 
all of Fe2O3-Fe-RH-MCM-41. For comparison, the α-
Fe2O3 (hematite) spectrum is also presented. The 
absorption of the asymmetric stretching vibration of OH 
silanol groups and adsorbed water molecules emerged as 
a widened peak of about 3400 cm−1 in all spectra. The peak 
of about 940 cm−1 is due to the symmetric and 
antisymmetric stretching of Si-O bonds within 
tetrahedral SiO4 groups [50]. The symmetrical strain 
vibration of the Si-O-Si link of the RH-MCM-41 
frameworks is represented by the absorption peak of 
1084 cm−1, while the bending vibration of the adsorbed 
water is represented by the absorption peak of 1635 cm−1 
(remember the hydrophilic property of the OH group). A 
symmetric Si-O-Si stretching mode is connected with the 

band near 842 cm−1, whereas a SiO4 bending mode is 
associated with the band near 461 cm−1 [51]. 

In Fig. 4(f), Fe-O-Fe vibrations of Fe2O3 in the RH-
MCM-41 pore cause the weak peaks at 635 and 572 cm−1 
[52]. The intensity of these two peaks increased along 
with the increasing concentration of Fe3+ in the precursor 
solution. The absorption at 1084 cm−1, which is typical 
of the Si-O-Si group's strain vibration, changed to 
1076 cm−1. This shows that a part of Si in the framework 
has been replaced by Fe, resulting in the creation of Si-
O-Fe bonds with a higher reduced mass. The band at 
461 cm−1, which is associated with SiO4's bending mode 
in RH-MCM-41, changed to 438 cm−1 due to the 
bending vibrations of Fe(III)-O-Si in the Fe2O3-Fe-RH-
MCM-41 frameworks. At around 446 cm−1, another 
peak  linked with  Fe-O  bonding  was found,  which was  

 
Fig 4. The FTIR Spectra of RH-MCM-41 and Fe-containing RH-MCM-41. The spectrum of α-Fe2O3 (hematite) is 
included for comparison 
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related to the Fe-O strain mode [53]. This peak, however, 
coincides with the peak bend vibrations of Fe(III)-O-Si, 
which are 438 cm−1. Thus, the isomorphic substitution of 
Si4+ on the pore wall by Fe3+ and the creation of iron oxide 
nanoparticles in the pores of RH-MCM-41 are clearly 
visible in the FTIR spectral analysis. The absence of a 
nitrate-like peak at 1380 cm−1 shows that the iron(III) salt 
has entirely decomposed. 

Gas Sorption Analysis 

The N2 adsorption-desorption isotherms of RH-
MCM-41 and Fe-containing RH-MCM-41 are collected 
in Fig. 5. The isotherm of RH-MCM-41 showed typical IV 
isotherms, indicating a typical mesoporous material with 
hexagonal cylindrical channels [54]. The rise in the 
isotherm curve at low pressure (P/P0 < 0.3) was attributed 
to the adsorption of a single layer of N2 on the walls of the 
pore. The step with a steep slope of about 0.30 < P/P0 < 0.38 
represents capillary condensation in the pores of RH-
MCM-41. The homogeneity of pores and their narrow 
size distribution is to blame for the acuity of this isotherm's 
capillary condensation stage. The presence of relatively 
homogeneous pores with a restricted size distribution 
accounts for the steep slope of the curve during these 
isotherms' capillary condensation stage. These findings are 
consistent with the XRD patterns (Fig. 1(A/a)), which 
show well-resolved secondary and tertiary diffraction above 
2θ = 4–6° ([110] and [200] peaks) and indicate a very 
long-range order of these materials. The H1-type hysteresis 
loop in this range is caused by the capillary condensation 
that is typical for mesoporous materials. The almost flat 
curve at the end was attributed to the multilayer 
adsorption on the surface of mesopores. The H4-type 
hysteresis loop that appears at P/P0 > 0.40 indicates the 
narrow pore size distribution contained in the material. 

The isotherms of Fe2O3-(0.02)-Fe-RH-MCM-41, 
Fe2O3-(0.04)-Fe-RH-MCM-41, and Fe2O3-(0.06)-Fe-RH-
MCM-41, which were of type IV and almost identical to 
the parent RH-MCM-41, indicated that the pore 
dimension of the host materials still remained. This case 
shows that the resulting Fe2O3-Fe-MCM-41 material still 
has a mesoporous structure, and iron oxide nanoparticles 
only fill a small part of the RH-MCM-41 pores. However, 

 
Fig 5. The N2 adsorption-desorption isotherms of RH-
MCM-41 and Fe2O3-Fe-RH-MCM-41 

the starting point of the inflection shifts further left 
(toward a smaller P/P0), which marks the reduction of 
pore size. Additionally, the height of the curve reduces, 
which indicates a reduced specific surface area. This was 
caused by the increasing amount of material (iron oxide) 
that filled the mesoporous channels as a result of the 
greater concentration of Fe3+ in the precursor solution. 

In contrast, samples of Fe2O3-(0.08)-Fe-RH-
MCM-41 and Fe2O3-(0.10)-Fe-RH-MCM-41 showed an 
isotherm that is markedly different from the parent RH-
MCM-41 silica. The characteristic pore-filling step of the 
isotherm disappears for the two samples. This feature is 
thought to be due to the significant narrowing of the 
RH-MCM-41 pore, as it is partially blocked by iron 
oxide particles [55]. According to this explanation, Table 
1 shows a systematic decrease in surface area, specific 
pore volume, and pore diameter as the impregnated Fe3+ 
concentration increases, where a significant decrease 
occurs in the fifth and sixth samples. 
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Analysis of TEM 

The TEM images of RH-MCM-41 and Fe2O3-(0.06)-
Fe-RH-MCM-41 samples are presented in Fig. 6. The 
TEM image of the RH-MCM-41 sample (Fig. 6(a)) shows 
that the pores are regularly arranged in a hexagonal shape, 
related to the p6mm 2D hexagonal symmetry. This is in 
agreement with the analytical results of the XRD data. In 
addition, Fig. 6(a) reveals a significant degree of pore 
regularity with a pore diameter of 2.9 nm. For Fe2O3-
(0.06)-Fe-RH-MCM-41 (Fig. 6(b)), TEM images show a 

pore diameter of 2.5 nm. This is also close to the results 
obtained from GSA data, which are 2.861 nm. This 
result matches those found by GSA data, showing that 
the average pore diameter of this material was 3.241 nm. 

The decrease in pore diameter can be attributed to 
the presence of iron oxide nanoparticles, which form 
and fill some of the pores. In addition, Fig. 6(b) also 
shows the reduced pore regularity caused by the 
isomorphic substitution of Si4+ by Fe3+ that occurs in the 
frameworks, indicated by the shift of the 100-plane peak 
to the left side, as discussed previously. 

Table 1. The porosity of RH-MCM-41 and Fe2O3-Fe-RH-MCM-41 samples 

Sample SBET
(a) 

(m2/g) 
VP

(b) 
(mL/g) 

DBJH
(c) 

(nm) 
RH-MCM-41 934 0.759 3.241 
Fe2O3-(0.02)-Fe-RH-MCM-41 916 0.703 3.088 
Fe2O3-(0.04)-Fe-RH-MCM-41 897 0.668 2.965 
Fe2O3-(0.06)-Fe-RH-MCM-41 886 0.632 2.861 
Fe2O3-(0.08)-Fe-RH-MCM-41 567 0.421 2.398 
Fe2O3-(0.10)-Fe-RH-MCM-41 432 0.398 2.013 
Note: (a) Using adsorption data with a P/P0 range of 0.05 to 0.30, the multipoint BET 
technique was used to determine BET surface area; (b) The specific pore volume is 
calculated using P/P0 = 0.95; (c) The BJH approach was used to determine the sizes of 
the pores from the nitrogen isotherm's adsorption branch 

 
Fig 6. The TEM image of RH-MCM-41 and Fe2O3-(0.06)-Fe-RH-MCM-41 sample 
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The Content of Fe 

The interpretation of the XRD diffractogram 
indicated that the Fe3+ impregnation of the MCM-41 pores 
led to the isomorphous substitution of Si4+ by Fe3+ as well 
as the formation of iron oxide at the out of frameworks. 
Table 2 shows the Fe content in the materials before and 
after the HCl treatment. The content of Fe increases with 
the increase in Fe3+ concentration in the precursor 
solution. The maximum Fe3+ concentration that can be 
used without causing damage to the pore structure of RH-
MCM-41 is 0.08 M, which produces a material with a Fe 
content of 2.97%. Several researchers have previously 
reported comparable Fe contents. He et al. [56] reported 
a maximum Fe content of 1% by weight in Fe-MCM-41 
material produced in situ without harming the silica host. 
Pasqua et al. [57] modified the process to manage the 
incorporation of Fe to the point where the content reaches 
5% by weight without harming the silica host. 

As shown in Table 2, the treatment using a solution 
of 0.01 M HCl caused a decrease in the amount of Fe 
content. The reaction associated with the decrease in Fe 
content is [58]: 

2 3(s ) (a q ) 3(a q ) 2 ( l )F e O 6 H C l 2 F e C l 3 H O    
In this case, Fe2O3 was iron oxide particles dispersed 

on the outer surface of the silica frameworks, both inside 

and outside of the pores (denoted as Fe-non-
frameworks). The HCl treatment was assumed to 
dissolve all of the Fe-non-frameworks but not for Fe 
isomorphic substituted in the frameworks (denoted as 
Fe-frameworks). Based on this assumption, the 
composition of Fe in the initial sample (before 
treatment) can be deduced, as shown in Table 3. 

By using the bar curve (Fig. 7), the difference in Fe 
content between Fe-frameworks and Fe-non-
frameworks of each sample can be clearly seen. The 
content of Fe-frameworks in the five samples is almost 
the same, while that of Fe-non-frameworks is 
significantly increased when a higher concentration of 
Fe3+ in the precursor solution is used. This trend 
indicates that Fe-framework content reaches its 
maximum faster than Fe-non-framework content. 
Therefore, when a precursor with a higher concentration 
of Fe3+ is used, only a small amount of Fe3+ displaces Si4+ 
in the frameworks, whereas most of them form iron 
oxide particles outside the frameworks. This is not 
surprising because, based on our calculations, the 
isomorphic substitution of Si4+ by Fe3+ in the silica 
frameworks is endothermic (ΔH = +1,650 kJ mol−1), 
while the formation of Fe2O3 outside the frameworks is 
exothermic (ΔH = −16,484 kJ mol−1). 

Table 2. The content of Fe in the sample before and after the HCl treatment 

Sample Fe content (wt.%) 
Before HCl treatment After HCl treatment 

MCM-41 0 0 
Fe2O3(0.02)Fe-RH-MCM-41 1.12 0.48 
Fe2O3(0.04)Fe-RH-MCM-41 1.89 0.73 
Fe2O3(0.06)Fe-RH-MCM-41 2.53 0.86 
Fe2O3(0.08)Fe-RH-MCM-41 2.97 0.89 
Fe2O3(0.10)Fe-RH-MCM-41 3.19 0.91 

Table 3. Composition of Fe in samples before treatment with 0.01 M HCl 
Sample Fe total (wt.%) Fe-frameworks (wt.%) Fe-non-frameworks (wt.%) 
RH-MCM-41 0 0 0 
Fe2O3(0.02)Fe-RH-MCM-41 1.12 0.48 0.64 
Fe2O3(0.04)Fe-RH-MCM-41 1.89 0.73 1.16 
Fe2O3(0.06)Fe-RH-MCM-41 2.53 0.86 1.67 
Fe2O3(0.08)Fe-RH-MCM-41 2.97 0.89 2.08 
Fe2O3(0.10)Fe-RH-MCM-41 3.19 0.91 2.28 
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Fig 7. Content of Fe in the samples before treatment with 0.01 M HCl 

 
■ CONCLUSION 

According to XRD patterns, N2 adsorption-
desorption isotherms, and a TEM image, rice husk silica 
can be employed as the starting material for the sonication 
synthesis of RH-MCM-41, which displays a p6mm 
hexagonal mesostructure with a high specific surface area 
and narrow porosity size distribution. Impregnation of 
Fe3+ (0.02, 0.04, 0.06, 0.08, and 0.10 M) into the pores of 
RH-MCM-41 resulted in iron oxide outside the 
frameworks as well as isomorphic substitution in the 
frameworks, in which Fe3+ replaced Si4+. The tendency of 
iron oxide formation is greater than the isomorphic 
substitution, as shown by the weight percents of Fe-non-
frameworks of 0.64, 1.16, 1.67, 2.08, and 2.28% for each 
sample and the weight percents of Fe-frameworks of 0.48, 
0.73, 0.86, 0.89, and 0.91% for each sample. This is due to 
the fact that isomorphic substitution of Si4+ by Fe3+ in the 
silica frameworks is endothermic (ΔH = +1,650 kJ mol−1), 
while the formation of Fe2O3 outside the frameworks is 
exothermic (ΔH = −16,484 kJ mol−1). Based on these 
findings, the mass percentage of Fe-non-frameworks to 
Fe-frameworks in RH-MCM-41 can be controlled by 
adjusting the concentration of Fe3+ used in the 
impregnation process. This is very important if the 
material is going to be applied as a catalyst, because the 
presence of iron oxide nanoparticles to a certain degree 
can increase the catalytic activity, but in contrast, 
excessive addition may also block the active site of 
Brønsted acid and therefore reduce the catalytic activity. 
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 Abstract: Adsorptions of small amide molecules, acetamide (AA) and N-methyl-
acetamide (NMA) on the surface of kaolinite are investigated in this study. The focus is 
on the basis set effects towards the stabilities and the interaction energies of the molecules 
on the Al–O surface. With a fixed B3LYP functional, we increased the size of the basis 
sets for the single-point calculations, to find the converged interaction energies and obtain 
the relative stabilities. We found that, under the direct usage of Pople-type and Dunning’s 
correlation consistent basis sets, it is not possible to achieve the pattern of convergence for 
the interaction energies and the relative stabilities. Compared to the complete basis set 
(CBS) extrapolation scheme, the double zeta basis sets deviated the most, in the range of 
21 to 27%, while it is from 1 to 7% for the triple zeta basis sets. Based on the results, we 
suggest using 6-311++G(2df,2pd) or cc-pVQZ for energy-related quantities. Compared to 
AA, NMA attached more strongly by 0.5 eV on the surface of Al–O. 

Keywords: adsorption; amide molecules; basis set; density functional theory; kaolinite 

 
■ INTRODUCTION 

Basis sets are the wavefunctions for individual 
atoms. Its importance cannot be overstated as it forms the 
basis of quantum chemical calculations. The 
wavefunction of molecular systems is usually obtained 
under the linear combination of atomic orbitals (LCAO), 
especially those density-based and ab initio calculations. 
The accuracy of a wavefunction depends on the quality of 
the basis sets [1-2]. Consensus stated that the larger the 
basis set, the better the wavefunction [3]. With this 
notion, calculations are usually performed at the largest 
basis set that the computational resources can afford [4]. 
However, this does not guarantee that the basis set used is 
adequate for the work being done. The better-quality 
work is always the one where the calculation is supposed 
to be calculated with the next higher basis set, which 
infuses uncertainty into the results of the current work. 

This brings to the topic of basis set convergence, 
which is an aspect of calculations that needed to be 
addressed [5-6]. The obtained values from calculations 
with increasing sizes of basis sets will be stopped only 

when the changes to the values are below a certain 
threshold. A direct way to deal with the basis set 
convergence is by systematically increasing the size of 
the basis set and adding polarization and diffusion 
functions [7]. However, the approach is not 
straightforward as it is difficult to find basis sets that are 
defined beyond a certain size, not to mention that the 
calculations to be performed will need enormous 
computer resources. Another approach is by using 
extrapolation schemes, known as complete basis set 
(CBS) [8-10]. Even though it is applied primarily to the 
wavefunction-based method, complete basis set 
calculations have also been used to extrapolate the 
structural and frequencies at the limit of the DFT at the 
B3LYP level [11-14]. However, the size of the systems 
investigated consisted only of small molecules. 
Conveniently, an online calculator has been set up to 
calculate the extrapolated values from different schemes 
[15]. CBS is also a well-known approach to overcome the 
incompleteness of basis sets. 

One of the important calculations in theoretical 
work is to find the strength of an interaction between 
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components. It is also used as a check on the stability of 
systems. For example, the adsorption of molecules on 
surfaces (e.g., graphene, boron nitride, metals, and clay). 
Theoretical approaches used to study the interactions 
include the cluster and periodic calculations, under a 
variety of approximations, either quantum mechanical, 
Monte Carlo, or force fields [16-18]. The interactions 
between constituent molecules of a system have a few 
names to them. Interaction energy (also known as the 
adsorption energy) and binding energy have been used to 
show the strength of the interaction between constituents 
as Eq. (1). Using a supermolecular approach, the 
interaction energy (Eint) and binding energy (Ebin) can be 
calculated by: 

int bin complex  AB monomer  A monomer  BE  or E E E E    (1) 
The difference between Eint and Ebin is the way the 

energies of the monomers are obtained. For Eint, the 
energies of the monomers are “calculated at the same 
positions of the nuclei as those in the total system”, while 
for Ebin, the nuclei of the monomers are at their optimal 
positions [19-20]. However, some research papers do not 
seem to separate clearly these two quantities. 

Previously, adsorption of the amide molecules has 
been performed [21-24]. However, the reported relative 
stability for formamide (FA), acetamide (AA), N-
methylformamide (NMFA), and N-methylacetamide 
(NMA) absorbed on the kaolinite surfaces have been 
inconsistent with different basis sets [24], which may be 
rectified by considering the basis sets effects. In this 
project, we investigate the differences between the two 

systems in terms of interaction energy and relative 
stability. The focus is on the adsorption of amide 
molecules on kaolinite surfaces. Two smallest amide 
molecules, AA and NMA were selected for the 
investigations, as we would like to keep computational 
resources within a manageable range. Also, both 
molecules were investigated in a previous report [24], 
which enables comparisons to be made. We show that 
the strength of the interaction between the kaolinite 
surface and the amide molecules is dependent on the 
basis sets used and found that one should not conclude 
on the relative stability of an adsorption study based on 
the results of a single basis set. Finally, we suggested basis 
sets to be used for the investigation of interaction 
energies and relative stability in amides absorbed on the 
Al–O surface. 

■ EXPERIMENTAL SECTION 

Materials 

The Al–O kaolinite surface is modeled from the 
crystal structure of kaolinite by Bish et al. [25]. Only the 
octahedral surface is used as it can form stronger 
interactions with adsorbates, as compared to the 
tetrahedral [21,26], hence easier to obtain converged 
structures. The final octahedral (001) surface cluster has 
6 silicone atoms, 6 aluminum atoms, 36 oxygen atoms, 
and 23 hydrogen atoms. For the initial positions of the 
AA and NMA molecules, both vertical and horizontal 
orientations of the amide molecules on the surface of the 
Al–O are considered (the molecules are shown in Fig. 1). 

 
Fig 1. The structures used in this investigation: (a) acetamide (AA), (b) N-methyl-acetamide (NMA), (c) model of Al–
O. Red sphere represents oxygen, blue represents the nitrogen, grey represents the silicon, peach represents the 
aluminium. For clarity, in the subsequent figures, the closest surface to the AA and NMA is the Al–O surface 
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Procedure 

Geometry relaxations were performed at the basis 6-
31G* and 6-31G**, to gauge the effects of adding 
polarization functions to the hydrogen atoms. Only the 
hydrogen and the oxygen atoms closest to the amide 
molecules are relaxed, together with the amide molecules. 
All the quantum mechanical calculations in this work 
were performed with the G09 suite of program [27], and 
the analyses on the wavefunction by Multiwfn [28]. The 
renderings of the figures in the work were done with 
GaussView [29] and UCSF ChimeraX [30]. With the 
geometry obtained at 6-31G*, and later re-optimized at 6-
31G**, single point calculations using larger size basis sets 
were performed with split-valence (6-311++G** and 6-
311++G(2df,2pd)) and Dunning’s correlation-consistent 
(cc-pVDZ, cc-pVTZ, and cc-pVQZ) basis sets. The 
number of basis functions for the AA and NMA is shown 
in Table 1. With 505 and 513 electrons in the system of 
AA and NMA, respectively, the smallest number of the 
basis functions is 884, while the largest is 3863. 

Using the B3LYP functional, we set out to find the 
changes in the interaction energies of the attachment of 
the amide molecules on the Al–O kaolinite surface. 
B3LYP is omnipresent in the molecular studies, making 
this level of theory a standard across many fields of 
study. Semi-empirical dispersion corrections of GD3BJ 
were included in the calculations of the interaction 
energies. Eq. (1) is used in the calculations of the 
strength of the interactions between adsorbates and Al–
O surface. 

Table 1. Number of basis functions in the calculations 

Basis sets 
System 

AA NMA 
6-31G* 884 903 
6-31G** 968 993 
6-311++G** 1436 1472 
6-311++G(2df,2pd) 2284 2348 
cc-pVDZ 916 940 
cc-pVTZ 2000 2058 
cc-pVQZ 3748 3863 
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Fig 2. The initial and optimized structures of AAi-K ((a) to (c)) and NMAi-K ((d) to (f)) cluster I, where i = 1, 2, 3 

 
■ RESULTS AND DISCUSSION 

The resultant geometries as relaxed using the 
B3LYP/6-31G** method, which are shown in Fig. 2. The 
atoms shown in spheres were relaxed, while the ones in 
the wireframe were fixed. With the initial orientations of 
either planar or vertical, the AA and NMA molecules were 
found to always move to vertical or oblique orientations. 
The preferred orientation common in all cases is where 
the oxygen of the AA and NMA is directed toward the 
surface of the Al–O. This orientation is similar to the 
geometries obtained for water and acetic acid [26] and 
formamide [21], and hydrogen bondings are observed. 
For AA (Fig. 2(a) to (c)), the –NH3 is found to be closer to 
the surface, and –CH3 pointing up. For NMA, in Fig. 2(d), 
the –NH–CH3 is found to be closer to the Al–O surface 
than the –CH3 side alone. This behavior changes in Fig. 
2(e) and 2(f), where there is no significant difference 
between the two side moieties as to which side is 
preferable to the Al–O surface. 

The distances between the atoms in AA and NMA 
to Al–O are given in Tables 2 and 3. The O80 and O72 
are the oxygens from AA and NMA, respectively. The 
other oxygens in Tables 2 and 3 are the Al–O surface 
oxygens, each attached to a hydrogen. These O–H are 
relaxed. For the AA molecule, AA3 system has the 
shortest and largest distances between O80 and the 
hydrogen on the surface of Al–O (1.770 Å with H33 and 
3.066 Å with H56), while the corresponding values for 
AA1 and AA2 systems are in between these two 
extremes. For the NMA molecule, O72 has the shortest 
distance with hydrogen at 1.765 Å (in NMA3 system), 
and the longest at 3.746 Å (in NMA1 system). Within 
the three systems, NMA2 and NMA3 have the NMA 
molecule closer to the surface of Al–O (in which their 
average O72···H is shorter than in NMA1). 

As for the O–H on the Al–O surface, the distances 
for the three systems are between 0.963 and 0.977 Å for 
AA, and between 0.961 and 0.976 Å for NMA. These 
values, using B3LYP/6-31G**, do not deviate much from  
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Table 2. The distances between atoms in the relaxed 
structure for AA systems 

Selected atom pairs Distances in systems (Å) 
Atom 1 Atom 2 AA1 AA2 AA3 

O80 H33 1.792 1.835 1.770 
O80 H45 1.902 1.992 1.798 
O80 H56 2.976 2.848 3.066 
O80 H61 2.062 1.772 1.920 
O4 H14 0.975 0.973 0.976 

O12 H13 0.975 0.972 0.972 
O17 H18 0.972 0.965 0.969 
O23 H45 0.972 0.965 0.969 
O24 H33 0.977 0.970 0.972 
O27 H28 0.972 0.968 0.970 
O36 H37 0.974 0.971 0.970 
O40 H56 0.968 0.965 0.964 
O48 H49 0.974 0.970 0.968 
O51 H57 0.965 0.964 0.963 
O60 H61 0.971 0.976 0.967 
O63 H64 0.974 0.971 0.970 

Table 3. The distances between atoms in the relaxed 
structure for NMA systems 

Selected atom pairs Distances in systems (Å) 
Atom 1 Atom 2 NMA1 NMA2 NMA3 

O72 H33 1.860 1.785 1.765 
O72 H45 3.746 1.960 1.955 
O72 H56 1.899 2.823 2.955 
O72 H61 2.425 1.785 1.890 
O4 H14 0.975 0.968 0.976 

O12 H13 0.976 0.975 0.975 
O17 H18 0.966 0.968 0.967 
O23 H45 0.961 0.966 0.965 
O24 H33 0.968 0.971 0.972 
O27 H28 0.967 0.969 0.970 
O36 H37 0.971 0.970 0.970 
O40 H56 0.974 0.965 0.965 
O48 H49 0.968 – 0.968 
O51 H57 0.962 0.964 0.962 
O60 H61 0.967 0.976 0.971 
O63 H64 0.969 0.970 0.970 

 
the O–H bond lengths reported in the adsorption of urea 
on kaolinite, but underestimated the experimental values 
from Bish [25]. This observation shows that the impact on 
the O–H bond length of the cluster for the adsorption of 
AA and NMA is similar to that of urea, possibly due to the 
similar fashion in AA and NMA react to the Al–O surface. 

The distance of oxygen from AA to the hydrogen on 
the kaolinite surface, as reported by Song et al. [24] ranged 
from 1.906 to 2.305 Å, using B3LYP/6-31G*. In the same 
report, for the case of NMA, Song et al. [24] obtained 
1.807 to 2.983 Å. Using a larger basis set (6-31G**) does 
produce a shorter and larger distance between the 
adsorbate and the surface. As the difference between the 
reported results [24] and this report in obtaining 
geometry is the polarization function added to hydrogen 
(6-31G* versus 6-31G**), it is interesting to check the 
effects on the larger basis sets on the geometrical 
relaxations. The result (Tables 2 and 3) where NMA 
moved closer to the kaolinite surface compared to AA, 
agrees with the result reported by Song et al. [24]. 

Further analysis of the depth of the molecules being 
absorbed on the Al–O surface was done by calculating the 
distance of O80 and O72 to the centroid of the seven 
aluminum atoms. This centroid was chosen because the 

aluminum atoms are the closest fixed atoms to the O80 
or O72. It was found that AA3 and NMA2 are closest to 
the centroid, which means the two systems penetrated 
further than the other systems studied. NMA1 is 
displaced the furthest, compared to NMA2 and NMA3. 
The values are shown in Table 4. 

For the stability, the relative energy (the difference 
in energy between the most stable to the other systems) 
is used. The relative energy gives insight into how strong 
the whole system is. While the total energy of the systems 
increases as the basis set increases in size (double zeta, 
triple zeta, quadruple zeta, and adding diffuse functions, 
as in Table 1), as required in the variational principle, the 
energies of the components  also followed  this trend: the  

Table 4. Distance of the closest oxygen of AA (O80) and 
NMA (O72) to the centroid of the kaolinite cluster 

System Distance of O80 or O72 to centroid (Å) 
AA1 3.024 
AA2 3.038 
AA3 2.913 

NMA1 3.573 
NMA2 2.903 
NMA3 2.954 
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energy of kaolinite model and the amides increased with 
the basis sets. This observation applies to the Pople and 
Dunning’s correlation-consistent basis sets. In Table 5, 
the relative energy shows that AA1 and NMA2 are the 
most stable systems. This observation is valid across the 
basis sets and the extrapolated values. Using the relative 
energy as a stability indicator, for acetamide, the ranking 
has it that AA1 is the most stable, followed by AA3 and 
AA2: AA1 > AA3 > AA2. For NMA, the stability has the 
order of NMA2 > NMA3 > NMA1. Hence, based on the 
relative energy, AA1 is the most stable system, while for 
the larger amide, NMA2 is the most stable system. As the 
orientation of the amides to the surface of kaolinite are all 
in a similar fashion (vertical or oblique), the lowest 
stability of AA2 and NMA1 can be attributed to the lack 
of penetration onto the surface of kaolinite, as mentioned 
in the optimized geometries. 

To obtain the strength of the interaction between the 
components, the interaction energies are sought by using 
Eq. (1). The interaction energies are tabulated in Table 6. 
For the interaction energy of the AA-kaolinite systems, 
the strongest interaction is AA3 for the basis 6-31G** to 
cc-pVQZ, except for cc-pVDZ. However, although the 

total energies and the energies of the components 
increased as the basis sets becomes larger, the interaction 
energies are not always increasing accordingly. This is 
observed in the NMA-kaolinite systems: it increased in 
NMA1 and fluctuated in NMA2. But for the other 
systems, it decreased and is believed to converge to a 
constant value. The fluctuation in the interaction energy 
might be due to the non-uniform decrease in the total 
energy as the basis sets became larger. 

As in the relative stability, CBS extrapolation has 
also been performed on the interaction energies. 
Referring to header CBS in Table 6, among the AA-
kaolinite systems, AA3 possesses the strongest 
interaction, which is the same pattern observed for other 
basis sets (Pople’s and Dunning’s, except for cc-pVDZ). 
For AA3, the extrapolated value of –1.77 eV agrees well 
with the values obtained from triple-zeta and above basis 
sets (in Pople and Dunnings’ basis sets), where the 
percentage difference from those values ranges from 1 to 
7%. In comparison, the interaction energy for AA3, of 6-
31G** and cc-pVDZ (the double zeta basis sets used in 
this study) deviated 21 and 27% respectively from those 
CBS values.  Our CBS  values are  higher than  the values  

Table 5. Relative energy based on the total energy between the systems. The system with the most negative total energy 
is taken as the reference energy. The unit of the energy is eV 

 6-31G** 
(geom. opt.) 6-311++G** 6-311++G(2df,2pd) cc-pVDZ cc-pVTZ cc-pVQZ CBS (exp) 

AA1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
AA2 0.94 1.09 1.15 1.10 1.15 1.59 1.93 
AA3 0.11 0.13 0.11 0.07 0.10 0.11 0.12 

NMA1 1.20 1.35 1.16 1.78 1.68 0.91 0.26 
NMA2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
NMA3 0.36 0.33 0.02 0.13 0.03 0.03 0.05 

Table 6. Interaction energy of the AA and NMA from using Eq. (1). The unit of the energy is eV 
 6-31G** 

(geom. opt.) 
6-311++G** 6-311++G(2df,2pd) cc-pVDZ cc-pVTZ cc-pVQZ CBS (exp) 

AA1 −1.93 −1.70 −1.63 −1.94 −1.66 −1.60 −1.58 
AA2 −1.82 −1.59 −1.52 −2.25 −1.55 −1.07 −0.78 
AA3 −2.14 −1.89 −1.81 −2.15 −1.84 −1.78 −1.77 

NMA1 −1.27 −1.09 −1.02 −0.48 −0.54 −1.76 −2.76 
NMA2 −2.82 −2.59 −2.27 −2.61 −1.70 −2.27 −2.73 
NMA3 −1.98 −1.74 −1.67 −1.99 −1.69 −1.62 −1.60 
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shown by Song et al. [24] for the AA-kaolinite, in which 
their value is 0.39 eV. However, the magnitude of the 
interaction obtained here agree with the other hydrogen-
bonded systems, for example, in the systems involving 
water molecule [31]. For the NMA-kaolinite systems, the 
fluctuations in the interaction energy from cc-pVDZ, cc-
pVTZ, and cc-pVQZ render the CBS extrapolated values 
unreliable. Furthermore, the distance of O72 to the 
centroid for NMA1 is the furthest of the three positions, 
hence the interaction should not be the highest. The only 
trend that is acceptable is for NMA3, in which the CBS 
extrapolated value of –1.60 eV makes the interaction 
energy at 6-311++G(2df,2pd) 4% higher (–1.67 eV versus 
–1.60 eV). The comparison of CBS extrapolation and 6-
311++G(2df,2pd) of AA2 is to be neglected, on the 
argument that the cc-pVDZ, cc-pVTZ and cc-pVQZ 
deviated too much from those of Pople basis sets. As can 
be seen from Table 6, the interaction energies from 6-
311++G(2df,2pd) are all overestimated from the CBS 
extrapolated values, between 2.5 to 4.2%. Thus, the CBS 
extrapolated values for NMA2 should be lower by no 
more than 5% of –2.27 eV, making it still the highest 
interaction energy, agreeing with the distance of oxygen 
to the centroid in Table 4. 

Taking CBS as the more accurate energy (with a few 
exceptions in the values as discussed in the preceding 
paragraph) in our current calculation, it is found that 6-
311++G(2df,2pd) and cc-pVQZ have consistently 
produced interaction energies closer to CBS extrapolated 
values, as compared to other basis sets. For the size of the 
systems considered in this study, the wall time for the 
double-zeta basis sets completion is mostly under 2 h, 
while for triple zeta in the range of 8 h to 4 d, and the 
largest basis is roughly doubled that of triple zeta. Hence, 
if permissible, for future energetic calculations on amide 
adsorption, these two basis sets can be used, if the 
application of CBS scheme is not possible. Keep in mind 
that the interaction energy obtained will still be 
overestimation over the CBS extrapolated values. Larger 
basis sets, for example, cc-pV5Z or 6-311G++G(3df,3pd) 
would require larger memory requirements, rather than 
processing power. For geometry optimization of 
molecular clusters involving kaolinite, it is suggested to 

use triple-zeta basis sets [32]. As to the contradictory 
result reported before this, by comparing the strongest 
interaction energy of NMA- and AA-kaolinite, the CBS 
values shown in Table 6 generally show that NMA-
kaolinite attaches more strongly to kaolinite than AA-
kaolinite. Using the highest interaction energy at 6-
311++G(2df,2pd) (–2.76 eV for NMA and –1.77 eV for 
AA), the difference in interaction energy is 0.45 eV. 

Further analysis of the interactions between the 
amide molecules and the kaolinite surface is based on the 
electron density ρ at the bond critical point (BCP), as 
suggested by Emamian et al. [33]. The suggested formula 
of binding energy (BE), mentioned in Eq. (2), enables 
finding the contribution of hydrogen bonding to the 
interactions. The BCPs are calculated from the Multiwfn 
[28], and an example of the locations of BCPs from the 
Multiwfn is shown in Fig. 3. It was found that the 
electron densities at BCPs are insensitive to the basis sets 
used, whence only the hydrogen bonding energy using 
the largest basis sets is shown in Table 7. 

 BE 223.08 rBCP 0.7423     (2) 

 
Fig 3. Locations of BCPs of hydrogen bonding between 
acetamide and Al–O surface. The figure is obtained 
using VMD [34]. 

Table 7. The binding energy (BE) of hydrogen bonding 
System BE (eV) 

AA1 -1.14 
AA2 -1.03 
AA3 -1.20 

NMA1 -0.66 
NMA2 -1.06 
NMA3 -0.96 
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As shown in Table 7, the hydrogen bonding to the 
interactions agrees with the distance to the centroid in 
Table 4. The shorter the distance, the higher the hydrogen 
bonding strength. The hydrogen bonding strengths in AA 
and NMA are similar (in the range –0.96 to –1.20 eV) 
when the distances are similar (2.90 to 3.04 Å). The lowest 
value at –0.66 eV is due to the large distance to the 
centroid. Compared to the reliable CBS values in Table 6, 
the hydrogen bonding is seen as a major component in 
the interaction energy and is important in stabilizing the 
system. The residue of the interaction energy might be 
due to the van der Waals or the dispersion energy. 

■ CONCLUSION 

The basis sets effects were studied systematically in 
our investigations of the adsorption of two simple amide 
molecules, acetamide and N-methyl-acetamide, on the 
Al–O surface of kaolinite. Although the decreasing 
pattern is obtained, using three basis sets in increasing size 
does not provide the convergence of the energies, be it 
with Pople or Dunning’s basis sets. With the CBS 
extrapolation scheme, the extrapolated values are also 
needed to be assessed carefully, as the magnitude of 
increase in energy does not follow the increase in basis 
sets. Thus, comparison to the other basis of similar sizes 
is necessary to gauge the final extrapolated values. Even 
though the CBS value provides the limit of a functional at 
the basis set limit, in the case where it is not applicable, we 
found that the use of 6-311++G(2df,2pd) or cc-pVQZ is a 
good choice in studying the energetic components, with a 
certain degree of overestimation in magnitude. Finally, 
between AA and NMA, NMA is more strongly attached 
to the Al–O surface. 
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 Abstract: The rapid, simple, and selective colorimetric sensing method of cortisol has 
been successfully developed using AuNPs modified with 4-amino-3-hydrazino-5-
mercapto-1,2,4-triazole (AuNPs-AHMT). The principle of this method is based on the 
color change from wine red to purple (redshift) when AuNPs-AHMT interacts with 
cortisol. The hydrogen bonding between the hydroxyl group from cortisol and the amine 
group from AHMT induces the aggregation of AuNPs. The modification of the AuNPs 
surface with AHMT aims to increase its stability. The properties of AuNPs and AuNPs-
AHMT were characterized by UV-vis spectrophotometer. The interaction between 
AuNPs-AHMT and cortisol was studied by UV-vis and FTIR spectroscopies. The 
proposed method was optimized and validated. Au(III) was reduced to AuNPs at an 
optimum NaBH4 concentration of 1.0 mM. Validation of the proposed method showed 
good analytical performance with linearity from 1.0–50.0 nM, accuracy 91.07–102.77%, 
intra-day precision < 2.22% and inter-day precision < 2.17%, detection limit 0.76 nM, 
quantification limit 2.54 nM, and sensitivity 0.0112 nM/mL. The proposed method also 
showed good selectivity with the presence of some interferences in the sample. The 
proposed method was successfully applied for the determination of cortisol in the saliva 
by the standard addition method with acceptable recovery. 

Keywords: AHMT; colorimetric sensing; cortisol; gold nanoparticles 

 
■ INTRODUCTION 

Cortisol is a glucocorticoid steroid hormone that is 
produced in the adrenal glands. The secretion of cortisol 
in biological fluid has a circadian rhythm where the 
concentration of cortisol in the morning is higher than in 
the night [1-2]. Cortisol is also known as a stress hormone 
because the secretion of cortisol can be induced by 
psychological and physical stress [3-5]. Besides that, the 
increase in cortisol concentration levels is linked to other 
diseases including stroke. The correlation between stroke 
and cortisol level shows that acute stroke mortality is 
related to the increase in cortisol level and is associated 

with the biomarker of early stroke detection and severity 
[6]. Cortisol is not only present in serum and urine but 
is also released in saliva samples. In saliva, steroidal 
hormones are only present in free form [7], because of 
their diffusion through the cells of the salivary gland [6]. 
It was demonstrated that salivary cortisol concentration 
has a correlation with free cortisol in the serum [2,6,8-9]. 

Some methods have been developed for cortisol 
detection in saliva samples, such as an immunochemical 
assay [10-12] and liquid chromatography-mass 
spectrophotometry (LCMS) [13-14]. But these methods 
need laboratory instruments that are relatively 
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expensive. These methods also require instrumentation 
carried out by an expert. Additionally, they are a multi-
step analysis method and relatively expensive. So, the 
development of a new method that can be used for the 
early detection of cortisol that is rapid, simple, and cost-
effective, such as colorimetric sensing, is very important. 

In recent years, colorimetric sensors have received a 
lot of attention as a promising method for biological and 
chemical analyte detection due to their significant 
advantages, including the ability to be recognized with the 
naked eye, ease of use, quick assay times, and low cost. 
The principle of a colorimetric sensor is that color 
changes when sensing materials interact with an analyte. 
The color is produced by the variation in absorbance 
brought on by the optical characteristics of plasmonic 
material sensing [15-17]. Since the intensity, frequency, 
and location of the localized surface plasmon resonance 
(LSPR) bands strongly depend on the size, shape, surface 
modification, dielectric, and aggregation of material 
sensing, this optical property serves as the foundation for 
colorimetric sensing and can be used to detect the color 
change in colloid [18-19]. Specifically, gold nanoparticles 
(AuNPs) display an LSPR band within the visible region 
and have the potential as a colorimetric sensor. 

AuNPs are materials or particles that have a size 
distribution between 1 and 100 nm and have been used in 
many applications such as biomedicine [20], 
immunochemical analysis [21], environmental 
monitoring [22], food safety screening [23], and 
colorimetric sensing for diagnostics [24]. AuNPs are 
interesting candidates for rapid colorimetric sensing 
because of their optical properties, such as their high 
absorption coefficients and very strong LSPR absorption 
band in the visible area [25]. The high surface-to-volume 
ratio and optical properties of AuNPs assist highly 
selective and sensitive detections [26]. The principle of 
AuNPs as a colorimetric sensor is based on color change. 
Colloidal AuNPs are generally red or pink and will change 
to another color when the aggregation of AuNPs occurs 
as a result of interaction with the analyte. However, 
AuNPs need to be stabilized to prevent self-aggregation. 

Stabilization of AuNPs is carried out by using 
stabilizing or capping agents to increase their stability. 

During the chemical synthesis of AuNPs, ascorbic acid, 
sodium citrate, or sodium borohydride (NaBH4) are 
normally used as capping agents. However, many capping 
agents are also used, such as albumin [27], γ-cyclodextrin 
[28], chitosan [29], and PEG [30]. In this work, 4-amino-
3-hydrazino-5-mercapto-1,2,4-triazole (AHMT) was 
used as the capping agent to modify the AuNPs. AHMT 
contains mercapto, amino, hydrazine, and triazole groups 
and can bind with AuNPs surface via the mercapto 
groups. AHMT can also bind with cortisol through the 
hydrogen bonding interaction between the –NH group 
from AHMT and the –OH group from cortisol. 

In this research, a novel colorimetric sensor for 
cortisol using AuNPs modified with AHMT was 
developed. The AuNPs produced, the interaction 
between AuNPs and AHMT, and the interaction 
between AuNPs-AHMT and cortisol were characterized 
and studied by UV-vis spectrophotometers. Fourier 
transform infrared (FTIR) was used to characterize the 
bonding between AuNPs and AHMT. The reaction 
between AuNPs-AHMT and cortisol was optimized, and 
the proposed method was validated. Finally, the 
proposed method was applied to the determination of 
cortisol in saliva samples. 

■ EXPERIMENTAL SECTION 

Materials 

Chloroauric acid (HAuCl4) was made from gold 
bars that dissolved in aqua regia (nitric acid and 
hydrochloric acid at a ratio 1:3). Sodium borohydride 
(NaBH4, 99%) from Sigma-Aldrich with the CAS 
number 16940-66-2, 4-amino-3-hydrazino-5-mercapto-
1,2,4-triazole (AHMT, ≥ 99%) from Sigma Aldrich with 
CAS number 1750-12-5), and cortisol (Hydrocortisone) 
from Sigma Aldrich with CAS number 50-23-7 were 
used in this study. 

Instrumentation 

The instrumentals used were a UV-visible 
spectrophotometer Shimadzu-1800 from Germany to 
measure the wavelength and absorbance of AuNPs, 
AuNPs-AHMT, AHMT, and AuNPs-AHMT-cortisol. 
Particle size analyzer (PSA) and zeta potential 
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measurements were performed on Zetasizer Ver. 7.01 
(Malvern 1061025, Germany) to measure the size of 
particles and size distribution of AuNPs formed, 
respectively. The FTIR spectral measurements were 
carried out by Shimadzu IR Prestige-21, Germany. 

Procedure 

Synthesis of AuNPs 
AuNPs were synthesized by reduction of HAuCl4 

with NaBH4 and sodium citrate as a reduction agent, 
according to the literature [31], with a little modification. 
The procedure is as follows: 10 mL HauCl4 1 mM was 
stirred in a beaker glass, then added with 10 mL trisodium 
citrate 2 mM. While stirring, 10 mL of NaBH4 1 mM was 
added drop by drop into the mixture of solutions. The 
mixture of solutions turned into a red color after the 
addition of NaBH4. After stirring was stopped, the stir bar 
was removed, and the solution was centrifuged and 
filtered. The result of this synthesis is a red color of 
AuNPs. The red colloidal AuNPs were then stored in the 
vial bottle at 4 °C. 

Optimization of NaBH4 concentration 
The quantity of NaBH4 as a reduction plays an 

important role in the production of gold nanoparticles 
with high stability. The concentrations of NaBH4 used in 
this research were 0.50, 0.75, 1.00, 1.25, and 1.50 mM. The 
procedure is that 10.00 mL HAuCl4 1.00 mM was stirred 
in a beaker glass, then added to 10.00 mL of trisodium 
citrate 2.00 mM. While stirring, 10.00 mL of NaBH4 
1.00 mM was added drop by drop into the mixture of 
solutions. The mixture of the solution turned a red color 
after the addition of NaBH4. After stirring was stopped, 
the stir bar was removed, and the solution was centrifuged 
and filtered. The same procedure was carried out for the 
NaBH4 concentrations of 0.50, 0.75, 1.25 and 1.50 mM. 

Surface modification of AuNPs with AHMT 
Gold nanoparticles were modified as follows: 

AHMT modified by 30.00 mL of AuNPs was added to 
1.00 mL of AHMT at 0.05 mM. This solution was stirred 
for 2 h at room temperature and then centrifuged at 
12000 rpm for 20 min. The AuNPs modified by AHMT 
were characterized by UV-vis and FTIR 
spectrophotometers. 

The stability of AuNPs before and after 
modification with AHMT was observed for 2 months. 
The absorbance of AuNPs and AuNPs-AHMT was 
measured by UV-vis spectrophotometer at intervals of 
15 min, 30 min, 60 min, 2 h, 3 h, 5 h, 24 h, 7 d, 30 d, and 
60 d. 

Colorimetric detection of cortisol using AuNPs-AHMT 
The principle of AuNPs for cortisol detection is 

based on the color change of AuNPs-AHMT solution. 
As much as 2.0 mL of cortisol 10.0 nM was added into a 
test tube that contained 2.0 mL of AuNPs-AHMT and 
the 1.0 mL buffer phosphate (pH 7.0) was also added. 
Then the color change was observed, and the absorbance 
was measured by a UV-vis spectrophotometer in the 
range of 300–800 nm. 

Method validation of AuNPs-AHMT as cortisol 
detection 

The analytical parameter was optimized, and the 
proposed method was validated. The method validation 
was performed by analyzing some parameters such as 
the linearity, limit of detection (LOD), accuracy, 
precision, selectivity, and sensitivity. The linearity was 
determined with cortisol concentration ranging from 
0.0 nM to 50.0 nM. LOD was evaluated from the 
equation 3Sb/m, where Sb is the standard deviation of the 
blank and m is the slope from the calibration curve. The 
limit of quantification (LOQ) of an analytical method 
validation can be defined as 3.3 × LOD. Precision was 
determined from the coefficient of variance that was 
analyzed during the intra-day and inter-day. Accuracy 
was determined by the recovery of cortisol standard 
solutions. Recovery was determined by the standard 
addition method and the selectivity of this colorimetric 
sensor was evaluated by the addition of other substances 
that are normally present in the saliva, such as amylase 
and some hormones such as testosterone, progesterone, 
cortisone, and adrenal hormones. 

■ RESULTS AND DISCUSSION 

Synthesis of AuNPs 

AuNPs were synthesized by using the chemical 
reduction method of the HAuCl4 solution with NaBH4 
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and sodium citrate as a reduction agent. The addition of 
NaBH4 to the Turkevich method was established in an 
attempt to simplify the synthesis by eliminating the 
heating process [32]. The success of AuNPs colloidal 
formation was confirmed by the color change from yellow 
to wine-red colloidal solution. Then, it was characterized 
by a UV-vis spectrophotometer to know the surface 
plasmon resonance of AuNPs and by PSA to know the size 
distribution of AuNPs colloidal formation. The 
absorption spectrum of AuNPs is shown in Fig. 1(a), with 
the maximum surface plasmon resonance at about 
540 nm, which resembles the surface plasmon resonance 
band of AuNPs [33]. PSA analysis shows the size 
distribution of AuNPs at 38.67 nm within the 
nanoparticle size range [34] (Fig. 1(b)). 

Optimization of NaBH4 Concentration 

The formation of stable AuNPs colloidal is 
influenced by the concentration of the reducing agent. 
Thus, in this work, the absorption of AuNPs produced 
at different NaBH4 concentrations was investigated. The 
concentrations of NaBH4 are an important factor in 
controlling the size of AuNPs [35]. The variations of 
NaBH4 were 0.50, 0.75, 1.00, 1.25, and 1.50 mM. The 
color and size of AuNPs colloidal results were confirmed 
by UV-vis spectrophotometer and PSA to determine the 
optimum NaBH4 concentration. The absorbance of UV-
vis spectra with variations in NaBH4 concentration is 
shown in Fig. 2. The highest absorbance is 0.546 at 
1.0 mM of NaBH4 concentration. The higher absorbance 
and narrower peak indicated that AuNPs formed a small  

 
Fig 1. (a) The UV-vis spectra of AuNPs colloidal and (b) the size distribution of AuNPs colloidal 

 
Fig 2. The UV-vis spectra of AuNPs colloidal with variation of NaBH4 concentration 
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and homogeneous size distribution. The PSA result 
indicates that the smallest size distribution is 13.30 nm at 
a 1.00 mM concentration of NaBH4, as shown in Fig. 3. 
The high absorbance of UV-vis spectra on 1.00 mM of 
NaBH4 with the narrower full-width half maximum 

(FWHM). The FWHM criterion is potentially a very 
sensitive measurement for monodispersity. The 
narrower peak has a better signal-to-noise ratio, 
allowing for the detection of a smaller change in the 
colorimetric sensor [36]. 

 
Fig 3. The PSA result of AuNPs colloidal with variation of NaBH4 
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Fig 4. Illustration of reaction mechanism from colorimetric detection of cortisol using AuNPs-AHMT 
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Surface Modification of AuNPs with AHMT 

Generally, AuNPs without modification very easy to 
cause aggregation and form a larger size distribution. 
Therefore, it is necessary to modify the surface of AuNPs 
with a capping agent to increase their stability. The 
surface attachment of mercapto groups and electron-rich 
nitrogen to the surface of AuNPs has been well developed 
[37]. One of the materials that has the ability to be a 
capping agent is AHMT. AHMT has one mercapto group, 
which can strongly coordinate with the AuNPs surface 
with sulfur atoms present in its assembly to protect 
AuNPs from aggregation [38]. In addition, AHMT also 
has two exocyclic amino groups and three nitrogen hybrid 
rings, which have a good ability to form hydrogen bonds 
(NH···N and OH···N) with analytes as shown in Fig. 4. 

The characterization of AuNPs surface modified 
with AHMT was confirmed by UV-vis 
spectrophotometer and FTIR. Fig. 5 presents the spectra 
of absorption of AuNPs with and without AHMT. The 
surface modification of AuNPs with AHMT results in 
narrower peak spectra with higher absorbance 
compared with AuNPs without surface modification. It 
indicated that AHMT could lead to homogeneous size 
distributions and also prevent the aggregation of AuNPs. 

To confirm that the surface modification of 
AuNPs-AHMT is successful, FTIR measurements were 
carried out. The FTIR spectra of AHMT with and without 
AuNPs are presented in Fig. 6. The characteristic peak of 
AHMT is 3447, 2043, and 1636 cm−1 which corresponds 
to –N–H, S–H, and NN stretching, respectively. When  

 
Fig 5. The UV-vis spectra absorption of AuNPs with and without modification with AHMT 

 
Fig 6. The FTIR spectra of AuNPs with and without modification with AHMT 
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AuNPs have been modified with AHMT, it causes the 
peak of the S–H group at 2043 cm−1 to disappear. This is 
an indication that the –SH group of AHMT coordinates 
with the surface of AuNPs. 

The stability of AuNPs before and after modification 
with AHMT was evaluated during storage for 2 months 
and characterized with a UV-vis spectrophotometer. The 
UV-vis spectra in Fig. 7(a) show that AuNPs without 
modification with AHMT are stable for 7 d, with the 
highest absorbance at 0.764. The absorbance of AuNPs 
increases after synthesis for 7 d and decreases 
continuously for 2 months. This indicates that AuNPs 
without modification with AHMT are stable for 7 d, and 
after that, aggregation begins to occur on the AuNPs 
surface to form larger nanoparticle sizes. Whereas the 
AuNPs modification with AHMT is stable for up to 2 
months. This is evidenced by the results of UV-vis spectra 
(Fig. 7(b)) that the absorbance always increased until 2 
months. This indicates that the presence of AHMT will 
protect and prevent the aggregation on the surface of 
AuNPs, so the AuNPs will be more stable. 

Colorimetric Detection of Cortisol Using AuNPs-
AHMT 

The development of AuNPs-AHMT is for the 
colorimetric detection of cortisol. Cortisol is a steroid 
hormone and is also known as a stress hormone. The 
level of cortisol correlates with stroke potency [6], so this 
compound is widely used as a biomarker of stroke. The 
principle of AuNPs-AHMT for cortisol detection is the 
hydrogen bond formation between the –OH group from 
cortisol and the –NH group from AHMT (Fig. 4). The 
cortisol structure has three hydroxyl groups that play 
important roles in binding with AuNPs-AHMT as a 
probe. Another mechanism is the aggregation of 
AuNPs-AHMT which causes the formation of a charge 
transfer complex between AHMT that is rich in 
electrons and electron-deficient in cortisol, which can 
induce the agglomeration of AuNPs and cause the color 
change of AuNPs-AHMT [28]. 

The colorimetric detection of cortisol using AuNPs-
AHMT is based on the color change of AuNPs-AHMT 
from  wine  red  to  purple  when  there  is  an  interaction  

 
Fig 7. The stability of UV-vis spectra absorption of (a) AuNPs and (b) AuNPs-AHMT 
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between AuNPs-AHMT and cortisol, as shown in Fig. 8. 
This color can be easily visualized by the naked eye. The 
addition of cortisol also causes a new strong red shift at 
around 640 nm as shown in Fig. 9. 

Method Validation of AuNPs-AHMT as Cortisol 
Detection 

The proposed method of AuNPs-AHMT for 
colorimetric cortisol detection was validated. The 
calibration curve is shown in Fig. 10. The linear response 
of cortisol is in the range of 1–50 nM  with  the  correlation  

 
Fig 8. The color change from wine red (AuNPs-AHMT) 
to purple (AuNPs-AHMT-Cortisol) 

 
Fig 9. The UV-vis spectra absorption of cortisol colorimetric sensing using AuNPs-AHMT 

 
Fig 10. The linear response of cortisol with AuNp-AHMT 
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coefficient is 0.9998, and the sensitivity is 0.0112 nM/mL 
(from the slope of the curve). The LOD and LOQ values 
for cortisol detection using AuNPs-AHMT are 0.76 and 
2.54 nM, respectively. 

The precision of the developed method was 
determined with a standard solution of cortisol during 
intra-day and inter-day. The precision for intra-day and 
inter-day are < 2.22% and < 2.17%, respectively, as shown 
in Table 1. And the accuracy is 91.07–102.77%. The result 
of AuNPs-AHMT method validation as a cortisol 
colorimetric sensor are summarized in Table 2. 

Selectivity of AuNPs-AHMT for Colorimetric 
Detection of Cortisol 

The selectivity of the colorimetric sensor is very 
important to study as signal responses on the specific 
target binding-induced aggregation of AuNPs-AHMT. 
The probe must be insensitive to the other compound and 
nonspecific binding. To evaluate the selectivity of the 

proposed method, some interference compounds were 
added to the AuNPs-AHMT solution. Some potential 
interference compounds are testosterone, progesterone, 
corticosterone, and estradiol. The interference 
concentration added was 100.0 nM which is much 
higher than the cortisol concentration (10.0 nM). The 
result of the selectivity study is presented in Fig. 11, which  

Table 1. The precision of AuNPs-AHMT as cortisol 
colorimetric detection 

The concentration 
of cortisol (nM) 

%Precision 
Intra-day (%) Inter-day (%) 

1.00 1.85 2.17 
3.00 2.22 1.54 
5.00 1.01 1.22 

10.00 1.93 0.39 
20.00 0.36 0.43 
30.00 0.26 0.41 
50.00 0.16 0.27 

Table 2. The summary of method validation 
Variable Result 
Calibration equation Absorbance = 0.0112[cortisol] + 0.0438 
Correlation coefficient (R2) 0.9998 
Sensitivity (nM/mL) 0.0112 
LOD (nM) 0.76 
LOQ (nM) 2.54 
Precision (%) Intra-day < 2.22 

Inter-day < 2.17 
Accuracy (%) 91.07–102.77 

 
Fig 11. The selectivity of AuNPs-AHMT colorimetric sensing in some potential interferences of cortisol 
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Table 3. The determination of cortisol in saliva 
The concentration of cortisol 

standard solution (nM) 
Found amount 

(nM) 
% Recovery % RSD ELISA assay (nM) 

5.0 4.55 91.07 0.71 4.91 
10.0 9.46 94.64 0.48 10.05 

 
shows that the absorbance of cortisol (individually or 
mixed with another interference compound) has no 
obvious influence on the detection of cortisol. 
Accordingly, this result indicated that AuNPs-AHMT has 
acceptable selectivity to the cortisol. 

Detection of Cortisol in Saliva 

To verify the reliability of cortisol colorimetric 
sensing using AuNPs-AHMT, the content of cortisol in 
saliva samples was determined. Colorimetric sensing was 
applied for the detection and determination of cortisol in 
spiked samples by adding the standard solution of cortisol 
with different concentrations (5.0 and 10.0 nM) into 
saliva. The result is shown in Table 3 that the recovery was 
obtained in the range of 91.07–94.64%. This confirms the 
success of AuNPs-AHMT application for cortisol 
detection in saliva samples. 

■ CONCLUSION 

In this study, cortisol can be detected with a simple, 
rapid, and selective colorimetric assay using AuNPs 
modified with AHMT. The hydrogen bonding between 
AHMT and cortisol induces the aggregation of AuNPs-
AHMT as a probe and leads to the color change from wine 
red to purple. The detection of cortisol was achieved by 
the naked eye as a colorimetric method and confirmed 
with UV-vis spectrophotometry which measures the 
absorbance change of AuNPs corresponding to the 
cortisol solution. No special organic or additive solvent 
and no complicated instruments were required in this 
method. From this work, good linearity, selectivity, 
precision, accuracy, recovery and low detection limit are 
obtained for cortisol detection. The rapid colorimetric 
method for cortisol detection using AuNPs-AHMT in 
saliva samples has been successfully developed and 
applied. In the future, it is expected to be a potential 
method for early detection or monitoring of stroke 
disease based on cortisol concentration in saliva. 
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 Abstract: Composites of polyvinyl alcohol (PVA) and chitosan (CH) polymers, with the 
addition of anthocyanin (AN) obtained from the butterfly pea flower, were prepared using 
drop-casting. The composites were made by adding different concentrations of 5–40% 
anthocyanin with 5 wt.% PVA and 2 wt.% CH solutions (weight ratio of PVA/CH is 
80:20). These polymers solution was mixed at 80 °C and dried using the drop-casting 
method at 25 °C for 48 h. The composites were characterized using a scanning electron 
microscope (SEM), Fourier-transform infrared (FTIR), ultraviolet-visible (UV–vis 
spectroscopy), contact angle, antibacterial properties, and food packaging applications. 
The morphology obtained using an SEM showed that the PVA/CH surface with AN and 
glycerol was smoother than that of PVA/CH. The increased absorption at a wavelength 
of 650–700 nm from UV-vis spectroscopy confirmed the success addition of AN. The 
contact angles of PVA/CH/AN and PVA/CH/GS/AN films were 15°–66°, which showed 
that the films were hydrophilic. The simple antibacterial test with Escherichia coli and 
Staphylococcus aureus showed 16 mm inhibition zone by adding AN. The test results of 
these characteristics show the potential for using PVA/CH/AN and PVA/CH/GS/AN 
composite film to be used as an excellent development food packaging material. 

Keywords: anthocyanin; butterfly pea; chitosan; food packaging; polyvinyl alcohol 

 
■ INTRODUCTION 

Plastic consumption is increasing in all foods and 
beverage applications. Plastic has been used in various 
ways in everyday life, such as food preparation and 
household equipment. Based on the data from the 
Ministry of Industry of the Republic of Indonesia in 2018, 
the national demand for plastic products was 4.6 million 
tons. It increased by 5% in the last five years. Indeed, this 
problem could raise pollution because plastic is a 
substance that is difficult to degrade and is not 
environmentally friendly [1]. 

Reducing the amount of plastic usage can prevent 
environmental pollution [2]. In 2015, the United Nations 
implemented the 2030 program (Sustainable Development 
Goals) that applies ecological food packaging materials, 
which are easy to be recycled, nontoxic, and can be used 
long-term [3]. Some materials that are often used in the 
manufacture of food packaging are polyvinyl alcohol 

(PVA) because they have good mechanical properties 
and flexibility, water resistance, and high melting 
temperatures [4]. PVA is often used as a matrix in 
manufacturing food packaging with a chitosan (CH) 
filler. CH is a polysaccharide macromolecule mainly 
obtained from shells of marine animals, such as shrimp, 
which has biodegradability, compatibility, nontoxic, and 
easily renewable properties [5]. However, in a previous 
study, pure CH processed into food packaging materials 
had hydrophobic properties that reduced the flexibility 
of a film [6]. In recent years, the PVA/CH film has often 
been mixed with anthocyanin (AN) [7] to cause food 
spoilage, as observed in the changes in the food color 
based on the pH indicator [8]. 

The mixture of PVA and CH showed much better 
stability, mechanical properties, and material 
compatibility than the combination of pure PVA and 
pure CH [9]. As a result, it became a good development 
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as food packaging material. Several studies have been 
conducted by mixing PVA/CH with glycerol (GS) to 
increase the flexibility of films so that they cannot be easily 
destroyed [10]. AN was previously extracted from red 
cabbage [11] and purple sweet potato [12]. This work 
extracted AN from butterfly pea to fabricate PVA/CH 
film for food packaging. From the Ultraviolet–visible 
spectroscopy (UV-vis) characterization, it was found that 
as the AN concentration was increased, the absorbance 
increased. 

■ EXPERIMENTAL SECTION 

Materials 

The plant used in this study is the butterfly pea 
flower from Kulon Progo Regency, Special Region of 
Yogyakarta. PVA (Sigma-Aldrich MW 85,000–150,000) 
with +99% hydrolyzed as a matrix, CH (Sigma-Aldrich 
MW medium) as a filler, and 85% GS (C3H8O3) as a 
plasticizer were used in this study. Acetic acid 
(CH3COOH, 100%) from PT. Brataco was used for 
diluting CH. 

Instrumentation 

The SEM used in the test was the Thermo Fisher 
(Nicolet iS10). The thickness was measured using a 
micrometer 150 mm QST-600. The FTIR spectrometer 
used was the Thermo Fisher (Nicolet iS10). The tests were 
conducted using UV–vis Ocean Optics (USB4000). 

Procedure 

Extraction of AN from the butterfly pea 
The AN extraction process from Butterfly pea used 

the maceration method [11]. Maceration is a widely used 
method, and it was quickly applied by adding dried 
butterfly pea flowers to a 70% ethanol solution [12]. As 
much as 10 g of dried butterfly pea flowers were soaked in 
50 mL of ethanol solution for 3 d at room temperature 
(25 °C). After 3 d, the results of the first immersion were 
filtered, and then a second immersion was performed on 
the dregs of the first immersion with 25 mL of ethanol. 
The soaked and dried process was conducted in the same 
way as the first process. The results of the first and second 
filtrations were mixed and then heated at 50 °C to remove 
ethanol from the extract. AN levels were measured using 

the pH differential method [13]. The AN content 
obtained from butterfly pea is 36 ± 1%wb. 

Preparation PVA, CH, and GS 
Fabrication films used several polymer materials. 

The first process is PVA solution, 50 mL of distilled 
water was put into a beaker glass, and the distilled water 
solution was heated at 120 °C. When the temperature of 
the distilled water solution reaches 80 °C, 5 g of PVA 
powder was added into the distilled water. PVA powder 
was dissolved in distilled water for 4 h at 80 °C to obtain 
a homogeneous solution. To make 2 w/v% CH solution, 
10 mL of acetic acid was heated at 80 °C, then added by 
2 g of CH powder into the solution. Stirring was carried 
out for 3 h to obtain a CH solution. The weight ratio of 
PVA/CH was 80/20. The mixed solution was carried out 
for 1 h at 60 °C, and then 0.1432 mL of GS was added. The 
mixed solution was poured into the petri dish and left at 
25 °C for 24 h to obtain PVA/CH composite without AN. 

Characterization SEM testing was performed by 
observing the film surface and observing the level 
homogeneity from the PVA, CH, AN or PVA/CH/AN 
and PVA, CH, GS, AN or PVA/CH/GS/AN films. If the 
surface film was smooth, then the homogeneity of the 
solution was good. 

Film thickness measurements were carried out 
with the aim of knowing the resulting film thickness. 
The thickness of the film was measured by cutting the 
size film 1 × 1 cm. 

The FTIR test was conducted to determine the 
functional groups of compounds formed during the 
mixture of PVA/CH/GS and AN. The test was 
performed by cutting a 1 mg film to form pellets for the 
testing film. 

Changes in the color of the food packaging film 
greatly affected the AN levels in the film. The film color 
would be darker if it was given a large anthocyanin 
variation, such as 40% composition. UV–vis 
spectroscopy on the film color was performed by 
attaching a film to a 1 × 1 cm quartz blank and then 
observing the transmittance and absorbance of the film. 

The film properties can be determined by 
measuring the contact angle of the film. The contact 
angle was measured by dripping a drop of water on the 
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surface of the 2 × 2 cm film. Then, the droplets on the 
surface were observed using a loop, and a photo was 
taken. The image result was processed using the 
application to determine the angle produced by the films. 

Antibacterial testing of the film used two types of 
bacteria: Escherichia coli (ATCC 27922) and 
Staphylococcus aureus (ATCC 25923). Antibacterial 
observations were performed by inserting a 1 × 1 cm film 
into a 12 cm petri dish containing bacteria and then 
incubating it at 125 °C for 7 d. 

Application of the PVA/CH/GS/AN films as active 
packaging for broccoli 

The food packaging film in this study was applied to 
the broccoli vegetable wrap. The PVA/CH/AN and 
PVA/CH/GS/AN films were used to wrap broccoli by 
observing changes in broccoli's color and physical 
properties for 7 d. Based on the observations, the color 
change of the film would be known when the broccoli was 
put in a rotten state. Observations were made at a room 
temperature (25 °C) and a refrigerator temperature of 4 °C. 

■ RESULTS AND DISCUSSION 

Characterization of the Films 

The mixture of several materials, such as PVA, CH,  
 

GS, and AN, in the PVA/CH/AN and PVA/CH/GS/AN 
films produced a different film surface under the level 
homogeneity of the solution materials. The surface film 
test results based on the SEM test are shown in Fig. 1. 

The SEM results in Fig. 1(a) show that the film's 
surface morphology looks smoother than the surface 
film with the addition of GS and AN. Fig. 1(b) shows the 
presence of a few small grains, which are suspected of 
being CH powder. Fig. 1(c) shows black spots on the 
surface, which are supposed as dregs from the CH 
extract. Adding more AN concentration made the film 
darker and produced black holes of dregs on the sample 
surface [13]. Moreover, a smoother surface can be 
observed by adding GS, which could cover the spots on 
the film surface. In Fig. 1(d), adding GS produced the 
smoothest surface. 

The addition of GS could cover the cracks on the 
film surface. When GS was mixed with a solution of CH 
and PVA, hydrogen bonds formed, which could inhibit 
the flexibility of macromolecule chains. Films showed 
the stiffness of the material mixture, which could 
improve the mechanical properties, such as tensile 
strength and flexibility, of thin films for food packaging 
[14].  Adding AN to the  mixture of  materials could also  

 
Fig 1. SEM morphology: (a) PVA/CH, (b) PVA/CH with 10% AN, (c) PVA/CH with 40% AN, (d) PVA/CH/GS with 
10% AN, and (e) PVA/CH/GS with 40% AN 
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improve the biopolymer microstructure. This result is 
attributed to O–H groups in the AN structure, which 
interacted with H bonds in biopolymers, such as CH, 
resulting in the distribution and dispersion according to 
the biopolymer matrix [15]. 

With the addition of AN, PVA/CH films, with or 
without GS, were involved in several functional groups of 
PVA, CH, AN, and GS. The functional groups could be 
observed via FTIR spectroscopy. Fig. 2 shows the FTIR of 
PVA/CH, adding 5, 10, 20, and 40% AN without GS (Fig. 
2(a)) and with GS (Fig. 2(b)). The presence of CH with N–
H groups showed at the wavenumber of 3896 cm−1, and 
O–H groups showed the existence of PVA and AN. With 
the addition of AN, the wavenumber increased drastically. 

At the absorption peak of 2931 cm−1, symmetrical 
and asymmetrical strains of C–H were produced in 
various layers. The absorption peak in the PVA/CH layer 
shows the C–O group at a wavenumber of 2331 cm−1, 
which illustrates a deformation CH3 absorption event 
[16]. The increase in peak intensity in the 1635 cm−1 wave 
indicated a rise in the amide absorption area. The 
aromatic ring from the 1635 cm−1 anthocyanin alkene 
bond is a C=C group that produces 1118 cm−1 C–N group 
as a mixed group of CH and AN [17]. 

Transparency 

The PVA/CH and PVA/CH/GS films with 5, 10, 15, 
20, 30, and 40% AN produced different color. Films with 

or without GS and AN had a blue-purple color. The 
addition of AN had a darker film color due to neutral 
quinoids and anionic quinoidal bases in equilibrium 
[18]. AN formed quinoidal blue due to the 
bathochromic displacement caused by the AN molar 
absorption coefficient–the transparency and UV-vis 
results tested on films with different AN variations. 

Based on the transparency test results, different 
AN created darker color film. The lightest color was 
found in the PVA/CH and PVA/CH/GS films with an 
additional 5% AN variation, and the darkest color was 
found in the PVA/CH and PVA/CH/GS films with 40% 
AN with or without the addition of GS. Fig. 3 shows the 
transparency of PVA/CH/AN and PVA/CH/GS/AN 
films, where the dark color of AN can protect food from 
spoilage because it absorbs UV rays. Thus, avoiding UV 
radiation by slowing food spoilage [19]. 

Fig. 4(a) and 4(b) show the UV-vis films with the 
addition of 10–40% AN. The PVA/CH/AN and 
PVA/CH/GS/AN films were gradually increased at 580 
and 630 nm peaks. The addition of AN produced a blue-
purple color at the 550–650 nm peak. The ratio changes 
in the intensity of absorbance of the butterfly pea by 
increasing the AN at 580 and 630 nm can be attributed 
to the stability of the AN in the film. Mainly, the color 
change in the food packaging film of the butterfly pea 
resulted in a shift in the increase in the maximum AN 
absorption peak [8]. 
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Fig 2. FTIR of PVA/CH/AN films: (a) without and (b) with glycerol 
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Fig 3. Transparency of PVA/CH and PVA/CH/GS with the addition of AN 

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

A
bs

or
ba

nc
e

Wavelength (nm)

 PVA/CH/AN 5%
 PVA/CH/AN 10%
 PVA/CH/AN 15%
 PVA/CH/AN 20%
 PVA/CH/AN 30%
 PVA/CH/AN 40%

(a)

  
400 500 600 700 800
0

10

20

30

40

50

60

70

80

90

100

110

120

Tr
an

sm
itt

an
ce

Wavelength (nm)

 PVA/CH/AN 5%
 PVA/CH/AN 10%
 PVA/CH/AN 15%
 PVA/CH/AN 20%
 PVA/CH/AN 30%
 PVA/CH/AN 40%

 

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

A
bs

or
ba

nc
e

Wavelength (nm)

 PVA/CH/GS/AN 5%
 PVA/CH/GS/AN 10%
 PVA/CH/GS/AN 15%
 PVA/CH/GS/AN 20%
 PVA/CH/GS/AN 30%
 PVA/CH/GS/AN 40%

(b)

  
400 500 600 700 800
0

10

20

30

40

50

60

70

80

90

100

110

120

Tr
an

sm
itt

an
ce

Wavelength (nm)

 PVA/CH/GS/AN 5%
 PVA/CH/GS/AN 10%
 PVA/CH/GS/AN 15%
 PVA/CH/GS/AN 20%
 PVA/CH/GS/AN 30%
 PVA/CH/GS/AN 40%

 
Fig 4. UV-vis film: (a) PVA/CH/AN and (b) PVA/CH/GS/AN 

 
Meanwhile, Fig. 4(a) and 4(b) found that the 

transmittance gradually decreases by increasing AN 
composition at 200–300 nm. It is shown that there were 
more reflections than wave absorption. With a great 
reflection, the films could not block UV rays, considering 
the acceleration of the oxidation of food due to UV 

radiation. The PVA/CH/AN and PVA/CH/GS/AN films 
have good potential when used as food packaging. The 
UV-vis test data showed that the more AN added to the 
film, the more food oxidation would be prevented. 

AN affects film contact angle with the increasing 
number of AN resulting in smaller contact angle values 
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[16]. Table 1 shows the composition of PVA/CHA/N 40% 
(40° ± 4°) and PVA/CH/GS/AN 40% (15° ± 1°). All the 
contact angles of the films with the addition of AN had a 
hydrophilic contact angle of < 60°. In brief, the addition 
of AN caused the film to absorb water. 

Water absorption in the film was caused by pores on 
the film surface, which formed when the hydroxyl group 
bonded with PVA and CH. The highest contact angles 
were found in the PVA/CH (65° ± 1°) and 
PVA/CH/GS/AN 5% (66° ± 4°) films. This result can be 
attributed to the ionic interaction between CH and pectin, 
which reduced the hydrophilic groups in PVA and AN 
[20]. The higher the number of hydrophobic acetyl 
groups in CH, the higher the contact angle. The contact 
angle is also related to the surface roughness of the film, 
with a rough surface containing grains in the PVA/CH 
composition, as shown in the SEM results in Fig. 1. 

Antibacterial Activity 

Based on several characterization tests, such as the 
contact angle test to determine the hydrophilic nature of 
the film and the addition of CH polymer to films, bacterial 
testing was required to observe the antibacterial 
properties of CH and the effect of the addition of AN on 
the hydrophilic properties of films to inhibit bacteria 
when films were applied as food packaging. Mixing PVA 
and CH in manufacturing film food packaging can 
increase antibacterial activities. CH is a hydrophobic 
polysaccharide macromolecule, so bacteria cannot easily 
invade [21]. A mixture of CH and PVA was used to reduce 
the hydrophilic nature of PVA so that bacteria cannot 
easily infect the film [22]. The composition of 
PVA/CH/AN 5% and PVA/CH/AN 10% had an excellent 
absorption property because there are NH2 and OH 

groups in the mixture. Accordingly, the PVA and CH 
materials showed film quality in inhibited 
antimicrobials but had poor stretching [23]. Hence, GS 
was added to PVA/CH/GS/AN 5% and 
PVA/CH/GS/AN 40%. 

The addition of AN in-manufacturing food 
packaging films also affected their antibacterial 
properties. PVA/CH/AN E. coli (Fig. 5(a)) and 
PVA/CH/AN 10% S. aureus (Fig. 5(b)) films had clear 
zones of no microbial growth around 16 mm. In 
contrast, with the addition of GS, PVA/CH/GS/AN 5% 
E. coli (Fig. 5(e)) and PVA/CH/GS/AN 5% S. aureus 
(Fig. 5(f)) had clear zones of no microbial growth 
around 5 mm. Meanwhile, with the addition of more 
anthocyanin, PVA/CH/AN 5% E. coli (Fig. 5(c)), 
PVA/CH/AN S. aureus (Fig. 5(d)), PVA/CH/GS/AN 
40% E. coli (Fig. 5(g)), and PVA/CH/GS/AN 40% S. 
aureus (Fig. 5(h)) had no clear zones of no microbial 
growth around. The area is decreased because the 
increasing levels of AN cover the function of CH as an 
antibacterial. Fig. 6 shows the antibacterial zone of all 
variants. The addition of 40% AN could inhibit the 
antibacterial properties of CH. Additional AN is 
significantly suitable for the body because they contain 
antioxidant properties, which can be applied to food and 
beverages to reduce oxidative stress [24]. 

Potential Test Films 

After antibacterial observations, the potential of 
films was tested to examine the ability of the 
PVA/CH/AN and PVA/CH/GS/AN films to increase the 
shelf life of food. The test was performed on broccoli, a 
vegetable that quickly rots. The test was conducted by 
wrapping  broccoli  using  several  types of films,  such as  

Table 1. Contact angles of the (a) PVA/CH/AN and (b) PVA/CH/GS/AN films 
(a) Materials Contact angle (°) (b) Materials Contact angle (°) 
PVA/CH 65 ± 1 PVA/CH/GS 62 ± 4 
PVA/CH/AN 5% 65 ± 1 PVA/CH/GS/AN 5% 66 ± 4 
PVA/CH/AN 10% 56 ± 2 PVA/CH/GS/AN 10% 51 ± 1 
PVA/CH/AN 15% 62 ± 4 PVA/CH/GS/AN 15% 42 ± 6 
PVA/CH/AN 20% 51 ± 2 PVA/CH/GS/AN 20% 60 ± 1 
PVA/CH/AN 30% 51 ± 2 PVA/CH/GS/AN 30% 43 ± 4 
PVA/CH/AN 40% 39 ± 4 PVA/CH/AN 40% 15 ± 1 
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Fig 5. Bacterial test films: (a) PVA/CH/AN 10% E. coli, (b) PVA/CH/AN 10% S. aureus, (c) PVA/CH/AN 40% E. coli, 
(d) PVA/CH/AN 40% S. aureus, (e) PVA/CH/GS/AN 5% E. coli, (f)PVA/CH/GS/AN 5% S. aureus, (g) 
PVA/CH/GS/AN 40% E. coli, and (h) PVA/CH/GS/AN 40% S. aureus 
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Fig 6. Zone of inhibition with different concentrations of 
anthocyanin 

PVA/CH/AN and PVA/CH/GS/AN, with AN variation. 
Table 2 shows the application of the PVA/CH/AN film 
in the refrigerator. The test was performed by inhibiting 
the broccoli wrapped in films and then leaving it at 
refrigerator temperature. Observations were made for 
7 × 24 h. 

Table 3 shows the application of PVA/CH/GS/AN 
in the refrigerator. Based on the film observation, the first 
fungus in the broccoli was found in the food packaging 
film with the PV/CH/GS/AN composition on the fourth 
day at room temperature. At room temperature, bacteria 
multiplied, whereas, at refrigerator temperature, 
bacterial growth is inhibited because of the cold. The 
food packaging film with GS had an oilier surface than 
the film without GS. Hence, the addition of GS made the  

Table 2. Application of the PVA/CH/AN film in a refrigerator 
Sample Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

 
PVA/CH      

 
PVA/CH/AN 5      
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Sample Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

 
PVA/CH/AN 10      

 
PVA/CH/AN 15      

 
PVA/CH/AN 20      

 
PVA/CH/AN 30      

 
PVA/CH/AN 40      

 
PLASTIC WRAP      

 
food oxidation occur quickly, such that bread wrapped 
using a PV/CH/GS/AN film had more moldings [13]. 

Furthermore, adding GS to the food packaging film 
resulted in the plasticization effect of GS and PVA, which 
can reduce the function of CH as an antibacterial. The 
antibacterial properties of CH bind positively charged 
amino groups to negatively charged sites on the bacterial 
wall, which binds to the cytoplasmic membrane, preventing 
the diffusion of nutrients into cells while destroying bacteria 
[25]. Adding GS also created a high level of interaction 
between the active groups of PVA, with the polymer 
leaving few free amino groups in the CH chain. This 

condition reduced the antibacterial activity of the mixed 
material when applied to food packaging. 
The color of AN can changes in acid, neutral, and wet 
conditions. In addition, the film in the acidic condition 
is reddish-purple, the film in the neutral condition is 
blue-purple, and the film in the wet condition is blue 
green. The PVA/CH/AN and PVA/CH/GS/AN films 
with all variations provided the food information with 
discoloration of films when applied as food packaging. 
In short, AN added in PVA/CH/AN and 
PVA/CH/GS/AN films can be used as a pH indicator 
considering the color produced. 
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Table 3. Application of the PVA/CH/GS/AN film in a refrigerator 
Sample Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 

 
PVA/CH/GS    

 
PVA/CH/GS/AN 5    

 
PVA/CH/GS/AN 10     

 
PVA/CH/GS/AN 15      

 
PVA/CH/GS/AN 20    

 
PVA/CH/GS/AN 30     

 
PVA/CH/GS/AN 40     

 
PLASTIC WRAP    
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■ CONCLUSION 

In this study, PVA/CH/AN and PVA/CH/GS/AN 
films with the addition of AN showed some change in 
physical properties. The highest contact angle film was 
observed in a 10% AN concentration of PVA/CH/AN 
composition. The film's surface looked smoother in the 
composition of PVA/CH/GS/AN compared to 
PVA/CH/AN. The FTIR test showed that the 
PVA/CH/AN and PVA/CH/GS/AN compositions with 
AN variations (5–40%) contained an AN peak. UV-vis 
spectroscopy shows the increase at 550–650 nm with 
increasing AN composition. The potential film test 
showed a change in the film color when the broccoli was 
rotting, with the fastest decay occurring at room 
temperature. The PVA/CH/AN composition had clear 
antibacterial zones of no microbial growth around 
16 mm. Briefly, adding AN in small amounts, i.e., 5 and 
10%, increased the antibacterial value of the films, and 
therefore it can be applied as a food packaging film. 
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Fig S1. The FTIR spectra of calix[4]resorcinarene 1 

 
Fig S2. The 1H-NMR spectra of calix[4]resorcinarene 1 
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Fig S3. The 13C-NMR spectra of calix[4]resorcinarene 1 

 
Fig S4. The LC chromatogram of calix[4]resorcinarene 1 

 
Fig S5. The MS spectra of calix[4]resorcinarene 1 
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Fig S6. The FTIR spectra of calix[4]resorcinarene 2 

 
Fig S7. The 1H-NMR spectra of calix[4]resorcinarene 2 
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Fig S8. The 13C-NMR spectra of calix[4]resorcinarene 2 

 
Fig S9. The LC chromatogram of calix[4]resorcinarene 2 

 
Fig S10. The MS spectra of calix[4]resorcinarene 2 
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Fig S11. The FTIR spectra of calix[4]resorcinarene 3 

 
Fig S12. The 1H-NMR spectra of calix[4]resorcinarene 3 
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Fig S13. The 13C-NMR spectra of calix[4]resorcinarene 3 

 
Fig S14. The LC chromatogram of calix[4]resorcinarene 3 

 
Fig S15. The MS spectra of calix[4]resorcinarene 3 
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 Abstract: Malaria is an endemic disease in tropical countries, including Indonesia, with 
a high annual mortality rate. Because of that, serious attention shall be given to find new 
antimalarial agents that are highly active for medical treatment. In this work, we designed 
and synthesized three calix[4]resorcinarene derivatives and evaluated them as 
antimalarial agents through in vitro heme polymerization inhibitory assay. The 
calix[4]resorcinarenes were prepared from resorcinol and corresponding aldehyde 
derivatives in ethanol media through a cyclo-condensation reaction. The 
calix[4]resorcinarene products were obtained in 31.1–85.1% yield. The synthesized 
compounds were subjected to structure elucidation using spectroscopy techniques. The 
antimalarial activity of calix[4]resorcinarene with aromatic substituent 
(IC50 = 0.198 mg/mL) was higher than the aliphatic ones (IC50 = 0.282–0.814 mg/mL). It 
was found that all calix[4]resorcinarenes in this work exhibited stronger antimalarial 
activity than chloroquine diphosphate as the positive control (IC50 = 1.157 mg/mL). The 
calix[4]resorcinarenes could interact with hydrogen bonding, thus inhibiting the heme 
polymerization process. These findings demonstrate that calix[4]resorcinarene 
derivatives are potential antimalarial agents to be developed for effective medical 
treatment in the near future. 

Keywords: antimalarial; aromatic; aliphatic; calix[4]resorcinarene; heme polymerization 

 
■ INTRODUCTION 

Malaria disease is caused by Plasmodium infection 
in humans with the aid of Anopheles mosquitos. In 2020, 
it was estimated that 70% of malaria cases were generated 
by P. falciparum while 25% of active cases were caused by 
P. vivax infection. World Health Organization (WHO) 
reported that global malaria cases in 2020 reached 241 
million in 85 countries. Among 241 million cases, 627 
thousand patients died in 2020, which was higher than in 
2019. The annual death number has kept increasing over 
the past several years. Indonesia contributed to 95 
thousand active malaria cases, which is the highest 
number in the Southeast Asia region [1]. Therefore, 

serious attention shall be given to suppress death and 
active malaria cases in the future. 

Chloroquine diphosphate, as one of the 
commercial antimalarial drugs, inhibits the conversion 
of toxic heme to hemozoin in the vacuole of Plasmodium 
parasites [2]. However, chloroquine resistance has been 
reported since 1950 in Africa and resistance cases are 
widely found recently in many countries, including 
Indonesia [3-4]. This resistance leads to higher 
chloroquine doses required in the treatment of malaria 
patients [5]. Unfortunately, increasing the chloroquine 
dose leads to serious side effects in high doses, such as 
headache, insomnia, nausea, diarrhea, anemia, skin 
itching, muscle weakness, blurred vision, difficulty 
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breathing, and irregular heartbeats [6-8]. Therefore, 
researchers are giving their best efforts to design and 
discover new antimalarial agents to replace chloroquine 
diphosphate as the standard drug [9-10]. This issue shall 
be handled seriously to suppress the growth of active 
malaria cases in the future. 

Hundreds of antimalarial agents have been designed 
and evaluated recently [11-16]. Natural antimalarial 
compounds from terrestrial and marine sources have 
been also reported. Herlina et al. [13] reported the 
isolation of natural compounds from the stem bark of 
Erythrina variegate. It was found that ethyl acetate 
fraction exhibited antimalarial activity with a half-
maximal inhibitory concentration (IC50) value of 
23.8 mg/mL. Further chromatographic purification 
process led to a well-known isoflavonoid compound 
named warangalone with an IC50 value of 4.80 mg/mL. On 
the other hand, the isolation of antimalarial agents from 
the marine sponge Xestospongia sp. has been reported by 
Murtihapsari et al. [14]. The n-hexane extract of 
Xestospongia sp. gave the IC50 value of 7.13 mg/mL. This 
fraction consisted of flavonoids and triterpenoids; 
however, detailed structure elucidation and their 
antimalarial activity were not reported due to the 
complicated separation and purification processes. 

In contrast to natural compounds, the synthetic 
antimalarial agent is sometimes preferable due to the high 
purity of a single compound; thus, the researchers could 
understand the relationship between the chemical 
structure and antimalarial activity. The antimalarial of 
synthetic compounds, i.e., chalcones and pyrazolines, has 
been also reported. Chalcone derived from 4-
chlorobenzaldehyde and 4-chloroacetophenone gave 
antimalarial activity with an IC50 of 98.66 mg/mL. Further 
functionalization of chalcone to its N-phenyl pyrazoline 
form increased its antimalarial activity (IC50 = 
20.83 mg/mL); however, the IC50 value was still higher 
than chloroquine diphosphate (IC50 = 3.54 mg/mL) [15]. 
Other pyrazoline compounds with formyl and aryl 
substituents gave the IC50 value of 5.68–427.33 mg/mL 
[16]. 

Among the developed synthetic antimalarial drugs, 
calixarene derivatives attract the attention of researchers 

due to their ease of synthesis, high stability, and strong 
bioactivities [17-19]. Shah et al. [18] reported that 
calix[4]arene derivatives with quinoline and pyrimidine 
substituents gave up to 4 times lower IC50 value than 
chloroquine. In our previous study, we investigated the 
antimalarial activity of calixarene derivatives, named 
calix[4]pyrogallolarenes, through heme polymerization 
inhibitory assay [19]. Heme polymerization inhibitory 
assay was selected because the β-hematin is identic to 
hemozoin and β-hematin could be easily inspected in 
the laboratory using spectrophotometry measurement; 
thus, it is widely applied as an initial screening for 
antimalarial agents [20]. It was found that the 
calix[4]pyrogallolarenes gave IC50 values in the range of 
0.238–1.268 mg/mL, which were more active than 
chloroquine diphosphate, which was remarkable [19]. 
On the other hand, calix[4]resorcinarenes belong to the 
metacyclophane family together with calix[4]arenes and 
calix[4]pyrogallolarenes with the different numbers of 
hydroxyl group, i.e., 4, 12 and 8 hydroxyl groups for 
calix[4]arenes, calix[4]pyrogallolarenes, and 
calix[4]resorcinarenes, respectively [17]. These 
variations in the numbers of hydroxyl groups may 
contribute to different antimalarial activities through the 
heme polymerization mechanism. In continuation of 
our research, we evaluated the antimalarial activity of the 
other calixarene derivatives, named 
calix[4]resorcinarenes, through in vitro heme 
polymerization inhibitory assay in this study. 

■ EXPERIMENTAL SECTION 

Materials 

The used materials in this work, i.e., resorcinol 
(C6H6O2), octanaldehyde (C8H16O), etanaldehyde 
(C2H4O), 4-nitrobenzaldehyde (C7H5NO3), 
concentrated hydrochloric acid (HCl), ethanol 
(C2H5OH), glacial acetic acid (CH3CO2H), dimethyl 
sulfoxide (C2H6SO), sodium hydroxide (NaOH), and 
acetone (C3H6O), were purchased from Merck in pro 
analytical grade. Meanwhile, hematin (C34H33FeN4O5) 
and chloroquine diphosphate (C18H26ClN3·2H3PO4) 
were obtained from Sigma-Aldrich in pro analytical 
grade. 
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Instrumentation 

The instrumentations used for the synthesis of 
calix[4]resorcinarenes were hotplate (ThermoScientific) 
and analytical balance (Shimadzu Libror EB-330). The used 
instrumentations for the characterization of the synthesized 
products were melting point apparatus (Electrothermal 
9100), Fourier transforms infrared (FTIR, Thermo Scientific 
Nicolet iS10), liquid chromatography-mass spectrometry 
(LC-MS, Thermo Fischer Scientific), and nuclear 
magnetic resonance (500 MHz for 1H- and 125 MHz for 
13C-NMR, JEOL JNM-ECZ 500R). On the other hand, the 
used apparatus for the antimalarial assay were micropipette 
(ThermoScientific), microcentrifuge (Thermo Sorvall 
Legend Micro 17R), CO2 incubator (Sakura), vortex mixer 
(Thermolyne 34600 mixer), 96-well microplate 
(Biochemix), and ELISA reader (Bio-Rad 660 XR). 

Procedure 

Synthesis of calix[4]resorcinarene derivatives 
The calix[4]resorcinarene was prepared in a similar 

manner to the previous report [21-22]. Resorcinol 
(5 mmol) was dissolved in ethanol (10 mL) and then 
acidified with concentrated HCl (0.5 mL). Aldehyde 
derivative (5 mmol) was added dropwise into the mixture. 
The mixture was stirred and refluxed for 24 h. After the 
reaction was completed, the mixture was cooled to room 
temperature and then added to distilled water (10 mL). 
The resulting solids were filtered and washed with a mixture 
of ethanol and distilled water (1:1 v/v). The melting point 
of the product was measured, and the product was 
characterized using FTIR, NMR and LC-MS analyses. 
C-4-nitrophenylcalix[4]resorcinarene (compound 
1). Compound 1 (1.03 g) was obtained as a yellowish solid 
in 85.1% yield. m.p. 300 °C (decomposed). FTIR (KBr, 
cm−1): 3448, 2924, 2854, 1604, 1512, 1350, 1427. 1H-NMR 
(DMSO-d6, δ, ppm): 5.73 (s, 4H), 6.81 (d, 4H), 6.86 (s, 
4H), 7.78 (s, 4H), 7.84 (d, 4H), 8.93 (s, 8H). 13C-NMR 
(DMSO-d6, δ, ppm): 55.9, 109.0, 120.0, 122.0, 129.0, 143.0, 
151.0, 162.0, 174.0. LC: major peak at a retention time of 
15.12 min. Mass spectrum (EI): m/z = 971.6035 (M+). 
C-heptylcalix[4]resorcinarene (compound 2). 
Compound 2 (0.83 g) was obtained as a yellowish solid in 
75.5% yield. m.p. 295 °C (decomposed). FTIR (KBr, 

cm−1): 3263, 2924, 2854, 1620, 1458. 1H-NMR (DMSO-
d6, δ, ppm): 0.90 (t, 12H), 1.30 (m, 40H), 2.30 (q, 8H), 
4.13 (t, 4H), 4.30 (s, 8H), 6.12 (s, 4H), 7.21 (s, 4H). 13C-
NMR (DMSO-d6, δ, ppm): 14.1, 22.7, 25.1, 28.1, 29.6, 
31.6, 33.3, 34.0, 122.0, 124.0, 150.3, 150.6. LC: major 
peak at a retention time of 15.17 min. Mass spectrum 
(EI): m/z = 879.5749 (M+). 
C-methylcalix[4]resorcinarene (compound 3). 
Compound 3 (0.22 g) was obtained as a yellowish solid 
in 31.1% yield. m.p. 270 °C (decomposed). FTIR (KBr, 
cm−1): 3379, 2970, 2877, 1620, 1427. 1H-NMR (DMSO-
d6, δ, ppm): 1.30 (d, 12H), 4.46 (q, 4H), 6.14 (s, 4H), 6.78 
(s, 4H), 8.52 (s, 8H). 13C-NMR (DMSO-d6, δ, ppm): 21.5, 
39.0, 102.0, 123.0, 125.0, 151.0. LC: major peak at a 
retention time of 10.35 min. Mass spectrum (EI): m/z = 
545.2211 (M+H+). 

In vitro antimalarial assay 
The in vitro antimalarial assay was conducted 

using the heme polymerization inhibitory method 
according to the previously published procedure [19]. 
The heme polymerization method was performed by the 
addition of 1 mM hematin (100 μL) into 0.2 M NaOH 
solution (50 μL). The sample (50 μL) with a series 
concentration of 5.00, 2.50, 1.25, 0.63, and 0.31 mg/mL 
and glacial acetic acid (50 μL) were added into the 
mixture. The mixture was incubated at 37 °C for 24 h. 
After that, the mixture was centrifuged at 8000 rpm for 
10 min. The residue was washed with dimethyl sulfoxide 
(200 μL). The residue was dissolved in 0.1 M NaOH 
solution (200 μL). The solution (100 μL) was added into 
a 96-well microplate to be measured with an ELISA 
reader at a wavelength of 405 nm. The absorbance was 
further converted through probit analysis to inhibitory 
percentage and IC50 value. Chloroquine diphosphate was 
used as the positive control while dimethyl sulfoxide 
10% was used as the negative control. Each sample was 
subjected to triplicate measurement. 

■ RESULTS AND DISCUSSION 

Synthesis of Calix[4]resorcinarene Derivatives 

In this work, three calix[4]resorcinarenes have 
been prepared from resorcinol and aldehyde derivative 
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which is shown in Fig. 1. The corresponding 
calix[4]resorcinarenes were obtained in 31.1–85.1% yield 
as yellowish solid from a one-pot synthetic method with 
ethanol as the solvent and hydrochloric acid as the 
catalyst. The employed aldehyde for compounds 1, 2, and 
3 was 4-nitrobenzaldehyde, octanaldehyde, and 
ethanaldehyde, respectively. Different from 
calix[4]resorcinarenes 1 and 2, calix[4]resorcinarene 3 
was obtained in the lowest yield (31.1% yield), probably 
due to less stability of carbonium ions in etanaldehyde 
compared to aromatic aldehyde (4-nitrobenzaldehyde) 
and longer chain aliphatic aldehyde (octanaldehyde). It 
was reported that calix[4]resorcinarene was produced 
from the cyclo-condensation between resorcinol and 
aldehyde derivative in acidic conditions. According to 
Eddaif et al. [23], the carbonyl of aldehyde was 
protonated, and electrophilic substitution started to the 
ortho and para position of the hydroxyl groups at the 
aromatic ring of resorcinol. The reaction continued by the 
formation of its dimer and trimer and then finished when 
the tetramer of resorcinol was cyclized to produce a 
calix[4]resorcinarene structure. The proposed reaction 
mechanism is shown in Fig. 2. 

The spectroscopic data of the synthesized products 
are shown in Fig. S1-S15. Calix[4]resorcinarene 1 was 
decomposed at 300 °C due to strong intramolecular and 
intermolecular hydrogen bondings as reported in other 
calix[4]resorcinarene derivatives [17]. The FTIR spectra 
of compound 1 revealed the O–H and C=C aromatic 
functional groups from the resorcinol at 3448 and  
 

1604 cm−1, respectively (Fig. S1). The C–H methine 
group was observed as weak signals at 2924 and 
2854 cm−1 for its Csp3–H stretching and at 1427 cm−1 for 
its C–H bending. The C–NO2 group from the 4-
nitrobenzaldehyde was confirmed by the presence of 
strong absorption signals at 1512 and 1350 cm−1. 

The 1H-NMR spectrum of compound 1 in DMSO-
d6 solvent is shown in Fig. S2. The O–H of resorcinol was 
observed at 8.93 ppm as a singlet signal, while the 
aromatic protons of resorcinol were found at 6.86 and 
7.78 ppm as singlet signals due to the absence of 
neighboring hydrogen atoms. The C–H signal of 
methine was confirmed by the presence of a singlet 
signal at 5.73 ppm, while the aromatic protons of 4-
nitrobenzaldehyde were observed at 6.81 and 7.84 ppm 
as doublet signals. On the other hand, the 13C-NMR 
spectrum of compound 1 in DMSO-d6 revealed a C–H 
methine signal (55.9 ppm) and eight aromatic carbon 
signals (109.0–174.0 ppm), as shown in Fig. S3. The 
mass spectrum of compound 1 showed the M+ peak at 
m/z = 971.6035 (Fig. S5), suggesting that the 
calix[4]resorcinarene structure has been formed. 

Calix[4]resorcinarene 2 was decomposed at 295 °C 
due to intramolecular and intermolecular hydrogen 
bondings. Compared to the decomposition temperature 
of calix[4]resorcinarene 1, calix[4]resorcinarene 2 
decomposed at a lower temperature due to smaller 
molecular mass. The FTIR spectra of compound 2 showed 
the presence of O–H and C=C aromatic functional 
groups from the resorcinol at 3263 and 1620 cm−1,  
 

HO OH
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Fig 1. The synthesis scheme of calix[4]resorcinarenes 
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Fig 2. The proposed reaction mechanism on the synthesis of calix[4]resorcinarenes 

 
respectively (Fig. S6). The C–H methine and n-heptyl 
groups were observed as weak signals at 2854–2924 and 
1458 cm−1 for their bending and stretching modes, 
respectively. 

The 1H-NMR spectrum of compound 2 in 
deuterated DMSO solvent was displayed in Fig. S7. The 
O–H of resorcinol was observed at 4.30 ppm as a singlet 
signal, while the aromatic protons of resorcinol were 
found at 6.12 and 7.21 ppm as singlet signals which were 
similar to the spectrum of calix[4]resorcinarene 1. The C–

H signal of methine was confirmed by the presence of a 
triplet signal at 4.13 ppm, while the aliphatic protons of 
the n-heptyl group were found as triplet (–CH3), 
multiplet (–CH2–), and quartet (Cmethine–CH2–) signals at 
0.90, 1.30 and 2.30 ppm, respectively, with a total 
number of 60 hydrogen atoms. On the other hand, the 
13C-NMR spectrum of compound 2 in DMSO-d6 solvent 
confirmed the presence of a methine carbon (34.0 ppm), 
a methyl carbon (14.1 ppm), six methylene carbons 
(22.7–33.3 ppm), and four aromatic carbons (122.0–
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150.6 ppm), which was matched with the total number of 
carbon on calix[4]resorcinarene 2 (Fig. S8). The MS 
spectra (Fig. S10) revealed that the M+ signal of 
compound 2 was found at m/z = 879.5749, which was 
matched with its chemical formula (C56H80O8). 

On the other hand, the calix[4]resorcinarene 3 was 
decomposed at 270 °C, which was the lowest compared to 
the synthesized calix[4]resorcinarene in this work due to 
the smallest molecular mass as indicated by the MS 
spectrum (m/z of M+ = 545.2211) (Fig. S15). The FTIR 
spectra of calix[4]resorcinarene 3 revealed the O–H and 
C=C aromatic functional groups from the resorcinol at 
3379 and 1620 cm−1, respectively (Fig. S11). The C–H of 
methine and methyl groups was observed as weak signals 
at 2970 cm−1 for its stretching mode and at 2877 cm−1 for 
its bending mode. 

The 1H-NMR spectrum of compound 3 in DMSO-
d6 as the solvent is shown in Fig. S12. The O–H of 
resorcinol was observed as a singlet signal at 8.52 ppm, 
while the aromatic protons of resorcinol were found as 
singlet signals at 6.14 and 6.78 ppm. The C–H proton of 
methine existed as a quartet signal at 4.46 ppm due to the 
presence of three hydrogens of methyl, which is 
covalently connected with the methine carbon. 
Meanwhile, the methyl protons were found as doublet 
signal at 1.30 ppm. Fig. S13 shows the 13C-NMR spectrum 
of compound 3 in DMSO-d6. Calix[4]resorcinarene 3 
consisted of a C–H methine carbon, a methyl carbon and 
four aromatic carbons at 39.0, 21.5, and 102.0–151.0 ppm, 
respectively. 

For a summary, the FTIR spectra of 
calix[4]resorcinarenes showed the hydroxyl functional 
groups at 3448–3263 cm−1 while C–H methine was 
observed at 1458–1427 cm−1. The C–H methine was also 
observed at 4.13–5.73 and 34.0–55.9 ppm at 1H- and 13C-
NMR, respectively. These trends were in agreement with 
the previous result [22]. It was reported that 
calix[4]resorcinarenes could be obtained in some 
conformations such as chair (C4), boat (C2v), chair (C2h), 
diamond (Cs), saddle (S4), etc., due to flexible C-C rotation 
on the methine bridge as reported previously [24]. The 
variation in the conformations of calix[4]resorcinarenes 
generates some peaks at the LC chromatogram (Fig. S4, 

S9, S14) with the same molecular ion, demonstrating 
that the calix[4]resorcinarenes have been successfully 
synthesized in the present work. 

In Vitro Antimalarial Assay 

Three calix[4]resorcinarenes were then evaluated 
as the antimalarial agent through in vitro heme 
polymerization inhibitory assay with chloroquine 
diphosphate as the positive control. Hematin, an 
artificial Plasmodium hemozoin, polymerizes in an 
acidic solution through hydrogen bonds. When this 
polymerization is inhibited, the heme concentration in 
the vacuole of the parasite will be higher, leading to the 
death of parasites due to the toxic properties of heme. 
Therefore, heme polymerization inhibitory assay is a 
well-established assay for rapid screening of the 
antimalarial activity of chemical compounds [25]. 

The antimalarial activity of calix[4]resorcinarenes 
is listed in Table 1. A series of calix[4]resorcinarene 
concentrations was prepared in a range of 0.31–
5.00 mg/mL to obtain the average inhibition percentage 
for each triplicate measurement. The heme 
polymerization inhibition percentage was higher by 
increasing the used concentration of 
calix[4]resorcinarene. From the probit analysis, 
calix[4]resorcinarenes 1, 2 and 3 gave the IC50 value of 
0.198, 0.814, and 0.282 mg/mL, respectively. 

Table 2 shows that all calix[4]resorcinarenes (IC50 
= 0.198–0.814 mg/mL) give higher antimalarial activity 
than the natural extracts, i.e., Erythrina variegate (IC50 = 
23.8 mg/mL), warangalone (IC50 = 4.80 mg/mL), and 
Xestospongia sp. (IC50 = 7.13 mg/mL) because natural 
extracts usually contain active compounds in very low 
concentration. Compared to the other synthetic 
compounds, such as chalcone (IC50 = 98.66 mg/mL) and 
pyrazolines (IC50 = 5.68–427.3 mg/mL), the synthesized 
calix[4]resorcinarenes exhibited 28.69–2158 times 
stronger antimalarial activity demonstrating the critical 
effect of calix[4]resorcinarene skeleton on the 
antimalarial activity. 

As a family of calixarenes, the antimalarial activity 
of calix[4]resorcinarenes was compared with calix[4] 
arenes  and   calix[4]pyrogallolarenes.   The  antimalarial  
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Table 1. The antimalarial activity of calix[4]resorcinarenes through in vitro heme polymerization inhibitory assay 

Calix[4]resorcinarene Concentration Average inhibition 
percentage ± SD (%) 

IC50 
(mg/mL) 

1 

5.00 89.28 ± 0.04 

0.198 
2.50 79.56 ± 0.15 
1.25 75.85 ± 0.25 
0.63 69.19 ± 0.31 
0.31 53.77 ± 0.26 

2 

5.00 87.51 ± 0.18 

0.814 
2.50 78.02 ± 0.39 
1.25 65.80 ± 0.40 
0.63 52.49 ± 0.16 
0.31 39.47 ± 0.16 

3 

5.00 85.95 ± 0.20 

0.282 
2.50 80.85 ± 0.22 
1.25 73.29 ± 0.07 
0.63 67.35 ± 0.24 
0.31 47.35 ± 0.15 

*SD: standard deviation 

Table 2. The comparison of in vitro antimalarial activity of the reported antimalarial agents 
Compound IC50 (mg/mL) Ref. 
calix[4]resorcinarene 1 0.198 

This work 
calix[4]resorcinarene 2 0.814 
calix[4]resorcinarene 3 0.282 
Chloroquine diphosphate 1.157 
Erythrina variegate extract 23.80 

[13] 
Warangalone 4.800 
Xestospongia sp. extract 7.130 [14] 
chalcone 98.66 

[15] 
N-phenylpyrazoline 20.83 
N-formylpyrazoline 5.680 

[16] 
N-arylpyrazoline 427.3 
C-8-hydroxyquinolinecalix[4]arene 0.073 

[18] 
C-2-aminopyrimidinecalix[4]arene 0.043 
C-phenylcalix[4]pyrogallolarene 1.268 

[19] C-4-hydroxy-3-methoxyphenylcalix[4]pyrogallolarene 1.029 
C-2-chlorophenylcalix[4]pyrogallolarene 0.238 

 
activity of calix[4]resorcinarenes (IC50 = 0.198–0.814 mg/ 
mL) was weaker than the calix[4]arenes (IC50 = 0.043–
0.073 mg/mL). It was reported that nitrogenated functional 
groups such as amino, nitro, quinoline, and pyrimidine 
yielded stronger antimalarial activity due to stronger 
interactions with iron central ion in the heme framework 
[18]. On the other hand, the antimalarial activity of 

calix[4]resorcinarenes (IC50 = 0.198–0.814 mg/mL) was 
higher than calix[4]pyrogallolarenes (IC50 = 0.238–
1.268 mg/mL) due to stronger intramolecular hydrogen 
bonds in calix[4]pyrogallolarenes; thus, the hydroxyl 
groups of calix[4]pyrogallolarenes could not strongly 
interact with iron cation and lowering the heme 
polymerization inhibitory activity [19]. 
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Fig 3. Plausible interactions of heme with (a) chloroquine, (b) calix[4]resorcinarene 1, (c) calix[4]resorcinarene 2, and 
(d) calix[4]resorcinarene 3 
 

It shall be noted that the calix[4]resorcinarenes (IC50 
= 0.198–0.814 mg/mL) exhibited stronger antimalarial 
activity than chloroquine diphosphate as the positive 
control (IC50 =  1.157 mg/mL), which was remarkable. 
Furthermore, aromatic aldehyde moiety in compound 1 
(IC50 = 0.198 mg/mL) exhibited stronger antimalarial 
activity than the aliphatic aldehyde ones (IC50 = 0.282–
0.814 mg/mL). Meanwhile, the longer alkyl chain in 
compound 2 demarcated the antimalarial activity due to 
the non-polar nature of compound 2. It meant that the 
polarity of the antimalarial agent strongly influenced its 
antimalarial activity. Therefore, it is reasonable that 
calix[4]resorcinarene 1 with nitro functional groups gave  
 
 

the strongest antimalarial activity in this study. 
Priyangga et al. [26] reported that calix[4] 

resorcinarenes could form a stable chelate complex with 
iron metal ions through their hydroxyl groups. On the 
other hand, Sari et al. [19] reported that hydroxyl groups 
of calix[4]pyrogallolarenes interacted with iron center 
ion and carboxylic group of heme, thus inhibiting its 
polymerization process. Since calix[4]resorcinarenes’ 
structure is similar to calix[4]pyrogallolarenes; thus, we 
predict that the interactions of calix[4]resorcinarenes 
with heme are similar to the calix[4]pyrogallolarene ones. 
The plausible interactions of calix[4]pyrogallolarenes 
and chloroquine with heme are shown in Fig. 3. 
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■ CONCLUSION 

We reported the successful synthesis of three 
calix[4]resorcinarene derivatives in 31.1–85.1% yield. The 
chemical structures of all synthesized 
calix[4]resorcinarenes have been elucidated using FTIR, 
NMR, and LC-MS analyses. Besides, the in vitro 
antimalarial activity of calix[4]resorcinarenes revealed 
higher antimalarial activity than chloroquine diphosphate 
as the positive control. The type of substituent on methine 
carbon influenced the antimalarial activity of 
calix[4]resorcinarenes. Aromatic substituents gave 
stronger antimalarial activity than the aliphatic ones due 
to higher polarity. It was predicted that the 
calix[4]resorcinarenes interacted with heme through 
hydrogen bondings, thus inhibiting the heme 
polymerization process. 
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 Abstract: A study on the polyvinylidene fluoride (PVDF) membrane using lignin and 
lignosulfonate oil palm empty fruit bunch (OPEFB) fillers have been carried out. This 
study aims to determine the additional effect of lignin and lignosulfonate on PVDF 
membrane. Lignin sulfonation has a good result proven by Fourier transform infrared 
spectra with a peak at 1192 cm−1 which indicates sulfonate group. The sulfonation degree 
was increased by 8.9% for lignosulfonate. The membrane was prepared by the phase 
inversion method. Data present that all the membranes have an asymmetric structure 
with finger-like and sponge-like pores. Good thermal stability indicated by thermal 
gravimetric analysis showed degradation at 432 °C. The mechanical properties of the 
membrane decrease with the addition of filler. From the X-ray diffraction, peaks appeared 
at 18.39°, 21.35°, and 23.75° for all the membranes indicating of α and β phases. Lignin 
and lignosulfonate increased membrane hydrophilicity and water uptake. The presence 
of the sulfonate group increases the ionic exchange capacity and ionic conductivity up to 
2.78 mmol/g and 9.95 × 10−5 S/cm, respectively, for 5% lignosulfonate addition. Thus, 
PVDF/lignosulfonate has the potential as a polymer electrolyte membrane. 

Keywords: lignin; lignosulfonate; OPEFB; polymer electrolyte membrane; PVDF 

 
■ INTRODUCTION 

A fuel cell is an electrochemical device in which 
chemical energy is directly converted into electrical 
energy [1]. Fuel cells are one of the alternative energy 
production technologies [2], where hydrogen is used as an 
energy source [3]. Hydrogen can produce high energy and 
lower calorific value than hydrocarbon-based fossil fuels, 
making it more efficient [4] and environmentally friendly 
[2]. In addition, hydrogen is ideally used for fuel cells due 
to its rapid electrochemical reaction kinetics and the 
absence of exhaust gases since the only by-product of the 
reaction is water [4]. The essential elements of a fuel cell 
are the positive electrode (cathode), the negative electrode 
(anode), and the electrolyte membrane [4-5]. 

The perfluorosulfonic acid polymer (Nafion®) has 
high ionic conductivity, mechanical and chemical 
stability at lower temperatures [6]. Nafion® also has a 
multiphase structure, namely the hydrophobic phase as 

the continuous phase and the sulfonic acid group as the 
hydrophilic phase. The continuous hydrophobic phase 
is helpful for the structural integrity of the membrane, 
and the hydrophilic phase acts as a reservoir of water [7]. 
However, Nafion® is expensive and challenging to 
synthesize [8], so researchers are looking for another 
alternative to be developed. One alternative polymer 
that can be used is polyvinylidene fluoride (PVDF), 
which has good mechanical properties, thermal stability, 
and chemical resistance [9]. Even so, PVDF has 
limitations due to its low conductivity [10], which 
requires to be modified. 

Physical modification, such as mixing with other 
components, can be used to improve PVDF membrane 
performance [11]. Lignin has the potential to modify 
PVDF membranes. Lignin has some polar groups in its 
structure, especially the hydroxyl group [12], which can 
be an active modification center [13]. Lignin has 
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advantages, including high carbon content, good thermal 
stability, biodegradability, good antioxidant activity, and 
good mechanical properties. With modification by 
sulfonation reaction, lignin has hydrophilic properties [7-
8] and has the potential to be used as a polymer 
electrolyte. The presence of a sulfonate group facilitated 
the transfer of protons [14], increasing the conductivity of 
the PVDF membrane. Lignin is also an abundant 
biopolymer and is a by-product of cellulose extraction 
[15] from various biomass such as oil palm empty fruit 
bunches (OPEFB). In Indonesia, around 7 million tons of 
OPEFB are estimated to be produced annually [16]. 
Previous research reports that the effect of lignin coating 
on PVDF membranes showed promising results on 
membrane surface properties with increased 
hydrophilicity values [17]. Lignin was also increasing the 
ionic exchange capacity of poly (ether ether ketone) 
(SPEEK) membranes [18]. However, the blending of 
lignin and lignosulfonate in PVDF as polymer electrolyte 
membranes has never been studied. This research 
determines the effect of lignin and lignosulfonate on 
morphology, matrix structure, hydrophilicity, thermal, 
mechanical, and electrolyte properties. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used are oil empty palm fruit bunches 
(OPEFB) obtained from Polytech Institute Technology 
Indonesia. PVDF Solef 1010 pellets were bought from 
Solvay. Sodium hydroxide (NaOH), sulfuric acid (H2SO4), 
hydrochloric acid (HCl), dimethylacetamide (DMAC), 
sodium chloride (NaCl), and sodium sulfite (Na2SO3) in 
analytical grades were purchased from Merck. 

Instrumentation 

The instruments used in this study are Fourier 
transform infrared (FTIR, Shimadzu IR Prestige-21), 
scanning electron microscope (SEM, Jeol JCM-7000), 
simultaneous thermal analyzer (STA, LINSEIS PT1600), 
X-ray diffractogram (XRD, D8 Advance Bruker Germany), 
attenuated total reflection-Fourier transform infrared 
(ATR-FTIR, Agilent Cary 600), and electrochemical 
impedance spectroscopy (EIS, EUGOL U2826). 

Procedure 

Lignin isolation from OPEFB 
Extraction was performed by refluxing OPEFB 

using a 0.5 M NaOH solution in a ratio of 1:20 (w/v) for 
2 h at 90–100 °C. The results were filtered so that black 
liquor was obtained. Black liquor was acidified using 
H2SO4 1 M to reach pH 2 and precipitated for at least 8 h. 
The precipitate was filtered and dried at room 
temperature. 

Sulfonation of lignin 
Sulfonation followed the procedure of previous 

research [19] with modifications. Lignin was mixed with 
Na2SO3 and distilled water with a ratio of 2:1:20. The 
mixture was stirred for 4 h at 80 °C. The mixture was 
evaporated in the oven at 60 °C for 6 h. The resulting 
lignosulfonate is grounded and sifted using a 200-size 
mesh before use. 

Sulfonation degree 
The sulfonation degree was calculated using 

conductometric titration based on previous research 
[20]. First, 0.1 g of lignin and lignosulfonate was diluted 
in 60 mL NaOH 0.01 M through ultra-sonification for 
10 min and pH was adjusted to 2.8 by adding HCl 0.1 M 
to ensure all the sulfonated groups were protonated. The 
dispersion was purged with nitrogen for 20 min and 
titrated using NaOH 0.01 M. The change in conductance 
was observed. The value of the sulfonation degree was 
computed using Eq. (1). 

   NaOH NaOH HCl HClV C V C
SD

w
  

  (1) 

where SD is sulfonation degree (mmol/g) and w is 
weight of lignin or lignosulfonate (g). 

Membrane fabrication 
PVDF, PVDF/Lignin (PL), and 

PVDF/Lignosulfonate (PLS) membranes were prepared 
using the phase inversion method followed by previous 
research [21]. The total mass of the casting solution 
(dope) was 12 g with a composition of lignin and 
lignosulfonate varied to 1, 3, and 5% by weight of PVDF. 
The composition of the membranes is shown in Table 1. 
Dope was made by dissolving lignin or lignosulfonate in 
DMAC  and then  supplemented  with PVDF.  The dope  
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Table 1. Membrane composition 

Membrane 
Composition* 

PVDF (% w/w) Lignin (% w/w) Lignosulphonate (% w/w) DMAC 
PVDF 18 - - 82 
PL-1 18 1 - 82 
PL-3 18 3 - 82 
PL-5 18 5 - 82 
PLS-1 18 - 1 82 
PLS-3 18 - 3 82 
PLS-5 18 - 5 82 

*The composition of Lignin and lignosulfonate is calculated based on PVDF weight 
 
was stirred for 24 h at 50–60 °C, cast on glass with a 
thickness regulator of 130 μm and directly put into a 
coagulant bath filled with water. 

Characterization 
Isolation and sulfonated lignin were characterized 

by FTIR. Sample scanned 48× with resolution 1 cm−1 at 
range 4000–400 cm−1 using KBr pellet. 

Membrane surface and cross-section morphology 
were analyzed using SEM. The membrane was observed 
with a magnification of 10,000× for surface morphology 
and 1,000× for cross-section. 

Membrane thermal analysis was conducted using 
the STA with an alumina crucible dish and an air 
atmosphere. Membranes were burned with a heating rate 
of 10°/min (dpm) in the temperature range of 25–900 °C. 
Further analysis was performed using Origin software. 

The mechanical properties of the membrane were 
characterized using Inston MOD 1026 tensile strength 
tester. Membrane with the dimensions of 6 × 0.5 cm2 
tested at the speed of 80 mm/min, pinch distance of 
20 mm and weight of 500 g. The mechanical properties 
were calculated using Eq. (2-4); 

F
A

   (2) 

l 100%
l


    (3) 


 


 (4) 

where σ is tensile strength (MPa), F is force (kg/ms2); A is 
surface area (cm2), ε is elongation (%), Δl is change in 
length (mm), l is original length (mm), and γ is Young 
Modulus (MPa). 

Membrane structure was characterized using XRD. 
The membrane was cut with dimensions of 2 × 2 cm2 
and dried at 60 °C for 24 h. The membrane was scanned 
at 2θ 10–90°, and the data was processed using Origin 
software. 

ATR-FTIR was used to identify the α and β phases 
related to membrane hydrophilicity. The analysis is 
carried out at a wavelength of 4000–400 cm−1, and the β 
fraction was computed using Eq. (5) [22]. 

AF( ) 100%
A 1.26A


  

 
 (5) 

where Aα and Aβ were the absorbances at peaks of 762 
and 840 cm−1 corresponding to the α and β phases, 
respectively. 

Membrane hydrophilicity was determined by 
measuring the water contact angle (WCA). The 
measurement was carried out by calculating the angle of 
water drops on the membrane surface. The images were 
taken using a 48-megapixel HP camera lens with a 
magnification of 5×. Images were analyzed using ImageJ 
software with a contact angle plugin. 

The water uptake membrane was analyzed using 
the gravimetric method. The wet membrane (Ww) was 
weighed and dried at 60 °C for 24 h. The dry membrane 
(Wd) was weighed again, and the water uptake was 
determined through Eq. (6) [18]. 

 w d

d

W W
Water uptake 100%

W


   (6) 

Ion exchange capacity (IEC) is characterized using 
acid-base titration with NaCl media. A membrane with 
a size of 2 × 2 cm2 was immersed in HCl 0.1 M solution 
for 24 h. The membrane in the form of H+ was converted 
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into Na+ by soaking in NaCl 1 M for 24 h. Then, the 
removed H+ was titrated with NaOH 0.01 M using the 
phenolphthalein indicator. IEC was measured using Eq. 
(7) [18]. 

 NaOH

d

M V
IEC

W


  (7) 

Electrochemical impedance spectroscopy (EUGOL 
U2826) was used to analyze the conductivity of the 
membrane. The membrane was clamped using Cu 
electrodes and tested at room temperature in the 20 Hz–
5 MHz frequency range. The value of membrane 
conductivity (σ) was measured using Eq. (8) [23]; 

l
R A




 (8) 

where l is membrane thickness (cm), R is resistance (Ω), 
and A is probe area (cm2). 

■ RESULTS AND DISCUSSION 

Isolation and Sulfonation of Lignin OPEFB 

Analysis of lignin and lignosulfonate was carried out 
using FTIR. The shift of wavenumber and the peak of new 
uptake that exists in the isolation results showed in Fig. 1. 
Based on the spectra, it can be seen that the peak at the 
wavenumber 3387, 2931, and 1240 cm−1 indicates the 
presence of an O–H, C–H, and aromatic C=C bond 
respectively. This result aligns with the previous report 
[24] in Table 2. Sulfonation using sodium sulfite showed 
an absorption peak at 1192, 1663, and 1540 cm−1, which 
indicates the sulfonate group, OH, and CH3 groups 
following previous research [25-27]. Spectra of 
lignosulfonate appear in Fig. 2. 

The sulfonation degree of lignin and lignosulfonate 
is characterized using conductometric titration. Table 3 
shows the increasing sulfonate content at the material 

filler. The sulfonation degree increased by 8.9% in the 
lignosulfonate. Sulfonation occurs through the 
substitution of a sulfonate group on the aliphatic 
hydroxyl  group of  lignin through an  addition  reaction,  
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Fig 1. FTIR spectra of lignin OPEFB 
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Fig 2. FTIR spectra of lignosulfonate 

Table 2. Lignin FTIR uptake peaks 
Absorption Wavenumber (cm−1) Wavenumber (cm−1) [24] 
O–H stretching 3387 3322 
C–H stretching 2931 2918 
O–H deformation 1597 1593 
–CH2 deformation 1420 1420 
Aromatic C=C 1240 1238 
C–C stretching 1030 1027 
C–H deformation 899 895 
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Table 3. Sulfonation degree of lignin and lignosulfonate 

Material Sulfonation degree 
(mmol/g) 

Lignin 1.35 
Lignosulfonate 1.47 

OH

O

OH

OH

O

OH

SO3H

CH3 CH3

S

O

-O O-

 
Fig 3. Lignin sulfonation mechanism [28] 

as shown in Fig. 3. Sulfite reacts with the carbon double 
bond at the alpha position [28]. 

Lignin thermally decomposed in a large range of 
temperatures because of various functional groups that 
attached have different thermal stability. The differences 
in the structure and chemical nature of lignin from 
different sources could account for the diversity of its 
degradation behavior [29]. From Fig. 4, it can be seen that 
lignin begins to degrade at the temperature of 250 °C and 
ends at 776 °C. At this temperature, propanoid side chains 
such as methyl-, ethyl, vinyl guaiacol, and the main 
aromatic structure of lignin began to decompose [30]. 
While for lignosulfonate, degradation occurs in three 
stages at temperatures of 29, 408, and 611 °C. The first 
degradation below 100 °C can be mainly attributed to the 

loss of moisture [29]. The higher temperature of main 
structure degradation that occurs above 408 °C can be 
caused due to cross-link between lignin on sulfonate 
bonds that need more energy to degrade [31]. The last 
degradation that occurs at a temperature above 500 °C 
possibly related to the slow decomposition of some 
aromatic rings in the lignosulfonate [29]. The data 
indicate that lignosulfonate has higher thermal stability 
than lignin. 

Membrane PVDF/Lignin and PVDF/Lignosulfonate 

The membrane was prepared by phase inversion, 
and the result is presented in Fig. 5. The addition of 
lignin and lignosulfonate affect the color and homogeneity 
of the membranes. The addition of lignin gives a deeper 
yellow color  with increasing  filler concentration. In PLS  
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Fig 4. Diffractogram TGA of lignin and lignosulfonate 

 
Fig 5. The photograph of membrane (a) PVDF, (b) PL-1, (c) PL-3, (d) PL-5, (e) PLS-1, (f) PLS-3, and (g) PLS-5 
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membranes, homogeneity is formed better, making that 
membrane surface more transparent than the PL 
membrane. The presence of cross-link in the 
lignosulfonate reduces hydrophilicity that makes well 
interact with the PVDF and solvent, resulting more 
homogenous membrane. 

Membrane Morphology 

In Fig. 6, membrane PVDF has a tight surface. The 
addition of lignin and lignosulfonate makes the 
membrane surface rougher. Fig. 6 also shows the cross-
section membrane. It can be seen that all the membranes 
have an asymmetric structure with finger-like and 
sponge-like pores. PVDF membrane has a shorter finger-
like and thicker sponge-like area than PL and PLS. When 
the phase inversion occurs, the solvent is rapidly 
transferred to the water, forming finger-like pores. 
However, solvent migration occurs slowly at the lower 
area and leaves a sponge-like pore structure. The hydroxyl 
group from lignin and lignosulfonate attracts more water 
at PL and PLS membranes and affects the speed of solvent 
migration, producing longer finger-like pores. 

Membranes Thermal Analysis 

Fig. 7 shows the thermogram TGA of the PVDF, PL, 
and PLS membranes. Degradation of the membrane 
occurs at temperatures of 432–760 °C with two stages of 
degradation. Thermal degradation of all samples was 
similar, caused by weak interaction between filler and 

PVDF matrix. This suggests that the addition of filler did 
not change the degradation mechanism of PVDF 
membrane [32]. On the membrane, the first stage of 
degradation occurs at 432 °C that related to the 
decomposition of hydrogen and fluorine from the main 
chain of the PVDF structure [33]. The second stage at 
above 480 °C indicates the degradation of PVDF 
backbone [34]. 

Mechanical Properties 

The mechanical properties of polymer electrolyte 
membranes with the addition of lignin and lignosulfonate 
are shown in Table 4. At the PVDF membrane, tensile 
strength reaches 4.8 MPa with an elongation of 93% and  
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Fig 7. Thermogram TGA of PVDF, PL, and PLS 
membranes 

 
Fig 6. Surface and cross-section morphology of (a,d) PVDF, (b,e) PL-5, and (c,f) PLS-5 
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Table 4. Mechanical properties of the membranes 
Membrane l (mm) σ at break (MPa) ε at break (%) γ (MPa) 
PVDF 0.05 4.80 93.30 16.60 
PL-1 0.07 2.80 60.00 17.50 
PL-3 0.05 2.90 76.70 31.40 
PL-5 0.05 2.50 56.70 22.20 
PLS-1 0.05 4.80 86.70 60.10 
PLS-3 0.07 3.40 66.70 16.60 
PLS-5 0.06 3.60 80.00 37.00 

 
a low young modulus of 16.6 MPa. In general, the 
addition of lignin or lignosulfonate reduces the value of 
tensile strength and elongation but increases the young 
modulus. These mechanical properties show that the 
membrane becomes more brittle than pure PVDF 
membrane. This can be caused by the presence of polar 
groups and aromatic rings, which make the membrane 
more rigid. Good dispersion also affects the mechanical 
properties of membranes [35]. With lignin addition, the 
membrane has a poor homogeneity caused by different 
polarities between the hydrophobic PVDF and 
hydrophilic side of lignin. This results in a big decrease in 
tensile strength and elongation by 42%. While with 
lignosulfonate filler, PVDF forms a homogeneous 
membrane and fewer pores that resulted in less decrease 
in mechanical strength. 

Matrix Structure and Membrane Hydrophilicity 

The matrix structure of membranes was observed 
using XRD and ATR-FTIR. Fig. 8 reveals the peaks at 2θ 
of 18.39°, 23.75°, and 21.35°, which correspond to α and β 
phases of PVDF, respectively [36-37]. At the peak of 
18.39° and 23.75°, PVDF membranes have a relatively 
higher intensity than PL or PLS, which indicates a 
decrease in the α phase. The addition of lignin or 
lignosulfonate increases the intensity of the peak at 21.35° 
related to polyethylene-like structure, which indicate β 
phase. 

ATR-FTIR spectra in Fig. 9 showed the presence of 
α and β phases that supported XRD data. β phase was 
observed at 840 cm−1, which is stretching asymmetry of 
CF2 [38] while the peak at 762 cm−1 is CF2 bending of α 
phase [39]. Based on Fig. 9, it can be seen that intensity of 

the β phase for PL and PLS increases meanwhile the α 
phase is reduced. The higher β phase intensity means that  
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Fig 8. Diffractogram XRD of PVDF, PL-5, and PLS-5 
membranes 
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Fig 9. Membranes ATR-FTIR spectra 
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more hydrophilic membranes are formed [40]. β fraction 
of the membrane PVDF increased from 40.6 to 60.2% and 
49.5% in PL and PLS, respectively. This suggests that 
lignin is more significant in increasing the hydrophilicity 
value of the membrane. 

Surface hydrophilicity was also analyzed using a 
water contact angle and the data shown in Fig. 10. PVDF 
membrane has a contact angle of 74.7° while the addition 
of filler, the contact angle decreases, which means the 
hydrophilicity increased. The membrane PL-5 has the 
lowest water contact angle of 57.9° while for 
lignosulfonate addition contact angle decrease to 66.7° for 
PLS-1. This data is supported by the β fraction that shows 
PL is more hydrophilic than PLS membrane. 

Water Uptake, Ion Exchange Capacity, and 
Conductivity of Membranes 

The water uptake value indicates the membrane's 
ability to absorb and transport water, while the IEC 
represents the number of cations that can be exchanged 
with protons. The water uptake data are shown in Fig. 
11. Water uptake increase with a higher concentration of 
lignin or lignosulfonate due to the hydrophile group 
attached to the membrane. 

Fig. 12 shows the IEC value on the membrane has 
increased along with the high concentration of lignin 
and lignosulfonate. The addition of lignosulfonate 
resulted in a higher IEC value than the addition of lignin 
because the presence  of sulfonate groups resulted  in the  
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Fig 10. Membrane water contact angle 
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Fig 11. Membrane water uptake 
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Fig 12. Membrane ion exchange capacity 
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Fig 13. Membrane ionic conductivity 
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Fig 14. Proton transport mechanism 

 
presence of sites in ion exchange. Membrane PLS-5 with 
an IEC of 2.78 mmol/g has a higher value than the Nafion® 
117 polymer which only 0.91 mmol/g [41]. 

Ionic conductivity increases with increasing filler 
concentration as shown in Fig. 13. From the data, PVDF 
membrane has 0.51 × 10−5 S/cm and increase up to 
9.95 × 10−5 S/cm for 5% lignosulfonate addition. This data 
is linear with IEC because IEC affects the ionic 
conductivity of the membrane [38-39]. The presence of 
sulfonate groups helps in the process of ion transfer. The 
proton transport mechanism via the Grotuss mechanism 
is shown in Fig. 14. Proton transportation occurs because 
of the protonation and deprotonation of hydrogen bonds 
[42]. Proton jumps between adjacent sulfonic acid groups 
or water molecules to achieve proton transfer [43]. In 
PLS-5, conductivity increases due to greater water uptake 
and IEC, where sulfonic facilitated proton transport from 
anode to cathode [44]. 

■ CONCLUSION 

Isolation and sulfonation of lignin from OPEFB were 
successfully carried out. Adding lignin and lignosulfonate 
fillers affects membrane morphology, thermal, mechanical, 
matrix structure, hydrophilicity, and water uptake. 
Membranes have asymmetric structures with finger-like 
and sponge-like pores. All the membrane has similar 
degradation temperature caused by weak interaction 
between filler and PVDF matrix. The mechanical properties 
decreased with the addition of filler, while the surface 
hydrophilicity and water uptake increased. Membrane 
matrix composed of α and β phase. The β phase intensity 

increase with the addition of lignin and lignosulfonate. 
The ion exchange capacity and ionic conductivity also 
showed a high increase of 2.78 mmol/g and 9.95 × 10−5 S/ 
cm, respectively. Based on the data obtained, it shows 
that the membrane PVDF modified with lignosulfonate 
has the potential as a polymer electrolyte membrane. 
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 Abstract: This research work aims to develop a modified repaglinide-loaded chitosan-
ethyl cellulose nanoparticles (RPG-ECSNPs) as a novel sustained-release dosage form 
with improved mucoadhesive properties using an emulsification solvent-evaporation 
technique. The RPG-ECSNPs with different particle sizes were prepared from various 
polymers containing ethyl cellulose (EC) as the internal phase and chitosan (CS) as the 
external phase, and the use of surfactants, including Tween 80 and poloxamer 188 as 
emulsifiers. In vitro drug release, drug loading amount, and entrapment efficiency have 
been influenced by changes in the concentrations of CS and EC. The mean droplet size 
and zeta potential of RPG-ECSNPs were 213 ± 8.5 nm and 16.4 ± 2.4 mV, respectively. 
The optimized formulation's entrapment efficiency was 66 ± 2.3%, and drug loading was 
7.9 ± 1.65%. The release profile was significantly higher in PBS (90%) than in diluted 
hydrochloric acid (30%) during 24 h of the study. The mucoadhesive function of the 
particles was examined in vitro using part of rat intestines. The highest adhesive % was 
observed for the chitosan-coated NPs. No adhesive properties were noticed for chitosan-
free NPs (P-value > 0.05). This indicated that ECSNPs can be successfully utilized for 
sustained and controlled drug delivery of RPG through the GIT. 

Keywords: adhesive properties; chitosan; ethyl cellulose; nanoparticles 

 
■ INTRODUCTION 

Nowadays, controlling the drug release rate is one of 
the interesting topics in the pharmaceutical industry. 
Scientists are focusing on drug release rate development 
and optimization through different methods. Diabetes 
mellitus is a worldwide health issue affecting patient 
quality of life [1]. Diabetes is a chronic metabolic problem 
that increases blood glucose because of insulin shortage. 
Repaglinide (RPG) is known as a fast-acting prandial 
glucose regulator. The action of RPG plays a role in 
stimulating the insulin release from pancreatic b-cells 
through the activation of ATP-dependent K+ channel and 
can normalize the mealtime glucose excursion. The RPG 
is low soluble in water solution, which is about 34 μg/mL. 
Thus, sustained drug delivery systems have been implied 
to overcome many challenges associated with the adverse 
effects of conventional dosage forms leading to improved 
therapeutic outcomes. Designing a drug delivery system 

through synthesizing nanoparticles is a very useful 
method to optimize the prolonged release rate for 
different drugs. Surface modification of these 
nanocarriers through semi-synthetic polymers is able to 
improve drug bioavailability. Chitosan molecules (CS) 
are widely applied to optimize the physicochemical 
characteristics of the drug due to their mucoadhesive 
properties. They are very good candidates due to their 
good biocompatibility, biodegradability, and low 
toxicity properties [2-3]. Also, surface coating of 
nanocarriers using chitosan resulted in improving their 
stability in gastric and intestinal fluids [4]. Moreover, CS 
has been extensively applied in different research work 
to design a drug delivery system [5], artificial skin [6], 
artificial corneal [7], and gene therapy [8]. The role of 
ethyl cellulose (EC) is to control the release of RPG and 
gives floating characteristics. Drug release from the CS 
microsphere can be controlled by utilizing a naturally 
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existing crosslinking agent to impart a skeleton network 
for the pursuit of a prolonged release profile and better 
physiological compatibility [9]. For example, Wu and co-
workers [10] reported RPG-loaded nanostructured lipid 
carriers with various particle sizes for enhancing oral 
bioavailability by solvent diffusion method. 

In this study, novel nanoparticles, ethyl 
cellulose/chitosan (ECCS), with CS coating and EC core, 
was provided using the o/w emulsification procedure 
[11]. EC was chosen to act as a hydrophobic layer to 
prevent NPs from dissolving in the stomach [12]. The 
influence of preparation methods including CS and EC 
concentrations, on sustained release was studied. RPG has 
been chosen as the model drug that can be considered as 
the potential of the loaded nanoparticles in the delivery 
system. Further, the release profiles of RPG and 
mucoadhesive properties of the system were studied. 
Ebrahimi and co-authors [11] demonstrated the RPG 
drug encapsulation within solid lipid nanoparticle (SLN)-
based formulations under the effect of Tween 80 and 
phosphatidylcholine. They discovered that the SLN 
formulations based on Tween 80 and 
phosphatidylcholine had the smallest size, the longest 
drug release time, and the greatest loading capacity [13]. 
Lokhande et al. [12] studied the encapsulation and release 
of RPG drug by saturated EC-ethyl acetate solution 
through solvent diffusion. The aim of this research work 
is to develop a modified repaglinide-loaded chitosan-
ethyl cellulose nanoparticles (RPG-ECSNPs) as a novel 
sustained-release dosage form with improved 
mucoadhesive properties using an emulsification solvent-
evaporation technique. The RPG-ECSNPs with different 
particle sizes were prepared from various polymers 
containing EC as the internal phase and CS as the external 
phase and the use of surfactants, including Tween 80 and 
poloxamer 188 as emulsifiers. In vitro drug release, drug 
loading amount, and entrapment efficiency were studied 
by changes in the concentrations of CS and EC. 

■ EXPERIMENTAL SECTION 

Materials 

CS (Mw 250 kD, degree of deacetylation (DD) 90%) 
was provided from Aladdin Chemistry Co. Ltd. EC 

(200 cPa∙s) was provided from Sinopharm Chemical 
Reagent Co. Ltd. Anhydrous ethanol, dichloromethane, 
sodium dihydrogen phosphate, sodium hydrogen 
phosphate, Tween 80, and acetic acid were obtained 
from Tianjin Feng Chuan Chemical Reagent. The 
provided materials and solvents were analytical grade. 
RPG was provided by Shanghai purple reagent factory. 
A dialysis bag was provided by Spectrum Chemical MFG. 

Instrumentation 

A transmission electron microscope (TEM, Tecnai 
G2−12−Spirit Biotwin-120 kV from FEI) has been used 
to characterize the morphology of nanoparticles. The 
particle size distribution (PSD) of the microsphere was 
measured using photon correlation spectroscopy. A 
vibrating incubator (HZQ-F160, Harbin Donglian 
Electronic & Technology Development, China) was used 
to extract the entrapped RPG. 

Procedure 

Preparation of microspheres 
As much as 1 g EC was dissolved in 10 mL of a 

mixture of dichloromethane (DCM) and ethanol (3:1, 
v/v). RPG was added in EC solution at a concentration 
of 2% w/v, which constitutes the oil phase. Then 0.2 g CS 
was dissolved in 40 mL acetic aqueous solution (1%, v/v) 
at 25 °C, which constitutes the aqueous phase. Tween 80 
(1%, v/v) was added into the CS solution under stirring 
[14]. The EC solution was poured into the CS solution 
dropwise under vigorous stirring at 2000 rpm/min for 
60 min to form the primary o/w emulsified solution [15-
16]. The obtained emulsified solution was put under 
moderate stirring for another three hours to allow the 
removal of the organic solvent. In the end, the obtained 
nanoparticles were filtered and dried at room 
temperature. 

Characterization of nanoparticles 
Particle size and zeta potential determination. 
The sample was diluted 100 times with pure nano water 
and all measurements were performed at 25 °C at a fixed 
scattering angle of 90 utilizing a He–Ne laser at 633 nm 
using PSD. The same instrument was applied to measure 
the surface charge of the microsphere diluted sample. All 
measurements were done in triplicate. 
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Surface morphology. TEM has been used to 
characterize the morphology of nanoparticles. First, 
nanoparticles were freeze-dried under a vacuum at −40 °C 
utilizing a ScanVac CoolSafe freeze dryer (LaboGene ApS, 
Denmark). In the next step, 1 mg of the dried 
nanoparticles was loaded on the copper sample stub 
utilizing a double-sided carbon adhesive, and the extra 
number of particles were deleted. In order to analyze the 
images, image software “Soft-Imaging Software GmbH 
CM-Prof 2.11.002” has been used. 
Determination of loading amount and entrapment 
efficiency. An amount of 50 mg of the lyophilized 
nanoparticles were triturated until a fine powder was 
obtained. A mixture of 50 mL of acetone and distilled 
water (1:3, v/v) was added to get a homogeneous 
dispersion. The obtained suspension was stirred 
continuously at 150 rpm/min in a vibrating incubator at 
37.5 °C (HZQ-F160, Harbin Donglian Electronic & 
Technology Development, China) to extract the 
entrapped RPG. After filtrating the suspension, the filtrate 
was collected to analyze the content of RPG 
spectrophotometrically at 243 nm. The drug loading (DL) 
was measured through Eq. (1): 

dl

td

Wt
DL% 100

Wt
   (1) 

where Wttd denotes the total value of the drug included 
and Wtdl denotes the value of drug in the microspheres. 
Then the entrapment efficiency (EE) was calculated from 
Eq. (2): 

dl

tm

Wt
EE% 100

Wt
   (2) 

where Wttm denotes the total amount of microspheres. 

Release kinetics 
The release kinetic of RPG from the microsphere 

was studied by fitting the release data within gastric and 
intestinal fluids using the following mathematical models. 
Zero-order release method was described in Eq. (3) [18-
19]: 

t 0Q k t  (3) 
where Qt denotes the percentage of drug release rate at 
time t, k0 is the release rate constant, and k1 denotes the 
release rate constant for the first-order kinetics. First 

order release model was described in Eq. (4) as follows 
[18-19]: 
 t 1ln 100 Q ln100k t   (4) 

while Higuchi’s equation (Eq. (5)) is as follows: 
0.5

t HQ k t  (5) 
where kH denotes the Higuchi release rate constant [20]. 

HPLC analysis 
The mobile phase contains acetonitrile (40%), and 

phosphate buffer (60%, pH 2.5, 10 mM) was delivered at 
a flow rate of 1.0 mL/min. In order to characterize the 
results, a UV detector was used at a wavelength of 
245 nm. The NPs were diluted using a 
chloroform:methanol (1:1, v/v) mixture, and the drug 
content was determined by the HPLC. 

Physical stability of NPs 
The storage stability of optimized NPs was 

analyzed at three various temperatures, i.e., 4, 25, and 
45 °C for 2 months. Then, the changes in particle size, 
ZP, entrapment efficiency, and drug content are 
measured as well. In order to investigate the stability of 
NEs at pH 1.2 at a range of time including 0, 0.5, 1, 2, 5, 
12, and 24 h, then the NEs samples were studied for mean 
droplet size, polydispersity index, and zeta potential. 

Mucoadhesive properties 
To  evaluate  the mucoadhesive function of the NPs 

in vitro, a particle counting method (Coulter counter) 
was used after  confirming the relationship  between the 
NPs concentration (mg/mL) and the number of NPs 
measured. This test was carried out using an intestinal 
tube (10 cm) isolated from a Wistar rat. After washing 
the intestine tube with saline solution, the tube was filled 
with the NPs solution and diluted 100 times with a 
phosphate buffer solution (pH 7.4), and then sealed with 
closers. The tube was then incubated in water at 37 °C 
for 2 h. The number of NPs was measured  before  and 
after incubation and the mucoadhesive % was calculated 
by the following equation (Eq. (6)): 

0 s

0

N N
Mucoadhesive% 100

N


   (6) 

where N0 and Ns are the number of NPs before and after 
incubation, respectively. 
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In vitro release study 
“Dialysis sac” procedure was applied consisting of a 

dialysis membrane (cut-off 12 kDa) collected as a closed 
sac, including 3 mL of RPG-NPs or Cs-RPG-NE, in 
100 mL of dissolution test medium with stirring at 70 rpm 
for 60 min at 37 °C. As much as 0.5 mL of the samples 
were withdrawn after 12 h, and the amount of RPG was 
determined by HPLC. In order to illustrate the influence 
of pH on the drug release rate, the test was carried out at 
different pH (1.2 and 7.4) as gastric and intestinal fluids, 
respectively. 

Statistical analysis 
All analyses were repeated three times. Statistical 

analyses were carried out utilizing some statistical 
software such as Prism-5 (GraphPad Software Inc., San 
Diego, CA). 

■ RESULTS AND DISCUSSION 

Preparation and Characterization of NPs 

Size characterization of ECSNPs in different buffer  
 

media shows the stability of the formulation. From the 
TEM micrographs, it is shown that the nanoparticles 
prepared by emulsification solvent-evaporation are 
generally with uniform particle size distribution and 
spherical in shape. TEM micrograph of ECSNPs 
illustrated that the range of dimensions was about 150–
250 nm in length and 7–10 nm in width (Fig. 1), while 
RPG-loaded ECSNPs had size ranges from 50 to 100 nm 
in length and 4–6 nm in width (Fig. 2). The outputs are 
in good agreement with DLS results. González et al. [17] 
have shown the morphology of CS NPs through low 
molecular weight by TEM analysis that has the size of 
individual particles was 5 to 10 nm. 

Table 1 indicates the results of RPG-ECSNPs with 
different particle sizes, which are prepared from EC, 
Tween 80, poloxamer 188, and CS using an 
emulsification solvent-evaporation technique. Table 1 
illustrates that all five formulations were stable and 
showed changes in particle size growth when the ratio of 
CS in comparison with EC  increased from 117 ± 5.09 to 

 
Fig 1. (a) TEM monographs and (b) DLS techniques of the ECSNPs nano-formulation 

 
Fig 2. (a) TEM monographs and (b) DLS techniques of the RPG-ECSNPs nano-formulation 
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Table 1. Results of optimized formulations 

Batch EC/CS Ratio PDI 
(Mean ±SD), n = 3 

In vitro drug release (%) 
(Mean ±SD), n = 3 

Particle size (nm) 
(Mean ±SD), n = 3 

Zeta potential (mV) 
(Mean ±SD), n = 3 

A 1:1 0.510 ± 0.12 2.88 ± 0.98 117.00 ± 5.09 −22.90 ± 0.48 
B 1:2 0.267 ± 0.06 44.69 ± 1.21 213.50 ± 8.68 16.40 ± 2.43 
C 1:3 0.248 ± 0.04 52.71 ± 1.29 386.70 ± 10.88 15.69 ± 0.89 
D 1:4 0.355 ± 0.05 59.64 ± 1.10 443.70 ± 7.56 29.40 ± 1.00 
E 1:5 0.478 ± 0.07 78.26 ± 2.08 509.40 ± 11.56 28.00 ± 2.56 

 
509.4 ± 11.56 in batches A-E. The PDI values with a 
higher amount of CS for all batches reduced from 
0.510 ± 0.12 to 0.248 ± 0.04, while the percent drug 
release is increased from 2.88 ± 0.98% to 78.26 ± 2.08%. 
Therefore, the addition of CS caused an enhancement in 
drug release. Vaghani et al. [21] showed the network of CS 
and polyvinyl pyrrolidone hydrogels improved the 
loading of RPG by up to 95%. The RPG-NPs had various 
zeta potentials and particle sizes with corresponding 
blank NPs, indicating that the participation of RPG had 
an influence on the zeta potential and particle size. 
However, the RPG-ECSNPs with the different batches 
had variant zeta potential values, indicating various 
surface charges between batch A and other batches. For 
example, Wu et al. [8] reported the RPG-loaded 
nanostructured lipid carriers (RPG-NLCs) had similar 
zeta potential and particle size compared to NLCs, 
showing that the taking part of REP had no significant 
influence on the zeta potential and particle size. 

Drug Loading and Entrapment Efficiency 

Poovi et al. [22] illustrated the alteration of the 
polymer and RPG ratios could affect the drug loading and 
entrapment efficiency. In this work, RPG was loaded onto 
polymeric nanoparticles by emulsification solvent-
evaporation technique. Drug loading, particularly in the 
case of polymeric nanoparticles (PCENs), is based on 
adsorption and calculated using Eq. (1) [23]. The DL% 
and EE% values in order were 6.5 and 51.7% in batch A 
and 7.9 and 66.0% in batch B. The highest DL found in 
batch B may be because of the larger surface area and pore 
volume than that of batch A. It could be noticed that the 
drug loading amount was enhanced with an increase in 
the EC concentration in the formulation. This is 
attributed to the drug adsorption onto EC due to its non-

ionic cellulose properties (binding properties). The 
more EC amount used, the more RPG loading amount. 
Increasing the ratio of CS/EC produced less or 
unpredictable results of drug content inside the 
nanoparticle (Table 2). 

In Vitro Drug Release 

Different mathematical models have been utilized 
to explain the kinetics of the drug release from the 
ECSNPs. In this study, the drug release rate has been 
analyzed at different pH, which is responsible for the 
ionization of the existing functional group [18-19]. It has 
been shown that the structure of the polymer does not 
change in acidic media, and the release rate can be 
controlled through diffusion. In less acidic media, the 
release is increased due to the relaxing of the polymers’ 
chain owing to their swelling properties. It has been 
found that the drug release rate was increased through 
the loading of the drug in the ECSNPs. The designed 
formulation (B) has been applied to analyze the 
influence of various media pH. An appropriate model 
has been chosen to illustrate drug-release behavior. The 
kinetic rate constant (k) and the correlation coefficient 
(R2) are illustrated in Table 3. The release behavior from 
this formulation (B) did not follow the Higuchi model, 
indicating high drug content and related to drug content. 

Table 2. The amount of drug loading efficiency (DL) 
and entrapment efficiency (EE) of RPG-ECSNPs 

Batch CS (w/v%) EC (w/v%) DL (%) EE (%) 
A 1.0 1.0 6.5 51.7 
B 1.0 2.0 7.9 66.0 
C 2.0 1.0 5.3 54.7 
D 3.0 1.0 4.4 52.4 
E 4.0 1.0 4.1 50.4 
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Table 3. Parameters of in vitro release evaluation through 
different pH 

Fitting Model pH  Equation 
Relative parameters 

k value R2 

Zero-order 
2.0 

1 
0.339 0.958 

6.8 0.230 0.942 

First-order 
2.0 

2 
0.002 0.973 

6.8 0.007 0.990 

Higuchi 
2.0 

3 
4.309 0.978 

6.8 3.155 0.983 

The release data of all examined models illustrated proper 
fitting to the Higuchi model, which is shown through the 
higher R2 values (0.968–1.000) in comparison with the 
other applied models such as zero-order and first-order 
kinetics equations. Hence, the drug release kinetics 
illustrate a correlation between concentration and drug 
release rate. 

Mucoadhesive Properties 

The polymer  layer  on the platform was shown using 
the zeta potential. The mucoadhesive function of the  
ECSNPs was examined in vitro using part of rat intestines. 
The number of particles was adopted to evaluate the 
adhesive % of the ECSNPs. The highest adhesive % was 
observed for the  (CS-Poloxamer)-coated NPs. No 
adhesive  properties  were  noticed for CS-free NPs. The 
amount of CS polymer in the coating layer described the 
mucoadhesion  function. It could be concluded that the 
more effective coating leads to higher adhesiveness [20]. 

■ CONCLUSION 

The aim of this research work is to develop a 
modified RPG-ECSNPs as a novel sustained-release dosage 
form with improved mucoadhesive properties using an 
emulsification solvent-evaporation technique. The results 
demonstrated that the alteration in the concentrations of 
CS and EC has a great impact on drug loading amount, 
entrapment efficiency, and drug release. The drug release 
from ECSNPs was remarkably higher in PBS (90%) than 
in diluted 30% HCl during 24 h of the study. The highest 
adhesive % was observed for the chitosan-coated NPs. 
The output of this study illustrated that the saturated EC-
ethyl acetate solution enhanced the efficiency of RPG 

encapsulation at 0.5% PVA. The RPG-EC nanoparticle's 
effect on control of the drug release rate prolongs it with 
no chemical interaction between them. 
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 Abstract: Three new N’-benzylidenebenzohydrazide (NBB) derivatives were 
successfully synthesized and yielded 50–58%. FTIR, ESI-MS, 1H- and 13C-NMR were used 
to investigate the characteristic of NBB derivates. The structure and relationship of NBB 
derivatives into α-glucosidase and α-amylase as good targets for diabetes treatment were 
evaluated using in silico screening. Molecular mechanics-Poisson Boltzmann/generalized 
born surface area (MM-PB/GBSA) was used to calculate the free binding energy (ΔGbind 

(MM-GBSA)) of NBB to α-glucosidase and α-amylase receptors showed that the results of 
−0.45 and −20.79 kcal/mol, respectively. In the ortho position, NBB derivatives exhibited 
electron donating groups (EDG like -OCH3, -OH and -Cl with binding free energies of 
−21.94, −6.71, and 21.94, respectively, and acarbose, a native ligand energy of −32.62 
kcal/mol. In addition, the binding free energy of N-2-(-OCH3, -OH and -Cl)-NBB to the 
α-amylase receptor showed the number of −39.33, −43.96, −42.81, respectively and 
−46.51 kcal/mol in comparing with a native ligand. As a result, it was found that all the 
NBB derivatives were able to interact with several amino acids in the α-glucosidase cavity 
as well as the native ones, including Ala281, Asp282, and Asp616. NBB and native ligand 
showed similar interaction between α-amylase with Gly110 amino acid residue. 

Keywords: N’-benzylidenebenzohydrazide; α-amylase; derivatives; antidiabetic; in 
silico 

 
■ INTRODUCTION 

Diabetes, in general, is a chronic metabolic disease 
characterized by elevated levels of blood glucose, which is 
divided into several types. Specifically, type-2 diabetes is a 
metabolic disorder distinguished by chronic 
hyperglycemia and either complete or partial deficiencies 
of insulin secretion [1]. Over the past few decades, there 
has been a rise in the prevalence of type-2 diabetes in 
many countries of the world from a wide range of income 
levels. An alternative therapeutic approach for controlling 

hyperglycemia associated with type-2 diabetes is to 
target α-glucosidase and α-amylase enzymes that 
catalyze starch hydrolysis in the intestine. Inhibition of 
α-glucosidase and α-amylase can decrease 
hyperglycemia in non-insulin-dependent diabetes 
mellitus (NIDDM) and retard the absorption of glucose 
[2]. Acarbose, miglitol, and voglibose are the three α-
glucosidase inhibitors that have been approved for use 
in clinical trials at this time [3]. Voglibose comes from a 
microbial origin,  whereas miglitol is  synthetically derived  
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Fig 1. Synthesis of NBB and derivatives 

 
from 1‐deoxynojirimycin [4]. The α-amylase is a calcium 
metalloenzyme that helps in the digestion of 
polysaccharide molecules into small saccharides. As same 
as α-glucosidase, the α-amylase enzyme causes 
postprandial hyperglycaemia and increased blood glucose 
levels. With these characteristics, α-amylase is a well-
known therapeutic target for the treatment and 
maintenance of elevated postprandial blood glucose [5]. 

N’-benzylidenebenzohydrazide (NBB) and its 
derivatives are important to the development of a 
significant class of new drugs [6]. Taha et al. [7] recently 
reported benzothiazole NBB derivatives containing 
benzohydrazide as α-glucosidase inhibitor with a wide 
range of IC50 values. Ullah et al. [8] also reported that 
benzohydrazide-based imine and thiazolidine-4-one inhibit 
α-glucosidase and α-amylase enzymes. According to Fan 
et al. [9] chromone-based NBB derivatives may have the 
potential to perform as α-glucosidase inhibitors. The core of 
benzohydrazide is crucial to the inhibition of their enzymes. 
Therefore, the research aims to synthesize and evaluate 
NBB-derived with electron-donating groups (-OCH3, -OH 
and -Cl) (Fig. 1) as antidiabetic to target α-glucosidase 
and α-amylase enzymes by using molecular docking. 

■ EXPERIMENTAL SECTION 

Materials 

Analytical grades of benzohydrazide, benzaldehyde, 
salicylaldehyde, o-anisaldehyde, and o-
chlorobenzaldehyde were purchased from Sigma Aldrich. 
Analytical grades of hexane, dimethylformamide, 
dimethyl sulfoxide, dichloromethane, sodium acetate and 
glacial acid were purchased from Merck. The pure 
solvents of ethanol 99.9%, methanol 99.8%, chloroform, 
and ethyl acetate were prepared from Fulltime. 

Instrumentation 

NMR measurement was used TMS as an internal 
reference, NMR spectra were recorded on a JEOL 

Resonance 400 MHz spectrometer, and the chemical 
shifts were reported in δ (ppm). TLC was performed 
using silica gel 60 F254 aluminium sheet, while ESI-MS 
data were obtained using water mass spectrometer Q-
TOF XEVO. At last, functional groups were analyzed 
using FTIR Bruker Opus with KBr pellet preparation. 
Software for docking analysis: the computing study in 
this research was performed under a Dell WorkStation 
Personal Computer, Linux Ubuntu 20.04.3 LTS OS, 
Intel® Xeon(R) W-2223 CPU @3.60 GHz octa-core; 
RAM 16 GB and GPU NVIDIA Quadro P2200. 
Meanwhile, molecular docking was conducted with 
Maestro Schrödinger 2022-1 software (Schrödinger, 
New York, NY, USA). 

Procedure 

Synthesis of NBB derivatives 
NBB synthesis was conducted by using the reflux 

process and several modified procedures from Jubie et 
al. [10]. The ligands were prepared by adding 6 mmol 
(0.8169 g) of benzohydrazide in 30 mL of ethanol. Then, 
6 mmol of the o-benzaldehyde derivative and 30 mL of 
ethanol were added to the flask with a small amount of 
acetic acid. The mixture was refluxed for 2 h at 70 °C 
temperature. After that, the product was cooled 
overnight at 4 °C and separated by using a funnel. As the 
last step, an aluminium sheet with TLC gel 60 F254 was 
used for product tracing. This procedure was repeated 
for the synthesis of the other four derivates, such as N-2-
(-Cl, -OH, and -OMe)benzohydrazide. 
N’-(2-chlorobenzylidene)-benzohydrazide 1. Yield: 
53.40%. FTIR (KBr, cm−1): 3181 (-Csp2H aromatic); 1643 
(-C=O); 1555 (-N=N-). 1H-NMR (DMSO-d6): 12.05 (s, 
1H, -NH); 8.84 (s, 1H, -CH=N); 8.00 (m, 1H); 7.91 (d, 
2H); 7.57 (t, 1H); 7.50 (dd, 3H); 7.42 (m, 2H). 13C-NMR 
(DMSO-d6): 163.8 (-C=O); 144.2 (-CH=N); 133.8; 133.7; 
132.5; 132.1; 132.1; 130.5; 129.1; 128.2; 128.2; 127.4. ESI-
MS: 259.0636 (100%) [L+H]+; 281.0360 (100%) [L+Na]+. 
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N’-(2-hydroxybenzylidene)-benzohydrazide 2. Yield: 
50.12%. FTIR (KBr, cm−1): 3268 (-NH); 3268 (-OH); 3057 
(-Csp2H aromatic); 1672 (-C=O); 1538 (-N=N); 1271 (-C-
O). 1H-NMR (DMSO-d6): 12.1 (s, 1H, -NH); 11.37 (s, 1H, 
-CH=N); 8.61 (s, 1H); 7.90 (m, 2H); 7.58 (t, 1H); 7.51 
(ddd, 3H); 7.27 (td, 1H); 6.90 (m, 2H). 13C-NMR (DMSO-
d6): 163.4 (-C=O); 158.0 (-C-OH); 148.9 (-CH=N)-; 133.4; 
132.5; 132.1 130.1; 129.1; 128.2; 119.9; 119.2; 117.0. ESI-
MS: 241.0979 (100%) [L+H]+. 
N’-(2-methoxybenzylidene)-benzohydrazide 3. 
Yield: 57.93%. FTIR (KBr, cm−1) 3184 (-Csp2H aromatic); 
2988 (-Csp3H of methyl); 1640 (C=O); 1556 (-N=N); 1251 
(-C-O). 1H-NMR (DMSO-d6): 11.81 (s, 1H, -NH); 8.79 (s, 
1H, -CH=N); 7.89 (m, 2H); 7.85 (dd, 1H); 7.55 (dd, 1H); 
7.48 (t, 2H), 7.38 (m, 1H); 7.07 (d, 1H); 6.99 (t, 1H); 3.83 
(s, 3H, -OCH3). 13C-NMR (DMSO-d6): 163.5 (-C=O); 
158.3 (-C=OCH3); 143.8 (-CH=N); 133.9; 132.3; 132.1; 
129.0; 128.2; 126.1; 122.9; 121.3; 112.4; 56.2 (-OCH3). ESI-
MS: 255.1136 (100%) [L+H]+. 

Ligands and receptor preparation 
ChemDraw was used to generate the ligand 

structures, which were then converted into a 3D model 
using LigPrep [11] module in Schrodinger 2022-1 as well 
as protonated at pH 7.4 with Epik [12] and OPLS4 
forcefield [13]. These processes aim to restore improper 
or missing bonds, assign protonation, possible ionization, 
and tautomeric states [14-16]. Moreover, α-glucosidase 
(PDB ID: 5NN8) protein was prepared by removing the 
residual solvent, optimizing the hydrogen bond, and 
protonating using ProtAssign [17] and PROPKA [18]. At 
the same time, in the “protein preparation wizard” that is 
incorporated into Maestro Schrodinger 2022-1 [19-20], 
the partial charge was also added using OPLS4 forcefield. 

Molecular docking 
The docking study was performed using Glide [21] 

Maestro Schrodinger's 2022-1 to predict the binding 
affinities and molecular interactions of synthesized 
compounds against two receptor targets: α-glucosidase 
(PDB ID: 5NN8) and α-amylase (PDB ID: 6GXV). 
Acarbose, an inhibitor that acts as the native ligand, was 
used for comparing to compounds. A grid box was placed 
at the center of acarbose position with similar dimensions 

for both receptors (20 × 20 × 20 Å) for setting the 
docking region. The docking grid box for α-glucosidase 
and α-amylase were assigned based on the coordinates of 
the native ligand at (x = −13.92, y = −38.29, z = 95.23) and 
(x = 44.03, y = 22.72, and z = −11.87), respectively. 
Redocking the native ligand was conducted to validate 
docking protocols and calculated their root mean square 
deviation (RMSD) with 100 conformations limit 
numbers. The docking protocol was deemed valid if the 
RMSD value was < 2 Å [22]. The docking process was 
carried out with Glide in extra precision (XP) mode 
under rigid receptors and flexible ligand conditions. The 
molecular mechanics-generalized Born surface area 
(MM-GBSA) was calculated to assess the docking pose 
of the ligands and determine the potency of each 
compound [23-26]. The “ligand interactions panel” on 
Maestro Schrodinger was used to visualize the molecular 
interactions. The results provide valuable insights into 
the binding modes and mechanisms of these receptors. 
It could help to guide the design of new compounds with 
improved efficacy and specificity. 

■ RESULTS AND DISCUSSION 

Computer-Aided Drug Discovery 

Computer-aided drug discovery is the most 
important tool to predict drug activity through 
computational structure-based drug discovery. The 
relationship between sites of protein action and 
compounds acting as ligands can be explained using a 
variety of software. In point of fact, a physics-based 
equation is used to determine the binding free energy 
[27]. The α-glucosidase is an essential enzyme that is 
found on the luminal surface of enterocytes that 
functions to regulate blood glucose by converting 
complex carbohydrates into absorbable glucose, which 
is required for energy metabolism [28-29]. The removal 
of the anomeric carbon from the glucosyl group and the 
glycosidic oxygen (C1–O) is the first step in the 
hydrolysis reactions carried out by α-glucosidases. Then, 
the glucosyl group is replaced by a proton from water 
resulting in the process of hydrolysis and 
transglycosylation exchange process between glucosyl 
residues and the protons [30]. Acarbose (Fig. 2) inhibits 
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Fig 2. Acarbose 

intestinal α-glucosidases, the enzymes responsible for the 
metabolism of complex carbohydrates into absorbable 
monosaccharide units in a reversible manner. This 
mechanism might be used to identify and develop new 
diabetic medications that are useful for showing diabetes 
progression [31-34]. 

Molecular Docking 

Molecular docking is an important and helpful tool 
to predict the binding affinity of molecules to proteins [6]. 
In this study, the docking protocol was validated by 
internal validation after redocking the native ligand in its 
original positions resulting in RMSD values of 1.812 and 
1.165 Å for α-glucosidase and α-amylase receptors. Based 
on these findings, it is possible to determine the test 
compound's activity against α-glucosidase as well as α-
amylase receptors using either docking protocol [22]. 
Prior to docking the molecule, RMSD was used to 
determine the native acarbose ligand’s docking position, 
as depicted in Fig. 3. 

Compounds NBB 1, 2, and 3 with aromatic parts in 
their structures were evaluated for the protein-ligand 

complexes in the structure-activity relationship. It was 
discovered that a more negative score of binding affinity 
indicated a stronger binding. This ligand-protein 
binding process is correlated with this score which is also 
known as the change of the free energy. The 
measurement of how strong the interaction between the 
ligand and the protein is often directly related to the 
potential for ligand activity [35-36]. NBB without 
substituents resulted in an MMGBSA score of −0.45 on 
the binding affinity of complexes ligand-receptors. The 
ortho positions of the NBB derivatives with EDG (-Cl,  
-OH and -OMe) were −18.28, −6.71, and −21.94 kcal/mol, 
respectively. As can be seen in Table 1 and Fig. 4, the 
results of the ligand-receptor binding indicated that 
these compounds were bound to the same residues 
(Ala284, Asp282 and Asp616) in the entry area of the α-
glucosidase active site. 

The native acarbose inhibitor was validated by a 
redocking process on α-amylase in its original positions, 
which resulted in an RMSD value of 1.165 Å. In Table 2, 
the docking result between NBB derivatives and the α-
amylase receptors showed that the value of MMGBSA as 
a binding affinity score for the ligand-receptors complex 
had a nearly equal range between −43.09 to −39.42, with 
native ligand acarbose −46.51 kcal/mol. Similar to α-
glucosidase, the NBB grid score, −20.78 kcal/mol, was 
found to be greater than the NBB derivatives. Through 
the use of a hydrogen bond, NBB derivatives were able 
to interact with the same amino acids in the cavity of α-
amylase Gly110 in a strong π-π interaction [37]. It should  

 
Fig 3. The acarbose native ligand on (a) α-glucosidase and (b) α-amylase receptors (Blue = original position and green 
= native ligand after redocking) 
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Fig 4. The binding of NBB derivatives and α-glucosidase 
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Table 1. Molecular docking result against α-glucosidase receptor 

No. Compound MMGBSA 
(kcal/mol) 

Amino acid interaction 

1 N'-benzylidenebenzohydrazide −0.45479 Asp282, Arg600 
2 N'-(2-chlorobenzylidene)benzohydrazide, 1 −17.2886 Ala284, Trp481, Asp616 
3 N'-(2-hydroxybenzylidene)benzohydrazide, 2 −6.71190 Asp518, Asp616, Phe649 
4 N'-(2-methoxybenzylidene)benzohydrazide, 3 −21.9442 Asp282, Trp481 
5 Acarbose (Native ligand) −32.6238 Asp 282, Ala284, Asp404, Asp616, His674 

Table 2. Molecular docking results against α-amylase receptor 

No. Compound MMGBSA 
(kcal/mol) Amino acids interaction 

1 Acarbose (Native ligand) −46.5148 Gly110, Asp166, Asp234, Arg232, Asp332 
2 N'-benzylidenebenzohydrazide −20.7892 Tyr58, Tyr196 
3 N'-(2-chlorobenzylidene)benzohydrazide, 1 −42.8137 Gly110, Ala111 
4 N'-(2-hydroxybenzylidene)benzohydrazide, 2 −43.0944 Gly110, Gln51 
5 N'-(2-methoxybenzylidene)benzohydrazide, 3 −39.3278 Gly110, Ala111 

 
be noted that NBB was not involved in binding 
interactions with Gly110 and other amino acid residues 
that include the native ligand (Table 2). 

Through a variety of hydrophobic and hydrogen 
bonds, the active site of residue α-amylase receptor with 
NBB and its derivates can be followed in Fig. 5. 

The compounds synthesized exhibit affinity energy 
values that are suboptimal compared to native ligands. 
However, some of the synthesized compounds show 
interactions with the catalytic site of the α-glucosidase 
receptor, specifically N'-(2-chlorobenzylidene)benzo 
hydrazide,   N'-(2-hydroxybenzylidene)benzohydrazide,  
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Fig 5. The binding of NBB and derivatives toward α-amylase receptor 

 
and N'-(3-nitrobenzylidene)benzohydrazide on amino 
acids Asp518 and Asp616. Although these interactions 
can inhibit the activity of the α-glucosidase enzyme, they 
do not perform as well as the native ligand due to the lack 
of other molecular interactions that could enhance the 
affinity of the interaction. Despite this limitation, these 
three compounds hold the potential for further 
development as α-glucosidase inhibitor agents [38]. 

■ CONCLUSION 

In drug design, the molecular docking technique has 
been used extensively to predict the ligands-receptor 
interactions. Substituents on the benzene ring play a role 
in antidiabetic activity. NBB derivatives ligand with  
 

electron-donating groups at the ortho position has the 
potential to increase the activity of antidiabetic target 
receptors for both α-glucosidase and α-amylase. 
Numerous functional groups and para positions will be 
performed in the subsequent experiment. 
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 Abstract: This study includes two parts, and the first was the preparation of the 
Zn(II)complex by reacting N-[4-(5-{(Z)-[(5-oxo-2-sulfanyl-4,5-dihydro-1H-imidazol-1-
yl)imino]methyl}furan-2-yl)phenyl]acetamide with ZnCl2. The complex was 
characterized by using microscopic analysis such as UV-Vis spectrum, LC-MS, FTIR 
spectrophotometer, measurements of conductivity, magnetic susceptibility, and atomic 
absorption. The second part was the preparation of the ZnO nanoparticles by dissolving 
the Zn(II) complex in HNO3 and HCl and its use as a drug transporter to treat leukemia. 
FSEM, TEM, and XRD were examined for the characterization of ZnO nanoparticles that 
will be used in the synthesis of most medicines and drugs in the future. 

Keywords: zinc(II)complex; ZnO nanoparticles; carrier for anti-cancer drugs;  
leukemia; microscopic analysis 

 
■ INTRODUCTION 

During the past decades, new trends have emerged 
widely known as nanotechnology, where they include the 
ability to manufacture new or improved properties, which 
are controlled by nanotechnology, which may include 
these characteristics, electrical delivery thermal, visual 
response, flexibility, corrosion resistance as well in the 
vital and medical fields with special treatment properties 
against cancer cells [1]. Where the focus of scientists in 
various fields has become a deep influence on all 
specialists in all scientific fields, such as engineering, 
physics, and medical biology. Because of the new 
properties of nanomaterials that have been discovered, 
nanoparticles can be used in catalysts, functional coatings, 
medicine, and vital medicine [2]. 

Nanomaterials play an important role in medicine 
and pharmaceutical sciences, where nanomaterials affect 
levels of cytotoxicity in living systems. Therefore, 
nanomaterials have been used in biological applications 
because it was discovered that they have potential in the 
future in the future in bio-diagnostics (bio-
characterization devices), treatments, and drug delivery 
[3]. It was used as a drug delivery compound because it 
controls drug release for a prolonged period. It also has 

the ability to deliver proteins, peptides, and DNA 
transporters in gene therapy to its potential in recruiting 
disabled members [4-6]. 

Nano-oxide is used in various medical and 
industrial sectors, for example, in pharmaceuticals and 
cosmetics usages [7]. Also, it has different types of usages 
to treat various skin diseases besides its ability to absorb 
the light of ultraviolet rays. All previous studies gave us 
evidence that ZnO nanoparticles exhibit anticancer and 
antibacterial activities. Besides ZnO nanoparticles, 
leukemia cells were investigated to show that 
compounds can be drugs besides gene delivery, 
biosensing, and cancer treatment [8-9]. ZnO is a hopeful 
and multiple functional inorganic material for a great 
area implementation. Moreover, it has bio-safe 
properties which own photo-oxidizing besides 
photocatalysis effects on chemicals and biological 
compounds [10-11]. ZnO is a non-toxic substance that 
has biological and therapeutic importance, so it has been 
used in the synthesis of most medicines and drugs. 

Leukemia is a kind of blood cancer that can be 
classified depending on the type of mutated precursor 
cell for example lymphoid or myeloid, and how quickly 
the disease progresses either acute or chronic. 
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Accordingly, leukemia can include acute lymphocytic 
leukemia (ALL), chronic lymphocytic leukemia (CLL), 
acute myeloid leukemia (AML) and chronic myeloid 
leukemia (CML) [12]. Human Leukemia 60 (HL60) is a 
hematopoietic model system in-vitro that has been 
utilized for a long time to study normal myeloid 
differentiation and leukemia biology [13]. The aim of this 
research is to synthesis of nano-carriers that serve as 
carriers for the transport of leukemia drugs. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were zinc chloride 
anhydrous (ZnCl2, 99% purity, Sigma-Aldrich, USA), 
high-quality absolute ethanol and trimethylamine (99% 
purity, Fluka), hydrochloric acid (HCl, 37%, Sigma-
Aldrich, USA), and the ligand used was synthesized with 
the same procedure used in the reference [14]. 

Instrumentation 

The instrumentations used in this study were FTIR 
spectroscopy (Shimadzu FTIR 8400S), LC-MS (SCIEX 
3200 QTRAP), X-ray diffraction spectroscopy (Phillips 
PANalytical X’Pert), filed emission scanning electron 
microscopy (FESEM Tescan Mira3), transmission 
electron microscopy (TEM Philips em208s 100 kV), and 
atomic absorption flame (Analytik Jena NovAA 350). 

Procedure 

Synthesis of the complex [Zn(C16H14N4O3S)Cl2]·H2O and 
ZnO nanoparticles 

A ligand (0.068 g, 0.000201 mol) was dissolved in 
ethanol (25 mL) while ZnCl2 (0.0273 g, 0.000201 mol) was 
dissolved in ethanol. The solution of ZnCl2 and one drop 
of trimethylamine were added to the solution of ligand. 
The mixture was refluxed for 1 h and then cooled the 
produce of reaction at standard circumstances of 25 °C. 
The gained precipitate was collected before it filtered and 
then dried, Yield: 80.64%, m.p decomposition above 
350 °C, metal percentage % Calc. (Found). For 
C16H16Cl2N4O4SZn:Zn, 13.16 (12.95). After that, the 0.05 g 
from the complex [Zn(C16H14N4O3S)Cl2]·H2O has been 
dissolved in HCl and HNO3 mixture [15]. The solution 
was heated at 150 °C for 15 min to completely dissolve the 

chemicals. The mixture was transferred to a 25 mL 
volumetric vial and diluted with deionized water. The 
solution was filtered prior to measurement. 

Treatment of leukemia cell line 
The HL-60 cells were grown in 96 flat well micro-

titer plates, in a final volume of 200 mL for complete 
culture medium per each well. The microplate was 
covered by sterile parafilm with shacked slowly. The 
plates were incubated at 37 °C in a 5% CO2 atmosphere 
for 24 h. After incubation, the medium was removed and 
various concentrations of azacytidine drug (12.5, 25, 50, 
100, and 200 mg/mL) in loaded ZnO nanoparticles were 
added to the wells. Plates were incubated at 37 °C in a 5% 
CO2 atmosphere for 24 h as the exposure time. After 
that, 10 mL of the MTT solution was added to each well. 
Plates were further incubated at 37 °C in a 5% CO2 
atmosphere for 4 h. The media were carefully removed 
and then 100 mL of solubilization solution was added 
per each well for 5 min. 

■ RESULTS AND DISCUSSION 

Characterization of the Complex 
[Zn(C16H14N4O3S)Cl2]·H2O 

The FTIR spectrum complex exhibited an 
occurrence of shifting in the vibration of stretching for 
C=O from 1667 cm−1 in ligand to 1617 cm−1 in complex 
and azomethine group from 1596 cm−1 in ligand to 
1600 cm−1 in complex, which was a good proof on the 
coordination of ligand and the metal ion from the 
nitrogen atom of an azomethine group and oxygen atom 
of the carbonyl. On the other hand, a new band appeared 
with a weak intensity at 533 cm−1 refers to M–N 
stretching vibration, and M–O appeared at 462 cm−1 
[16-17]. While the band at 325 cm−1 refers to the M–Cl 
[18]. 

UV-Visible spectrum for Zn(II) complex was 
characterized and displayed two peaks around 287 and 
339 nm, which resulted from π to π* and appeared as the 
third peak at 358 nm, referring to the n to π* transition. 
Also displayed a new peak at 421 nm, referring to charge 
transfer, but some shifting besides turning in the form of 
the bands were contrasted with bands for the free ligand 
that appeared at 284 and 363 nm, resulting from π to π* 
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and n to π* transition, respectively. These results became 
proof of the coordination link between the active site 
atom for the ligand and the transition metal ion. The 
spectrum of Zn(II) complex was illustrated by not finding 
the visible absorption band because of the absence of d to 
d, which can be referred to as the full saturation of d shell 
(d10). For the same reason, the prepared Zn(II) complex 
has diamagnetic properties and conductivity data for 
dissolved samples in DMSO solvent at room temperature 
displayed that it was not an ionic compound [19-20]. 

The liquid-chromatography mass spectrum of the 
complex, Fig. 1 showed a peak, m/z = 496.1 g/mol 
assigned to the molecular of the complex that confirms 
the suggested structure [Zn(C16H14N4O3S)Cl2]·H2O, 
where conformable approximately with the theoretical 
calculation that equal 496.7 g/mol. 

Investigation of the ZnO Nanoparticles 

X-ray diffraction 
X-ray diffraction (XRD) is a technique that aims to 

describe crystalline materials and provide information 
about the structure and characteristic appearance such as 
average grain size, crystallinity, defects of crystals as well 
as identifying the different chemical phases that may be 
present in the sample. The diffractogram was compared 
with the standards in the database of the International 
Center for Diffraction Information. 

By analyzing the XRD of the prepared nanoparticles 
of zinc metal, the sharply appearing peaks were 

determined (Fig. 2), as it was noted that 6 distinct and 
different. Diffraction peaks appeared at the 2θ angles, 
with the match card reference card in the international 
database (JCDPS Card No:1451). The MDI Jade is 
sacrificed at the (tops) and collected, which is viewed in 
Table 1. We focused on each hkl as described to identify 
the structure of ZnO nanoparticles. The XRD results of 
prepared ZnO nanoparticles showed a hexagonal crystal 
structure of type (Wurtzite) belonging to the space 
group P36 mc with the next trellis constants: a = b = 
3.2498 Å, c = 5.2066 Å, also α = β = 90° and γ = 120°. 

The nanoparticle scanning electron microscope 
(FESEM) and transmission electron microscope (TEM) 

FESEM’s purpose is to analyze the constitutional 
morphological  qualities  of  the  surface  of  the  prepared  
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Fig 2. The spectrum of XRD for the ZnO nanoparticles 

 
Fig 1. LC-MS of [Zn(C16H14N4O3S)Cl2]·H2O 
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Table 1. The angle 2θ and crystalline levels for ZnO nanoparticles 
Angles (2θ) 31.99 34.84 36.20 47.14 55.97 61.95 66.94 67.96 
Crystal levels (hkI) 100 002 101 102 110 103 112 201 

 
Fig 3. (a) The FESEM images and (b) TEM image of ZnO nanoparticles 

 
nanoparticles after being installed on glass slides and 
imaging. There is 100 nm in size of ZnO nanoparticles. 
The microimage did not show them as a clear in high 
magnification image, however, we saw there were 
composed nanoparticles thus we referred to it by a small 
text box on the FESEM original picture for the ZnO 
nanoparticles which it referred to it in Fig. 3(a). 

The TEM technology gives a clear, high-resolution, 
magnified and three-dimensional image of the surfaces of 
nanoparticles that was examined by a TEM, where an 
image of the prepared ZnO nanoparticles with a size of 
100 nm was shown in Fig. 3(b). 

The Route Treatment of Leukemia Cell Line Using 
ZnO Nanoparticles as a Drug Transporter: Rules for 
Guiding Treatment 

To direct the drug to cancer cells using 
nanotechnology accurately, the study concluded that this 
is achieved through 3 main rules, the first of which is that 
the dose of chemotherapy is placed in nano-carriers, which 
are nanomaterials that are used as a drug transport unit to 
direct it to cancer cells only [9,21]. The second is that there 
are so-called “chemical ligands” on the surface of these 
vectors, and their function is to identify the third element 
in the process, which is the “receptors” that are present in 
a large amount on the surface of cancerous cells, but it is 
not present on healthy ones. When the ligands and 
receptors unite together, the drug is emptied into the 
cancer cells with extreme  precision, without  reaching the  

Table 2. Mean value of the HL-60 concentration 
Drug 

concentration 
HL-60 

Mean SD 
200.00 44.98 6.45 
100.00 49.42 4.48 

50.00 66.09 1.97 
25.00 78.67 1.58 
12.50 87.62 2.95 

 
Fig 4. The curve measurement of effectiveness against 
HL-60 

healthy cells [22]. In this research, the ZnO 
nanoparticles have been used as a drug transport unit 
against leukemia as shown in Table 2. Where it gave 
clear effectiveness and effect as the concentration of 
drug-loaded on ZnO nanoparticles increased, as shown 
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in Fig. 4. The curve was drawn between the log of 
concentration on the x-axis and the survival rate of cancer 
cells on the y-axis, where the line of leukemia represented 
the HL-60 cell line. The test was conducted on cancer 
cells, and the result was a decrease in the percentage of 
cancer cells with an increase in the concentrations of the 
drug, where the results obtained, which is the highest 
table, show that the ratio has been reduced to 50%. 

■ CONCLUSION 

The ZnO nanoparticles were synthesized from 
Zn(II) tetrahedral complex with HCl and HNO3 and 
characterized. The ZnO nanoparticles were found in 
100 nm size and they can be used as a drug carrier to treat 
leukemia after combining it with drugs, where the ratio 
has been reduced to 50%. 
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 Abstract: The adsorption of brilliant green onto magnetite-graphene oxide 
nanoparticles (MGONPs) from an aqueous solution was explored via batch experiments. 
The adsorption properties of MGONPs were carried out under various experimental 
conditions related to pH, contact time, adsorbent dose, temperature, and initial adsorbate 
concentration. The adsorption capacity of MGONPs and optimum pH were 54.57 mg g−1 
and 6, respectively. Equilibrium was attained after 30 min, and the adsorption kinetics 
data best fitted the pseudo-second-order. The Freundlich isotherm best fits the 
equilibrium. Acetone was able to desorb the dye from the loaded adsorbent. Additionally, 
the newly developed adsorption attributes effective surface area (eSBET) and dimensionless 
preferential adsorption (qp) were more accurate than the conventional specific surface 
area (SBET). The adsorption capacity provides information about the sorbate-sorbent 
interface (q). The relevance and accuracy of the new parameters for future adsorption 
system design by correlation analysis were validated. This study confirms the successful 
modification of MGONPs for the sorption of the cationic dye brilliant green. 

Keywords: magnetite-graphene oxide nanoparticles; preferential adsorption; specific 
surface area; effective surface area; brilliant green 

 
■ INTRODUCTION 

The use and discharge of dye in waterbody have 
created toxicity risks for humans and aquatic creatures. 
The dye's color prevents sunlight penetration into the 
water body, resulting in a loss of primary productivity. 
Dye molecules can be classed based on their ionic charge, 
which can be zwitterionic, anionic, non-ionic, or cationic 
[1]. It has been reported over the years that there are more 
than 100,000 different synthetic dyes that are commercially 
available, with a yearly production of more than 700,000 
metric tons [2]. It was revealed that about half of the 
applied dye was present in the effluent after analyzing the 
chemical composition of textile dye effluents. The high 
concentration of colors in wastewater from textile 
manufacturing has been connected to the low absorption 
properties of fibers of dyes [1]. The complex molecules 
that make up synthetic dyes are typically composed of azo, 

triphenylmethane, or heterocyclic/polymeric structures, 
and due to their stability, they can last for a very long 
time in the natural ecosystem without changing or being 
discolored. The excessive use of these dyestuffs has 
become a growing source of environmental concern. 
During production and use, more than 10 to 15% of dyes 
are released into the environment [3]. A million tons of 
azo dyes are estimated to be produced annually on a 
global scale. For a healthy ecology, a sustainable 
economy, and excellent health, there must be access to 
high-quality water. Lack of access to clean water is a 
severe issue in both industrialized and developing 
nations. Water that contains trace levels of color (less 
than 1 mg/L) is visibly unpleasant and inappropriate for 
irrigation, domestic use, or human eating [4]. 

Brilliant green (BG) is a cationic triaryl methane 
dye that comes in a yellowish-green powder. Because its 
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color change from green to yellow at pH 2, BG can also be 
used as an indicator, a biological stain in veterinary 
medicine, and a stabilizer in poultry feed to limit fungi 
attacks [5-6]. Exposure to this dye may cause 
gastrointestinal and respiratory tract issues and systemic 
dermatitis in humans, resulting in nausea, vomiting, 
diarrhea, cough, trouble breathing, and jaundice [7]. In 
addition, BG is toxic to aquatic life with long-term 
consequences. Brilliant green has been used as an 
antiseptic on the skin, but it is harmful when it comes into 
contact with the eyes. 

Sedimentation, filtration, oxidation, electrochemical 
techniques, adsorption, and ion exchange have all been 
employed to remove dye from aqueous solutions [8-9]. 
Among the different methods utilized, adsorption has 
several advantages, including simplicity, high adsorption 
capacity, low cost, and environmental friendliness [10]. 
The use of nanoparticles for dye removal from wastewater 
has been investigated by various researchers [11-13]. 
Magnetite nanoparticles have recently received a lot of 
interest because they are inexpensive, environmentally 
acceptable, and easy to produce. These particles also exhibit 
excellent optical, chemical, and electrical properties and 
significant superparamagnetic capabilities. However, these 
particles agglomerate easily and oxidize quickly [14]. The 
aqueous dispersion of iron nanoparticles is improved by 
embedding them on sheets of carbonaceous materials, 
and graphene-based materials are kind of promising 
carbonaceous substances for such purposes [15]. 

Graphene oxide (GO)-based nanomaterial 
synthesized with iron nanoparticles exhibited improved 
dispersion behavior in water [16]. When graphite is 
oxidized, oxygen functional groups are introduced into 
the structure, making it hydrophilic and allowing it to 
form a stable suspension in aqueous conditions. GO is 
made by sonicating graphite oxide in water to exfoliate it. 
The high surface area of GO enables the incorporation of 
a wide range of functionalization groups into the sheets 
[17-18]. Graphene-based composites are formed by 
incorporating various functional groups, thereby 
improving the materials’ photocatalytic, biocidal,  
 

electroactive, and capability [19-21]. Chemical 
modification of graphene-based materials has been used 
to develop nanocomposites with improved dispersion 
and compatibility in aqueous conditions. The 
integration of magnetite with graphene or GO may be a 
promising method for the removal of pollutants. 
Synthesis of magnetite-GO has recently been produced 
and utilized for drug delivery [22], magnetic-based 
imaging [23], and pollutant treatment from wastewater 
[24-27]. Magnetite-GO was synthesized for pollutant 
removal because of its stability and performance high. 

However, there is no integrative report on the 
adsorption efficiency of brilliant green upon 
nanocomposite of magnetite-GO. Thus, in the present 
research, we focused on studying the design of 
magnetite-based nanocomposite material that can 
effectively remove emerging contaminants even when 
they are present in low concentrations (Scheme 1). The 
adsorption properties were examined by studying the 
effect of pH, the adsorption kinetics, and the adsorption 
isotherms to identify the adsorption mechanism. The 
study gives a novel assessment of the adsorbents' 
performance by computation of newly developed 
physical features, which shed light on the effect of the 
sorbents' physical and chemical properties and sorbates 
on the separation process. As a result, the statistical 
estimations used to assess the sorbents' efficiency are 
also presented. The interaction between the sorbent and 
sorbate is also carefully considered in relation to the 
contaminant's sorption. 

■ EXPERIMENTAL SECTION 

Materials 

Chemicals such as graphite powder (20 μm, 
synthetic), sulfuric acid (98%, H2SO4), hydrochloric acid 
(30%, HCl), hydrogen peroxide (30%, H2O2), potassium 
permanganate (KMnO4), ferrous ammonium sulfate, 
ammonium ferric sulfate, aqueous ammonia, sodium 
hydroxide pellets and brilliant green (BG, 
C27H33N2·HO4S) were purchased from Sigma-Aldrich 
and used without further purification. 
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Instrumentation 

UV-Visible absorption spectra of the sample 
obtained by UV-Vis-NIR spectrophotometer UV-3600 
(Shimadzu, Japan). The morphology of MGONPs was 
determined by Ultra PLUS Field Emission Scanning 
Electron Microscopy instrument (Zeiss, Germany), and 
functional group data of the nanomaterial provided by 
Fourier transform infrared spectrometry Spectrum 100 
spectrometer (PerkinElmer, USA). The textural properties, 
surface area and porosity of the material were measured 
with a Tristar II 3020 analyzer (Micromeritics, USA). 

Procedure 

Synthesis of graphene oxide 
The synthesis of modified GO was prepared using 

the method reported by Oluwasina et al. [28]. About 4 g 
of graphite, 2 g of sodium nitrate, and 92 mL of 
concentrated H2SO4 were mixed with magnetic stirring in 
an ice bath to give a black slurry. KMnO4 (12 g) was added 
slowly to keep the temperature below 5 °C. The suspension 
was removed from the ice bath and heated to 35–40 °C for 
90 min. A 190 mL of deionized water was then added, and 
the temperature was adjusted to 98 °C for 20 min. A 
40 mL of 30% H2O2 was added to the mixture (the mixture 
turned bright yellow). The mixture was diluted with 
200 mL of deionized water and stirred for 30 min. The 
reaction product was centrifuged and washed with Milli-

Q water and 10% HCl solution until the pH was neutral. 
The product was vacuum dried at 60 °C for 48 h and 
stored for further characterization and application. 

Synthesis of magnetite-graphene oxide nanoparticles 
Magnetite-graphene oxide nanoparticles 

(MGONPs) were prepared by co-precipitating iron 
oxide magnetic nanoparticles decorated on GO. Briefly, 
GO (1 g) was dispersed in deionized water (100 mL) and 
sonicated. Next, about 10.7 g ammonium ferric sulfate 
and 58 g ferrous ammonium sulfate were dissolved in 
100 mL of deionized water under oxygen-free conditions. 
After that, 10 mL aqueous ammonia was added into the 
solution to give iron oxide nanoparticles, with the 
addition of GO. The reaction was stirred for 45 min at 
85 °C and cooled at room temperature. The resulting 
MGONPs were collected by a magnet and washed with 
water and anhydrous ethanol, dried at 70 °C for 12 h in 
a vacuum oven. 

Adsorption study 
To obtain the concentrations required, working 

solutions of BG were produced from the stock solution, 
which is prepared by dissolution of BG (1 g) on 
deionized water (up to 1 mg dm−3). Batch adsorption 
was performed by agitating 25 cm3 of BG solutions of 
known concentration at a given temperature with a 
sorbent  dosage  of 10 mg,  and  the  pH was  changed by  

 
Scheme 1. Schematic illustration of MGONPs and the adsorption process of BG 
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Table 1. Adsorption isotherm models investigated for the sorption of BG onto MGONPs 
Isotherm model Equation* Parameters Reference 

Langmuir  qୣ୯ ൌ
q୫bCୣ୯

1  bCୣ୯
 qm, b [29] 

Freundlich qୣ୯ ൌ KCୣ୯
ଵ ୬ൗ  KF, n [30] 

Sips qୣ୯ ൌ
q୫bCୣ୯

ଵ ୬ൗ

1  bCୣ୯

ଵ ୬ൗ
 qm, b, n [31] 

Temkin qୣ୯ ൌ
RT
b

ln൫ACୣ୯൯ bT, AT [32] 

Dubinin-Radushkevich ε ൌ RT ln ቆ1 
1

Cୣ୯
ቇ qm, β [33] 

Redlich-Peterson qୣ୯ ൌ
KୖCୣ୯

1  aୖCୣ୯
  KRP, aRP, g [34] 

Khan qୣ୯ ൌ
q୫bCୣ୯

൫1  bCୣ୯൯
ୟే

 qm, ak, bk [35] 

*qeq is the adsorption capacity (mg g−1); Ceq is the adsorbate equilibrium concentration in solution (mg dm−3); 
qm is the maximum monolayer capacity (mg g-1); b is the Langmuir isotherm constant (dm3 mg-1); KF is the 
Freundlich isotherm constant (mg g−1)(dm3 mg−1); n is the intensity of adsorption intensity; AT, Temkin 
isotherm equilibrium binding constant (dm3 g−1); bT, Temkin isotherm constant; β, Dubinin-Radushkevich 
isotherm constant (mol2 kJ−2); KT, Redlich-Peterson isotherm constant (dm3 g−1); g, Redlich-Peterson isotherm 
exponent; aRP, Redlich-Peterson isotherm constant; ak, Khan isotherm exponent; bk, Khan isotherm constant 

 
adding either 0.1 M NaOH or HCl. The final 
concentration of the dye after filtering was determined at 
624 nm by ultraviolet-visible (UV-Vis) 
spectrophotometry. The effects of pH, adsorbent dosage, 
temperature, and initial BG concentrations were 
investigated to identify the best adsorption conditions. 
The adsorption capacity was calculated by the Freundlich, 
Langmuir, and Sips models, respectively, presented in 
Table 1. 

Eq. (1) and (2) were used to calculate the adsorption 
capacity (qe) and efficiency, respectively. 

  i eq

i

C C
% adsorbed 100%

C
 

   
 

 (1) 

 eq i eq
Vq C C
m

    (2) 

where Ci represents the initial adsorbate concentration 
(mg dm−3), qe is the adsorption capacity (mg g−1), Ceq is the 
equilibrium concentration of adsorbate (mg dm−3), V is 
the adsorbate volume (dm3), and m is the mass of 
adsorbent (mg). 

Adsorption isotherms 
The adsorption isotherms were investigated with BG 

concentrations ranging from 10 to 100 mg dm−3. Aliquots 

of 25 cm3 of varied concentration were introduced to 
40 mg of adsorbents and shaken for 4 h in a 
thermostated shaking water bath at 298 K. The 
equilibrium concentration of BG in the suspensions was 
determined using UV-Vis spectrophotometry after 4 h. 
To analyze the equilibrium data, the isotherm models in 
Table 1 were used. 

Adsorption kinetics 
Adsorption kinetics was investigated by mixing a 

25 cm3 aliquot of a 20 mg dm−3 BG solution with a 40 mg 
adsorbent dosage. The time intervals for contacting the 
solutions were in the range of 5–300 min. UV-Vis 
spectrophotometry was used to determine the final 
concentration of BG after filtering. The experimental 
adsorption data attained through the batch studies were 
applied to the pseudo-first-order, pseudo-second-order, 
Elovich kinetics, and intraparticle diffusion models 
given in Table 2. 

Desorption experiment 
The desorption experiment was carried out by 

mixing 30 mg of the adsorbent with 25 cm3 aliquots of 
20 mg dm−3 BG solution for 3 h. After that, the mixture 
was filtered  through a Whatman  No. 1 filter  paper, and  
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Table 2. Adsorption kinetics model explored for the removal of BG onto MGONPs 
Kinetic model Equation* Parameters Reference 
Pseudo-first-order  q୲ ൌ qୣ୯ሺ1 െ eି୩భ୲ሻ qeq, k1 [36-38] 

Pseudo-second-order q୲ ൌ
kଶqୣ୯

ଶ t

1  kଶqୣ୯t
 k2, qeq [36-37] 

Intraparticle diffusion q୲ ൌ k୧ୢሺtሻଵ/ଶ  c kid, c [39] 

Elovich  q୲ ൌ
1
β

lnሺ1  αβtሻ α, β [40] 

*qeq is the amount adsorbed at equilibrium (mg g−1), qt is the amount adsorbed at adjusted times (mg 
g−1), k1 is the pseudo-first-order rate constant (min−1), k2 is the pseudo-second-order rate constant (g 
mg−1 min−1), kid is the intraparticle diffusion rate constant (mg g−1 min0.5), β is the Elovich parameter 
defined as the desorption constant (g mg−1), α is the Elovich parameter defined as the initial adsorption 
rate (mg g−1 min−1) 

 
the filtrate was analyzed for BG. The adsorbent that was 
filtered off was dried at 60 °C. After that, 20 mg of the BG 
loaded-adsorbent was added to a 25 cm3 acetone and 
shaken for 12 h. The filtrate was analyzed using UV-Vis 
spectrophotometry after the mixture was filtered. SEM-
EDX and FTIR were used to examine the loaded and 
desorbed adsorbent to evaluate if the dye had desorbed 
from the adsorbent surface. There was a significant 
change as the dye was desorbed on the surface of the 
adsorbent. 

Data analysis 
Using routine nls in the R statistical computing 

environment, the adsorption data were fitted into the 
adsorption isotherms and kinetics models. The model’s 
effectiveness was determined by looking at the sum of 
squared residuals (SSR) and residual squared errors (RSE). 
The SSR of the model with the lowest SSR was chosen. 

■ RESULTS AND DISCUSSION 

Characterization of the Synthesized Material 

The textural features of MGONPs were 
determined using N2 adsorption-desorption isotherms. 
This provides information on the sample's pore volume 
size distribution and specific surface area. The pore 
volume determined according to nitrogen adsorption by 
the specified method applies only to mesopores and does 
not consider macropores (> 50 nm). Therefore, the 
pores could be grouped into micropores (< 2 nm), 
mesopores (2–50 nm), and macropores (> 50 nm). The 
result indicates that MGONPs are mesoporous, having 
an average pore diameter of 14.13 nm. The pore volume 
determined according to nitrogen adsorption by the 
specified method applies only to mesopores and does 
not take into account macropores (> 50 nm). In 
addition, the adsorbents exhibited type IV  isotherms and 
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Fig 1. (a) BET Nitrogen adsorption-desorption isotherms and (b) BHJ pore volumes of MGONPs 
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H3-Type hysteresis loops, indicating that the 
nanomaterial is mesoporous [41]. Type IV represents an 
adsorption isotherm with hysteresis related to capillary 
condensation in mesopores. MGONPs showed a large 
surface area of 116.81 m2 g−1, having a Barrett–Halenda–
Joyner (BHJ) based pore volume of 0.3763 cm3 g−1 (Fig. 1). 

The FTIR spectrum displayed in Fig. 2 appears the 
functional groups on the surface of MGONPs. The 
absorption peak at around 598 cm−1 can be referred to as 
the Fe–O vibrational mode of Fe3O4 nanoparticles. The 
absorption peaks at 3604 and 1692 cm−1 correspond to the 
extending vibration of –OH and –FeOO, respectively 
[42]. This finding demonstrates that Fe3O4 successfully 
decorated the GO surface, as confirmed by SEM 
examination. In addition, the FTIR spectrum shows three 
broad peaks at 1749, 1565, and 1031 cm−1, which 
correspond to the aromatic C=O stretch, C=C, and C-H 
stretching, respectively [43]. The peaks around 1938, 

2091, and 2331 cm−1 correspond to the peaks of the dye 
molecules on the adsorbent. 

The morphology of MGONPs was investigated 
using  SEM,  as shown  in  Fig. 3.  The  MGONPs  have a 
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Fig 2. FTIR spectra of MGONPs before adsorption 

 
Fig 3. SEM and EDX images of MGONPs (a) after adsorption, 2.5 μm scale and (b) desorption of BG, 2.5 μm scale 
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crumpled surface. This might be the effect of the quick 
drying of the liquid phase from the MGONPs during the 
preparation process. Also, small granular particles were 
observed on its surface, where Fe3O4 deposits. The SEM-
EDX images revealed that the dye molecules were 
adsorbed on the surface of the adsorbent during 
adsorption. 

Sorption Characteristics 

Batch adsorption tests for BG adsorption onto 
MGONPs were carried out to investigate the adsorbent's 
adsorption characteristics and efficiency in removing BG. 
pH, adsorbent dosage, contact time, temperature, and 
initial adsorbate concentration were all investigated as 
sorption parameters. The experimental data were also 
used to investigate adsorption isotherms and kinetics. 
Desorption tests for the dye were carried out to see if the 
adsorbents could be regenerated and reused. 

Effect of pH 
A solution’s pH influences the dye structure and the 

adsorbent nature due to the ionization behavior and 
changes in surface charge, respectively [44]. The 
experiment pH was studied by varying the pH from 3 to 
10 (using 0.1 g of adsorbent and 10 mg dm−3 BG 
concentration for 300 min contact time at 180 rpm) 
because at pH ≤ 2, the BG dye solution became colorless. 
The disparity of color concentration could result from its 
extended conjugated system of alternate double and 
single bonds. The reaction between OH− ions and BG 
molecules occurs with conjugation interruption at higher 
pH values. The reduced color following increased pH may 
happen due to the central carbon atom of BG acting as an 
electrophilic center, and the OH− is favored. The dye's rate 
of color change was faster in alkaline media, which could 
be attributed to its high nucleophilic nature. 
Decolorization of the dye could also occur through 
nucleophilic attack by H3O+, but the color fades more 
slowly in an acidic medium. A colorless compound is 
formed at low pH because H3O+ destroys the conjugation 
between the aromatic rings [45]. Fig. 4 depicts the 
outcome. The removal of BG was increased by increasing 
the pH to a maximum pH of 6 (46%) and then decreased 
to reach a minimum removal percentage at pH 9 (41%). It  
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Fig 4. Effect of pH on the adsorption of BG (conditions: 
25 cm3 of 10 mg dm−3 BG, 5 h equilibration time, 10 mg 
sorbent dose, agitation speed of 180 rpm, temperature 
298 K) 

was discovered that the removal percentage in acidic 
environments is lower than in neutral environments. 
This could be due to the partial dissociation of surface 
functional groups in an acidic BG solution, resulting in 
electrostatic repulsion between the BG and MGONPs 
[46]. The reduction in the alkaline environments related 
to the neutral and acidic environment could be 
attributed to the higher electrostatic repulsion between 
the MGONPs and the dye molecules [47]. 

Given the structures of graphene's sp2-bonded 
carbon particle, it is anticipated that a π–π interaction 
may play a critical part in the adsorption of natural 
fragrant compounds on MGONPs. There are a parcel 
more oxygen-containing useful bunches on the surface 
of MGONPs, and these bunches can work as electron-
withdrawing bunches, localizing electrons from the π 
framework of graphene and interferometer with the π–π 
scattering strengths between the fragrant ring and 
graphene. The oxygen-containing functional groups 
repressed the adsorption of natural chemicals on carbon 
materials by means of water adsorption, dispersive-
repulsive intelligence, and hydrogen holding, in this way 
driving the lower adsorption capacity of MGONPs [46]. 

Effect of dosage 
By varying the mass of MGONPs from 10 to 

120 mg, the effect of dosage on BG removal from aqueous 
solution was examined (Fig. 5). The result showed that the 
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Fig 5. Effect of adsorbent dose on the sorption of BG 
(conditions: 25 cm3 of 20 mg dm−3 BG, 4 h equilibration 
time, pH 6, agitation speed of 180 rpm, temperature 298 K) 

percentage adsorbed increases as the adsorbent dose 
increases. For example, using 10 mg of MGONPs, a 
removal percentage of 46% was initially attained and then 
rose to 70% when the dosage was increased to 40 mg. 
After then, it increased to 75%, with no discernible 
increase in the percentage adsorbed. This could be 
because the nanocomposite agglomerated, reducing the 
surface area accessible for adsorption [48]. Furthermore, 
as the MGONPs dosage was increased from 10 to 40 mg, 
the BG percentage removal increased remarkably. This 
can be attributed to an increase in the number of 
unoccupied adsorption sites and functional groups on the 
adsorbent surface. This indicates that 40 mg has the 
necessary number of active sites to achieve maximal 
uptake. 

Kinetics study 
The removal of BG from MGONPs was investigated 

to establish the equilibrium sorption time, with time 
intervals ranging from 5 to 300 min. Fig. 6 shows the 
percentage of BG adsorbed onto the sorbent as a function 
of time. The percentage adsorbed onto MGONPs 
increases as the contact time increases, from the results 
obtained. After 30 min, the equilibrium was reached, with 
a maximum removal of 60%. After that, there was no 
discernible change in the BG concentration, indicating 
that the adsorption sites had been saturated [49]. 

The adsorption kinetics of BG using MGONPs were 
studied using four kinetics models: pseudo-first-order, 

pseudo-second-order, intraparticle diffusion, and 
Elovich models. The linear findings for the four kinetic 
models are shown in Fig. 7, and the kinetic parameters 
of the fitted models are listed in Table 3. Pseudo-second-
order model better explained the adsorption of BG onto 
MGONPs. The experimental qe values obtained are near 
the calculated values for both pseudo-first-order and 
pseudo-second-order models. The results of these 
models revealed that BG adsorption on MGONPs 
occurred via a biomolecular interaction involving the 
exchange or sharing of electrons between the adsorbent 
and the dye. As a result, the sorbent's adsorption 
capacity is related to its surface’s number of active sites 
[51]. The following steps are involved in explaining the 
diffusion mechanism of adsorption processes: a) transfer  
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Fig 6. Effect of contact time on the sorption of BG 
(conditions: 25 cm3 of 20 mg dm−3 BG, 40 mg sorbent 
dose, speed of 180 rpm, pH 6, temperature 298 K) 
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Fig 7. Pseudo-second-order kinetic model 
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Table 3. The calculated parameters for the four kinetics 
models tested for the sorption of BG onto MGONPs at 
different time intervals 
Model Parameters BG 
Experimental qeq/mg g−1 0.053 
Pseudo-first-order qeq.cal/mg g−1 0.051 
 k1/10−2/min -0.001 
 R2 0.112 
Pseudo-second-order qeq/mg g−1 0.0410 
 k2/10−3/g mg−1 min−1 17.050 
 R2 0.999 
Intraparticle diffusion kid/mg g−1 min−0.5 0.002 
 R2 0.406 
Elovich α/mg g−1 min−1 529.100 
 β/g mg−1 16.650 
 R2 0.887 

Conditions: 25 cm3 of 20 mg dm−3 BG, pH 6, 40 mg adsorbent, agitation 
speed 180 rpm, temperature 25 °C 

of the adsorbate from the bulk solution to the surface of 
the solid phase; b) passage through the liquid film 
attached to the solid surface (film diffusion); c) internal 
mobility by pore dispersion from the surface of the solid 
phase to the inner surface of the permeable structure 
(intraparticle diffusion); and d) diffusion of the solute on 
the adsorption sites of the solid phase bringing about 
physisorption and chemisorption on the surface of the 
solid phase [52]. The intraparticle diffusion show was 
utilized to decide the rate-limiting step of the method. In 
the event that a direct plot that passes through the origin 
is gotten, adsorption is said to happen as it were by 
intraparticle diffusion [52]. It is presumed that two or 
more stages regulate the process if a linear plot that does 
not pass through the origin is obtained. The linear graphs 
obtained in this investigation passed through all the dots 
for pseudo-second-order, which indicates that the model 
is suitable for the experimental data. 

Adsorption isotherms 
Over a concentration range of 10 to 100 mg dm−3, 

the influence of initial BG concentration on adsorption 
onto MGONPs was examined. As the dye concentration 
increased, the percentage of dye removed decreased (Fig. 
8). This could be owing to the fixed number of active sites 
available for BG molecules on the adsorbent. At higher dye  
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Fig 8. Effect of initial concentration on the adsorption of 
BG onto MGONPs (conditions: 25 cm3 of 10 to 
100 mg dm−3 BG solution, 40 mg adsorbent dose 4 h 
equilibration time, pH 6, agitation speed of 150 rpm, the 
temperature of 298 K) 

concentrations, the active sites of the adsorbent become 
saturated, and the adsorption capacity is thus 
determined by the initial concentration [50]. 

The equilibrium adsorption isotherm is required 
to determine the interacting behavior between the 
adsorbent and the adsorbent. It is also essential for the 
adsorption system's strategy. The Langmuir adsorption 
isotherm assumes that the binding sites are evenly 
distributed across the sorbent surface and have a similar 
affinity for single molecular layer sorption. The bonding 
to the sorption sites might be chemical or physical, but 
it must be sufficiently strong to prevent the adsorbed 
molecules from being displaced [53-54]. According to 
the Freundlich adsorption isotherm, sorption occurs on 
a heterogeneous surface, implying multilayer 
adsorption. This means that as the starting 
concentration of the solution is increased, the adsorbate 
concentration will rise [55-56]. The Langmuir and 
Freundlich models were used to fit the experimental 
equilibrium data. The slope and intercept of each 
equilibrium graph were used to calculate the Langmuir 
and Freundlich parameters (Fig. 9). 

Table 4 appear the adsorption isotherm parameters 
for models that fitted the test balance information for BG 
adsorption. The Freundlich isotherm best fits the  
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Fig 9. The Langmuir (a) and Freundlich (b) adsorption isotherms fitted the experimental data for the sorption of BG 
onto MGONPs 
 

Table 4. Isotherm models’ parameters 
Isotherms Parameters Value 
Freundlich kF/mg g−1 2.412 
 n 1.567 
 SSR* 16.640 
 RSE* 3.024 
Langmuir qm/mg g−1 54.572 
 b/dm3 mg−1 0.024 
 SSR 16.867 
 RSE 3.228 
Sips qm 5.932 
 b 6.994 
 n 1.606 
 SSR 66.621 
 RSE 5.176 
Temkin K 0.389 
 b 282.010 
 SSR 17.830 
Dubinin-Radushkevich qm 25.220 
 e 207.33 
 SSR 28.690 
Redlich-Peterson K 0.3896 
 a 0.0126 
 g 1.7025 
Klan qm 5.9320 
 a 1.2607 
 b 6.994 
 SSR 586.24 

*SSR: sum of squared residuals; *RSE: residual squared error 

information based on the whole of SSR gotten. The 
Freundlich isotherm demonstration is based on the 

wonders of heterogeneous surfaces with a few 
adsorption components included, where KF and n are 
the Freundlich constants related to the adsorption 
capacity and adsorption concentrated, respectively. The 
Freundlich parameter, n, shows the adsorption 
favorability. When the adsorption intensity, n < 1, it 
shows the favorability of the adsorption intensity over all 
the concentration ranges studied, but if n ˃ 1, it shows 
that the adsorption intensity is favorable at high 
concentrations but less at lower concentrations [57]. The 
experimental data obtained for MGONPs shows an n 
value greater than 1, indicating that adsorption is 
favorable at higher concentrations but less at lower 
concentrations. According to the Langmuir model, qm 
was 54.57 mg g-1. On the other hand, the Freundlich 
model yielded an adsorption intensity value of 1.57, 
indicating a successful adsorption process [58]. 

The Langmuir adsorption capacities (qm) of 
MGONPs were stacking up with various reported 
adsorbents for the removal of BG. Table 5 shows that the 
removal (qm) by MGONPs used in this study compares 
favorably with other adsorbents. 

The Langmuir model results in some parameters 
that can be used to estimate the favorability of the 
adsorption process. The separation factor (RL), was 
calculated by using Eq. (3) [64]: 

L
i

1R
1 bC




 (1) 

where Ci denotes the initial BG concentrations (mg dm−3), 
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Table 5. Comparison of adsorption capacity of various reported adsorbents 

Adsorbent Temperature/K qm/mg g−1 Reference 
Hydroxyapatite/chitosan composite - 49.10 [59] 
Luffa cylindrical sponge 303 18.52 [60] 
Corncob biochar - 16.53 [61] 
Areca nut husk 298 18.21 [62] 
Poly(AN-coVP)/Zeolite composite 303 19.61 [63] 
MGONPs 298 54.57 This study 

 
and b denotes the Langmuir constant (dm3 mg−1). The 
value of RL can be used to calculate the sequestration 
process's favorability. If 0 < RL < 1, adsorption is assumed 
to be favorable, unfavorable if RL > 1, irreversible if RL = 0, 
and linear if RL = 1 [64]. All RL values obtained in this 
study were found to fall between 0 < RL < 1; hence, the 
removal of BG onto MGONPs showed favorable 
adsorption. The procedure is more favorable when RL 
values are minimal (Fig. 10). 

Preferential adsorption 
The special sorbate adsorption (qp) and viable 

surface region (eSBET) are the novel adsorption properties 
calculated for the performance evaluations. The found 
eSBET is noteworthy since, notwithstanding the general 
SBET of the adsorbent, chemical species adsorption pivots 
on the number of germane dynamic locales with a great 
fondness for the sorptive. The determination of eSBET 
gives data on the importance of the dynamic locales to the 
q and, more essentially, the qp esteem. Most of the 
considerations inspected within the current work did not 
allow data with respect to the sorts or sums of chemical 
functionalities on the sorbents. As a result, it is expected 
that the eSBET will rise directly as long as the pertinent 
chemical surface usefulness is shown on the SBET, either 
normally or misleadingly, through chemical 
impregnation. Table 6 appears the calculated adsorption 
parameters and highlights from the literature. 

The adsorbent's mass adsorption capacity (q, mg 
g−1) for a particular dye serves as the primary indicator for 
determining the extent of the sorbate-sorbent interphase. 
Only 2 of the 22 studies (Table 6) showed qp values greater 
than 1, indicating that the sorbates preferred the sorbent 
to remain in the solution. The highest values were reported  
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Fig 10. Separation factor RL of BG onto MGONPs 

by Li et al. [76] (SN = 18; qp = 49, ZnO nanoparticles on 
Congo red) and Lv et al. [77] (SN = 19; qp = 336, sodium 
alginate/graphite based on malachite green), respectively. 
Fig. 11 shows a plot revealing the trend in the reported 
and derived adsorption properties for the selected 
adsorbents and pollutants. 

The dataset's correlation data are shown in Table 7. 
After looking into the analyses, we found that the 
correlations increased noticeably. The q for brilliant 
green and the other adsorbates showed a similar trend 
with eSBET (35.61 and 81.19%) than with SBET (18.88 and 
71.58%), respectively. The negative correlations between 
SBET and eSBET demonstrate that an adsorbent's adsorption 
capability is not always correlated with its SBET. Inclusive, 
the derived adsorption properties (qp and eSBET) are much 
more consistent for equitable comparison between studies 
with various experimental settings and research goals. 

The moles of the sorbent and qp value of the 
adsorbate over solubility performed a positive 
relationship. Therefore, the more the sorbate's mass 
transfers onto the adsorbent, the higher the sorbent mass  
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Table 6. Estimated adsorption features of the various experiments 

S/N Dye 
Sorbent 
mass (g) 

q 
(mol g−1) 

Surface 
area 

(m2 g−1) 

Effective 
Surf. Area 
(mol m−2) 

Moles of 
sorbent 
(mol) 

Volume 
(L) 

Solubility 
(mol L−1) 

Moles in 
solution 

(mol) 

qp 
(Sorbent/Sol) 

Ref 

1 BG 0.01 4.75×10−4 84.25 5.63×10−6 4.75×10−6 0.01 8.29×10−4 8.29×10−4 0.060 [65] 
2 BG 0.01 3.11×10−4 2.94 1.06×10−4 3.11×10−6 0.01 8.29×10−4 8.29×10−4 0.038 [65] 
3 BG 0.01 1.71×10−3 495.54 3.45×10−6 1.71×10−5 0.01 8.29×10−4 8.29×10−4 0.021 [65] 
4 BG 0.80 1.86×10−4 310 6.01×10−7 1.49×10−4 0.05 8.29×10−4 4.14×10−3 0.036 [66] 
5 BG 1.00 3.43×10−5 770.69 4.44×10−8 3.43×10−5 0.10 8.29×10−4 8.29×10−3 0.004 [61] 
6 BG 1.20 1.15×10−3 3.07 3.75×10−4 1.38×10−3 0.025 8.29×10−4 2.07×10−3 0.666 [67] 
7 BG 0.04 4.93×10−4 5.60 8.81×10−5 1.97×10−5 0.05 8.29×10−4 4.14×10−3 0.005 [68] 
8 BG 0.005 2.03×10−6 92 2.21×10-08 1.01×10−8 0.005 8.29×10−4 4.14×10−3 2.45×10−5 [69] 
9 BG 0.10 2.01×10−5 19.64 1.02×10−6 2.01×10−6 0.05 8.29×10−4 4.14×10−3 4.85×10−4 [63] 
10 BG 0.03 3.48×10−4 110 3.16×10−6 1.04×10−5 0.01 8.29×10−4 8.29×10−4 0.013 [70] 
11 BG 0.75 2.30×10−4 232.31 9.91×10−7 1.73×10−4 0.10 8.29×10−4 8.29×10−3 0.021 [71] 
12 BG 0.40 2.59×10−4 100.28 2.58×10−6 1.03×10−4 0.10 8.29×10−4 8.29×10−3 0.013 [72] 
13 BG 0.10 5.93×10−4 2304 2.57×10−7 5.93×10−5 0.05 8.29×10−4 4.14×10−3 0.014 [73] 
14 BG 0.05 5.68×10−4 1035 5.48×10-07 2.84×10−5 0.02 8.29×10−4 1.66×10−3 0.017 [74] 
15 BG 0.05 6.96×10−4 1425 4.88×10−7 3.48×10−5 0.02 8.29×10−4 1.66×10−3 0.021 [74] 
16 BG 0.05 9.28×10−4 424 2.19×10−6 4.64×10−5 0.01 8.29×10−4 8.29×10−4 0.056 [75] 
17 BG 0.04 1.13×10−4 116.81 9.68×10−7 4.52×10−6 0.025 8.29×10−4 2.07×10−3 0.002 This study 
18 Congo red 0.04 1.02×10−4 5.60 1.83×10−5 4.09×10−6 0.05 1.66×10−6 8.32×10−8 49.241 [76] 
19 Malachite green 0.005 7.36×10−3 237.42 3.10×10−5 3.68×10−5 0.01 1.10×10−5 1.10×10−7 335.945 [77] 
20 Methylene blue 0.005 4.75×10−4 85.60 5.55×10−6 2.37×10−6 0.01 0.14 1.36×10−3 1.74×10−3 [78] 
21 Neutral red 0.005 1.06×10−3 68.20 1.55×10−5 5.30×10−6 0.015 0.17 2.59×10−3 2.04×10−3 [79] 
22 Methyl orange 0.15 8.53×10−5 186 4.58×10−7 1.27×10−5 0.05 0.02 7.64×10−4 1.67×10−2 [80] 

 
Fig 11. The several properties of (a) different adsorbents towards brilliant green, and (b) various adsorbents towards 
brilliant green and other dyes of different relative molecular mass, (S/N 1-16, and 17-22) in Table 6, respectively 
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Table 7. Correlation data of reported and derived adsorption properties of sorbate and sorbents 
Adsorption 
properties 

Sorbent mass vs. 
Moles in solution 

q vs. SBET eSBET vs. qp 
Moles of 

sorbent vs. qp 
SBET vs. 
eSBET 

Sorbent mass 
vs. eSBET 

q vs. eSBET 

All 0.6088 0.0137 0.0037 -0.0506 -0.2188 0.5017 0.1037 
Brilliant green 0.5795 0.1883 0.9283 0.9903 -0.2710 0.4955 0.3561 
Others -0.2262 0.7158 0.8315 0.9344 0.3736 -0.5728 0.8119 

 
in the solution. For brilliant green (99%) and other dyes 
(93.45%), the relationship between the moles of sorbent 
and qp is significant, demonstrating the agreement 
between the sorptive and the sorbents in this adsorption 
relationship [81-82]. 

■ CONCLUSION 

This study revealed the successful modification of 
MGONPs for the adsorption of the cationic brilliant green 
dye from an aqueous solution. The following are the 
conclusions achieved from the study; the removal of BG 
was increased by increasing the pH to a maximum pH of 
6, then decreased to reach a minimum removal percentage 
at pH 9. The pseudo-second-order model best described 
the experimental adsorption data fitted into the kinetic 
models. The adsorption isotherms study revealed that the 
Freundlich model best-fitted MGONPs. The maximum 
adsorption capacity (qm) for MGONPs was 54.57 mg g−1. 
A desorption study was carried out, and the SEM-EDX 
revealed that the dye molecules were desorbed after using 
acetone as the desorbing agent. The FTIR analysis showed 
the disappearance of the characteristic BG dye peaks after 
the desorption study. This showed that acetone is an 
excellent desorbing agent for BG, and the adsorbents can 
be recovered and recycled for reuse. Thus, this study 
indicates that MGONPs is a better adsorbent with higher 
adsorption capacity for the uptake of BG, and its 
application in the industry could be further explored. 
Additionally, dimensionless preferential adsorption (qp) 
and effective surface area (eSBET) performed more 
accurately than the conventional adsorption capacity and 
specific surface area (SBET) in providing information about 
the sorbate-sorbent interface (q). We also validated the 
relevance and accuracy of the new parameters for future 
adsorption system design by correlation analysis. 
Adsorption is, therefore, an excellent method for reducing 
brilliant green pollutants in an aqueous medium. 
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Fig S1. Schematic representation of the optimization procedure of μ-PAD and the determination of Mn(II) using  
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Fig S2. Schematic representation of reaction between tannin reagent and Mn(II) 
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Fig S3. The reflectance after the addition of Mn(II) standard in the μ-PADs calculated using R, G and B intensity 
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 Abstract: The development of a simple yet greener microfluidic paper-based analytical 
device (μ-PAD) for on-site detection of Mn(II) in various types of waters using tannin as 
a natural reagent was described. The μ-PAD consists of twelve detection zones, created 
on a Whatman Number 1 filter paper by a simple drawing technique using an acrylic 
watercolor. The detection of Mn(II) was based on the color change on the reaction zone 
due to the reaction between Mn(II) and the pre-deposited tannin. The μ-PAD image was 
captured by a portable smartphone detector, and the blue intensity was digitized using a 
color picker application to generate the reflectance as the analytical response. The 
proposed method was characterized by a linear dynamic range of 0.05–0.25 mg L−1 with 
the limit of detection (LOD) for the determination of Mn(II) of 0.026 mg L−1. The other 
analytical merits of the proposed method, such as precision (RSD, 1.107%), accuracy (E, 
6.697%), and recovery (104–112%), were all comparable to the existing 
spectrophotometric methods. The method’s successful application to natural water 
samples from manganese mining sites aligns with the reference spectrophotometric 
method, indicating its good selectivity and accuracy without significant influence of 
commonly associated interfering ions. 

Keywords: microfluidic paper based analytical device (μ-PAD); Mn(II) detection; 
tannin; green reagent 

 
■ INTRODUCTION 

As an essential trace element in humans, manganese 
(Mn) is required in small quantities for both growth and 
development as well as the maintenance of human health. 
Manganese has been identified as part of the chemical 
composition of several essential enzymes (i.e., arginase, 
pyruvate carboxylase, superoxide dismutase, and 
glycosyltransferase), which directly involves in several 
important processes in the human body, including bone 
system development, carbohydrate and lipid metabolism, 
immunity, nervous system, and reproductive hormone 
function [1]. Despite its significant roles, long-term 
excessive exposure to manganese in larger quantities may 
be detrimental to human health. It has been reported that 
excessive exposure to manganese can primarily lead to the 

disruption in neurological function and trigger the 
development of manganism, an occupational disease 
resembling Parkinson’s disease [2-3]. In addition, 
excessive exposure to manganese has also been associated 
with several early chronic symptoms such as pneumonitis, 
cough and bronchitis, metal fume fever, decrease in lung 
function and chronic obstructive lung disease [4-5]. 

As the 12th most abundant element in the earth’s 
crust, manganese can be naturally found not only in 
rocks and soil but also in water and a variety of food. 
While manganese can exist in natural waters in several 
oxidation states, it is most frequently found as its ionic 
Mn(II) in water with a pH lower than 7 and/or low 
dissolved oxygen content [6-7]. Mn(II) contamination 
could occur through natural processes, anthropogenic 
activities, and agricultural or household products. 
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Natural processes such as volcanic eruptions, rock 
weathering and erosion of the earth’s crust are among the 
main sources of Mn(II) in aquatic systems. An elevated 
Mn(II) concentration in water could also be the result of 
anthropogenic activities such as from iron and steel 
plants, production of matches, fireworks, dry-cell 
batteries, and porcelain and other manganese 
compounds. Moreover, many agricultural and household 
products, including fertilizers, pesticides, fungicides, 
livestock supplements, antialgal agents, disinfectants, 
metal cleaners, tanning, and bleaching agents containing 
either manganese sulfate or potassium permanganate that 
also contribute to the high level of Mn(II) contamination 
in water systems. Due to its wide range of use and its high 
solubility characteristics in water, manganese can 
ubiquitously be present in environmental water because 
of the release or discharge from industrial and domestic 
waste or as leachate from landfills and agricultural runoff. 
Thus, considering its abundance along with its adverse 
health effects, a regular determination of Mn(II) ions in a 
variety of environmental waters, wastewater, and 
industrial effluents is of great significance, especially in 
ensuring a sustainable public health system. 

To date, numerous analytical techniques have been 
commonly applied for the regular measurement of Mn(II) 
ions in various environmental waters. These include 
graphite furnace atomic absorption spectroscopy (GF-
AAS), atomic absorption spectroscopy (AAS), and 
inductively coupled plasma mass spectrometry (ICP-MS) 
[8-11]. Despite their high accuracy, precision, and 
sensitivity; these techniques require the use of 
sophisticated instrumentations and involve laborious 
operational procedures, which contributes to the high 
analytical cost and hampers their use for the regular on-
site analysis of Mn(II) ions. In order to comply with the 
standards established by the national and international 
environmental agencies and by considering the need for 
regular on-site monitoring of Mn(II) concentration, it is 
therefore vital to develop a simple yet cost-effective 
technique for the detection of the Mn(II) ions which can 
be easily applied for regular on-site monitoring in a 
variety of environmental samples. 

Over the past decade, microfluidic paper-based 
analytical devices (μ-PADs) have garnered significant 
attention as a powerful analytical platform due to several 
attractive features, including portability, cost-
effectiveness, user-friendliness, and less reagent 
consumption [12]. The main advantage of using the 
paper sheet as the support is that it is cheap, readily 
available, and easy to handle and streamline the 
chemical reaction through the capillary channel without 
external energy sources [13]. There has been a variety of 
fabrication techniques for creating the hydrophobic 
barrier and hydrophilic zone on μ-PADs, including screen 
printing, inkjet printing, flexography printing, wax 
printing, photolithography, inkjet etching, drawing, and 
plasma treatment [14]. Of all the fabrication techniques, 
the drawing technique is preferable due to its simplicity, 
and cost-effectiveness, as it needs only a permanent 
marker, a wax pen or an acrylic watercolor to manually 
hand draw the hydrophobic barrier on a filter paper [15]. 

Since the first report by the Whitesides group from 
Harvard University [16], there has been a vast 
development of μ-PADs as analytical tools for 
applications in food safety [17], health care [18-19] and 
environmental science [20-21], with some μ-PADs 
particularly devoted to the detection of Mn(II) in water 
samples [22-24]. Meredith et al. [22] reported the 
development of paper-based microfluidics for the 
selective determination of Mn(II) in the presence of 
other cations using 4-(2-pyridylazo)resorcinol (PAR) as 
the non-specific colorimetric ligand. It was reported that 
when using triethylenetetramine hydrate (0.1 M) and 
dimercaptosuccinic acid (0.1 M) in borate buffer 
(0.125 M) pH 10 as the masking agent, Mn(II) could be 
selectively detected with 87% masking of all interfering 
metals including Cu, Zn, Cd, Pb, Co, Ni, and Fe [22]. Lee 
et al. [24] developed a colorimetric chemosensor filter 
paper to distinguish between Mn(III) and Mn(II) in the 
aqueous solution. The research undertaken indicated 
that the differentiation between Mn(II) and Mn(III) was 
based on the reaction time of each ion with a 
colorimetric chemosensor which was synthesized from 
the combination of 2-(aminomethyl) aniline and  
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4-(diethylamino)-2-hydroxybenzaldehyde. It was 
revealed that Mn(II) could be detected via the complex 
formation with a colorimetric chemosensor with a shorter 
reaction time in comparison to that of the Mn(III) ion 
[24]. In a more recent study, Kamnoet et al. [23] proposed 
a μ-PAD for the selective and simultaneous detection of 
Cu(II), Co(II), Ni(II), Hg(II), and Mn(II) in water 
samples. They reported that Mn(II) could be selectively 
detected by using a μ-PAD containing a 2.5 μL pre-
deposited reagent containing 5 mM PAR and 5% w/w 
poly(diallyldimethylammonium chloride) in a 0.1 M 
borate buffer pH 9.3. Under the optimum conditions, it 
was revealed that a linear range of 0.0020–0.0100 mM 
Mn(II) with a limit of detection (LOD) of 0.0020 mM 
could be achieved. Thiourea (1 M) and ethylenediamine 
(8 M) were previously added to the pre-treatment zone to 
obtain a selective detection of Mn(II) by masking other 
interfering ions such as Co(II), Cu(II), Ni(II), Zn(II), 
Cd(II), and Pb(II) [23]. 

While the above-mentioned μ-PADs have been 
successful for the detection of Mn(II) in a variety of water 
samples, their continuous use in the regular detection of 
Mn(II) is not in line with green chemistry due to the use 
of synthetic reagents which are expensive and mostly 
toxic [22-25]. Moreover, the existing μ-PADs for Mn(II) 
detection were not fully suitable for on-site applications 
to monitor environmental Mn(II) pollution due to the use 
of desktop equipment such as the scanner and the use of 
laptop-based application in processing and digitizing the 
response image such as image J [22-23]. Therefore, to 
further extend the greenness, simplicity, and portability of 
the current μ-PAD technique, herein we report the 
development of a simple μ-PAD technique coupled with 
a smartphone for on-site detection of Mn(II) in water 
using a natural reagent, tannin. Tannin is a high 
molecular weight phenolic compound that can be easily 
extracted from a variety of plant tissues using a variety of 
solvents. Due to its abundant presence in plant tissues and 
low toxicity, tannin is an excellent greener alternative 
compound for a variety of applications, including 
coagulants, food additives, flotation agents, antioxidants, 
dyeing agents, and adsorbents [26-28]. Additionally, its 
numerous hydroxyl group content provides tannin with 

high-water solubility and excellent metal chelating 
properties, which is promising for other analytical and 
environmental applications [29-30]. Thus, the present 
research explores the use of tannin as the complexing 
agent for Mn(II) in μ-PAD for the analytical 
determination of Mn(II) in water. The μ-PAD was 
fabricated using a simple drawing technique [31-33] 
using the commercially available acrylic watercolor, and 
the resulting color on μ-PAD due to the reaction 
between Mn(II) and tannin was captured using a 
smartphone as a portable detector [34-36]. A free-
download “color picker” application which has been 
successfully utilized and reported elsewhere [37] as an 
alternative method to the existing desktop computer-
based application (i.e., image J) was used for digitizing 
the color change of the μ-PAD which was further used 
as the analytical response. 

■ EXPERIMENTAL SECTION 

Materials 

All chemicals used in this research were of 
analytical grade and were used as received without any 
further purification. MnSO4 was obtained from Merck 
and was used in the preparation of Mn(II) solutions. 
Other chemicals used in this research, such as 
CH3COOH, CH3COONa, H2SO4, NaIO4, and CH3OH 

were also obtained from Merck and used as received. 
Tannin powder was commercially available and was 
bought from Kempan®. The μ-PADs were fabricated 
using Whatman No.1 filter paper (Whatman/GE 
Healthcare) using commercially available acrylic color 
set (Hepi Iop1), crayon (Heppi pop 1), and acrylic spray 
paint (Nippon paint) as the hydrophobization agents. 
All the aqueous solutions were prepared in deionized 
water obtained from OneMed. Mn(II) standard 
solutions used throughout the experiment were 
prepared in acetic acid buffer pH 3. 

Instrumentation 

A laminating machine (GK-Tech) was used in the 
fabrication of the μ-PADs to prevent the evaporation of 
the reagent and avoid any possible contamination. The 
image of the μ-PADs was captured using a smartphone 
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Iphone 6S Plus (camera resolution of 12 megapixels). 
Spectrophotometer UV-vis 100DA-X (B-one) was used as 
the reference method in the μ-PADs validity test. 

Procedure 

Fabrication of the μ-PADs 
The proposed μ-PAD (Fig. 1) consisted of 12 reaction 

zones (0.5 cm internal diameter) with the size of a credit 
card (9 cm × 8 cm). Several commercial products were 
assessed for their use as hydrophobization agents to create 
the hydrophobic barrier on the μ-PAD, including an 
acrylic color set, crayon, and acrylic spray. When an acrylic 
color set or crayon was used as the hydrophobization 
agent, the hydrophobic barrier was manually drawn on 
the filter paper to create a hydrophilic reaction zone using 
a paintbrush. When the acrylic spray was used as the 
hydrophobization agent, the manual spraying technique 
was used to create the hydrophobic barrier. In both cases, 
the hydrophobization agents were only applied on one 
side of the filter paper and a plastic film as the template 
was used to create the circular hydrophobic barrier. The 
resulting filter paper was then ironed from the other side 
to facilitate the penetration of the hydrophobization agent 
into the cellulose fiber of the filter paper. After that, the μ-
PAD was laminated using an ID-card size laminating 
plastic to prevent the evaporation of the sample and 
tannin solutions during the detection process. Prior to the 
laminating, a screw punch was used to punch a sample 

insertion hole of 2 mm in diameter in the laminating 
plastic over the center of each sampling zone which will 
be used for introducing the reagent and sample. 

The resulting μ-PADs produced using the above-
mentioned hydrophobization agents were assessed for 
the ability of the fabricated hydrophobic zone to contain 
an aqueous solution (25 μL of deionized water), which 
was deposited on the created reaction zone (hydrophilic 
zone) [14]. For the optimization and the analysis, the 
selected hydrophobization agent was used to fabricate 
the hydrophobic barrier and the preparation of μ-PAD 
involves the addition of the pre-optimized tannin 
solution as the reagent. In each case, the μ-PAD with 
pre-deposited tannin reagent was air-dried for 1–2 min 
prior to the addition of the water sample. 

Analytical procedures and optimization of the μ-
PADs 

As shown in Fig. S1, the measurement of Mn(II) 
using the μ-PAD was carried out by initially depositing 
a certain volume of tannin solution as the chromogenic 
natural reagent to the hydrophilic zones. The μ-PAD 
was air-dried for several minutes before a certain volume 
of Mn(II) standard solution or real sample solution 
containing Mn(II) was dropped onto each detection 
zone. The μ-PAD was further kept for a pre-optimized 
reaction time at room temperature. Immediately after 
the optimum reaction time was achieved, the μ-PAD was  

 
Fig 1. (a) Schematic representation of the proposed μ-PAD. The diameter of the hydrophilic zone was 0.5 cm (b) 
photographic of the fabricated μ-PAD 
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placed in a homemade box before the μ-PAD image was 
captured using the smartphone. In this way, the effect of 
external radiation by the laboratory lighting conditions 
could be minimized. Finally, the RGB intensity of each 
detection zone was determined using the free download 
software “color picker” from the center of each zone. The 
optimum RGB intensity was then used to calculate the 
reflectance of each detection zone using the Birch and 
Stickle method (Eq. 1) [38]. 

0

IR log
I

   (1) 

The R variable indicates the reflectance of each detection 
zone, I is the mean blue color intensity of each standard 
or real sample solution, and I0 shows the mean blue color 
intensity for the blank. The blank intensity was obtained 
by performing the measurement using the μ-PAD using 
deionized water as the replacement. 

Prior to the application of the μ-PAD, several 
important parameters were optimized to obtain the 
optimum conditions of the measurement using the μ-
PAD. The parameters include reagent volume, reaction 
time, and sample volume. The optimization process was 
carried out using the univariate technique, where one 
variable was varied when all the others were kept constant. 
The highest reflectance obtained for each optimized 
parameter value was chosen as the optimum combination 
for further analysis of Mn(II) in real water samples. 

The analytical performance of the μ-PAD was 
assessed by evaluating the analytical figures of merit of the 
proposed method, including the precision, accuracy, % 
recovery, LOD and limit of quantitation (LOQ). The 
precision, accuracy and % recovery of the μ-PAD based 
method were characterized by measuring the reflectance 
for 0.02 mg L−1 Mn(II) standards (n = 6). The precision of 
the μ-PAD based method, characterized as the 
repeatability of the measurement, was described as the 
relative standard deviation (RSD) and was determined 
using Eq. (2): 

SD%RSD 100%
x

   (2) 

where SD is the standard deviation of the measurement 
and xത is the average concentration of Mn(II) determined 
using μ-PAD based method. 

The accuracy of the μ-PAD based method was 
characterized as the % error of the measurement and was 
determined using Eq. (3): 

x%E 100%
 

    
 (3) 

The recovery of the μ-PAD based method was 
determined using Eq. (4): 

x%R 100% 


 (4) 

where xത is the average concentration of Mn(II) 
determined using μ-PAD based method, and μ is the 
true concentration of Mn(II). 
The LOD was defined as the minimum analyte 
concentration that can be detected with confidence 
using the proposed method. It was determined by using 
Eq. (5). 

Y3S
LOD

S
  (5) 

The LOQ was characterized as the lowest concentration 
of the analyte that can be reliably quantified using the 
proposed method. It was determined by applying Eq. (6): 

Y10S
LOQ

S
  (6) 

where SY is the standard error of the intercept, and S is 
the slope of the calibration curve of the proposed method. 

Selectivity of the μ-PADs 
The effect of several interfering cations on the 

determination of Mn(II) using the proposed μ-PADs 
was investigated individually by introducing different 
amounts of each interfering cation in the determination 
of a 0.2 mg L−1 Mn(II). These include the most 
encountered cations in environmental waters, such as 
Na(I), K(I), Ca(II), Mg(II), and Fe(III). The response of 
the μ-PADs indicated as reflectance was measured both 
in the presence and absence of the interfering ions. The 
tolerable limit was defined as the amount of interfering 
ions causing 5% error in the determination of 
0.2 mg L−1 Mn(II). 

Validation of the μ-PADs 
The applicability of the proposed μ-PAD was 

demonstrated by the measurement of Mn(II) 
concentration in environmental samples. The natural 
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water samples used in this research were collected from 
the surrounding manganese mining sites in Kupang 
Regency (East Nusa Tenggara Province, Indonesia). 
Validation was performed by comparing the 
measurement results using the μ-PAD to the 
corresponding measurement results obtained using the 
standard spectrophotometric UV-Vis. The standard 
spectrophotometric UV-Vis was based on the 
measurement of colored permanganate absorbance due to 
the oxidation of Mn(II) ions in the natural water samples 
by NaIO4 [39]. The quantification of Mn(II) in the natural 
water samples was performed by comparing the 
absorbance of the unknown signal with the pre-
constructed standard calibration curve. Each sample was 
measured in triplicates, and the average concentration of 
Mn(II) was determined. 

Stability of the μ-PADs 
The stability of the optimized μ-PAD was assessed 

under two different storage conditions. First, the μ-PAD 
was stored under laboratory conditions and was kept in 
an open air at room temperature; second, the μ-PAD was 
vacuum sealed in a vacuum sealing bag. In both 
conditions, the μ-PADs were stored in the dark to avoid 
the degradation of the tannin reagent due to the light 
effect. The stability of μ-PAD under both storage 
conditions was studied by measuring the reflectance of 
their detection zones after the addition of a pre-optimized 
volume of the Mn(II) standard containing 1 mg L−1 
Mn(II). For the determination of Mn(II), the devices were 
removed from storage bags, and left them at room 
temperature for at least 15 min prior to the addition of the 
standard solution. 

■ RESULTS AND DISCUSSION 

Selection of the Commercial Hydrophobic Products 

A preliminary study was conducted to assess the 
suitability of using several commercial products in the 
fabrication of the hydrophobic barrier on the μ-PADs, 
including crayons, acrylic spray paint, and acrylic 
watercolor. The successful μ-PAD was indicated by the 
ability to contain the aqueous solution within the 
hydrophobic barrier. The results indicated that 
hydrophobic barriers produced using acrylic spray paint 

were unevenly distributed, and the resulting μ-PAD was 
softened when compared to the original filter paper, 
which made it tear easily when handling. Moreover, the 
hydrophobicity test indicated that water dropped into the 
hydrophilic zone and seeped through the hydrophobic 
barrier. When a crayon was used as the hydrophobization 
agent, it was found that the hydrophobic barrier was able 
to contain the water inside the hydrophilic zone and no 
water seepage through the hydrophobic barrier was 
observed. However, the hydrophobic surface of the μ-
PADs was found to peel off after the drawing and 
heating process, and the solidified crayon was clumped 
on the surface of the paper substrate. On the contrary, 
the hydrophobic barrier on the μ-PADs created using 
the acrylic color set results in an evenly distributed 
hydrophobic barrier which could contain the aqueous 
solution within the hydrophobic barrier. Based on these 
results, it was decided that the acrylic color set was 
selected to create the hydrophobic barrier on the μ-
PADs for the further optimization process. 

Optimization Results 

An initial analysis was performed on the 
successfully produced μ-PADs using the acrylic color set 
to select the highest analytical response among the red, 
green, and blue intensity. The analysis was based on the 
reaction between the pre-deposited tannin solution with 
Mn(II) present in the standards/samples. Tannins can 
form coordination complexes with Mn(II) ions due to 
their phenolic groups, which can act as ligands. The 
phenolic groups within tannin molecules can coordinate 
with the Mn(II) ions through oxygen atoms, forming 
chelates. This coordination gives rise to the formation of 
stable complexes Mn(II)-tannin complex with distinctive 
structures and properties, as shown in Fig. S2. The 
resulting color change of the tannin indicator on the μ-
PADs was captured and then converted to the reflectance 
based on Eq. (1). Fig. S3 presents the individual 
reflectance calculated using the red, green, or blue 
intensity. As seen, the highest analytical response 
expressed as the reflectance was obtained when 
calculated using the blue intensity. Therefore, the blue 
intensity was then chosen and applied as the analytical 
response for further analytical experiments. 
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The effect of reagent volume on the reflectance of 
the μ-PADs was examined within the range of 10–50 μL. 
It was shown that the reflectance increased following the 
increase in the volume of the reagent which could be 
attributed to the increase in the total amount of tannin 
present in the reagent solution (Fig. 2). However, the 
reflectance tends to significantly decrease when the 
volume of the reagent used exceeds 40 μL. This could be 
due to the excessive volume of water, which fades off the 
color of the complex formed between tannin and Mn(II). 
Thus, 40 μL reagent was considered optimum and was 
used for further experiments. 

As an analytical device intended for field analysis, 
the time required to conduct a measurement is considered 
a crucial factor. It is expected that the time required per 
analysis is faster or at least within the range of 5–30 min, 
which is equal to that of the commercially available 
Mn(II) test kits. Thus, the interval time required for the 
analysis was examined within the interval of 10–50 min. 
The color development time was determined after the 
introduction of a known volume of Mn(II) standard 
solution into the hydrophilic zone containing a pre-
deposited tannin reagent. The results presented in Fig. 3 
indicated that a gradual increase in the color development 
time was achieved from 10–30 min, after which the 
reflectance leveled between 30 to 40 min. After 40 min of 
reaction, a significant decrease in the reflectance was 
observed, which could be attributed to the degradation of 
the complex initially formed between Mn(II) and the 
tannin reagent. Consequently, 30 min of reaction was 

selected as the optimum color development time for 
further analytical experiments. 

The effect of sample volume on the reflectance was 
examined between 10–30 μL. The results, presented in 
Fig. 4. indicated that the reflectance was gradually 
decreased as the volume of sample was increased from 
10 to 30 μL. This was due to the excessive volume of 
water, which may fade the pre-formed color developed 
due to the reaction between tannin and Mn(II). 
Consequently, based on the presented results, a sample 
volume of 10 μL was selected for further experiment as 
it yielded the highest reflectance within the range of 
sample volume examined. 

Analytical Figures of Merit 

The analytical performance of the μ-PAD for the 
determination of Mn(II) was evaluated under the pre-
optimized conditions, and the corresponding analytical 
figures of merit are summarized in Table 1. The analytical  

 
Fig 2. The effect of tannin reagent volume on the 
reflectance of the μ-PADs 

 

 
Fig 3. The effect of reaction time on the reflectance of the 
μ-PADs 

 
Fig 4. The effect of sample volume on the reflectance of 
the μ-PADs 
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Table 1. Analytical figures of merit of the newly developed -PAD method for the determination of Mn(II) and the 
standard reference spectrophotometric UV-vis method 

Parameters 
Methods 

Spectrophotometer UV-vis μ-PAD 
Linear range (mg L−1) 
Accuracy (%E) 

0–0.25 
1.509% 

0.05–0.25 
6.697% 

Precision (%RSD) 0.311% 1.107% 
Recovery (%) 97–105 % 104–112% 
Limit of detection (LOD) 
Limit of quantification (LOQ) 

0.0068 mg L−1 
0.0227 mg L−1 

0.0260 mg L−1 
0.0860 mg L−1 

 
merits of the μ-PAD for the determination of Mn(II), such 
as linear dynamic range, calibration curve equation, 
correlation coefficient, accuracy, precision and limit of 
detection, were studied and compared to that of the 
standard reference method of spectrophotometric UV-
Vis based on the use of NaIO4 reagent. The proposed 
method offered a relatively satisfied linear dynamic range 
of 0.05–0.25 mg L−1 (Fig. 5) with the regression 
coefficients for Mn(II) determination described by Eq. (7) 
where Y is the reflectance and X is the concentration of 
Mn(II) in mg L−1, respectively. The linear relationship 
between the reflectance and the concentration of Mn(II) 
is expressed by coefficient correlation (R2) of 0.9912, 
which confirms that the proposed method complied with 
the Lambert-Beer law of an applicable method (Eq. (7)). 
Y 0.360X 0.0059   (7) 

The data presented in Table 1 indicated that the 
accuracy (%E), precision (%RSD) and recovery (%) were 
6.697, 1.107, and 104–112 and were all comparable to the 
corresponding analytical merits obtained using the 
standard reference spectrophotometric method. The 
LOD and LOQ of the proposed method, determined by 
the linear regression method of Miller and Miller, for the 
determination of Mn(II) were 0.026 and 0.086 mg L−1, 
respectively [40]. These values are four times higher than 
the LOD and LOQ of the standard reference method, 
which are 0.0068 and 0.0227 μg L−1, respectively. 
However, the LOD and LOQ of the proposed μ-PAD 
method are lower than the tolerable concentration of 
Mn(II) in drinking water and clean water specified by the 
Indonesian Ministry of Health Regulation Number 
492/MENKES/PER/IV/2010 of 0.4 mg L−1. These results 
indicated that  the newly  developed μ-PAD  is suitable for  

 
Fig 5. The calibration curve of the μ-PADs for the 
determination of Mn(II) concentration in water 

the determination of Mn(II) concentration in drinking 
water and clean water. 

The Effect of Interfering Cations 

Selectivity is obviously one of the most important 
characteristics of the μ-PAD based method. This 
property signifies the preference response of the 
proposed μ-PAD method to the Mn(II) ions with respect 
to the potential interference effects caused by various 
interferents. In this research, the primary focus was on 
the effect of the competing cations such as Na(I), K(I), 
Ca(II), Mg(II), and Fe(III), as these are the most 
common cations present in environmental waters and 
can form complexes with tannin and can thus affect the 
accurate determination of Mn(II). Under the optimum 
conditions, each of the interfering cations was added 
individually to a solution containing 0.2 mg L−1 of 
Mn(II). The introduction of increasing amounts of the 
interfering ion continued until a tolerable ±5% error in 
the relative reflectance was observed. Table 2 
summarizes the influence of these cations on the relative 
reflectance  of  the  tannin-Mn(II)  complex.  The  results  
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Table 2. The tolerable interference effects of Na(I), K(I), 
Ca(II), Mg(II), and Fe(III) ions on the determination of 
0.2 mg L−1 Mn(II) using the proposed μ-PAD method 

Interfering cations (salt) Tolerable ratio 
Na(I) (NaCl) 50 
K(I) (KCl) 50 
Ca(II) (CaCl2) 12.5 
Mg(II) (MgSO4) 25 
Fe(III) (FeCl3) 2.5 

revealed that Fe(III) ions had the most severe interference 
effect when compared to the other investigated interfering 
cations. However, the co-existence of Fe(III) with Mn(II) 
in the sample was tolerable up to a ratio of 2.5. The 
interfering effect of Fe3+ indicated a potential cross-
sensitivity of the proposed μ-PAD method when 
determining Mn(II) concentration in a sample containing 
also Fe(III) ions. However, this unwanted cross-sensitivity 
caused by the presence of Fe(III) could be eliminated by 
the addition of 0.5 M orthophosphate as a suitable masking 
agent, which has been proposed by Zhang et al. [41]. Under 
this condition, Fe(III) could be precipitated as Fe3(PO4)2 
prior to the determination of Mn(II) using the proposed 
method leaving Mn(II) ions to complex with tannin. 

While the effect of the other interfering cations was 
observed at higher ratios compared to that of the Fe(III), 
these ratios are not sufficiently significant for the 
determination of Mn(II) in water with high matrix 
complexity. Thereby, it is anticipated that the use of the 
proposed method for an accurate determination of Mn(II) 
was limited in water samples with less complex matrices. 

Analysis of Environmental Water Samples 

The applicability of the proposed μ-PAD method to 
measure Mn(II) in water was examined by the 
determination of Mn(II) in several natural water samples. 

The results of Mn(II) concentration obtained using the 
μ-PAD method were compared to those obtained using 
the standard reference spectrophotometric method and 
presented in Table 3. A 2-tail Student's t-test was 
performed to assess the difference in the concentration 
of Mn(II) determined using the μ-PAD method and the 
standard reference method. The null hypothesis was 
accepted (i.e., no statistically significant difference 
between Mn(II) concentration determined by using 
both methods) if the calculated t-value was lower than 
the critical t-value at the selected confidence level (95%). 
It can be seen from the table that below the LOD of the 
μ-PAD (i.e., samples 1 and 2), a high deviation of the 
concentration of Mn(II) determined using μ-PAD method 
from those determined using the standard reference 
method was observed. The t-value calculated for both 
samples were respectively 181.26 and 39.60, while the 
critical t-value was 2.77 at the 95% confidence level (df = 
4). The significantly higher calculated t-value compared 
to the critical t-value showed the presence of a 
statistically significant difference between the results of 
Mn(II) concentration determined by using the μ-PAD 
method and the standard reference method. Thus, this 
indicated the limitation of the proposed μ-PAD method 
to measure Mn(II) concentration in water below its limit 
of detection. 

Above the limit of detection of the proposed -
PAD method (Sample 3 and 4), the concentration of 
Mn(II) determined using the μ-PAD method were 
respectively 0.104 and 0.101 mg L−1 while the 
corresponding Mn(II) concentration determined using 
standard reference method were 0.105 and 0.097 mg L−1. 
The t-value calculated for samples 3 and 4 were 
respectively 0.40 and 1.03, while the critical t-value was 
2.77 at the 95% confidence level (df = 4), which indicated  

Table 3. Mn(II) concentration in natural water samples collected from the surrounding manganese mining sites (n = 
3 per sample) was determined using μ-PAD method and the standard reference method (Spectrophotometric UV-vis) 

Sample  
Mn(II) concentration (mg L−1) Calculate 

t-value 
Critical t-value 
(% confidence) Spectrophotometric UV-vis μ-PAD 

1 0.014 0.029 181.26 
2.77 

(95%) 
2 0.086 0.186 39.60 
3 0.105 0.104 0.40 
4 0.097 0.101 1.03 
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Fig 6. The stability of the μ-PADs for the determination 
of Mn(II) concentration in water over 7 day examination 
with the μ-PAD stored in vacuum sealed in a vacuum 
sealing bag () and in open air at room temperature () 

that there were no statistically significant differences in 
the average concentration of Mn(II) determined using the 
proposed μ-PAD method and the standard reference 
method. This specified a good agreement between the 
concentration of Mn(II) determined using the proposed 
μ-PAD method and the standard reference method, with 
%Error range from −0.952–4.124. The comparable 
concentration of Mn(II) in similar samples determined by 
using both the proposed method and the 
spectrophotometric method indicated that the proposed 
method was applicable for the measurement of Mn(II) in 
the contaminated environmental water. It was important 
to note that a good agreement between the proposed μ-
PAD method and the standard reference method in terms 
of Mn(II) concentration also indicated no significant 
effect of interfering cations or anions. These results 
demonstrated the suitability of the proposed μ-PAD 
method for the measurement of Mn(II) concentration not 
only in drinking water or clean water with low 
interference species but also in natural environmental 
waters with relatively complex matrix. 

Stability Study 

One of the most important advantages of the 
proposed μ-PAD method is its portability for the direct 
measurement of Mn(II) concentration in the field in 
remote areas, which requires longer transport time [20]. 
Therefore, it was an immense important to assess the 
stability of the μ-PAD as to meet the required transport 

time to the point of measurement. For this purpose, the 
μ-PAD was prepared with pre-deposited tannin solution 
as the green reagent and the stability expressed as 
reflectance was assessed using a known concentration of 
Mn(II) solution over a 7-day period under two different 
storage conditions. Fig. 6 indicated that the in both 
storage conditions, the reflectance of μ-PAD was stable 
up to day 5th when assessed using a known concentration 
of Mn(II). However, after 5 d, the reflectance of μ-PAD 
under both conditions tends to decrease significantly. 
These results indicated that, under both storage 
conditions, the maximum storage time of the μ-PAD 
prior to the field analysis was 5 d. 

■ CONCLUSION 

In summary, a new, simple and greener μ-PAD 
method for the determination of Mn(II) in water has 
been successfully developed based on the use of tannin 
as a natural reagent. The proposed μ-PADs were created 
on a Whatman Number 1 filter paper (9 cm × 8 cm) by 
a simple drawing technique using a commercially 
available acrylic watercolor. The detection of Mn(II) was 
based on the color change observed in the reaction zone 
of the μ-PAD due to the reaction between Mn(II) and 
the pre-deposited tannin in the detection zone. The red-
green-blue intensity of the complex was captured by a 
smartphone that functioned as a portable detector, and 
the blue intensity of the complex digitized using a free-
download color picker application was used to calculate 
the reflectance as the analytical response. It has been 
demonstrated that the analytical merits of the proposed 
μ-PAD method, including the accuracy (%E), precision 
(%RSD) and recovery (%), were 6.697, 1.107, and 104–
112 and were all comparable to the corresponding 
analytical merits obtained using the standard reference 
spectrophotometric method. The proposed method 
offered a relatively satisfied linear dynamic range of 
0.05–0.25 mg L−1 with the limit of detection (LOD), and 
limit of quantification (LOQ) for the determination of 
Mn(II) were 0.026 and 0.086 mg L−1, respectively. It was 
also demonstrated that the μ-PAD was stable for at least 
5 days when stored under vacuum-sealed bags. These 
findings demonstrated that the μ-PAD prepared using a 
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simple drawing technique using a commercially available 
acrylic watercolor as the hydrophobization agent and 
tannin as green reagent could potentially be used as an 
alternative to the corresponding spectrophotometric 
method for the on-site determination of Mn(II) in 
environmental and drinking water samples. 
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 Abstract: Three zinc(II) complexes containing 4-aminopyridine (4-NH2py) [Zn(4-
NH2py)2(NCS)2] (1), [Zn(4-NH2py)2Cl2] (2), and [Zn(4-NH2py)2(NCS)Cl] (3) were 
synthesized and characterized by FTIR and single crystal X-ray diffraction. All complexes 
adopt a slightly distorted tetrahedral geometry with different crystal packing. Complex 1 
crystallizes in the orthorhombic Pmmn space group, complex 2 in the monoclinic C2/c 
space group, and complex 3 in the orthorhombic Pbca space group. Non-covalent 
interactions such as NC-S···H, -Cl···H, and μ-μ stacking interaction between 4-NH2py and 
other ligands (NCS− and Cl−) are observed in the crystals packing. In vitro, antibacterial 
screening of all complexes was evaluated against two bacteria (Escherichia coli and 
Staphylococcus aureus). The results show that 1 has the highest antibacterial activity 
than 2 and 3. This difference is due to differences in the interactions elicited by the anion 
ligands. 

Keywords: zinc(II) complexes; 4-NH2py; thiocyanato; chloro ligand; antibacterial activity 

 
■ INTRODUCTION 

Transition metal complexes of nitrogen heterocyclic 
ligands, such as pyridine and its derivatives, have garnered 
a lot of interest due to their interesting properties, such as 
catalysts, developing photographic images, antimicrobial 
agents, and thermal reaction batteries [1]. Moreover, 
complexes with aminopyridine have been studied due to 
their potential as antibacterial agents [2-4]. Complexes 
with aminopyridine ligand such as poli-[Cu(NCS)2(x-
NH2py)2] [2], [Cd(μ-L)2(NH2py)2] (L = SCN−, dca, N3

−) 
[5-7], [Mn(L)2(3-NH2py)2] (L = dca, SCN−) [5-6,8] and 
[Co(dca)2(2-NH2py)2] [3] have shown to form a polymeric 
structure through bidentate ligands such as dicyanamide 
ion (dca), nitride ion (N3

−) and ambidentate ligand such as 
SCN−. The polymeric complexes can be obtained as long 
as octahedral coordination of the metal center is 

preserved, whereas complex compounds with tetrahedral 
geometry such as [Zn(NCS)2(x-NH2py)2] (x = 2 and 3) 
[9-10], [Zn(CN)2(x-NH2py)2] [11], [MCl2(x-NH2py)2] 
(M = Zn(II), Co(II) [4,12] tend to form monomeric 
complexes [9,13-14]. In addition, the aminopyridine 
ligands prefer to act as monodentate ligands, with amino 
groups acting as potential H-bond donors or acceptor 
sites [8-9,15] Meanwhile, the bidentate anion-ligands 
such as thiocyanate, dicyanamide, and acetate are 
potential ligands to form coordination polymer. This 
indicates that ligands and metal ions affect the structure 
of aminopyridine-based complexes. 

The structure of the complexes also affects their 
antibacterial activity. Some ligands can increase the 
lipophilicity of complexes. The increase in lipophilicity 
allows it to penetrate the lipid layer of the bacterial 
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membrane [16]. Functional groups on pyridines such as 
−NH2, −OR, −CN, and −Br might increase antibacterial 
activity through the formation of bonding with 
lipopolysaccharides in the cell walls and change its spatial 
structure [17]. Complex [CdLI(SCN)2] showed higher 
antibacterial activity against Escherichia coli and Bacillus 
subtilis than [CdLII]I (LI = 3,10-C-meso-3,5,7,7,10,12,14, 
14-octamethy1-1,4,8,11-tetraazacy clotetradeca-4,11-
diene) [18]. These results show that the combination of 
ligands is an important factor in designing effective 
antimicrobial agents. 

In this work, we have synthesized three complexes 
of zinc(II) and 4-NH2py with different anionic ligands, 
i.e., [Zn(NCS)2(4-NH2py)2] (1), [ZnCl2(4-NH2py)2] (2), 
and [ZnCl(NCS)(4-NH2py)2] (3). Thiocyanate is one of 
the favored substrates for lactoperoxidase (LPO)-driven 
catalytic reduction of hydrogen peroxide (H2O2) to 
generate hypothiocyanous acid (HOSCN), a potent 
antimicrobial agent and better tolerated by host tissue 
[19-20]. Moreover, chloride (Cl−) is one of the substrates 
that can generate hypochlorite (OCl−) in myeloperoxidase 
(MPO) defensive peroxidase systems [21]. Chloride in the 
form of salt (NaCl) also inhibits microbial growth 
through an osmotic process. It draws water out of the 
bacterial cells causing the bacterial cells to shrink and die 
[22-23]. Therefore, chloride and thiocyanate anions were 
used in this study. In vitro, the antibacterial activity of the 
three complexes was also evaluated against Staphylococus 
aureus and Escherichia coli. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study, zinc(II) chloride 
anhydrous (ZnCl2, Merck, p.a. 98%), potassium thiocyanate 
(KSCN, Emsure, p.a. 99%), 4-aminopyridine (4-NH2py, 
Sigma Aldrich, p.a. 98%), methanol (CH3OH, Emsure p.a. 
99%), and aquadest, were used without further purification. 

Instrumentation 

The instrumentations used in this study were 
Fourier-transform spectrophotometer (IRPrestige21, 
Shimadzu, Japan), conductivity meter (Cyberscan CON 
11/110, Eutech Instruments, USA), X-ray single crystal 

diffraction spectroscopy (Bruker SMART APEX 2, 
USA), and melting point apparatus (Fisher-John 48061, 
Thermo Scientific, USA). 

Procedure 

Synthesis of complex [Zn(NCS)2(4-NH2py)2] 
A ZnCl2 (0.1363 g, 1 mmol) in 5 mL CH3OH was 

mixed into a 5 mL solution of 4-NH2py (0.1882 g, 
2 mmol) and stirred continuously for 2 h. Then, KSCN 
(0.1944 g, 2 mmol) was added slowly. Heating under 
reflux and stirring was continued for up to 4 h. The 
needle-shaped crystals were obtained after several days. 
Yield: 76.30%, melting point: 220–223 °C. 

Synthesis of complex [ZnCl2(4-NH2py)2] 
A [ZnCl2(4-NH2py)2] was synthesized according to 

a previous report [10]. A ZnCl2 (0.1363 g, 1 mmol) that 
had been dissolved in 5 mL CH3OH was mixed with 4-
NH2py (0.1882 g, 2 mmol). The mixture was heated at 
64 °C under reflux for 6 h while being continuously 
stirred. The final solution was chilled to room 
temperature. Colorless crystals were formed after several 
days. Yield: 61.23%, melting point: 245–248 °C. 

Synthesis of complex [ZnCl(NCS)(4-NH2py)2] 
A ZnCl2 (0.1363 g, 1 mmol) in 5 mL CH3OH was 

mixed into 5 mL solution of 4-NH2py (0.1882 g, 2 mmol) 
and stirred continuously for 2 h. Then, KSCN (0.0927 g, 
1 mmol) was added slowly. Heating under reflux and 
stirring was continued for up to 4 h. After a week, 
colorless crystals were obtained. Yield: 53.79%, melting 
point: 214–215 °C. 

Characterization technique 
Melting point temperature was measured in the 

range of 30–300 °C using a Fisher-John melting point 
apparatus. The electrical conductivity of complex 
solutions was measured using Cyberscan CON 11/110 
conductivity meter. The infrared spectra were recorded 
using Shimadzu spectrophotometer type IRPrestige21 
on KBr pellets in the range 4000–400 cm−1. 

Single crystal X-ray structure determination 
Intensity data were gathered at 123 K using Bruker 

SMART APEX2 diffractometer equipped with a CCD 
area detector and Mo Kɑ source (λ = 0.71073 Å) 
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monochromated by layered confocal mirrors. Data 
reduction and scaling were performed using Bruker 
APEX3 suite, and absorption correction was performed 
using SADABS. SHELXT was used to solve the initial 
structure, revealing non-hydrogen atoms’ positions, which 
were refined using the SHELXL program on a ShelXle 
user interface. Anisotropic refinement was performed on 
non-hydrogen atoms. Hydrogen atoms were placed in the 
calculated positions using a riding model. 

Antibacterial tests 
The antibacterial tests were conducted in the 

Laboratory of Microbiology, Universitas Negeri Malang. 
The tests were done on different types of pathogen 
bacteria, gram-positive- S. aureus and gram-negative- E. 
coli. The reference antibacterial drug chloramphenicol 
was evaluated for its antibacterial activity, and the results 
were compared with those of the free ligands and the 
complexes. Samples were dissolved in the DMSO 10% to 
obtain a 5 mg/mL solution. The method used is the disc 
diffusion method [13,16]. The disc containing 
antimicrobial agents or compounds was applied to the 
MHA plate within 20 min after inoculating it with the 
bacteria. Three discs were coated per petri dish. The plates 
were inverted and incubated at 37 °C for 24 h. After that, 
the zones of complete inhibition were measured. 

■ RESULTS AND DISCUSSION 

Synthesis of Complexes [Zn(NCS)2(4-NH2py)2] (1), 
[ZnCl2(4-NH2py)2] (2), [ZnCl(NCS)(4-NH2py)2] (3) 

Three complexes 1, 2, and 3 were reacted directly 
in CH3OH as a solvent with the mol ratio Zn(II): 4-
NH2py: KSCN of 1:2:0 (complex 1), 1:2:1 (complex 2), 
and 1:2:2 (complex 3). The results gave colorless crystals 
with several shapes like needle and beam-shaped, as 
shown in Fig. 1. The reaction of complex formation is 
presented in Fig. 2. The reaction of ZnCl2 with 4-NH2py 
produced complex [ZnCl2(4-NH2py)2], then the 
addition of NCS− ion substituted the Cl− ligand to form 
complexes [ZnCl(NCS)(4-NH2py)2] and [Zn(NCS)2(4-
NH2py)2]. Based on the spectrochemical series (Fajans-
Tsuchida), the NCS− ion is stronger than the chloride 
anion ligand; thus NCS− can replace Cl− ligand to form 
complexes 1 and 3 [24]. 

Physical Properties of Zinc(II) Complexes 1, 2, 3 

All complexes 1, 2, and 3 were obtained as colorless 
crystals (Fig. 1). Complex 1 is needle-shaped crystal (Fig. 
1(a)), while complexes 2 (Fig. 1(b)), and 3 (Fig. 1(c)) 
were block-shaped crystals. The three complexes are air-
stable and have sharp melting points around > 200 °C. 
The melting point data of the three complexes are higher 

 
Fig 1. Crystal images of (a) [Zn(4-NH2py)2(SCN)2] (1); (b) [ZnCl2(4-NH2py)2] (2); (c) [ZnCl(NCS)(4-NH2py)2] (3) 
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Fig 2. Reaction of the formation Zn(II) complexes 1, 2, and 3 

 
than complex [Zn(NCS)2(2-NH2py)2] [10] and 
[Co(NCS)2(2-NH2py)2] [25]. This could be due to the 
stronger intermolecular interactions of complexes 1, 2, 
and 3 compared to the two complexes. All complex 
solutions have been measured for their electrical 
conductivity in 1 mg/mL using CH3OH solvent and 
showed the results: 101.5 μS (complex 1), 96.3 μS 
(complex B2), 54.7 μS (complex 3). These results show 
that complex solutions are non-electrolytes [26]. 

Structural Determination of Complexes 1, 2, 3 

The reaction between ZnCl2, KSCN, and 4-NH2py 
leading to the formation of complexes [Zn(NCS)2(4-
NH2py)2] (1), [ZnCl2(4-NH2py)2] (2), and 
[ZnCl(NCS)(4-NH2py)2] (3). The structural 
determination of all complexes was carried out using 
single-crystal XRD. The crystallographic data of 
complexes are shown in Table 1. 

Table 1. Crystallographic data 
Compound 1 2 3 

No. CCDC 2224923 2224925 2224924 
Empirical formula C12H12N6S2Zn C10H12Cl2N4Zn C11H12ClN5SZn 
Empirical mass 369.79 324.53 347.16 
System Orthorombic Monoclinic  Orthorombic  
Space group Pmmn C2/c Pbca 
a (Å) 12.9473 8.8309(7) 10.2571(11) 
b (Å) 14.3833 9.8240(7) 16.1744(17) 
c (Å) 4.1770(8) 14.9961(11) 17.2842(18) 
α (°) 90 90 90 
β (°) 90 102.3360(10) 90 
γ (°) 90 90 90 
V (Å3) 777.827 1268.40(16) 2867.5(5) 
Z 2 4 8 
T (K) 123 123 123 
λ Mo Kα (Å) 0.71073 0.71073 0.71073 
F000 376 656 1408 
μ (mm−1) 1.848 2.339 2.037 
Dcalc (mg/m3) 1.579 1.699 1.608 
θmin (°) 2.116 3.143 2.357 
θmax (°) 27.472 27.495 27.574 
Goodness of fit 1.129 1.092 1.051 
R1 (1 > 2σ(I)) 0.0188 0.0209 0.0258 
wR2  0.0492 0.0554 0.0611 
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The structure of complex molecules is shown in Fig. 
3. According to Fig. 3, the central ion of all complexes is 
bonded with two N atoms from two 4-NH2py molecules 
and two anions as the ligands to form distorted 
tetrahedral geometry [8,27-29]. While the bond length of 
Zn–N pyridine in all complexes has a similar bond length, 
the angle between N–Zn–N has different distortion 
depending on ligands [30] (Fig. 4). The bond length of 
Zn–N2 (2.104 Å) is longer than that of Zn–N1 (1.970 Å) 
due to the different size of the two ligands. A 4-NH2py 
ligand is larger than the NCS−, and the larger molecular 
size causes a stronger steric effect; as a result, the distance 
between Zn and 4-NH2py is farther apart to reduce the 
repulsion effect. The steric effect of the ligand also affects 
the angle of N2–Zn–N2i, which is larger than that of N1–
Zn–N1i. The angle between N1–Zn–N2 is smaller than 
the N2–Zn–N2i bond angle because the position of 4-
NH2py gives minimal repulsion. Complex 1 also shows a 
larger N2–Zn–N2 angle distortion compared to 
complexes 2 and 3. This may be due to the 
electronegativity of the N atom of NCS− (X N = 3.06) 
being higher than Cl− (X = 3.16) [31]; the more 

electronegative the atom, the more it will pull, the more 
electron density to itself. This decreases the electron pair 
repulsion between bonded electron pairs on the central 
atom. Cl− ligand will pull the bonded electron pair 
towards itself and away from the central atom. Bond 
angles between the groups should be reduced when the 
core atom's electron pair repulsion decreases, so the 
bond angle between Cl–Zn–Cl will decrease. In addition, 
the Zn–NCS bonds lengths are shorter compared to Zn–
Cl, shorter bond length permits electron-density to be 
displaced towards zinc to a smaller extent than in Zn–
Cl, thus more electron density remains and electron 
repulsion between the bonded pairs in complex 1 
increases and bond angles of complex 1 increases 
compared to that complex 2 and 3. 

Complex 2 shows that the Zn–Cl bond is longer 
than that for Zn–N1 (Table 2). This is related to the 
covalent radius of Cl, which is much longer than the 
covalent radius N. The angle formed between N1–Zn–
N1 and Cl1–Zn–Cl1 in the complex is also smaller than 
the angle in complex 1. This is related to the more 
electronegative  of Cl− ions.  The Cl atom will  attract the  

 
Fig 3. ORTEP view of the structures of (a) [Zn(NCS)2(4-NH2py)2] (1); (b) [ZnCl2(4-NH2py)2] (2); (c) [ZnCl(NCS)(4-
NH2py)2] (3), showing the atom-labelling scheme. Displacement ellipsoids are drawn at the 50% probability level 
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Fig 4. Chemical structures of complexes (a) [Zn(NCS)2(4-NH2py)2] (1); (b) [ZnCl2(4-NH2py)2] (2); (c) [ZnCl(NCS)(4-
NH2py)2] (3) 
 
Table 2. Selected bond lengths (Å) and angles (°) of 1–3 

Complex 1 
Zn1–N1i 1.9698(16) N1i–Zn1–N1 123.01(10) 
Zn1–N1 1.9698(16) N1i–Zn1–N2i 102.36(3) 
Zn1–N2i 2.0140(15) N1–Zn1–N2i 102.36(3) 
Zn1–N2 2.0141(15) N1i–Zn1–N2 102.36(3) 
  N1–Zn1–N2 102.36(3) 
  N2i–Zn1–N2 126.67(9) 
Complex 2 
Zn1–N1 2.0033(13) N1–Zn1–N1i 117.61(7) 
Zn1–N1i 2.0033(13) N1–Zn1–Cl1 107.09(4) 
Zn1–Cl1 2.2756(4) N1i–Zn1–Cl1 108.16(4) 
Zn1–Cl1i 2.2756(4) N1–Zn1–Cl1i 108.16(4) 
  N1i–Zn1–Cl1i 107.09(4) 
  Cl1–Zn1–Cl1i 108.47(2) 
Complex 3 
Zn1–N1 1.9540(16) N1–Zn1–N4 108.63(7) 
Zn1–N4 2.0061(15) N1–Zn1–N2 105.38(6) 
Zn1–N2 2.0192(15) N4–Zn1–N2 108.85(6) 
Zn1–Cl1 2.2575(5) N1–Zn1–Cl1 119.92(5) 
  N4–Zn1–Cl1 108.72(4) 
  N2–Zn1–Cl1 104.86 (5) 

bonding electrons in its own direction, thereby reducing 
the bonding electron repulsion on the central atom. In 
addition, the presence of lone pair electrons in the Cl 
ligand also reduces the angle of Cl1–Zn–Cl1, N1–Zn–N1, 
and N1–Zn–Cl1 in complex 2. This is because the high 
electrical charge of lone pair electrons causes a strong 
repulsion, the bond becomes longer, and the angle 
becomes smaller. 

The three complexes have the same geometry; 
however, they crystallize in different space groups. Complex 
1 is isostructural with [Co(NCS)2(4-NH2py)2] [27], it 
crystallizes in an orthorhombic space group Pmmn, and 

there are complex 2 molecules of [Zn(NCS)2(4-NH2py)2] 
in 1 unit cell (Fig. 5(a)). The Zn(II) ion in complex 1 is 
in the special mm2 position, and the asymmetric unit 
only contains a quarter of the molecule. Weak 
interaction was also observed between the H from the 
NH2 group and the S of SCN (N-H···S-CN) (2.715 Å). 
Complex 2 showed an isostructural result with complex 
[CoCl2(4-NH2py)2] that was reported by Sanchez 
Montilva et al. [12]. Complex from ZnCl2 and 4-NH2py 
have been synthesized by Moustafa et al. [4], but the 
obtained complex had a different structure from the 
complex we reported. As-synthesized complex 2 
crystallizes in monoclinic with the C2/c space group and 
4 complex molecules in each unit cell (see Fig. 5(b)). The 
central atom is located on 2 folding axes, and the 
asymmetric unit only contains half of the molecule. 
Non-covalent interactions such as N-H···Cl (2.8336 Å) 
and weak μ···μ stacking interactions between C atoms of 
two 4-NH2py (C4···C5 3.371 Å) and (C4···C4 3.172 Å) 
are observed in complex 2. The non-covalent interaction 
of N-H···Cl enables the formation of unlimited chains 
through the ac plane. Meanwhile, asymmetric complex 
3 crystallizes in the Pbca group with 8 molecules in each 
unit cell (see Fig. 5(c)). Weak interaction between Cl···H-
NH (2.554 Å) and S···H-NH (2.843 Å) are also observed 
in the packing crystal system of complex 3. 

FTIR Spectroscopy 

Although it is commonly accepted that for N-bound 
thiocyanate complexes, νSC exhibits higher frequency 
values and νCN shows lower frequency values, these 
principles must be applied with caution because a variety 
of  other factors  can affect the  locations of  these  bands. 
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Fig 5. Packing diagrams of (a) [Zn(NCS)2(4-NH2py)2] (1); (b) [ZnCl2(4-NH2py)2] (2); (c) [ZnCl(NCS)(4-NH2py)2] (3) 

Table 3. Selected wavenumbers (cm−1) of ligands in the tree complexes 
Assignment 4-NH2py KSCN 1 2 3 
νas(NH2) 3439s  3443s 3443s 3470s 
νs(NH2) 3305s  3341s 3341s 3346s 
νring 1682s, 

1584s, 1337s 
 1655s, 

1633s, 
1362m 

1659s, 
1634s, 
1352s 

1643s, 
1634s, 
1352s 

ν(C-NH2) 1217s  1219s 1223s 1211s 
νCN  2170s 2056m  2050m 
νSC  743s 817s  829s 

 
We already know, based on the crystal structure, that all 
metal ions of complexes 1-3 are bonded to the thiocyanate 
ions through the N atom. This is also proved by the 
appearance of νCN bands around 2050 cm−1 (Table 3) [2,32]. 
The νSC in complexes 1 and 3 were observed around 820–
850 cm−1. These bands are in accordance with N–bonding 
behavior (νSC 760–860 cm−1) compared to S–bonding 
behavior (νSC 690–720 cm−1) (Fig. 6). Meanwhile, according 
to structure crystals data, it appears that 4-NH2py ligands  

bind to the Zn(II) ions through the nitrogen atom of the 
pyridine ring. The ν(NH2) (symmetric and asymmetric) 
bands do not show a significant shift in wavenumber 
(see Table 3), and it is generally known that the NH2 
stretching vibrations undergo a significant red shift 
when –NH2 in 2-aminopyridine forms a coordination 
bond with metal ions (Δ = 150–200 cm−1) [33]. Therefore, 
it is proved that the NH2 group is not directly involved 
in the formation of coordination bonds. 
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Fig 6. FTIR spectra of complexes and ligands 

Antibacterial Activity 

Fig. 7 and 8 show the results of the antibacterial test 
of complexes 1, 2 and 3 against E. coli and S. aureus. The 
test results in the form of the diameter of the inhibition 
zones (mm) are presented in Table 4. Fig. 4 and 5 show 
that complexes 1 and 2 give a better antibacterial activity  
 

than their metal salt and free ligands. We observed that 
the antibacterial activity of complexes and 4-NH2py is 
through the formation of hydrogen bonds between the cell 
membrane and N atom from 4-NH2py and blocking the 
way for nutrients to enter the cell [17]. The antibacterial 
activity of complexes increase in order [Zn(4-
NH2py)2Cl2] (2) < [Zn(4-NH2py)2(NCS)Cl] (3) < [Zn(4-
NH2py)2(NCS)2] (1). This indicates that co-ligands also 
play an important role in increasing their antimicrobial 
activity. Complexes with thiocyanate exhibit better 
antibacterial  activity  than  that  with  chloride  ions. The  

Table 4. Diameter of inhibition zones of the ligands, 
metal salt and complexes 

Compounds 
Inhibition zones (mm) 
S. aureus E. coli 

4-NH2py 6.7 6.3 
KSCN 10.0 6.7 
ZnCl2 7.5 11.9 
[Zn(4-NH2py)2(NCS)2] (1) 11.6 12.1 
[Zn(4-NH2py)2Cl2] (2) 6.8 6.0 
[Zn(4-NH2py)2(NCS)Cl] (3) 11.1 10.8 
Chloramphenicol 31.5 34.0 

 

 
Fig 7. Zone inhibition against E. coli with complexes (a) 1; (b) 2, and (c) 3 

 
Fig 8. Zone inhibition against S. aureus with complexes (a) 1; (b) 2, and (c) 3 
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antibacterial activity of a complex is affected by its 
structure and stability, acid-base properties, donor atoms, 
lipophilicity and the most preferred binding site for 
biomolecules [34]. We hypothesize that increasing 
antibacterial activity in these complexes was influenced by 
several factors. First, based on the spectrochemical series 
(Fajans-Tsuchida), NCS− is a stronger ligand than Cl− 
[31], leading to the interaction NCS- with Zn(II) is 
stronger than Zn(II) and Cl−. This interaction will 
decrease the polarity of the metal ion due to the partial 
sharing of positive charge with the donor atom, resulting 
in the delocalization of electrons within metal complexes 
[3,16,25]. This may increase the lipophilic character of the 
metal complex, thus allowing it to penetrate the lipid layer 
of the bacterial membrane more easily [3,16,25]. 
Secondly, the slow release of Zn(II) in bacteria cells could 
lead to an interaction formation of the metal ion with 
nucleic acids and deactivate the enzymes of the 
respiratory system [35]. Lastly, the substituent group, 
such as -NH2 interacts with a polar site of bacteria cell wall 
and disrupt the passage of solutes between the cell and the 
outer environment [36-39]; the metal ions also could bind 
to SH (sulfhydryl group) of the cell enzyme and 
breakdown the cell membrane [40]. Several other 
complexes, such as [Zn(NCS)2(2-NH2py)2] [10], 
[Co(L)2(2-NH2py)2] (L = [N(CN)2], NCS−) [3,25], have 
been reported to exhibit a low to moderate antibacterial 
activity. The complex 1 has similar inhibition zones with 
[Zn(NCS)2(2-NH2py)2] [10] around 11 mm, while 
[Co(L)2(2-NH2py)2] (L = [N(CN)2], NCS−) [3,25], and 
[Mn(dca)2(2-NH2py)2] [7] have higher antibacterial 
activity than the three complexes. 

■ CONCLUSION 

Three complexes [Zn(4-NH2py)2(NCS)2] 1, [Zn(4-
NH2py)2Cl2] 2, and [Zn(4-NH2py)2(NCS)Cl] 3 have been 
successfully synthesized, and the yields obtained were 
76.30%, 61.23%, and 53.79%, respectively. The Zn(II) in 
all complexes bind two N atoms of two 4-NH2py rings and 
2 anionic ligands to form distorted tetrahedral geometry. 
The three complexes crystallize in different crystal lattices 
such as Pmmn (1), C2/c (2), and Pbca (3). Non-covalent 
interactions between 4-NH2py and anionic ligands are 

observed to play a role in the crystal packing of all 
complexes. The preliminary antimicrobial screening 
against S. aureus and E. coli bacteria indicates that the 
complexes are moderately active. In this study, the 
complexes with thiocyanate ion exhibit greater 
antibacterial activity than with chloride ion due to 
stronger interaction with the central ion that leads to the 
increasing the lipophilic character of the metal complex. 

■ SUPPORTING INFORMATION 

Crystallographic data for the structural 
information have been put on deposit in the Cambridge 
Crystallographic Data Centre, CCDC no. 2224923-
2224925. Copies of this information may be obtained 
from The Director, CCDC, 12 Union Road, Cambridge, 
CB2 1EZ, UK (fax: +44-1233-336033; e-mail: 
deposit@ccdc.cam.ac.uk or www: 
http://www.ccdc.cam.ac.uk). 
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 Abstract: This study examines the use of coffee dregs waste as biosorbents of Cu(II) and 
Ag(I). Coffee dregs waste still contains a high level of carbon and cellulose for biosorbents 
production. The production process was started with charcoal activation using H3PO4. 
The batch method was applied by variations of contact time, the mass of the biosorbent, 
and the initial concentration of metal ions. The results showed that Cu(II) and Ag(I) were 
optimally adsorbed at pH 6 and 4, respectively. The amount of adsorbed metal ions 
increased with adsorption contact time. The adsorption process of both metal ions reaches 
stability within 60 min and the optimum biosorbent mass is 1 g. Isothermal adsorption 
studies show that Cu(II) adsorption tends to follow Langmuir isotherm with an 
adsorption energy of 31.42 kJ/mol and Ag(I) adsorption follows Freundlich isotherms 
with an adsorption energy of 27.74 kJ/mol. Based on the results, the interaction between 
metal ions and adsorbents is a chemical adsorption process and coffee dregs charcoal has 
the potential to adsorb Cu(II) and Ag(I) metal ions. 

Keywords: Ag(I); biosorbent; coffee dregs; Cu(II); isothermal adsorption 

 
■ INTRODUCTION 

Nowadays, the silver industry is one of the small 
industrial centers that continues to grow. Silver handicraft 
production's gilding, coating, and rinsing release heavy 
metals waste, including copper (Cu) and silver (Ag) [1]. 
In addition, Cu and Ag are heavy metals that are 
commonly used in many industries [2]. The toxic Cu and 
Ag ions are difficult to be identified because of their 
presence in cations in the water. Direct discharging of 
wastewater containing heavy metals into the infiltration 
channels, soil, or into the surrounding environment 
causes ecological damage because of metal degradation 
difficulties [3]. Also, these two metal ions pose a 
significant risk if contaminated in animals and humans 
because of their high toxicity at low concentrations [4]. 

The regulation of the Republic of Indonesia Minister 
of Environment Number 5 of 2014 concerning 
Wastewater Quality Standards states Cu and Ag in 
wastewater should not be more than 0.5 mg/L [5]. 
Therefore, proper handling is needed to prevent 

environmental pollution due to industrial wastewater 
disposal into the surrounding environment. 

Several methods have been applied in handling 
metal wastewater, such as adsorption [6-8], membranes 
[9], photoreduction [10], precipitation [11], ion 
exchange [12], and solvent extraction [13]. Adsorption 
is a well-known method with advantages because of 
simplicity, low cost, good performance at low 
concentrations, and recyclability [14]. 

Materials commonly used as biosorbents are 
activated charcoal, alumina, silica, chitosan, and zeolite 
[15-17]. Among them, activated charcoal is the most 
accessible material to obtain and provides the largest 
surface area [18], so its ability as an adsorbent is also 
greater compared to mesoporous silica [17]. Activated 
charcoal is a porous solid containing 85–95% carbon 
produced from materials containing carbon by heating 
at high temperatures. 

One material that is potentially to be further used 
is coffee dreg waste. Coffee dregs can be considered new 
waste because they create an unpleasant odor, especially 
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during the rainy season. Coffee dregs still have a moisture 
content of around 75–80%, which easily for spoilage 
microbes to grow [19]. Caetano et al. [20] reported that 
coffee grounds provided 47.8–58.9% carbon, 1.9–2.3% 
nitrogen, 0.4–1.6% ash, and 8.6% cellulose. Therefore, 
coffee grounds have the potential to become activated 
charcoal. So far, the use of coffee grounds has not been 
widely developed. 

The adsorption process is affected by several factors, 
such as temperature, contact time, surface area of the 
adsorbent, pore structure of the adsorbent, and the pH of 
the solution. The interaction between the adsorbent and 
the adsorbate under different conditions provides 
different adsorption results. Therefore, the optimum 
condition investigation of each treatment is essential for 
the adsorption effectiveness [21]. In this study, the 
utilization of waste from coffee dregs as a biosorbent 
activated by H3PO4 to Cu(II) and Ag(I) was investigated, 
which are the main pollutant materials in Indonesian 
waters on variations in biosorbent mass and adsorption 
contact time. In addition, an isothermal adsorption study 
and an adsorption test for Ag(I) and Cu(II) in a binary 
solution system were carried out simultaneously. The 
activation process was carried out under acidic or alkaline 
conditions. In this study, the H3PO4 activator was used, 
which is a relatively good degrading agent because H3PO4 
provides three H+, which is necessary to degrade residual 
impurities left on the pore surface of the adsorbent. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used are coffee dregs obtained from 
coffee shops around Yogyakarta. Other materials include 
phosphate acid (H3PO4), copper(II) sulfate pentahydrate 
(CuSO4·5H2O), nitric acid (HNO3), sodium hydroxide 
(NaOH), silver(I) sulfate (Ag2SO4), and other chemicals 
used in this study were the highest purity available from 
Merck and were used without further purification. 

Instrumentation 

A set of laboratory glassware, analytical balance 
(OHAUS), spatula, volumetric flask, hot plate, magnetic 
stirrer, oven, filter paper, Fourier transform infra-red 

(FTIR, Shimadzu Prestige-21), X-ray diffraction (XRD, 
Philips XRD X'Pert MS), scanning electron microscope 
(SEM, JSM-6510LA), and atomic absorption 
spectrophotometer (AAS, GBC Australia, at UGM 
Analytical Chemistry Laboratory) were used in this 
study. 

Procedure 

Preparation of H3PO4-activated coffee dregs 
charcoal 

The coffee dregs were ground to increase the 
surface area, washed using distilled water to obtain a 
neutral pH, dried in an oven at 110 °C for 2 h, and 
carried out in a furnace at 400 °C for 3 h. The charcoal 
from the coffee dregs is then cooled, and the yield is 
calculated. 

As much as 30 g of coffee dregs charcoal was 
immersed in 200 mL of H3PO4 1 M for 48 h. Then, it was 
filtered and washed using distilled water until neutral, 
dried at 110 °C for 90 min, and cooled in a desiccator for 
30 min. Characterization by FTIR was applied before 
and after activation. 

Contact time effect 
As much as 10 mL of Cu(II) 10 mg/L was put into 

an Erlenmeyer, and 0.5 g of the developed biosorbent 
was added. Adjustment of pH 6 was applied to Cu(II) 
solution. The sample was stirred at room temperature 
for 30, 60, 90, and 120 min and then left for 5 min. The 
sample was then filtered using filter paper and analyzed 
using AAS. The same procedure was applied for Ag(I) 
adsorption using 50 mL of Ag2SO4 20 mg/L solution at 
pH 4. 

Effect of mass variation of biosorbent 
At pH 6, Cu(II) 10 mg/L were put into an 

Erlenmeyer and added H3PO4 1 M activated coffee dregs 
biosorbent in the amount of 0.5, 1.0, 2.0, and 3.0 g. The 
sample was stirred for 60 min at room temperature and 
then left for 5 min. Then, the sample was filtered using 
filter paper and analyzed employing AAS. The 
procedure was also applied for the adsorption of Ag(I) 
using 10 mL of Ag2SO4 20 mg/L solution at pH 4 in 
variations of the coffee dregs biosorbent, 0.25, 0.50, 0.75, 
and 1.00 g. 
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Metal ion concentration effect 
A series of metal solutions were prepared, i.e., 4, 8, 

12, 16, and 20 mg/L. Then, 0.5 g of the biosorbent was 
added to 50 mL of each solution and stirred at the 
optimum time. A blank experiment was also carried out 
under similar conditions. SSA analyzed the concentration 
of adsorbed metal. 

Simultaneous adsorption study of Ag(I) and Cu(II) 
metals with coffee dregs biosorbent  

As much as 0.5 mg of activated biosorbent H3PO4 
1 M interacted with a mixed solution of Ag(I):Cu(II) (mol 
ratio of 1:1). The sample was stirred for 60 min at room 
temperature and left for 5 min. The sample was then 
filtered using filter paper and analyzed using AAS. 

■ RESULTS AND DISCUSSION 

Characterization of Coffee Dregs Activated 
Charcoal 

Synthesis of activated charcoal started with the 
preparation of coffee dregs, then the furnace process or 
charcoal manufacture, and the charcoal activation using 
acid. Carbonization from coffee dregs was carried out at a 
temperature of 400 °C for 3 h, aiming to decompose the 
material and produce a material with absorption and a 
neat structure [22]. The next step was the activation of the 
coffee dregs charcoal using the H3PO4 as an activator to 
open the carbon pores covered by impurities trapped in 
the pores. Fig. 1 shows the mechanism of the activation 
reaction of charcoal with H3PO4. Fig. 1 shows that the 
H3PO4 as activator reacts with the available charcoal and 
then forms micropores on the surface, serving as a host of 
adsorption processes. The opening of the pores and 
increasing the surface area of activated charcoal can 
increase the ability of activated charcoal to adsorb [24]. 

The characterization of acid-activated coffee dregs 
and coffee dregs was carried out using an FTIR 
spectrophotometer. Fig. 2 shows the spectra of coffee 
dregs before and after activation with H3PO4, and Table 1 
shows the interpretation of the spectra. 

Table 1 shows that the two FTIR spectra have almost 
the same absorption of functional groups. A few shifting 
occurred at 1570 to 1573 cm−1 for the absorption of 
aromatic  C=C  groups.  Also, the  absorption of  the C–H  
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Fig 2. FTIR spectra of coffee dregs charcoal 

functional group at wave number 2911 shifted to 
2909 cm−1. The shifting occurred because the pores in 
the coffee dregs charcoal became more open due to the 
loss of impurities after the activation process with acid. 
The spectra of H3PO4-activated coffee dregs activated 
charcoal showed a characteristic absorption at 1223 cm−1 
as P=O absorption of H3PO4 [25]. 

Fig. 3 shows the morphology of H3PO4-activated 
coffee dregs charcoal using SEM. The morphology of 
H3PO4-activated coffee dregs charcoal becomes more 
open, so it is expected to be more effective in adsorbing 
heavy metal ions. In line with a study conducted by 
Purwiandono et al. [26], which showed that the ability of 
an acid-activated zalacca peel biosorbent to adsorb 
Cu(II) was much better than biosorbents without 
activation.  The results of  this study are  also in line with  
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Table 1. FTIR spectra interpretation results of coffee dregs charcoal 
Wavenumber (cm−1) Functional group 

interpretation Coffee dreds Activated coffee dregs by H3PO4 
2911 2909 C-H (Csp3) 
1570 1573 C=C aromatic 

- 1223 P=O of H3PO4 

 
Fig 3. SEM photo of coffee dregs charcoal (a) before and (b) after activation process at magnification 1000× 

 

 
Fig 4. Diffractogram (XRD) of coffee dregs charcoal 
before and after activation with H3PO4 

the results obtained by previous researchers [22]. It is 
because the activation treatment was able to release 
impurities that partially cover the biosorbent's pores, so 
the pores become larger to adsorb metal ions. 

Further characterization was carried out using XRD. 
The diffractogram of coffee dregs charcoal before and after 
activation with acid is shown in Fig. 4. The diffractogram of 
coffee dregs charcoal before and after activation performed 
insignificant differences in intensity and diffraction 
patterns. It proves that the activation process did not 
change the charcoal structure, which has an amorphous 
structure. This result is in line with previous research [27]. 
The charcoal peaks at an angle of 2 around 20° and 40° 
show typical graphite characteristics identified as basal 
spacing d002 and d100, respectively [18]. A shift of the peak 
to a smaller angle from 23.32° to 22.88° was identified in 

activated charcoal with basal spacing values of 0.38 and 
0.39 nm, respectively. It indicates that the charcoal 
structure after activation is more open than before 
activation, which is in line with the results of SEM and 
FTIR analysis. Peaks at an angle of 2 around 9° on both 
diffractograms indicate the presence of an amorphous 
cellulose structure in the activated charcoal [18]. 

Adsorption of Cu(II) and Ag(I) 

Effect of contact time 
Metal adsorption by coffee dregs biosorbent was 

carried out isothermally at a constant temperature of 
25 °C. Fig. 5 shows that the increased contact time helped 
the amount of adsorbed metal ions, and the  adsorption 
process reached an equilibrium. After 60 min of stirring, 

 
Fig 5. Effect of contact time on Cu(II) and Ag(I) 
adsorption 
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the amount of adsorbed metal ions relatively did not 
increase. It can be concluded that the equilibrium 
occurred after a stirring time of 60 min. 

Effect of mass variation of biosorbent 
The adsorption process on the mass variation of the 

biosorbent was carried out at room temperature with an 
adsorption contact time of 60 min, as the results indicated 
that the adsorption equilibrium occurred after a stirring 
time of 60 min. Fig. 6 shows the results on the mass 
variation of this biosorbent. 

Fig. 6 shows that the increase in adsorbed metal ions 
is directly proportional to the amount of biosorbent used. 
The more biosorbent used, the more pores available and 
the wider surface area, affecting higher interaction 
between the active side of the pores of the coffee dregs 
activated charcoal and metal ions. Thus, the number of 
adsorbed metal ions increases [28]. The results show that 
the maximum absorption of Cu(II) and Ag(I) occurred 
using 1 g of coffee dregs biosorbent. After reaching 
equilibrium, the ability of the adsorbate to bind to the 
adsorbent decreases. Fig. 6 shows a decrease in metal ions 
adsorbed on biosorbents above 1 g. Because the amount 
of metal ions in solution is not proportional to the 
number of biosorbent particles available, the surface of 
the biosorbent has reached its saturation point and the 
absorption efficiency has decreased. 

Adsorption Isotherms of Cu(II) and Ag(I) 

This research investigated the adsorption isotherms 
by calculating for each treatment according to both 
Langmuir and Freundlich adsorption isotherms. The 
Langmuir isothermal adsorption equation is 1/qe = 
1/(Xm.K.Ce) + 1/Xm and the Freundlich equation is log qe 
= log k + 1/n log Ce with qe as the concentration of the 
adsorbate at equilibrium (mol/g), Ce is the adsorbate 

concentration in the aqueous phase (mol/L), Xm is the 
maximum adsorption capacity (μmol/g), and k is the 
equilibrium constant. Parameters obtained from 
Langmuir and Freundlich isothermal analysis are 
presented in Table 2. 

Table 2 shows that Cu(II) provided a higher level 
of isothermal graphic linearity than the Langmuir model 
compared to the Freundlich model. The opposite 
occurred for Ag(I). The adsorption process for Cu(II) 
metal ions tends to follow the Langmuir isothermal 
model. The adsorption process occurred in a monolayer, 
assuming that maximum adsorption occurred when the 
adsorbate fills all the active sites of the adsorbent to form 
a monolayer layer. Meanwhile, the Ag(I) metal ion tends 
to follow the Freundlich isothermal model. The 
adsorption process occurred in the multilayer sheet. 

The adsorption energy equation can be written as 
Eads = −ΔG°. The value of ΔG can be measured in the 
standard state, while for any other state, the value of the 
Gibbs free energy (ΔG) is: ΔG = ΔG° + RT ln K, as R is 
the general gas constant (8.314 J/K mol), T is the 
temperature (K), and K is the adsorption equilibrium 
value. Huang et al. [29] state that the minimum limit for 
chemical adsorption energy is 5 kcal/mol or 20 kJ/mol. 

 
Fig 6. The effect of the mass of the biosorbent on the 
adsorption of Cu(II) and Ag(I) 

Table 2. Adsorption isothermal parameters determined from the Langmuir and Freundlich equations 

Ion 
Adsorption parameter  

Langmuir Freundlich 
Xm (mg/g) K × 106 (L/mol) ΔG (kJ/mol) R2  ΔG (kJ/mol) K (L/mol) R2 

Cu(II) 0.4136 1.0270 31.420 0.9720    0.9007 
Ag(I)  0.1949  0.0901  27.740 3.3962 0.9219 
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The adsorption energy value of the two metal ions is 
above 20 kJ/mol, so the interaction between the metal ion 
and the coffee dregs biosorbent can be seen as a chemical 
adsorption process. Coffee dregs provide active sites in 
the form of hydroxy groups (–OH) from cellulose. These 
active sites can interact with metal ions. It is understood 
that these OH groups can donate electron pairs to metal 
ions, forming coordination. This can be enhanced by 
activating the coffee dregs charcoal so that the pores of the 
charcoal become more open, making it possible to trap 
more metal ions effectively. An illustration of the 
interaction model between metals and biosorbents is 
shown in Fig. 7 [30]. 

This study shows the amount of adsorbed metal 
increased with the increasing number of biosorbents used 
and the results of adsorption investigation in a solution 
consisting of both metal ions. It was seen that the coffee 
dreg biosorbent tended to absorb more Ag(I) compared 
to Cu(II). The ability of biosorbents to adsorb multi-
metals is also essential to determine the level of 
interference from the presence of co-cations in 
wastewater and the efficiency of biosorbents in removing 
these ions from wastewater [31]. 

This study also investigated the adsorption of Ag(I) 
and Cu(II) simultaneously in the binary solution system, 
detailed in Fig. 8. Fig. 8 shows that more Ag(I) was 
adsorbed by the coffee dregs biosorbent than Cu(II) even 
though the adsorption process was carried out 
simultaneously. It means that metal ions interact with 
each other synergistically. The interaction between metal 
ions and biosorbents from coffee dregs also occurred 
physically, where metal ions were trapped in the pores of 
the activated charcoal. Thus, this adsorbent does not show 
a high selectivity towards Ag and Cu ions compared to the 
composite adsorbents reported in previous studies [32]. 
The suitability of the size of the metal ion with the pore 
size of the biosorbent is one of the factors affecting the 
adsorption process [33]. The Ag(I) size is more suitable 
with the pore size of the coffee dregs charcoal, affecting 
more abundant ions Ag(I) could be absorbed. 

This study shows that the H3PO4-activated coffee 
grounds biosorbent can potentially adsorb Cu(II) and 
Ag(I)  metal  ions.  Compared  to  previous  studies  using 
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Fig 7. Model of interaction between metals and active 
groups from biosorbents 

 
Fig 8. Amount of adsorbed metal in binary solution 
system 

biosorbent from cassava peel [34], coffee dregs 
biosorbent can absorb Cu(II) metal ions at lower 
concentrations. Compared to research conducted by 
Mariana et al. [22], the adsorption process of this study 
requires a shorter adsorption time. The results of this 
study are also in line with the results obtained by 
previous researchers [35]. 

■ CONCLUSION 

The study showed that coffee dregs charcoal 
activated with H3PO4 could be applied as a biosorbent 
for Cu(II) and Ag(I). The optimal adsorption contact 
time was 60 min. Adsorption isothermal investigation 
shows that Cu(II) tends to follow the Langmuir isotherm 
with adsorption energies of 31.42 kJ/mol. In contrast, 
Ag(I) tends to follow the Freundlich isotherm with 
adsorption energies of 27.74 kJ/mol. The adsorption 
energy of coffee dregs charcoal biosorbent is more than 
20 kJ/mol. This means that the interaction between 
metal ions and the biosorbent can be viewed as a 
chemical adsorption process. It was observed that coffee 
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dregs charcoal was a more effective biosorbent for the 
removal of Ag(I) than Cu(II). The functional groups of 
cellulose charcoal play an important role in adsorption 
abilities. In general, coffee dregs charcoal biosorbent can 
be regarded as a potential biosorbent in heavy metal 
wastewater treatment applications. 
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 Abstract: A strategy to design an injection valve for a streamlined flow injection 
technique is described as speed and low-cost materials available in the environment for 
the determination of Pb(II) ion using the organic reagent 4-((4-
methoxyphenyl)diazenyl)benzene-1,3-diol at a wavelength of 498 nm. The scope of the 
study is to find the optimal conditions, including the flow rate of the carrier, the dispersion 
coefficient, the length of the reaction coil, and the calibration drawing. The results showed 
that the optimum length of the reaction coil is 20 cm, and the optimum flow rate is 
9.1 mL/min, which is equivalent to the pumping rate of 70 F/min. The range of linearity 
of the study was revealed by a calibration curve of 0.5–27 mg/L, slope = 1.507, correlation 
coefficient = 0.9995, the limit of quantitative (LOQ) = 0.088 mg/L, and limit of detection 
(LOD) = 0.026 mg/L. The system under study has a characteristic efficiency. The dispersion 
coefficient was calculated for concentrations of 10–15 mg/L Pb(II) ion. Furthermore, the 
accuracy of the flow injection technique in the estimation process was studied and 
compared with the Flame Atomic Absorption Spectroscopy (FAAS) technique. 

Keywords: flow injection analysis; 4-((4-methoxy phenyl)diazenyl)benzene-1,3-diol 
reagent; lead ion; environmental samples; homemade valve 

 
■ INTRODUCTION 

The ancient Romans used lead (Pb) in the 
manufacture of water pipes, as it was a mixture of Pb 
soldered with tin. Pb ion (Pb(II)) is considered an 
important element because of its high level of 
contamination in different forms, including water, soil 
and vegetables, which directly affects human and animal 
health [1]. Pb is a flexible metal and has a bluish-white 
color that is resistant to corrosion 207.19 g/m2 d and 
belongs to group IVA. The elements IVA are 
characterized by the external quantitative level that has a 
level of d10, and the s level is saturated. In addition, the two 
electrons are in the p level, and the change in the 
ionization energies of Pb to a gradual change of the 
elements of this group, as Pb turns into an amphoteric 
element [2]. The Pb(II) contains three non-radioactive 
and stable forms, which include Pb2O6, Pb2O7, and Pb2O8 
[3]. Among its most important compounds, it contains 
three oxides: Pb3O4 and PbO (called red Pb), and PbO2 
[4]. Pb(II) is classified as a highly toxic heavy metal [5], 

and one of its most important uses is to reduce nuclear 
radiation and is used as a radiation insulator in the form 
of thick Pb sheets because of its high density and 
corrosion resistance [6]. It is used in the manufacturing 
of colors, dyes and paints, where it is called white Pb and 
red Pb. It is used in painting bridges and steel buildings 
in order to prevent corrosion [7]. It has an important 
role in environmental pollution. Also, radiant nature is 
considered a hazardous element that is sometimes 
transmitted from plants to the consumer body of 
humans and animals through the food chain [8-9]. It is 
considered a toxic metal regardless of whether it is 
ingested or inhaled. It has a great effect on the nervous 
system, both in children and adults. When exposed to Pb 
for a long time, Pb causes a decrease in performance in 
some functions of the nervous system, and it is absorbed 
by the soft tissues so that Pb has no known function 
inside the body and its concentration is higher overall 
[10-11]. It has been evaluated in several ways, including 
ICP-AES (Inductively Coupled Plasma- Atomic 
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Emission Spectroscopy) [12], ETAAS (Electrothermal 
Atomic Absorption Spectrometry) [13], FIA (Flow 
Injection Analysis) [14], SWASV (Square Wave Anodic 
Stripping Voltammetry), and DPSV (Differential Pulse 
Stripping voltammetry) [15]. 

Azo compounds are among the important 
compounds that are used for the determination and 
extraction of elements from environmental and health 
pollutants. They are characterized by many properties, 
including their molecules that contain functional groups 
or atoms that have electronic doublets capable of linking 
with metal ions with coordination bonds to form 
coordination complexes. The most prominent of these 
reagents are azo derivatives. In the analytical aspects, azo 
derivatives were used in the spectroscopic and 
quantitative methods for estimation the metal ions 
present in very few concentrations in different analytical 
models. It has a large molecular weight, and the aromatic 
azo derivatives are more stable than the aliphatic azo 
compounds because of the resonance in them [16-17]. 
Azo heterogeneous dyes have been extensively studied in 
thermal, optical and medical applications such as 
antiviral, antifungal and antioxidant properties [18]. Azo 
compound 4-(methoxyphenyl)diazenyl)benzene-1,3-diol 
(4-MDD) has a maximum wavelength of 387 nm and has 
high stability and behaves like a dual-clutch ligand. The 
FTIR study of the compound showed medium intensity 
bands at a frequency of 1473 cm−1 because of the 
absorption of the N=N bond. It was noted that a wide 
band appeared at a frequency of 3269 cm−1, belonging to 
the hydroxyl group [19]. 

The technique of FIA is one of the most important 
analytical techniques in estimating the ions of elements in 
different models as it depends on the principle of 
chemical and physical treatments of the dispersed model 
area according to a continuous carrier current, and then a 
suitable reagent is used to detect the interaction, where 
the technique occupied an important and prominent 
position within the analytical techniques [20]. Since 1975 
it has had a significant impact in many areas of 
application, including the pharmaceutical [21], 
agricultural [22], environmental [23], and life fields [24]. 
It has several advantages, including the transformation of 

open-system interactions into a closed system. 
Inexpensive and small in volume with a very fast 
response, where the time is between 5–20 s and 
therefore, more than one model can be analyzed within 
60 s. It can reduce the analysis time by replacing 
mechanical processes instead of manual processes such 
as separation and blending and is able to rate the 
modeling speed at an average rate of 120 samples per h. 
The volume of the injected sample is between 10–20 μL, 
and this does not require more than 0.5 μL of reagent 
solution at each analysis. Individual errors are minimal 
when compared with other techniques [25]. 

This study aims to use organic reagent for the 
determination of Pb(II) ion in different samples by FIA 
technique to estimate the Pb(II) ion, which is one of the 
most important pollutants in the environment and 
human health in different models, including water and 
soil in different places and life models. Then, knowing 
the accuracy and efficiency of the technique used to 
estimate the Pb(II) ions under study after finding the 
optimum conditions of complexity. Finally, we 
calculated the percentage of Pb(II) ion recovery under 
study in different models and compared the results with 
the FAAS technique. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this study were 4-MDD 
organic reagent, CH3CH2OH with a purity of 96% GT. 
Becker, HCl 36.50–38.00% from BGG, Na2HPO4 99% 
from M&B, Na2CO3 99% from Merck, and PbCl2 99% 
from BDH Azo. The chemicals and reagents used were 
of analytical grade, and the water used in the study was 
distilled water. 

Instrumentation 

The instrumentations used in this study were 
homemade valves Manual injection valve made of 
acrylic and plastic three-way dispenser Shimadzu UV-
1700 spectrophotometer, the spectrophotometer was 
Labomed in Single beam G, USA connected to a Siemens 
(Germany) Kompensograph C1032 recorder to acquire 
data as a peak altitude, peristaltic pump Germany, 
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reaction coils with 0.5 mm radius, pH meter, Denver 
sensitive instrument, analytical balance, Teflon tubing 
load, and electronic digital caliper, China. 

Procedure 

Prepare stock solutions 
Solution of Pb(II) ion 500 mg/L: A stock solution was 

prepared through dissolving 0.0671 g of PbCl2 in 100 mL 
of distilled water and by using the law of dilution, the 
solutions were prepared less concentrated. Solution of 
Na2CO3 500 mg/L: A stock solution was prepared through 
dissolving 0.0883 g of Na2CO3 in 100 mL of distilled 
water, and by the law of dilution, the solutions were 
prepared less concentrated. Preparation of the solutions of 
masking agents: 100 mg/L of the solutions of the blocking 
agents, each containing potassium chloride and aqueous 
potassium sodium tartrate, were prepared with a weight of 
0.01 g and each of them dissolved in a 25 mL volumetric 
flask and then transferred to a 100 mL volumetric flask 
filled to the mark after setting the pH to 9. Reagent 
solution 1 × 10−3 mg/L: A stock solution prepared by 
dissolving a 0.0244 g of 4-MDD in 100 mL of distilled 
water and by using the law of dilution, the solutions were 
prepared less concentrated. 

Design valve for injection model 
The most important thing in the FIA work is the 

injection valve which has been designed in the laboratory 
from cheap and eco-friendly materials that can be 
recycled to give more identical results where the valve 
contains four secondary valves for loading chemicals. 
Linked on the one hand to a peristaltic pump with 8 
rollers to eliminate the pump speed pulsations of 70 r/min 
and connected on the one hand. On the other hand, the 

reaction coil of 20 cm in a coiled manner is used to get 
rid of the dilution of the mixed materials and then 
connected to the injection cell that contains two input 
and output ports of the spectral cell, then the detector is 
connected to a cording device to give a record of the 
analytical signal by a record based on the height of the 
peak as in Fig. 1. We concluded that through our study, 
an innovative valve made of high-efficiency and cost-
effective raw materials, and the injection and loading 
control process can be implemented by three-way sub-
valves, which are fixed outside the chip. 

■ RESULTS AND DISCUSSION 

Absorption Spectrum Maximum for Complex 
Pb(II) and Compare It with λmax of the Reagent 

In a test tube 2 mL of a solution of Pb(II) ion was 
mixed in it at a concentration of 10 mg/L at pH = 9 and 
2 mL of a reagent solution at a concentration of 
1 × 10−4 M. Then a spectroscopic scan of the solution of 
the above-prepared compound was carried out in the 
region confined between 190–800 nm, where the λmax 
values of the complex were determined in this region 
with the highest absorption value at 498 nm. Then, it was 
compared with the wavelength of the pre-equipped 
reagent of 387 nm, where we conclude the complex shift 
towards a longer wavelength and lower energy of 111 nm. 

Flow Injection System 

Chemical parameters 
The effect of pH on the determination of the Pb(II) 
ion. Different media of pH levels 2–11 were prepared 
under the conditions of reagent volume 157.0 μL, Pb(II) 
ion volume 157.0 μL, metal ion concentration 15 mg/L, 

 
Fig 1. New design of FIA unit [4-MDD: 4-((4-methoxy phenyl)diazenyl)benzene-1,3-diol, R.C: Reaction coil, carrier: 
water] 
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reagent concentration = 1 × 10−4 M, reaction coil length = 
15 cm, cell flow rate = 3.600 mL/min, optimal pH = 9. This 
is all shown in Fig. 2, gave the highest and best height, an 
ideal buffer solution was prepared tetrasodium 
(Na2B4O7·10H2O) and boric acid (H3BO3)] because our 
study in the flow injection technique depends on the pick 
height and not the absorbance. 
Optimum reagent concentration. Different 
concentrations of the reagent were prepared, ranging 
from 1 × 10−6  to  1 × 10−4  molar, to study the effect of the 
concentration of the organic reagent and through the 
work, we can conclude that the optimal concentration was 
8 × 10−5 M, which gave the highest pick, and therefore, it 
is the best pick. Then, it started to decline due to the 
increase in the dilution of the reagent and the experiment 
was conducted under the following conditions: reagent  
 

volume 157.0 μL, Pb(II) ion volume 157.0 μL, metal ion 
concentration = 15 mg/L, pH = 9, and reaction coil 
length = 15 cm, cell flow rate is 3.600 mL/min. The 
results are shown in Fig. 3. 

Physical parameters 
Flow rate. After studying the optimal conditions for the 
chemical variables, the optimum flow velocity of the 
Pb(II) ion estimation process was studied in the 
conditions the reagent volume is 157.0 μL, and the 
Pb(II) ion volume is 157.0 μL, the metal ion 
concentration = 15 mg/L, pH = 9, reaction coil length = 
15 cm, and reagent concentration 8 × 10−5 M, we 
obtained the highest, best height and uniform peak 
shape at 9.100 mL/min for mobile stage. The selection is 
due to the effect of increasing the dispersion, which leads 
to a complex  concentration dilution,  as shown in Fig. 4  

 
Fig 2. The effect of the pH on mean peak height 

 
Fig 3. The effect of reagent concentration on mean peak height 

 
Fig 4. The effect of flow rate on mean peak height 
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selected because the response was sharp and dependable. 
Authors found that low flow rates cause double, distorted, 
and wide peaks, while fast flow rates decrease the response. 
Reaction coil length effect. Different lengths of the 
reaction coil and a radius  tube of 0.05 cm, which ranged 
between 15–35 cm, were used to know the effect of the 
length of the reaction coil in the estimation of the Pb(II) 
ion 157.0 μL, Pb(II) ion concentration = 15 mg/L, pH = 9, 
flow rate = 9.100 mL/min, and reagent concentration 
8 × 10−5 M. At this length, we obtained a high sensitivity 
peak and then reduced the height to increase dispersion 
and attenuation [26] as shown in Fig. 5. 

The effect of the volume of the organic reagent 
Prepare a series of volumes for the organic reagent 

under study, 235.5–78.50 μL, junction length changes of 
157.0 μL, Pb(II) ion concentration = 15 mg/L, flow rate = 
9.100 mL/min, reagent concentration 8 × 10–5 M and 

reaction coil length 157.0 μL. It turns out that the 
optimal volume of the detector is 117.8 μL 
corresponding to the best peak height equivalent to a 
tube with a length of 15 cm, as shown in Fig. 6. An 
increase in the volume of the detector leads to a decrease 
in the response and the appearance of the double peak 
because the excess volume of the detector is confined 
between two regions that form the product of this 
interaction [27]. 

The volume of the metal ion 
Different volumes of Pb(II) metal ions were used 

in preparing the complex to find out the ideal metal ion 
volume for the estimation process. It was found that the 
best volume of metal ion, which gives the best sensitivity 
and the best peak height, is 117.8 μL, which is equivalent 
to a tube length of 15 cm and a radius of 0.05 cm, which 
gives the  best peak  height  as shown  in Fig. 7,  and  this 

 
Fig 5. Effect of coil length effect on mean peak height 

 
Fig 6. Effect of reagent volume on mean peak height 

 
Fig 7. Effect of volume of the Pb(II) ions on mean peak height 
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experiment was conducted under the best conditions. The 
volume of the organic reagent is 117.8 μL, the 
concentration of the Pb(II) metal ion = 15 mg/L, pH = 9, 
the flow rate = 9.100 mL/min, the concentration of the 
reagent 8 × 10−5 M and the reaction coil length is 157.0 μL. 

Dead volume study 
The aim of this study is to clarify the fact that the 

complex is formed within the flow injection system, 
where two experiments were conducted. First, the reagent 
was injected into the first ring and in the second ring, H2O 
was injected, instead of injecting the Pb(II) ion, as there 
was a response of 8.91 mm. In the second experiment H2O 
was injected into the first ring instead of the reagent and 
in the ring second there is Pb(II) ion where we found that 
there is no response where the smaller the dead volume, 
means the results are better, then the Pb(II) ion and the 
reagent were injected for complex formation and 
measured the height of the peak where the result is as 
shown in the Table 1 and Fig. 8. 

Calibration curve at optimum conditions 
A calibration curve study after preparing the 

optimal conditions for the determination of the Pb(II) ion 
in different environmental and life models was used, after 
preparing a series of ion concentrations under study 

between 0.05–30 mg/L, where we get the correlation 
coefficient = 0.9995, the limit of detection (LOD) = 
0.026 mg/L, the limit of quantification (LOQ) = 
0.088 mg/L, linearity = 0.5–27 mg/L as shown in Fig. 9.  
The method under study was validated as the calibration 
curve indicated the linearity of Beer's law. 

Applications to different biological and 
environmental samples 

The purpose of this experiment was to design an 
injection valve for the determination of Pb(II) ions in 
environmental and biological models. The prepared 
samples were taken and analyzed using the flow 
injection technique. Table 2 shows satisfactory results 
for different samples, including agricultural and non-
agricultural soils in the district of Rifai Al-Fajr, Nahr Al-
Fajr, celery, cauliflower, and cabbage 100.4–96.67%. It 
was a comparison of the technique under study with the 
FAAS flame atomic absorption technique. 

Table 1. Study of dead volume 
No. Test type The height of the peak (mm) 

1 Pb(II) + H2O 0.000 
2 H2O + reagent 8.910 
3 Pb(II) + reagent 25.00 

 
Fig 8. Study of the dead volume in FIA 

 
Fig 9. Calibration curve study at optimum conditions 
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Table 2. Determination of Pb(II) ion by FIA and FAAS technique in different samples 

Sample Value take 
(mg/L) 

Value round mg/L 
FIA:FAAS Er FIA: FAAS % Rec FIA:FAAS % 

Rifai River 
Soil agricultural land in Al-Fajr 
Soil non-agricultural land in Al-Fajr 
Dirt close to the industrial neighborhood in Al-Fajr 
Soil agricultural land in Rifai 
Soil non-agricultural land in Rifai 
The dust of the wall of Al-Nibras gas station 
Water from the car wash station 
Dirt from a car wash station 
Fish 
Celery 
Cauliflower 
Cabbage 
Bean 

0.700 
6.000 
6.000 
6.000 

 
6.000 
6.000 
6.000 
6.000 
6.000 
7.000 
7.000 
7.000 
7.000 
7.000 

0.701:0.703 
6.025 :6.060 
6.015:6.018 
6.130:5.080 

 
6.023:6.020 
6.008:5.700 
6.010:6.007 
6.000:6.003 
6.013:6.010 
7.004:7.012 
7.014:7.010 
7.014:7.000 
7.025:7:007 
6.890:7.032 

0.1429:0.429 
0.416:1.000 
0.250:0.300 
-3.330:2.166 

 
0.383:0.330 
0.133:-5.000 
0.160:0.110 
0.000:0.050 
0.210:0.166 
0.057:0.170 
0.200:0.143 
0.000:0.200 
0.357:0.100 
-1.570:0.457 

100.1:100.4 
100.4:101.0 
100.3:100.3 
96.67:102.2 

 
100.4:100.3 
100.1:95.00 
100.2:100.1 
100.0:100.1 
100.2:100.2 
7.012:100.2 
100.2:100.1 
100.0:100.2 
100.4:100.1 
98.43:100.5 

 
■ CONCLUSION 

Through this study, the investigated system was able 
to estimate the aforementioned (Pb(II)) ion using the 
organic azo reagent with high efficiency and accuracy using 
the confluent areas’ flow injection technique. We can 
dispense with other classical methods of analysis because 
they are stressful and use expensive chemicals. Our 
system is simple and eco-friendly because it is possible to 
be manufactured in a laboratory-designed system from 
environmentally available and recycled materials. The 
flow injection system in the confluent regions showed 
higher sensitivity compared to the FAAS method. 
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 Abstract: 5,6,7,8-Tetrahydroquinazolin-2-(thio)-ones (THQ) fits the class of N-
heterocycles as a structural core in numerous bioactive compounds. They promptly 
extended previous decades. They were significantly recognized in combinatorial chemistry 
and materials science to determine the drug discovery, antioxidants, and pharmaceuticals 
fields. In the present work, one-pot multicomponent sustainable synthesis of THQ with 
easily accessible starting materials, i.e., cyclohexanone, different aromatic aldehydes and 
(thio)urea, has been performed to determine the proposed Biginelli mechanism that is 
supported by DFT. It is found that the THQs are synthesized by a mechano-chemical 
(grinding) tool to achieve a yield of 85.2% within 3.5 min, i.e., YE (% yield/time) 24.34 
differs from the conventional method in which lower % yield (YE = 0.72) of THQ was 
achieved. This confirmed that in the green chemistry principle, the determination of % yield 
according to saving reaction time must be considered. Moreover, DFT-based antioxidant 
properties of the THQ were also studied in which the most potent antioxidant compounds 
were 7b > 6d > 2f. Softness (σ, eV−1) and hardness (η, eV mol−1) can approve the soft 
molecule that stays more reactive as a result of decreasing the energy gap along heterocyclic 
with values 0.1491 > 0.1300 > 0.1168 eV−1 one-to-one with the efficiency of antioxidant. 

Keywords: green chemistry; eco-safe approach efficiency; DFT; antioxidant reagents;  
5,6,7,8-tetrahyroquinazolin-2(1H)-one 

 
■ INTRODUCTION 

It has been 40 years since Biginelli’s initial report 
was published. The first mechanism for the synthesis of 
dihydropyrimidinone was conducted by Folkers and 
Johnson [1], who based their deduction on the reaction 
yields. Bimolecular condensation of benzaldehyde and 
urea was suggested as an intermediate in the reaction 
product. In 1973, a second mechanistic proposal was 
suggested by Sweet and Fissekis [2], which involved an 
aldol condensation between benzaldehyde and ethyl 
acetoacetate to form a stabilized carbonium ion as a 
primary step. Kappe et al. [3] reinvestigated the 
mechanism using 1H and 13C-NMR spectroscopy. He 
established that the acid-catalyzed condensation between 

aldehyde and urea generated iminium ion 1. 
Interception of this iminium ion by ethyl acetoacetate, 
possibly through its enol tautomer, produces an open 
chain ureide 2, which subsequently cyclizes to 
dihydropyrimidine DHPMs 3 by the removal of H2O 
(Scheme 1). Biginelli protocol had a problem with low to 
moderate yields, mainly when substituted aromatic and 
aliphatic aldehydes are hired. As a result of various 
adverse effects, further severe conditions and long 
reaction times have occurred [4-6]. 

Recently, expose improved reaction protocols for 
the synthesis via a one-pot approach [7-9] or using novel 
or complex multistep strategies [10-11]. The efficiency 
of chemical reactions is determined by atom economy 
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(AE), which shows the atoms in a reaction's starting 
components that are incorporated (reaction steps) to 
obtain the intended output, (i.e., how effectively the 
reactant atoms are used in a certain reaction. The 
conversion efficiency is measured by AE and yield 
economy (YE), which also determine the yield (%) of the 
desired product at reaction time (yield (%)/reaction time 
(min)) [12-13]. 

Based on green chemistry published papers, the 
authors have shown the significance of the density 
functional theory (DFT) with multicomponent reactions 
(MCR) method (YE, AE and RME) in approaching the 
sustainability of the newly heterocyclic synthesis. It has 
been reported that 2,2′-azino-bis-(3-
ethylbenzothiazoline-6-sulphonic acid) diammonium 
salt (ABTS) was used to measure the antioxidant activity 
of pure substances in the presence of hydrogen peroxide 
(H2O2). That method is also appropriate for investigating 
the water and lipid-soluble antioxidants as well as 
studying pure substances as reducing antioxidants. 
Adding the antioxidants to the new compound (pre-
formed radical cation) decreases its ABTS to a certain 
level over time, depending on the antioxidant activity, the 
concentration of the antioxidant, and reaction durations. 
Thus, the amount of decolorization is assessed as a 
percentage inhibition of the ABTS•+ radical cation, and as 
a function of concentration and duration, then it is 
computed relative to the reactivity of ascorbic acid as a 
standard, under the same circumstances [14-15]. 

In the present work, we synthesized a new series of  
 

5,6,7,8-tetrahydroquinazolin-2-(thio)-ones, which is 
supported by DFT, using readily available starting 
materials such as cyclohexanone, various aromatic 
aldehydes, and (thio)urea. It has been discovered that 
the THQs are synthesized using a mechano-chemical 
(grinding) tool, which results in a yield of 85.2% in 
3.5 min, or YE (% yield/time) = 24.34, as opposed to the 
conventional approach, which produced a lower yield 
(YE = 0.72) of THQ. Moreover, the most effective 
antioxidant molecules were 7b > 6d > 2f according to 
investigations of the THQ's DFT-based antioxidant 
capabilities, the schematic diagram for this investigation 
is shown in Fig. 1. 

■ EXPERIMENTAL SECTION 

Materials 

All the chemicals and solvents utilized without 
additional purification were from Merck, Darmstadt, 
Germany. These reagents included urea (CH4N2O, 
99.0%), thiourea (CH4N2S, +99%), N-phenylurea 
(C7H8N2O, 97%), potassium hydroxide anhydrous 
(KOH, 99.99%), cyclohexanone (C6H10O, 99.8%), 
benzaldehyde (C7H6, 99.5%), 4-chlorobenzaldehyde 
(C7H5ClO, 97%), 4-nitrobenzaldehyde (C7H5NO3, 97%), 
4-methoxybenzaldehyde (C8H8O2, 98%), 4-
(dimethylamino)benzaldehyde (C9H11NO, 98%), 
hydrochloric acid solution (HCl, 37%), ethanol (99.9%), 
benzene (99.8%), petroleum ether 60/80, sodium 
bisulfate (NaHSO4, 99.0%), and hydrogen peroxide 
(H2O2). 

 
Fig 1. Schematic diagram of this study 
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Instrumentation 

Melting point of the synthesized compounds was 
measured with Gallen Kamp apparatus (London, UK), 
and microanalytical data can be seen in Table 1. IR spectra 
can be verified on a Perkin Elmer RXIFTIR spectrometer 
(Waltham, USA). A Varian Gemini 300 MHz spectrometer 
was used to measure the 1H-NMR spectra (Palo Alto, CA, 
USA) and recorded in DMSO-d6. The chemical shifts 
were recorded in δ (ppm) and TMS was used as an 
internal standard. For the purpose of determining mass, a 
Tokyo, Japan-based Shimadzu GC-MS 
spectrophotometry QP 1000 EX system that operates at 70 
eV was used. All the reactions were monitored by TLC. 

Procedure 

Synthesis of 5,6,7,8-tetrahyroquinazolin-2(1H)-ones 
(THQs) via mechanochemical technique  

The mixture of the aromatic aldehydes (3 mmol), 
cyclohexanone (3 mmol) with binucleophile (3 mmol) 
as urea, thiourea and phenyl urea in the presence of the 
catalytic amount of KOH was grained together at the 
same time, see Table 1. Once the grinding was 
completed, as monitored by TLC, the mixture of the 
reaction has been transformed into a colored solid mass 
that was acidified with cold H2O/HCl (4:1). The solid 
product was recovered, filtered out, and recrystallized 
from the appropriate solvent. 

Table 1. Outline physical characterization of the synthesized compounds and the differences in both grinding times 
and concentrations 

Prod. 
No. 

Time (min.) M.p. °C 
(solvent recy.) 

M.F 
(M.W.) 

Elemental Analysis (%) 
G. Ref.  Req. Found 

1a 3.5 120 >300 
(ethanol) 

C14H13N2OCl C:64.50 
H:5.03 

N:10.74 

C:64.19 
H:4.72   

N:10.80 
1b 3.5 135 180-182 

(benzene) 
C14H13N3O3 C:61.99 

H:4.83 
N:15.49 

C:61.52 
H:4.56 

N:15.27 
2a 4.0 150 >300 

(ethanol) 
C14H14N2O C:74.31 

H:6.24 
N:12.38 

C:73.90 
H:7.12 

N:12.40 
2b 4.0 150 140–142 

(petroleum 60/80) 
C15H16N2O2 C:70.29 

H:6.29 
N:10.93 

C:69.90 
H:6.80 

N:10.57 
2c 4.0 150 234–237 

(Ethanol) 
C16H19N3O C:71.35 

H:7.11 
N:15.60 

C:71.12 
H:7.59 
N15.32 

3a 3.5 180 160–162 
(Benzene) 

C14H13N2SCl C:60.75 
H:4.73 

N:10.12 

C:60.55 
H:5.91 

N:10.35 
3b 3.5 180 140–142 

(Benzene) 
C14H13N3SO2 C:58.52 

H:4.56 
N:14.62 

C:58.78 
H:4.77 

N:14.52 
4a 3.5 180 280–282 

(Benzene) 
C14H14N2S C:69.39 

H:5.82 
N:11.56 

C:69.14 
H:5.67 

N:11.28 
4b 3.5 180 136–138 

(Benzene) 
C15H16N2SO C:66.15 

H:5.92 
N:10.29 

C:66.39 
H:6.13 

N:10.25 
4c 2.5 120 170–173 

(Pet/Benzene) 
C16H19N3S C:67.33 

H:6.71 
N:14.72 

C:66.89 
H:7.25 

N:14.54 
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Prod. 
No. 

Time (min.) M.p. °C 
(solvent recy.) 

M.F 
(M.W.) 

Elemental Analysis (%) 
G. Ref.  Req. Found 

5a 3.0 120 158–160 
(Ethanol) 

C20H17N2OCl C:71.32 
H:5.09 
N:8.32 

C:71.49 
H:5.12 
N:8.48 

5b 3.0 120 134-136 
(Ethanol) 

C20H17N3O3 C:69.15 
H:4.93 

N:12.10 

C:68.92 
H:5.04 

N:12.47 
6a 3.0 120 215-217 

(Ethanol) 
C20H18N2O C:79.44 

H:6.00 
N:9.26 

C:79.36 
H:6.42 
N:9.05 

6b 3.0 120 224-226 
(Benzene) 

C21H20N2O2 C:75.88 
H:6.06 
N:8.43 

C:75.36 
H:6.37 
H:8.27 

 
Synthesis of 5,6,7,8-tetrahyroquinazolin-2(1H)-ones 
(THQs) via conventional technique 

Aromatic aldehydes (3 mmol) dissolved in absolute 
ethanol (30 mL) and the solution was then refluxed with 
(3 mmol) of cyclohexanone and (3 mmol) of 
binucleophile for instance, urea, thiourea and phenyl urea 
with catalytic amount of KOH for 2–3 h (the reaction was 
monitored by TLC (ethyl acetate:toluene (2:1)). The 
reaction mixture was vacuum distilled to half of its 
volume, and after that, it was acidified with diluted 
hydrochloric acid (4:1). The identical chemicals were 
produced by obtaining a solid product, which was filtered 
and recrystallizing from appropriate solvents. 
4-(4-Chlorophenyl)-5,6,7,8-tetrahydroquinazolin-
2(1H)-one (1a). White crystal, IR (ν, cm−1): 3223 (NH), 
3034 (ArC–H), 2966 (AliC–H), 1700 (C=O) and 1646 
(C=N), MS (m/z) [M+2; 55%] 264, [M+, 100%], 262, 172, 
159, 143, 120. 1H-NMR (400 MHz, DMSO-d6) δ: 1.74–
2.06 (dt, 4H, 2CH2, J = 8.8, 4.9 Hz), 4.07–4.14 (dt, 4H, 
2CH2, J = 8.8, 4.9 Hz), 6.37–6.68 (m, 4H, ArH), 10.14 (s, 
1H, NH, exchangeable D2O), 13C-NMR (100 MHz, 
DMSO) δ: 22.28, 43.29, 52.82, 67.78, 128.40, 128.94 (2), 
129.14, 129.41 (2), 130.72, 131.37, 132.57 (2), 139.65, 
141.42, 153.54, 154.46, 155.96, 169.6., Anal. Calc. for 
C14H13N2OCl (260.072), %C:64.50; %H:5.03; %N:10.74 
found, %C:64.19; %H:4.72; %N:10.80. 
4-(3-Nitrophenyl)-5,6,7,8-tetrahydroquinazolin-
2(1H)-one (1b). White crystal, IR (ν, cm−1): 3432 (NH), 
3002 (Arom C–H), 2991 (Aliph C–H), 1679 (C=O), MS 
(m/z) [M+.] 272, 265, 253, 240, 212. 1H-NMR (400 MHz, 
DMSO) δ: 1.82–1.96 (dt, 4H, 2CH2, J = 8.8, 4.9 Hz), 2.95–

2.99 (dt, 4H, 2CH2, J = 8.8, 4.9 Hz), 7.38–7.79 (m, 4H, 
ArH), 9.92 (s, 1H, NH, exchangeable D2O), 13C-NMR 
(100 MHz, DMSO) δ: 22.28, 43.29, 52.82, 67.78, 128.40, 
128.94 (2), 129.14, 129.41 (2), 130.72, 131.37, 132.57 (2), 
139.65, 141.42, 153.54, 154.46, 155.96, 168.3, Anal. Calc. 
for C14H13N3O3 (271.096), %C:61.99; %H:4.83; %N:15.49 
found, %C:61.52; %H:4.56; %N:15.27. 
4-Phenyl-5,6,7,8-tetrahydroquinazolin-2(1H)-one 
(2a). White crystal, IR (ν, cm−1): 3324, (NH), 3062 (ArC–
H), 2981 (AliC–H), 1714 (C=O), MS (m/z) [M+.] 228, 
216, 190, 165, 95. 1H-NMR (400 MHz, DMSO) δ: 1.23-
1.91 (m, 4H, 2CH2, J = 8.8, 4.9 Hz), 2.95–2.99 (dt, 4H, 
2CH2, J = 8.8, 4.9 Hz), 7.22–7.50 (m, 5H, ArH), 9.51 (s, 
1H, NH, exchangeable D2O). Anal. Calc. for C14H14N2O 
(226.111), %C:74.31; %H:6.24; %N:12.38 found, 
%C:73.90; %H:7.12; %N:12.40. 
4-(4-Methoxyphenyl)-5,6,7,8-
tetrahydroquinazolin-2(1H)-one (2b). White crystal, 
IR (ν, cm−1): 3379 (NH), 3032 (ArC–H), 2907 (AliC–H), 
1674 (C=O), MS (m/z) [M+.] 256, 238, 228, 203, 163, 114, 
92. 1H-NMR (400 MHz, DMSO) δ: 2.08–2.49 (dt, 4H, 
2CH2, J = 8.8, 4.9 Hz), 2.95–2.99 (dt, 4H, 2CH2, J = 8.8, 
4.9 Hz), 3.82 (s, 3H, OCH3), 7.02–7.62 (m, 4H, ArH), 
10.32 (s, 1H, NH, exchangeable D2O). Anal. Calc. for 
C15H16N2O2 (256.121), %C:70.29; %H:6.29; %N:10.93 
found, %C:69.90; %H:6.80; %N:10.57. 
4-(4-(Dimethylamino)phenyl)-5,6,7,8-
tetrahydroquinazolin-2(1H)-one (2c). White crystal, 
IR (ν, cm−1): 3222 (NH), 3079 (Ar C–H), 2981 (Ali C–
H), 1708 (C=O), 1H-NMR (400 MHz, DMSO) δ: 1.01–
1.71 (dt, 4H, 2CH2, J = 8.8, 4.9 Hz), 2.49–2.52 (dt, 4H, 
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2CH2, J = 8.8, 4.9 Hz), 2.95 (s, 6H, N(CH3)2), 6.88–7.29 (m, 
4H, ArH). Anal. Calc. for C16H19N3O (269.153), %C:71.35; 
%H:7.11; %N:15.60 found, %C:71.12; %H:7.59; %N15.32. 
4-(4-Chlorophenyl)-5,6,7,8-tetrahydroquinazolin-
2(1H)-thione (3a). White crystal, IR (ν, cm−1): 3077 
(ArC–H), 2979 (AliC–H), MS (m/z) [M+.+2; 55%] 280, 
[M+., 100%], 278, 263, 159, 146, 120. 1H-NMR (400 MHz, 
DMSO) δ: 1.03–1.39 (dt, 4H, 2CH2, J = 8.8, 4.9 Hz), 7.38–
7.79 (m, 4H, ArH), Anal. Calc. for C14H13N2SCl (276.049), 
%C:60.75; %H:4.73; %N:10.12 found, %C:60.55; %H:5.91; 
%N:10.35. 
4-(3-Nitrophenyl)-5,6,7,8-tetrahydroquinazolin-
2(1H)-thione (3b). White crystal, IR (ν, cm−1): 3304 N-H, 
2836 (SH), 3088 (ArC–H), 2976 (AliC–H). MS (m/z) 
[M+.] 289, 284, 255, 240, 221. 1H-NMR (400 MHz, DMSO) 
δ: 1.01–1.09 (dt, 4H, 2CH2, J = 8.8, 4.9 Hz), 2.22–2.30 (dt, 
4H, 2CH2, J = 8.8, 4.9 Hz), 7.38–7.79 (m, 4H, ArH), 9.92 
(s, 1H, NH, exchangeable D2O), 13C-NMR (100 MHz, 
DMSO) δ: 22.28, 43.29, 52.82, 67.78, 128.40, 128.94 (2), 
129.14, 129.41 (2), 130.72, 131.37, 132.57 (2), 139.65, 
141.42, 153.54, 154.46, 165.96. Anal. Calc. for 
C14H13N3SO2 (287.073), %C:58.52; %H:4.56; %N:14.62 
found, %C:58.78; %H:4.77; %N:14.52. 
4-Phenyl-5,6,7,8-tetrahydroquinazoline-2(1H)-
thione (4a). White crystal, IR (ν, cm−1): 3320 (NH), 3065 
(ArC–H), 2956 (AliphC–H), 1614 (C=S), MS (m/z) [M+.] 
239, 224, 209, 190, 165, 95. 1H-NMR (400 MHz, DMSO) 
δ: 1.33–1.91 (m, 4H, 2CH2, J = 8.8, 4.9 Hz), 2.95–2.99 (dt, 
4H, 2CH2, J = 8.8, 4.9 Hz), 7.38–7.79 (m, 5H, ArH), 8.06 
(s, 1H, NH, exchangeable D2O), 8.42 (s, 1H, NH, 
exchangeable D2O). Anal. Calc. for C14H14N2S (242.088), 
%C:69.39; %H:5.82; %N:11.56 found, %C:69.14; %H:5.67; 
%N:11.28. 
4-(4-methoxyphenyl)-5,6,7,8-
tetrahydroquinazoline-2(1H)-thione (4b). White 
crystal, IR (ν, cm−1): 3266 (NH), 3039 (ArC–H), 2920 
(AliC–H), 1407 (C=S), MS (m/z) [M+.-NH] 260, 251, 224, 
210, 142, 112, 90. 1H-NMR (400 MHz, DMSO) δ: 1.91–
1.95 (dt, 4H, 2CH2, J = 8.8, 4.9 Hz), 2.61–2.57 (dt, 4H, 
2CH2, J = 8.8, 4.9 Hz), 3.43 (s, 3H, OCH3), 7.32–7.45 (m, 
4H, ArH), 9.27 (s, 1H, NH, exchangeable D2O). Anal. 
Calc. for C15H16N2SO (272.098), %C:66.15; %H:5.92; 
%N:10.29 found, %C:66.39; %H:6.13; %N:10.25. 

4-(4-(Dimethylamino)phenyl)-5,6,7,8-
tetrahydroquinazoline-2(1H)-thione (4c). White 
crystal, IR (ν, cm−1): 3327 (NH), 3082 (ArC–H), 2930, 
2861 (AliC–H), 1395 (C=S), MS (m/z) [M+.] 282, 280, 
217, 185, 151, 144, 110, 96. 1H-NMR (400 MHz, DMSO) 
δ: 1.07–1.25 (dt, 4H, 2CH2, J = 8.8, 4.9 Hz), 2.95–2.95 (dt, 
4H, 2CH2, J = 8.8, 4.9 Hz), 6.63–7.57 (m, 4H, ArH), 9.56 
(s, 1H, NH, exchangeable D2O). Anal. Calc. for 
C16H19N3S (285.13), %C:67.33; %H:6.71; %N:14.72 
found, %C:66.89; %H:7.25; %N:14.54. 
4-(4-Chlorophenyl)-5,6,7,8-tetrahydro-1-
phenylquinazolin-2(1H)-one (5a). White crystal, IR 
(ν, cm−1): 3077 (ArC–H), 2918 (AliC–H), 1664 (C=O), 
MS (m/z) [M+.+2; 55%] 338, [M+., 100%] 336, 276, 165, 
138, 111. 1H-NMR (400 MHz, DMSO) δ: 1.74–2.06 (d, 
4H, 2CH2, J = 8.8, 4.9 Hz), 44.55–4.57 (d, 4H, 2CH2, J = 
8.8, 4.9 Hz), 7.38–7.79 (m, 9H, ArH), 13C-NMR (100 
MHz, DMSO) δ: 22.28, 43.29, 52.82, 67.78, 128.40, 
128.94 (2), 129.14, 129.41 (2), 130.72, 131.37, 132.57 (2), 
139.65, 141.42, 153.54, 154.46, 155.96, 169.6. Anal. Calc. 
for C20H17N2OCl (336.103), %C:71.32; %H:5.09; %N:8.32 
found, %C:71.49; %H:5.12; %N:8.48. 
4-(3-Nitrophenyl)-5,6,7,8-tetrahydro-1-
phenylquinazolin-2(1H)-one (5b). White crystal, IR 
(ν, cm−1): 3088 (ArC–H), 2956 (AliC–H), 1680 (C=O), 
MS (m/z) [M+.] 348, 331, 256, 149, 134. 1H-NMR (400 
MHz, DMSO) δ: 1.22–1.49 (dt, 4H, 2CH2, J = 8.8, 4.9 
Hz), 2.95–2.99 (dt, 4H, 2CH2, J = 8.8, 4.9 Hz), 7.39–7.90 
(m, 9H, ArH). Anal. Calc. for C20H17N3O3 (347.127), 
%C:69.15; %H:4.93; %N:12.10 found, %C:68.92; 
%H:5.04; %N:12.47. 
1,4-Diphenyl-5,6,7,8-tetrahydroquinazolin-2(1H)-
one (6a). White crystal, IR (ν, cm−1): 3062 (ArC–H), 
2956 (AliC–H), 1688 (C=O), MS (m/z) [M+.] 302, 294, 
264, 206, 76. 1H-NMR (400 MHz, DMSO) δ: 1.33–1.91 
(m, 4H, 2CH2, J = 8.8, 4.9 Hz), 2.95–2.99 (dt, 4H, 2CH2, 
J = 8.8, 4.9 Hz), 7.38–7.79 (m, 9H, ArH). Anal. Calc. for 
C20H18N2O (302.142), %C:79.44; %H:6.00; %N:9.26 
found, %C:79.36; %H:6.42; %N:9.05. 
4-(4-Methoxyphenyl)-1-phenyl-5,6,7,8-
tetrahydroquinazolin-2(1H)-one (6b). White crystal, 
IR (ν, cm−1): 3059 (ArC–H), 2933 (AliC–H), 1674 
(C=O), MS (m/z) [M+.] 335, 281, 129, 119, 91. 1H-NMR 
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(400 MHz, DMSO) δ: 1.03–1.21 (dt, 4H, 2CH2, J = 8.8, 4.9 
Hz), 2.27–2.49 (dt, 4H, 2CH2, J = 8.8, 4.9 Hz), 3.33 (s, 3H, 
OCH3), 7.13–7.37 (m, 9H, ArH). Anal. Calc. for 
C21H20N2O2 (332.152), %C:75.88; %H:6.06; %N:8.43 
found, %C:75.36; %H:6.37; %N:8.27. 

Quantum mechanical calculations 
Geometrically optimized using hybrid DFT with 

Becke 3-parameters exchange potential and L-Y-P 
correlation functional (B3LYP) theory [16-17] with 6-31 
G. Frontier orbitals (FO) indices were calculated in 
electron volt (eV) for the ligands using Jaguar module of 
Schrödinger interface [12-13]. For this purpose, the 
favorable binding poses of the ligand molecules obtained 
after the docking protocol were subjected to DFT analysis. 
It was analyzed using frontier molecular orbitals, namely 
highest occupied molecular orbitals (HOMOs), lowest 
unoccupied molecular orbitals (LUMOs), and their 
energy gap difference (HLG). When HOMO energy 
values show the ability of a ligand molecule to donate 
electrons, LUMO energies propose the capability of a 
ligand molecule to accept electrons from the protein. 
Additionally, the global descriptors for reactivity, such as 
chemical potential, hardness, electrophilicity, and 
softness, were analyzed in order to understand the 
mechanistic aspects of the hits in their ground states. 

Antioxidant experiment 
Antihemolytic activity. The anti-hemolytic potential of 
extract/fraction was inspected by a spectrophotometric 
procedure as described previously [13]. Five milliliters of 
blood from a healthy person was collected in EDTA vials 
and centrifuged for 5 min at 1000 × g. The supernatant 
was removed and the pellet was washed thrice with PBS 
(0.2 M, pH 7.4) before re-suspending in saline solution 
(0.5%). A 0.5 mL of the extract/fraction (100–1000 μg/mL 
in PBS) was dispensed to 1 mL of erythrocyte suspension 
and incubated at room temperature for 20 min. Next, 
0.5 mL of H2O2 solution made in buffered saline was 
added to the reaction mixture to provoke oxidative 
degradation of the membrane lipids. Subsequently, the 
samples were centrifuged at 1000 × g for 10 min and the 
absorbance of supernatant was noted 
spectrophotometrically at 540 nm. The relative hemolysis  
 

was assessed in comparison with the hemolysis in the 
H2O2 treated (negative control), which was set as 100%. 
For positive control, phosphate buffer saline was used. 
Each set of experiments was performed in triplicate and 
the inhibitory activity of different fractions was calculated 
and expressed as percent inhibition of hemolysis. 
ABTS test. The ABTS test has been used to evaluate the 
antioxidant perspective of all the synthesised 
compounds. ABTS (7 mM) interacts, in the dark, with 
potassium persulfate (2.45 mM) for 12 h at room 
temperature to obtain ABTS radical cations. ABTS 
solution was then diluted with methanol (50%) to have an 
absorbance at 745 nm ABTS•+ blue/green chromophores 
[10-12]. Percentage inhibition was calculated by Eq. (1). 

abs abs

abs

control sample
Quenching ability  (%) 100

control


   (1) 

Ascorbic acid was utilized as a standard control. 

■ RESULTS AND DISCUSSION 

Chemistry 

Design and green synthesis 
Substituting the N-amino group is one of the 

methods to increase the MCR's adaptability with urea and 
thiourea moieties which means using semi-carbazide and 
thiosemicarbazide. Quantum chemical computations 
explained the efficient one-pot synthesis of 5-aryl-1,3,4-
triazaspiro[5.5]undecane-2,7-dione (1a, b), 3-aryl-
2,3,4,5,6,7-hexahydro-1H-indazole-1-carboxamide (2a-
e), through treatment aromatic aldehydes, cyclohexanone 
and carbazides. The proposed mechanism (Scheme 1) 
has been registered by DFT. The electron-deficient 
group in the aromatic aldehydes (high electrophilicity 
index) first attracted the carbazide and then reacted with 
cyclohexanone to get 1,3,4-triazaspiro[5,5]undecane-
2,7-dione (1). Lower reactivity of the substituted 
benzaldehyde carrying electron donated group (higher 
LUMO) can be preferred to couple with cyclohexanone 
(soft-soft attack to afford C–C bond formation) for 
producing the corresponding chalcone which undergoes 
nucleophilic attacks via semi- and thiosemicarbazide 
followed by cyclization to afford the hexahydro-1H-
indazole-1-carboxamide derivatives (2a-e). 
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THQ has a phenyl ring condensed with pyrimidin-
4-one nucleus (Scheme 1). Most of the THQ derivatives are 
substituted on the carbon 4 chiral center. Therefore, the 
present article is aimed to apply mechano-chemical MCR 
via grinding for the synthesis of such heterocycles. MCR 
is a crucial step in the synthesis that helps to confirm the 
prevalence of this strategy in the target, THQ derivatives 
1, 2, 3 and 4 (Scheme 1). The reaction of arylidene 
cyclohexanone via Michael reaction sites (N1, C3) is 
intended to prepare the target compounds (Scheme 2). 

Using a variety of nitrogen nucleophiles, both 
electron-rich and electron-deficient aldehydes were 
accepted e.g., urea, thiourea, and phenyl urea in the 
presence of cyclohexanone (Scheme 3). 

Measuring and process efficiency 
MCRs are broadly defined as “one-pot” processes 

that connect at least three components simultaneously 
to enable fast production, such as heterocyclic in a single 
operation with sufficient chemical diversity from readily 
available reagents and thus respect the demanding 
 

 
Scheme 1. Outline MCR of aromatic aldehyde, cyclohexanone and urea via mechanochemical method 

 
Scheme 2. Outline MCR of aromatic aldehyde, cyclohexanone and thiourea via the mechanochemical method 
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Scheme 3. Outline MCR of aromatic aldehyde, cyclohexanone and phenyl urea via the mechanochemical method 

 
eco-compatibility principle like step efficiency and atom 
economy [15]. In addition, facile automation, simplicity, 
higher product yields and minimal waste generation 
reduce the cost, time, and energy [18]. Because of this, a 
greater YE suggests a higher degree of conversion, a 
chemical process that is considerably more effective, and 
the most cost-effective reaction, as previously said in 
Table 2. It is found that THQ 1 is synthesized by the 
mechanochemical (grinding) tool has % yield 85.2 at 
3.5 min i.e., YE = 24.34 which differ from the conventional 
method YE = 0.72. In contrast, the % yield of pyrimidine 
1 via conventional was greater (see more in Table 2). 

Our MCR is used for the synthesis of THQ through 
a traditional method with regard to their AE [19] to yield 
identical target substances. As a result, we provided the 
YE to estimate the percentage yield (%) of the target 

product. An advanced level of conversion, an effective 
chemical process, and a cost-effective reaction are all 
revealed by a greater YE. Hence, 4.86 and 0.08 were the 
values of YE in the mechanochemical processes, 
respectively, disclosing the larger status of the former 
approach and providing conventional conditions and 
great yield assessment. This confirmed that in the green 
chemistry principle the determination of % yield 
according to saving reaction time must be considered. 

DFT Study 

High EHOMO shows a strong molecule tendency to 
donate electrons and low values of the energy gap 
(ΔE=ELUMO–EHOMO), which will render good inhibition 
efficiencies [16-17]. The structural optimization of the 2-
benzylidenecyclohexane-1-one when reacting with urea  

Table 2. Outline and description e some physical characteristics. AE (Atom economy), YE (yield economy), and RME 
(reaction mass efficiency) of the produced compounds 

Prod. 
No. 

Time (min) Yield (%) YE (%/min) 
AE 

RME O.E (RME/AE) 
Gri. Refl. Gri. Refl. Gri. Refl. Gri. Refl. Gri. Refl. 

1a 3.5 120 85.20 86.92 24.34 0.72 87.93 74.83 76.31 86.78 86.78 
1b 3.5 135 81.57 82.90 23.30 0.61 87.70 71.42 72.38 81.43 82.53 
2a 4.0 150 83.47 81.01 20.86 0.32 86.36 72.11 69.51 83.49 80.48 
2b 4.0 150 76.59 78.04 19.14 0.013 87.41 67.22 68.64 76.90 78.52 
2c 4.0 150 83.46 81.29 20.86 0.54 87.62 73.16 70.92 83.49 80.94 
3a 3.5 180 86.21 86.00 28.73 0.47 90.12 61.53 77.42 68.27 85.90 
3b 3.5 180 83.80 82.90 23.94 0.46 90.12 74.74 74.01 82.93 82.12 
4a 3.5 180 73.70 75.99 21.05 0.42 91.51 65.31 67.63 71.36 73.90 
4b 3.5 180 83.75 81.40 23.92 0.45 90.27 73.40 75.53 81.31 83.67 
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to produce the desire  product is planned by using 
quantum chemical calculations. In the presence of KOH, 
the HOMO energy (−9.60 eV) of the cyclohexanone anion 
was rather than HOMO (−12.61 eV) urea nucleophile and 
so good matching to LUMO energy (−5.62 eV) of the 
electrophilic carbonyl site of benzaldehyde to form the 
corresponding chalcone via aldol reaction followed by 
nucleophilic addition of urea precursor (Fig. 2 and 3). 
While employing thiourea (Fig. 4), it is preferable to use 
(HOMO −8.96 eV) rather than HOMO of cyclohexanone 

anion (−9.60 eV). The presence of benzylidene thiourea 
intermediate is created by KOH using the technique in 
Scheme 2. 

DFT simulation was assisted to know that MCRs 
do not occur simultaneously, meaning two components 
reacted first and combined with a third. The structures 
have been supported by full spectral analysis and micro-
analytical data. Fig. 3 and 4 show the outline reaction 
steps of the urea cyclohexanone and 3-
nitrobenzaldehyde. 

urea

HOMO (eV)

thiourea -8.96

-9.62

cyclohexanone -11.49

-12.64

LUMO (eV)

G =NMe2 H O

G

G =Cl

G =OMe

G =H

G =NO2 -7.30

-5.58

-4.82

-4.75

-3.31

cyclohexanone -1.54

cyclohexanone anion

 
Fig 2. Outline ternary HOMO-LUMO interaction 

 
Fig 3. Outline the reaction steps of the urea cyclohexanone and 3-nitrobenzaldehyde 
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Fig 4. Outline the reaction steps of the thiourea cyclohexanone and 3-nitrobenzaldehyde 

 
On the other hand, the HOMO energy (−10.0 eV) of 

phenyl urea was in a good overlap with the LUMO energy 
of benzaldehyde moiety in the absence of KOH because 
cyclohexanone has HOMO (−11.50 eV) and LUMO 
(−1.55 eV) besides, the lower basicity of phenyl urea is not 
sufficient to afford active methylene of cyclohexanone 
intermediate. 

The authentic reaction of the (Z)-1-(4-
chlorobenzylidene)-3-phenylurea (HOMO −8.25 eV) with 
LUMO (−1.55 eV) of cyclohexanone afforded the same 
product 5a. The presence of KOH in the latter reaction 
will occur in the same mechanism as Scheme 1 because 
the HOMO of cyclohexanone anion become higher than 
the HOMO of phenyl urea. Electron-withdrawing groups 
of the aromatic aldehydes play an important role in 
aromatization, orientation and isomerization of the THQ 
products, see Fig 5. 

Quantum chemical computations using DFT method 
for synthetic chemicals are also well-aligned with the 

antioxidant efficiency according to calculations (Table 
3). The findings show that the gap energy (ΔE) values are 
quantum chemical computations using DFT method for 
synthetic chemicals are also well-aligned with the 
antioxidant efficiency according to calculations (Table 3). 
The findings show that ΔE values are within the range, 
where ΔE=ELUMO–EHOMO, following the order: heterocyclic 

S

NH

NH

O

S

N

NH2

O

32.62 kcal/mol5.65 kcal/mol

N
H

NH

S

O

9.19 kcal/mol  
Fig 5. Outline aromatization, orientation and 
isomerization of the 5,6,7,8-tetrahydroquinazolin-2-one 
(THQ) derivatives 

Table 3. Quantum chemical parameters for the most potent THQ 
Compound EHOMO 

(eV) 
ELUMO 

(eV) 
ΔE 

(eV) 
I 

(eV) 
A 

(eV) 
χ 

(eV) 
Η 

(eV) 
σ 

(eV−1) ΔN 
μ 

(Debye) 
Amolec 
(nm2) 

2b −8.57 −5.52 3.01 9.09 0.38 4.74 4.65 0.1068 0.26 8.790 297.443 
3b −8.13 −7.52 0.59 8.88 0.83 4.86 4.03 0.1300 0.34 11.558 542.608 
4a −5.57 −5.20 0.33 8.66 0.66 4.66 4.00 0.1491 0.38 12.139 590.401 
Ascorbic acid −3.47 −2.72 0.75 8.13 1.23 4.69 3.45 0.1281 0.31 9.395 519.866 
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Table 4. Outline the erythrocyte hemolysis of the synthesized compounds 

Entry Compounds 
Erythrocyte hemolysis 

(A/B × 100) 
Absorbance of samples (A) % hemolysis 

Absorbance of H2O (B) 0.850 --- 
Vit – C 0.031 3.64 

1 1a 0.043 5.05 
2 1b 0.043 4.98 
3 2a 0.048 5.64 
4 2b 0.026 2.41 
5 2c 0.042 4.94 
6 3a 0.044 5.14 
7 3b 0.037 3.88 
8 4a 0.018 1.64 
9 4b 0.044 4.17 

10 4c 0.051 5.60 

Table 5. Outline and an explanation of the synthetic compounds' ability to scavenge ABTS 

Entry 

Method 
ABTS 

(Abscontrol-Abstest/Abscontrol) × 100 
Compounds Absorbance of samples % inhibition 
Control of ABTS 0.525 0 
Ascorbic-acid 0.061 88.4 

1 1a 0.404 23.0 
2 1b 0.409 22.1 
3 2a 0.102 80.1 
4 2b 0.047 91.5 
5 2c 0.412 21.5 
6 3a 0.406 22.7 
7 3b 0.408 22.3 
8 4a 0.035 97.8 
9 4b 0.163 71.7 
10 4c 0.410 21.9 

 
derivatives 3b < 4a < ascorbic acid < 2b. When a chemical 
has a low ΔE value, it is more reactive to surface 
interactions with radicals i.e., easy electron donation to 
the surface of a hole [20-21]. Furthermore, the great 
correlation, including the number and type of 
heteroatoms, dipole moment, electron distributions, 
softness (σ, eV−1), and surface area (nm2), between 
oxidation inhibition effectiveness and THQ-carrying 
hydrophobic groups were approved. Ionization potential 
is another factor (I, eV), and charge density distribution 
(ΔN) shows the  greatest amount of  electron transport and,  

hence, a stronger propensity to scavenge the radicals. 

Antioxidant Assays 

Anti-hemolytic activity 
It was hoped to synthesize THQ derivatives which 

incorporate a hydrophobic group would have improved 
properties, such as the inhibitory activity of the opioid 
receptor and antioxidant characteristics. The fully 
optimized minimum energy geometrical configuration 
of the most potent antioxidant compounds 2b, 3b and 
4a have been approved. The significant antioxidant 
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activity of such compounds was corroborated by the 
findings of DFT-based anti-hemolytic and radical 
scavenger experimental tests. The results indicated that 
compounds 1b, 2a, 2b, 3b, 4a, 4b, and 4c exhibited potent 
anti-hemolytic action (Table 4). It has been demonstrated 
that when extract or fraction concentration increases, 
erythrocyte lysis decreases [22]. The findings from this 
investigation indicate that primary antioxidants exist and 
have an antihemolytic effect. percentage of hemolysis is 
increased along heterocyclic compounds 1b < 2a < 4b < 
3b < ascorbic acid (3.64%) < 2b < 4a that matched with 
the DFT study. 

ABTS radical scavenging assay 
The attained result nominated THQ 2b and 4a to 

scavenge the ABTS radicals. THQ 2b (98.0 ± 0.1 μg/mL) 
has the lowest EC-50 values for radical ABTS scavenging 
while compound 4a (> 500 ± 0.26 μg/mL) was the highest 
EC-50 values as shown in Table 5. % Inhibition decreases 
in order to these synthetic heterocyclic derivatives 4a > 2b 
> ascorbic acid (61 ± 0.2 μg/mL) > 2a > 4b that roughly 
corroborated the findings of antihemolytic and their DFT 
investigation. 

■ CONCLUSION 

The current work examines the synthesis and 
antioxidant properties of novel 5,6,7,8-
tetrahyroquinazolin-2(1H)-one derivative for the first 
time. The two-step, straightforward, innovative, and 
environmentally friendly synthetic methods were used to 
create the novel 5,6,7,8-tetrahyroquinazolin-2(1H)-one 
derivative. Grinding and reflux techniques were 
compared in terms of time, yields, and reactions. All 
synthetic compounds' complete structural elucidations 
were based on spectroscopic and elemental investigations, 
including FTIR, mass, and 1H-NMR. All products 
underwent insecticidal assessments. When using the 
ABTS test to evaluate the antioxidant perspective, 
compounds 2a, 2b, 4a, and 4b in particular, have shown 
much stronger inhibition than the other examined 
compounds. By using these new molecules, antioxidants 
are able to recognize and scavenge free radicals in vivo as 
well as in vitro. They will be promising as a therapeutic 
candidate for avoiding the onset and spread of several 

illnesses. This will pave the way for the synthesis of 
quinazolinone derivatives with maximum 
hydrophobicity and antioxidant activity in the near 
future through employing pyrimidine derivatives. The 
outcomes of DFT-based anti-hemolytic and radical 
scavenger experimental testing confirmed the 
considerable antioxidant activity of such substances. 
Compounds 1b, 2a, 2b, 3b, 4a, 4b, and 4c were shown to 
have significant anti-hemolytic activity. Moreover, 
DFT-based bioassay of such compounds that had higher 
introduction of where E=ELUMO−EHOMO, follows the 
order: heterocyclic derivatives 3b < 4a < ascorbic acid < 
2b than the other examined compounds. 
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 Abstract: The complex containing iron(II), 2,6-bis(pyrazol-3-yl)pyridine (3-bpp) as 
ligand, and tetracyanonickelate as counter anion has been synthesized and characterized. 
The characterization data suggest the corresponding formula of [Fe(3-
bpp)2][Ni(CN)4]·4H2O. Meanwhile, the SEM–EDX analysis image confirms the existence 
of all elements contained in the complex except the hydrogen atom. The infrared spectra 
exhibit vibration bands of the functional groups of 3-bpp ligand and [Ni(CN)4]−1 anion. 
From magnetic property measurement, the complex's molar magnetic susceptibility 
(XMT) value is 2.65 emu mol−1 K at 300 K, which contains about 75% high-spin state of 
the Fe(II) complex. Upon lowering the temperature, the XMT value gradually decreases 
around 1.37 emu mol−1 K at 13 K. It decreases sharply to about 0.73 emu mol−1 K at 2 K. 
These values reveal that Fe(II) complex is in the low-spin (LS) state. As a result, the 
complex exhibited spin-crossover characteristics of gradual transition without thermal 
hysteresis, and the transition temperature occurred below room temperature with a 
transition temperature (T1/2) close to 140 K. The spin crossover property of the complex is 
supported by a thermochromic reversible color change from red-brown at room 
temperature to dark brown on cooling in liquid nitrogen associated with the high-spin to 
low-spin transition. 

Keywords: iron(II); spin crossover; tetracyanonickelate; 2,6-bis(pyrazol-3-yl)pyridine 

 
■ INTRODUCTION 

The spin-crossover (SCO) or spin transition 
phenomenon exhibits the interchange of two spin states 
from the paramagnetic high-spin (HS) to the diamagnetic 
low-spin (LS) and vice versa under the external 
stimulation effect of temperature changes [1], pressure 
[2], and irradiation of light [3]. Cambi and coworkers 
discovered the first SCO phenomenon in a Fe(III) 

dithiocarbamate mononuclear complex in 1931 [4]. 
Since then, many SCO materials containing the metal 
ions of 3dn with n = 4–7 have been synthesized and 
extensively investigated [5]. 

Materials exhibiting the SCO phenomenon continue 
to be intensively studied because of the numerous 
potential applications for information storage [6], 
sensors [7], molecular switches [8], etc. Among the SCO 
materials, many research groups have widely investigated  
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Fig 1. The mononuclear complex of [Fe(3-bpp)2]2+ 

the mononuclear complex of [Fe(3-bpp)2]2+ (Fig. 1) 
formed by the tridentate of 3-bpp ligand [9]. These 
complexes are particularly interesting because they can be 
modified by various counter anions where the difference 
of counter anions determines the type of spin transition 
and transition temperature (T1/2). Quite recently, the 
presence of Fe(II) complex in the HS and LS states has 
been demonstrated by a single crystal of [Fe(3-
bpp)2](CF3COO)2 complex in the SCO system [10]. There 
are several types of spin transition commonly observed in 
SCO materials such as: gradual, abrupt, hysteretic, 
stepwise, and incomplete [11], where the T1/2 is described 
as transition temperature which reveals the ratio of HS 
and LS states in the compound is 50:50. 

The spin transition and the transition temperature 
in SCO materials are affected by the coordination number 
of metal ions and the nature of ligands and the counter 
anions type or even solvent molecules [12]. In the 
complex of [Fe(3-bpp)2]2+, the 3-bpp ligand is one of the 
intermediate ligands with the pyrazolyl ring with one 
nitrogen linked to an H atom free to form hydrogen bonds 
with the anions. While many oxides and halogenate anions 
have been investigated, complex anions containing 
transition metal ions have also been reported in many 
Fe(II) SCO systems. For example, the [Fe(3-
bpp)2][Fe(CN)5(NO)] complex has been synthesized from 
[Fe(3-bpp)2]2+ complex with nitroprusside 
[Fe(CN)5(NO)]2+ anion containing Fe(III) metal ion. The 
complex showed abrupt transition, and the transition 
temperature occurred below room temperature with small 
hysteresis (T1/2  = 181 K; T1/2  = 184 K) [13]. Moreover, the 
complex of [Fe(3-bpp)2]2+ is also conducted using  
 

complex cyanide anion [Au(CN)2]− containing Au(I) 
metal ion. The complex of [Fe(3-
bpp)2][Au(CN)2]2·2H2O showed incomplete and very 
gradual transitions without hysteresis where the T1/2 
value of the complex can be estimated at 291 K [14]. 
Meanwhile, the [Fe(3-bpp)2][Au(CN)2]2 complex 
showed two steps of thermal hysteresis, and the abrupt 
transition occurred above room temperature, showing 
T1/2  = 370 K and T1/2  = 415 K for the large hysteresis, 
while the T1/2  = 420 K and T1/2  = 430 K for the small 
one [15]. In this case, the difference in SCO properties 
from those complexes may be affected by the absence or 
existence of solvent molecules in the structure of the 
complex. The existence of solvent molecules in the 
complex is due to the interaction of hydrogen bonds 
between the hydrogen atom in the 3-bpp ligand and the 
oxygen atom in water molecules, with a high 
electronegative atom. In general, the solvent should be 
avoided to ensure the short contacts between the 3-bpp 
ligand and the anions to enhance more cooperative 
transitions. 

The use of metal cyanide complexes as a counter 
anion, [M(CN)2]− with M is Ag or Au, has been reported 
in the [Fe(3-bpp)2]2+ complex with various SCO 
properties [14]. Therefore, in the present study, we 
describe here the synthesis of [Fe(3-bpp)2][M(CN)4] 
complex. Since the nitrogen atom of the cyanide (CN−) 
ligand has the potential to form hydrogen bonds with a 
hydrogen atom of the 3-bpp ligand, the strategy 
synthesis of the complex needs to be elaborated. In 
addition to that, it is also necessary to study the magnetic 
property of this complex as an SCO material. In this 
study, the resulting complex of [Fe(3-
bpp)2][Ni(CN)4]·4H2O was characterized by the CHN 
elemental analysis, thermogravimetric analysis, and 
AAS measurement to determine its chemical formula. 
The data of SEM–EDX was evaluated to identify the 
surface morphology and the composition of elements in 
the complex. Meanwhile, coordination bonds in the 
complex were also analyzed from the infrared spectra. 
The SCO property was studied by measuring the 
magnetic susceptibility at various temperatures. 
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■ EXPERIMENTAL SECTION 

Materials 

The main chemicals of 2,6-(diacethyl)pyridine 
(C9H9NO2), N,N-dimethylformamide dimethylacetal 
(C5H13NO2), hydrazine hydrate (N2H4), activated charcoal, 
iron(II) sulfate heptahydrate (Fe(SO4)2·7H2O), barium 
chloride dihydrate (BaCl2·2H2O), and potassium tetracyano 
nickelate(II) (K2[Ni(CN)4]). The solvents consist of n-
hexane (C6H14), chloroform (CHCl3), ethanol (C2H5OH), 
and methanol (CH3OH). All chemicals and solvents were 
used with no further purifications, and they were 
respectively purchased from Sigma Aldrich and Merck. 

Instrumentation 

The CHN elemental analysis was measured using 
the ThermoFisher Scientific FlashSmart CHNS Elemental 
Analyzer. The metal content of the complex was 
estimated based on the data recorded using an Atomic 
Absorption Spectrophotometer (AAS) model of GBC 
Avanta V2. Thermal decomposition of the [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex was performed up to 
600 °C under nitrogen and used to confirm the amount of 
hydrate and the decomposition products of the complex. 
This analysis was obtained using TG/DTA Hitachi 
STA7300 thermal analyzer model with a heating rate of 
10 °C/min. The infrared spectra of the ligand and the 
complex were collected using KBr pellets on a 
ThermoFisher Scientific Model of Nicolet IS5 in the range 
of 4000–400 cm−1. The SEM image of the complex was 
recorded in SEM-EDX (Scanning Electron Microscopy 
with Energy Dispersive X-ray) JEOL JSM 6510 LA model 
to confirm the mass percentages and the content of the 
main elements in the sample. The temperature variation 
from magnetic susceptibility measurement was 
conducted using a Quantum Design MPMS-XL7A 
SQUID (Superconducting Quantum Interference Device) 
magnetometer in the temperature range of 2–300 K under 
an external 5000 Oe magnetic field. 

Procedure 

The synthesis procedures of 3-bpp ligand and [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex 

The 3-bpp ligand or 2,6-bis(pyrazol-3-yl)pyridine was  

prepared according to the previously published method 
by Lin and Lang [16]. A mixture containing 2,6-diacetyl-
pyridine (5 g, 30.64 mmol) and N,N'-dimethylformamide 
dimethyl acetal (10 mL, 75.28 mmol) was refluxed under 
an atmosphere of nitrogen for 3–4 h. The reaction 
mixture was cooled and removed until an orange 
precipitate formed. Then it was dissolved in chloroform, 
and the solution was treated with activated charcoal, 
filtered off, and then concentrated. The yellow 
precipitate as starting material was crystallized on 
dilution with n-hexane. A suspension of the appropriate 
starting material (2.5 g) in ethanol (12.5 mL) and 
hydrazine hydrate (2.5 mL) was stirred for 3–4 h at room 
temperature. Dilution of the saturated solution with 
water until a white precipitate formed (3-bpp ligand). 
Then it was filtered, and the synthesis product was dried 
in a desiccator over silica gel. The yield was 48–50%. 
(m.p. 258–260 °C, literature 257–259 °C). 

Meanwhile, the [Fe(3-bpp)2][Ni(CN)4]·4H2O 
complex was synthesized using the following procedure. 
In 3 mL H2O containing FeSO4·7H2O (0.28 g; 1 mmol) 
with a little addition of ascorbic acid to prevent 
oxidation of the Fe(II) ion, it was added in 2 mL H2O 
solution of BaCl2·2H2O (0.27 g; 1.1 mmol). The reaction 
mixture was stirred in a centrifuge for about 45 min. A 
clear solution containing FeCl2 was separated from the 
white precipitate of BaSO4 with a syringe. The FeCl2 
solution was added dropwise to the solution of 3-bpp 
ligand (0.5 g; 2.4 mmol) in 30 mL methanol. While the 
mixture was stirred under an atmosphere of nitrogen, 
the saturated aqueous solution of K2[Ni(CN)4] in excess 
(4.2 mmol, 3 mL) was then added to the mixture. The 
red-brown precipitate formed upon the addition. After 
the reaction mixture was vigorously stirred for about 1–
2 h, it was filtered and washed with a small amount of 
water. The synthesis product was dried over silica gel in 
a desiccator (Yield: 58–60% w/w). 

■ RESULTS AND DISCUSSION 

Synthesis and Characterization of [Fe(3-
bpp)2][Ni(CN)4]·4H2O 

The preparation of [Fe(3-bpp)2][Ni(CN)4]·4H2O 
complex was adopted by a modification of the literature 
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procedure [11] using the reaction of FeSO4 with BaCl2 in 
an aqueous solution produced the white precipitate of 
BaSO4 and a clear solution of FeCl2. Then the FeCl2 
solution was added dropwise to the methanolic solution 
of 3-bpp ligand, resulting in a mixture of red-brown color 
solution. The red-brown precipitate was formed when an 
excess of K2[Ni(CN)4] salt was added to the mixture 
solution. Based on the solubility test, the product of red-
brown powder was hardly soluble in various commonly 
known solvents such as water, methanol, ethanol, 
chloroform, acetone, acetonitrile, and diethyl ether. 
Therefore, attempts to produce the single crystal of the 
expected [Fe(3-bpp)2][Ni(CN)4]·4H2O complex could not 
be attained. 

Table 1 shows the result of CHN elemental analysis 
and AAS measurement on the elemental composition 
contained in the synthesized complex. The chemical 
formula of the complex obtained from the analysis results 
is [Fe(C11H9N5)2][Ni(CN)4]·4H2O, in agreement with the 
expected chemical formula. 

Infrared spectra of [Fe(3-bpp)2][Ni(CN)4]·4H2O 
complex and 3-bpp ligand recorded at 291 K are shown in 
Fig. 2. The typical vibration of 3-bpp ligands such as ν(N-H) 

stretching, ν(C=C) stretching, ν(C=C-N) stretching of pyridine, 
ν(N-H) bending, and ν(C-H) stretching bands were observed 
at around 3202, 1595, 1565, 1471, and 806 cm−1, 
respectively, as previously reported by Gamez et al. [17]. 
In the infrared spectrum of the [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex, the ν(C=C-N) band appeared 
at 1575 cm−1, which was higher than in the infrared 
spectrum of 3-bpp ligand (1565 cm−1). The shift of the 
ν(C=C-N) band indicated that the Fe(II) ion is coordinated 
with the nitrogen atom of the pyridine ring of the 3-bpp 
ligand. Moreover, the spectrum of the complex exhibited 
a broad and a medium intense new band at 3435 cm−1 due 
to ν(OH) of water molecules [18]. The presence of H2O 
molecules as a hydrate in the spectrum of the complex was 
also confirmed by thermogravimetric analysis. Meanwhile, 
the ν(C≡N) stretching vibration band belonging to the 
tetracyanonickelate group in the complex was observed at 
2131 cm−1. This vibration band usually appears in the 
2000−2200 cm−1 range with a sharp and strong band. 
Thus it can be easily identified in the vibration spectrum of 

Table 1. The composition of C, H, N, and Fe 

Complex 
% 

C H N Fe 
Found 43.65 3.39 26.95 7.76 
Calculated 43.76 3.65 27.49 7.85 
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Fig 2. Infrared spectra of (a) 3-bpp ligand and (b) [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex at 291 K 

the complex [19]. In addition, the vibration bands of the 
tetracyanonickelate group in the complexes exhibit M–
C stretching and M–C–N bending bands in the range of 
400–600 cm−1 [20]. These bands were observed at 608 
and 424 cm−1 in the complex spectrum and might be 
assigned to the stretching of Ni–C and bending of Ni–
CN vibration bands, respectively. 

Thermogravimetry analysis of the [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex was performed to 
confirm the number of hydrates of the chemical formula 
and decomposition of the complex as well as the 
temperature range of the stability of the complex. As 
shown in Fig. 3, the thermal decomposition in the first 
and the second steps are due to the dehydration process 
of the complex. The thermogram displays weight losses 
at around 8.07 and 2.71% in the temperature range of 
30–85 °C and 85–135 °C, respectively, corresponding to 
the total decomposition of four uncoordinated water 
molecules (calculated as 10.10%, found 10.78%). These 
results show a good agreement with the composition 
determined from the elemental analysis data. The loss of 
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Fig 3. Thermogravimetry (TG) profile of [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex 

uncoordinated water molecules usually occurs below 
200 °C. As reported previously, the [Fe(3-
bpp)2](C6H4NO2)2·4H2O complex started to decompose 
with three water molecules and one water molecule at 
54 °C and 170–220 °C temperature range, respectively 
[21]. While the next weight loss of about 14.26% 
(calculated as 14.59%) in the temperature range of 135–
240 °C could be attributed to the loss of CN groups. 
Cordoba et al. [22] suggested that the loss of CN groups 
in the SrNH4[Fe(CN)6]·3H2O compound occurred at 
150–290 °C. The continuous weight loss appears in the 
temperature range of 240–470 °C and 470–600 °C, which 
could be associated with the loss of 3-bpp ligand and the  
 

residue of the complex, respectively. The final 
decomposition product could be identified as FeO and 
NiO (calculated as 20.62%, found at 19.88%) within 
470–600 °C. Thermal decomposition products have also 
been observed by Karaağaç and Kürkçüoğlu [23] in the 
cyano metal complexes with the loss of metal oxides 
(CuO, ZnO, and NiO) appearing by the thermogram 
below 700 °C. 

The surface morphology and elemental content in 
the [Fe(3-bpp)2][Ni(CN)4]·4H2O complex were also 
determined by SEM–EDX. The selected surface of the 
SEM image of the complex exhibits cubic shapes on the 
scale of 20 μm, as depicted in Fig. 4(a). Meanwhile, the 
existence of the corresponding elemental content in the 
complex, except the hydrogen atom, was displayed in 
Fig. 4(b). This study used the EDX analysis to determine 
the mass percentages of Fe and Ni in the state of a 
complex compound (Table 2). Based on the EDX 
analysis result, the obtained Fe and Ni mass percentages 
were respectively 6.29 and 8.61%. These percentages were 
almost equal to the calculated Fe and Ni mass percentages 

Table 2. The mass percentage of Fe and Ni atoms in the 
[Fe(3-bpp)2][Ni(CN)4]·4H2O complex 

Atom % Mass 
C 47.80 
N 36.67 
O 0.63 
Fe 6.29 
Ni 8.61 

 

 
Fig 4. The image of (a) the selected surface of [Fe(3-bpp)2][Ni(CN)4]·4H2O complex and its (b) EDX analysis result 
showing the content of elements, Fe-C-N-O-Ni 
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of 7.85 and 8.27%, respectively. The results indicate a 
good agreement with the amount of Fe in the metal 
content (AAS). The result was 7.76%, which concluded 
that the chemical formula of the complex being [Fe(3-
bpp)2][Ni(CN)4]·4H2O. 

Magnetic Susceptibility 

Magnetic susceptibility data of [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex was collected in the 
temperature range of 2–300 K at cooling and heating 
modes. Fig. 5 displays the temperature dependence of the 
XMT for [Fe(3-bpp)2][Ni(CN)4]·4H2O complex with the 
molar magnetic susceptibility is XM, and the temperature 
is T. At first, the XMT was measured from 300 K down to 
2 K. After the cooling process, the XMT was measured 
from 2 K up to 300 K within the heating process. At 
300 K, the XMT value is 2.65 emu mol−1 K, suggesting that 
about 75% of Fe(II) complex is in the HS state at this 
temperature since the HS of [Fe(3-bpp)2]2+ shows the 
XMT value is 3.5 ± 0.1 emu mol−1 K [24-25]. On 
decreasing the temperature from 300 K, the XMT value of 
the complex gradually decreases around 
1.37 emu mol−1 K at 13 K. Below 13 K. The XMT value was 
abruptly decreased due to weak anti-ferromagnetic 
exchange interactions between the Fe2+ ion and/or by the 
zero-field splitting (ZFS) effect associated with the Fe2+ 
ion in the HS state. The final XMT value reaches about 
0.73 emu mol−1 K at 2 K, indicative of the complex being 
in the LS state. Compared to the previously described by 

King et al. [14], the [Fe(3-bpp)2][Au(CN)2]2·2H2O 
complex showed a very gradual transition, and the 
partial conversion was incomplete. The XMT value of the 
complex was 1.9 emu mol−1 K at 300 K, implying that 
the Fe(II) complex was 55–60% HS state at room 
temperature. On cooling, the XMT value of the complex 
decreased to 0.6 emu mol−1 K at 150 K. The T1/2 value 
can be estimated at 291 K, where the complex's HS and 
LS fractions equal 50%. 

In this study, the plot of high-spin fraction (γHS) 
versus temperature in Fig. 5(b) for the [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex was measured during 
cooling and heating modes with the estimated of 
transition temperature (T1/2) is halfway, γHS = γLS = 0.5. 
Therefore, this complex shows a gradual spin transition 
with an estimated T1/2 value close to 140 K at γHS = 0.5 
and no evidence of hysteretic behavior upon cooling and 
heating modes. Based on the result, the difference in 
transition temperature occurred from the [Fe(3-bpp)2]2+ 
complex cation with different metal cyanide anions, as 
previously described. Even with the same ligand, the 
nature of metal cyanide anions with varying amounts of 
oxidation and solvent molecules in the complexes 
significantly affects the spin transition and the transition 
temperature based on the magnetic data. 

In addition, the change in magnetism due to the 
temperature change is supported by an apparent and 
reversible color change from red-brown at room 
temperature to dark brown on cooling in liquid nitrogen. 
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Fig 5. Magnetic susceptibility of (a) [Fe(3-bpp)2][Ni(CN)4]·4H2O complex and (b) its variation of high-spin fraction 
(γHS) with temperature during cooling and heating modes 
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Fig 6. Color of [Fe(3-bpp)2][Ni(CN)4]·4H2O complex (a) at 298 K and (b) in liquid nitrogen 

 
Thus, the thermochromic nature of the [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex suggests the occurrence 
of spin crossover property, as shown in Fig. 6. 

■ CONCLUSION 

The complex containing [Fe(3-bpp)2]2+ cation and 
[Ni(CN)4]2− anion has been successfully synthesized and 
characterized. The chemical formula of [Fe(3-
bpp)2][Ni(CN)4]·4H2O complex was estimated by AAS, 
while the existence of water molecules in the complex was 
also determined using thermal analysis. The presence of 
elemental content in the complex, except for the hydrogen 
atom, was confirmed by SEM–EDX analysis. The infrared 
spectra show the typical vibration bands of functional 
groups for the 3-bpp ligand as well as the [Ni(CN)4]2− 
anion. Moreover, the temperature dependence of the 
complex finds that the XMT value at 300 K is 
2.65 emu mol−1 K, where about 75% of the Fe(II) complex 
is in the HS state. Upon cooling, the XMT value gradually 
decreases around 1.37 emu mol−1 K at 13 K. Then it 
decreases abruptly on cooling down to 2 K, where the XMT 
value is 0.73 emu mol−1 K, indicating that Fe(II) complex 
is almost entirely in the LS state. The gradual spin 
transition has a T1/2 value close to 140 K, and hysteretic 
behavior was not observed at cooling and heating modes. 
The SCO property of this complex was also supported by a 
reversible change of color from red-brown (HS) to dark 
brown (LS). 
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 Abstract: This review focuses on the modification of the inherent brittleness of 
biodegradable poly(lactic acid) (PLA) to increase its toughness, as well as recent advances 
in this field. The most often utilized toughening methods are melt blending, plasticization, 
and rubber toughening. The process of selecting a toughening scheme is still difficult, 
although it directly affects the blend's mechanical properties. There has been a lot of 
development, but there is still a long way to go before we get easily processable, totally bio-
based, 100% biodegradable PLA. The blends of PLA with other polymers, such as 
plasticizers or rubber, are often incompatible with one another, which causes the blend's 
individual components to behave in a manner consistent with phase separation. Polymer 
blending has been shown to be particularly effective in attaining high-impact strength. 
This review addresses the recent progress in improving the toughened PLA to gain 
properties necessary for the material's future engineering applications. As 3D and 4D 
printing becomes more accessible, PLA characteristics may be modified and treated 
utilizing more sophisticated production techniques. 

Keywords: PLA; blend; rubber; plasticization; toughness 

 
■ INTRODUCTION 

In our modern lives, polymer materials are 
commonplace and can be seen almost everywhere. Due to 
their low cost, lightweight, and high processability, 
commodity plastics may be used in a wide variety of 
products, from consumer items to technical applications. 
Two issues are associated with petroleum-based plastics, 
i.e., the rising production cost and the non-degradability 
of plastic products. Lately, oil prices have been increasing 
steadily annually, significantly affecting synthetic plastics' 
production costs. This development has driven the efforts 
to find a possible solution that does not rely on synthetic 
plastics. The need for replacement has become imperative 

as there is mounting concern over the accumulation of 
petroleum-based disposal wastes worldwide. After the 
end of the life of plastic products, massive waste that is 
not biodegradable needs to be handled. Many initiatives 
have been launched to reduce the quantity of trash that 
ends up in landfills, and one clear target is plastic 
packaging. Despite implementing recycling and 
incineration efforts, this is insufficient, as we are dealing 
with mass disposal. 

Poly(lactic acid) (PLA) and other biodegradable 
polymers have been developed, providing promise for a 
new waste management strategy. PLA, a biodegradable 
polyester manufactured from regenerative materials as 
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shown in Fig. 1-2, is pivotal in the bioplastic industry [1-
5]. PLA has a limited crystallization rate, making it brittle 
and modest amounts of ductility, making it less than ideal 
for use in applications that need durability or engineering 
[6-10]. Prior to the last decade, PLA was only used in 
specialized biomedical applications such as resorbable 
sutures [11-12]. Due to its good biocompatibility, the PLA 
was used as sutures and dental, orthopedic, and drug 
delivery [13-15]. There is a lot of research and 
development going into plastics right now, and a lot of it 
is focused on finding ways to include biodegradable 
elements. Food packaging, bag and sack manufacture, 
loose-fill packaging, agricultural film, and a few 
specialized uses are only a few of the places where it has  
 

been widely adopted, contributing to its rising profile. 
PLA has the potential to replace traditional 

polymers, including polyethylene (PE), polypropylene 
(PP), and polystyrene (PS). However, PLA is too brittle 
to be used commercially, limiting the potential 
applications that require high-impact toughness [15,17-
18]. As a result, several efforts have been made to 
alleviate the problem of toughness, particularly by melt 
mixing in the literatures [19-21]. However, this review 
focuses on PLA toughening mainly through melt 
mixing, plasticization, and toughening. In addition, it 
will bridge the brittleness gap in PLA by modifying its 
properties, particularly plasticization and 
rubber/elastomer toughening. 

 
Fig 1. Overview of the production of PLA 

 
Fig 2. Current and future PLA production technology. Adapted with permission from reference [16] 
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Properties of PLA 

The stereochemistry of the PLA chain and 
crystallinity significantly affect the mechanical properties. 
In the chemistry of PLA, the two optical isomers are 
denoted by the letters D and L. In contrast to its naturally 
occurring isomer, D-lactide, the synthetic blend of D- and 
L-lactide is called L-lactide. Polarized light allows us to 
differentiate between the L and D forms [22]. Due to its 
random distribution of the two isomers of lactic acid, 
PDLA is an amorphous polymer that cannot crystallize.  
This material has weak tensile strength, poor elongation, 
and a short degradation time. PLLA is around 37% 
crystalline, with a melting point between 170 and 183 °C 

and a glass transition temperature between 55 and 65 °C 
[23]. Typical physical property values of PLA are given 
in Table 1. 

Application of PLA 

Resorbable sutures and other medical supplies are 
only two examples of how PLA is being put to use in 
specialized markets. Cups, bottles, and films are just a 
few of the many packaging uses for PLA. Typical product 
applications made from PLA are given in Table 2. 

In the automotive sector, PLA has been mixed with 
kenaf fibers for car doors and dashboards due to its 
biodegradability compared to traditional plastics. For 
example, Toyota Motor Co. reported that a spare tire cover 

Table 1. Physical properties of PLA [24] 
Property Units Typical value 
Density g cm−3 1.25 
Melting temperature, Tm °C 130–215 
Glass transition temperature, Tg °C 55–70 
Degree of crystallinity, Xc % 10–40 
Melt flow rate g/10 min 2–20 
Tensile strength MPa 44–66 
Yield strength MPa 53–70 
Elongation at break % 4–7 
Tensile modulus GPa 1.9–4.1 
Notched Izod impact strength J m−1 18–66 
Heat deflection temperature °C 55 
Flexural strength MPa 88–119 

Table 2. Typical product application made from PLA 
Business division Applications that are commercially accessible 
Rigid thermoforms  Clear clamshells for fresh fruits and vegetables 

 Trays of deli meat 
 Opaque dairy containers 
 Packaging and advertising for consumer electronics 
 Cold drink containers and other disposable items 

Films with a biaxial orientation  Wrap candy with a twirl and a flow 
 Display carton and envelope see-through panels 
 Film for lamination 
 Gift-basket exterior wrapping 
 Holding the fort 

Bottles  Low-storage milk 
 Food oils 
 Mineral water in bottles  

Adapted with permission from reference [16] 
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using 100% plant-derived kenaf/PLA composites was 
developed to replace kenaf/PP [25]. 

■ POLYMER BLENDS 

Polymer blends have piqued the curiosity of 
polymer scientists for many years. Trans and cis-1,4-
polyisoprene with gutta-percha (GP) blends were 
originally developed by Parkes in 1846. By varying the 
composition or adding fillers, the blends were formed into 
various rigid articles [26]. It has long been acknowledged 
that blending is the most flexible and cost-effective way to 
create novel materials that match the unique needs of 
polymer applications [27]. Many polymer resins are 
modified either by blending with other polymers or filling 
with fillers. It has been recognized that blending offers 
many advantages, such as improving the specific 
properties, e.g. toughening of brittle materials, and better 
procedure-friendliness thanks to a glass transition 
temperature-lowering miscible resin (Tg) or immiscible 
low viscosity resin. In addition, at the processing plant 
level, blending is more favorable as it increases the plant 
flexibility by reducing a number of grades, recycling and 
high productivity. 

PLA Blends and Toughening 

Materials made from polymer blends are anticipated 
to have improved characteristics compared to individual 
pure polymers [28-30]. It is, therefore, not surprising that 
PLA has been blended with several synthetics and 
biopolymers to enhance the properties of PLA and obtain 
novel materials. PLA has been blended with collagen, 
poly(butylenes succinate adipate), polyethylene glycol 
[31-42], poly(methyl methacrylate), polyethylene, 
poly(ethylene oxide) and poly(butylenes adipate-co-
terephthalate) to produce materials with superior 
properties like as toughness, modulus, and impact 
strength, as well as thermal stability as compared to pure 
polymers [30]. 

The blending of PLA with other aliphatic polyesters 
is widely studied due to its biodegradable properties. 
Zhang et al. [43] developed new biodegradable materials 
by blending some available polyester. They investigated 
the property of multiphase containing poly(D, L-lactide) 
(PDLA), poly(ε-caprolactone) (PCL), poly(D,L-lactide-

co-poly(ethylene glycol) (PELA), poly(ε-caprolactone)-
co-poly(ethylene glycol) (PECL), and poly(β-
hydroxybutyrate) (PHB), PLA/PCL, PELA/PECL, 
PHB/PLA, PHB/PELA, PHB/PCL, and PHB/PECL 
blends. The composition of blends was found to 
determine the morphology and hydrolytic behavior of 
immiscible PLA/PCL, PHB, and PHB/PLA and PHB/PCL 
blends. However, the addition of poly(ethylene glycol) 
(PEG) as a compatibilizer and PELA or PECL block 
copolymers have improved the miscibility of 
PELA/PECL, PHB/PELA, and PHB/PECL blends [43]. 

Surfactants made from a copolymer of ethylene 
oxide and propylene oxide might significantly improve 
the miscibility of PLLA and PDLLA. Chen et al. 
investigated the blends of biodegradable PLLA and poly-
DL-lactic acid (PDLLA) or PCL, in addition to a third 
component, the surfactant - a copolymer of ethylene 
oxide and propylene oxide. They found that 
PLLA/PDLLA blends without surfactant had two Tg 
values, but with a surfactant, a linear shift of the single 
Tg as a function of composition occurred, with lower 
percentages of PLLA yielding lower glass transition 
temperatures, suggesting higher miscibility. The blend 
ratio of 40/60 PLLA/PDLLA is harder and tougher than 
PLLA but adding 2% surfactant increased the 
miscibility. Compared to PLLA/PDLLA blends, they 
found that PLLA/PCL blends had greater elongation and 
worse mechanical characteristics [44]. 

As discussed above, toughening of PLA remains 
the focus of researchers to enable PLA to be used in 
wider applications. Toughness is a measure of a sample's 
ability to absorb mechanical energy without breaking, 
typically defined as the area under a stress–strain curve. 
A tough material has a low brittleness but a high 
elongation to break and tensile strength. It is usually 
measured as the energy per unit volume to break 
material, proportional to the region covered by the 
stress-strain diagram. Nevertheless, the impact 
resistance test, such as Izod (ASTM D256), can be 
determined with a tensile test for toughness. 

Plastic deformation at greater stresses is required 
for many uses, but its low toughness makes that 
impractical [45]. PLA has the processing properties of 
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polystyrene and the tensile strength and stiffness of 
polyethylene terephthalate (PET) [46]; it suffers low 
impact resistance [48]. It has been well established that 
plastics can be blended with elastomer in order to 
improve their toughness and impact resistance, as shown 
by previous researchers [22,48-51]. As a technique of 
enhancing mechanical characteristics and processability, 
blends are gaining prominence in the industrial sector. 
Modulus, yield stress, impact strength, and tensile 
strength are just some of the properties that may be 
enhanced by using the right polymer components in the 
right proportions. 

Few researchers have addressed the problem of the 
poor toughness of PLA by blending it with other polymers 
to modify its properties [52-62]. Melt blending is the most 
common method for creating polymer blends, which are 
intimate mixes of polymers that are commercially accessible 
but do not share covalent connections. Properties of the 
resulting materials can be designed to meet application 
requirements and materials cost. In contrast to a single 
polymer, each component polymer in the polymer blends 
contributes to the final property of the material. 

The combination of PLA with poly(butylene 
adipate-co-terephthalate) (PBAT) or another 
biodegradable polymer seems promising thus far, since 
both can be considered biodegradable. The toughening of 
PLA and PBAT by means of melt blending has been 
investigated by Jiang et al. In this immiscible blend, they 
found that PBAT was responsible for speeding up the PLA 
crystallization rate and little affected the ultimate 
crystallinity level. This approach obtained improved 
impact strength for blends containing 10% or higher 
PBAT. Furthermore, they concluded that the debonding-
initiated shear yielding was responsible for the 
toughening mechanism in these PLA/PBAT blends. As 
for the failure mode, it has been shown that the PLA 
change from brittle to ductile fracture [63]. 

Schreck and Hillmyer [59] showed that oligoNodax-
b-poly(L-lactide) diblock copolymers might be added to a 
melted mix of poly(L-lactide) and NodaxH6 [poly(3-
hydroxybutyrate-co-3hydroxyhexanoate)] to create a 
biodegradable composite. The notched impact resistance 
of the binary blends was found to be higher than that of 

the PLLA homopolymer after Nodax was added. 
However, in the ternary blends of oligoNodax-b-poly(L-
lactide) block copolymers, no additional improvement 
in the notched Izod impact resistance was observed. It 
was hypothesized that the brittleness of NodaxH6 
particles and the reduced interfacial adhesion between 
particles and matrix may be responsible for this 
phenomenon [59]. 

Li and Shimizu [64] blended PLLA with 
acrylonitrile-butadiene-styrene copolymer (ABS) to 
increase its impact strength and elongation at the break, 
but they discovered that the melt mixture was 
immiscible and had poor mechanical qualities. 
PLLA/ABS was compatible when the reactive 
styrene/acrylonitrile/glycidyl methacrylate copolymer 
(SAN-GMA) was used together with ethyl triphenyl 
phosphonium bromide (ETPB) as a compatibilizer. As a 
result, the impact strength and elongation at break 
properties improve but with a slight loss in the modulus 
[64]. 

McDonald and co-workers [65] prepared a blend 
of poly(DL-lactide), poly(L-lactide-glycolide) and PCL 
by means of compression molding and solvent casting 
technique. The blend of PDLLA/PLGA was found to be 
miscible based on DSC analysis. However, an immiscible 
blend was obtained for the blend of PCL with PLGA or 
PDLLA; hence a strength reduction was noted. They 
have concluded that the blend of PCL with PLGA or 
PDLLA influenced the percentage of crystallinity [65]. 

Odent et al. [66] investigated the potential use of 
random aliphatic copolyesters as an impact modifier for 
PLA. Ring-opening polymerization synthesis between -
valerolactone (VL) and -caprolactone (CL) yields 
amorphous poly(CL-co-VL) random aliphatic 
copolyesters (P[CL-co-VL]) (CL). Melt blending of PLA 
and random copolyesters (10 wt.%) was carried out 
using a DSM twin screw micro compounder at 200 °C at 
60 rpm for 1 min. Injection molding and compression 
molding were then used to examine the impact of the 
copolyesters' composition and molar mass. They have 
found that using a higher molar mass with a molar 
composition of 45/55 mol% (CL/VL) improved the 
impact strength from neat PLA of 2.5 to 7.1 kJ m−2. The 
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toughness improvement can be explained by the rubbery 
character of the dispersed phase and the blend 
morphology; amorphous or slightly crystalline 
microdomains give more impact strength as compared to 
high crystalline microdomains. Moreover, the samples 
prepared by compressing molding exhibited 
morphologies with larger microdomain sizes as compared 
to the injection molding [66]. 

Theryo et al. [67] prepared a rubber-toughened PLA 
hybrid synthesized using a polylactide graft copolymer. In 
this approach, a hybrid material containing 5 wt.% of 
rubber showed a remarkable improvement in tensile 
ductility and potential for optically transparent and 
impact-resistant PLA [67]. Meanwhile, Hashima et al. 
[68] developed a super-tough PLA by blending 
hydrogenated styrene-butadiene-styrene block 
copolymer (SEBS) with poly(ethylene-co-glycidyl 
methacrylate) reactive compatibilizer. A binary 
(PLA/SEBS) and ternary (PLA/PC/SEBS/EGMA) system 
were designed in this melt blend. It was found that Izod 
impact strength improved from 3 to 16 kJ m−2 for the 
system containing 70/30 PLA/SEBS. However, a super 
tough blend was obtained when ethylene-co-glycidyl 
methacrylate was added at 10% for the 70/20 PLA/SEBS 
system. In this system, they have successfully increased 
the impact strength to 92 kJ m−2 [68]. 

In another work, Ma et al. [69] reported the 
toughening of PLA by blending ethylene-co-vinyl acetate 
copolymer (EVA) with different vinyl acetate contents. It 
was found that the ratio of vinyl acetate and ethylene in 
random copolymers seems to control the compatibility 
and phase morphology. The optimum toughening, i.e., up 
to a factor of 30, was found at vinyl acetate content of 
approximately 50 wt.%. They concluded that there were no 
visible crazes following deformation and that the major 
toughening process for the PLA/EVA blend was internal 
rubber cavitation associated with matrix yielding [69]. 

A more comprehensive review of PLA toughening 
by other approaches can be found in the review by 
Anderson et al. [70] and Liu et al. [71]. Liu and Zhang [71] 
have also reviewed the progress of PLA toughening by 
focusing on plasticization, technology for 
copolymerization and more commercially viable melt-

blending [71]. The focus on PLA blending for 
toughening has been reviewed until to date [5,72-77]. 

PLA/Thermoplastic Elastomer Blends 

PLA is one of the sustainable thermoplastics that 
can be chemically synthesized from renewable material 
and is an ideal candidate for biodegradable plastics in the 
market. Blending biodegradable PLA with natural 
rubber (NR)/epoxidized natural rubber (ENR) to obtain 
the desired properties at a lower cost and 
environmentally friendly would be seen as a potential 
option. Both PLA and NR are made from naturally 
occurring substances and may be processed using 
standard polymer processing equipment. In contrast to 
the ductile NR, the brittle thermoplastic PLA has high 
strength and modulus. Blending PLA with NR is an 
excellent option because of the materials' 
complimentary properties, which allow for the 
enhancement of PLA attributes like toughness and 
elongation at the break without compromising its 
biodegradability. It is expected that through the 
introduction of a rubbery component in the blend 
system, additional energy dissipation can be provided 
during the deformation process. Thus, this 
supplementary energy dissipation improves toughness. 
Natural rubber that has been epoxidized is a chemically 
modified version of cis-1,4-polyisoprene. By introducing 
epoxide groups into the polymer at various points, part 
of the unsaturation is eliminated. It is useful in 
processing since it helps make incompatible mixtures 
work together. ENR-50's addition to rubber blends 
enhances their ability to be processed, stiffness, 
resilience, oil resistance, air permeability reduction, 
superior damping, and wet grip performance [78]. It has 
been found that higher levels of polarity in ENR lead to 
greater compatibility with other polymers [51]. 

Rubber and plastic are combined to create 
thermoplastic elastomer (TPE), which is rapidly 
becoming the most lucrative segment of the polymer 
industry [79]. The primary benefits of these materials are 
the ease with which scrap and rejects may be recycled 
using thermoplastic technology, which eliminates the 
need for a factory or vulcanization. Impact strength and 
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ductility are both enhanced by the rubber component in 
rubber-modified thermoplastics. The combination of 
thermoplastic with NR results in a material known as 
thermoplastic natural rubber (TPNR). The processing 
additives have a role in determining whether or not the 
NR and thermoplastic pair are compatible. Impact 
characteristics are affected by phase size, the cohesive 
strength of the rubber phase, and adhesion between 
phases, whereas dynamic mechanical properties are 
dependent on mutual solubility. 

TPNR combines the properties of hard and brittle 
plastic, and soft rubber offers a wide variety of 
applications where flexibility and softness are required. 
Compared to rubber, the processing of TPNR could be 
employed using conventional equipment such as 
injection molding, compression molding, and blow 
molding and extrusion process. A compatibilized blend 
will exhibit a single Tg between the two Tg values of the 
components, which may be used as an indicator of the 
blend's degree of homogeneity [80-81]. When the Tg is 
lower than the two-component Tg values, the extra 
component has a plasticizing effect. However, in NR-
polyolefin blends, NR glass transition temperatures are 
lower(~ −67 °C) and polyolefin (~ −60 °C) are close 
together; separation is less than 10 °C, and as such the 
movement of Tg in the blends will not be very indicative 
of the phase distribution [51]. 

Zhang et al. [82] investigated the mechanical 
properties of PLA, and biodegradable polyamide elastomer 
(PAE) blends to toughen the PLA. It was discovered that 
PAE, and PLA blends acquired a fair level of compatibility 
with one another. The tensile strength of the blend was 
comparable to that of clean PLA at 10% PAE concentration, 
but the elongation improved significantly [82]. 

Toughness was improved by the addition of other 
materials when PLA was mixed with ethylene-propylene 
copolymer, ethylene-acrylic rubber, acrylonitrile-
butadiene rubber (NBR), and isoprene rubber by Ishida et 
al. According to the results of the Izod impact test, mixing 
PLA and NBR may result in a toughening effect because 
of the smaller particle size of the mixes. The morphology 
analysis also confirmed that interfacial tension between 
PLA phase and NBR was the lowest; hence according to 

them; rubber with high polarity is more suitable for PLA 
toughening. NBR and isoprene rubber (IR), on the other 
hand, were able to produce plastic deformation and 
contribute to the material's high elongation capabilities 
when subjected to tensile stress. They also theorized that 
the rubber's inherent mobility plays a crucial role in the 
energy dissipation process during breaking [56]. 

Super toughened by melt blending at 240 °C, 
ternary blends of PLA, an epoxy-containing elastomer, 
and a zinc ionomer are reported by Liu et al. to exhibit 
intermediate strength and stiffness. It was shown that 
zinc ions might hasten the cross-linking of an epoxy-
containing elastomer and cause reactive 
compatibilization between PLA and the elastomer's 
interface. It was hypothesized that the large boost in 
notched impact strength at high blending was due to the 
compatibilization effect [53]. 

PLA/natural rubber blend containing nucleating 
agents such as cyclodextrin, talc and calcium carbonate 
has been prepared by Suskut and Deeprasertkul [83] in 
an effort to enhance the toughness. Talc and calcium 
carbonate, but not cyclodextrin, were shown to boost the 
PLA crystallinity in the PLA/NR blends. The use of 
nucleating chemicals has greatly increased PLA's tensile 
and impact toughness [83]. In order to counter PLA's 
brittleness and poor crystallization, Bitinis et al. [84] 
created an NR/PLA blends by mixing the two materials 
together in a melt. By introducing 10 wt.% of NR, they 
were able to increase the elongation at break from 5% for 
plain PLA to 200%. The addition of NR was believed to 
increase the rate of crystallization as well as the 
crystallization ability of PLA [84]. 

Similar to Bitinis works, Jaratrotkamjorn et al. [85] 
prepared a rubber-toughened PLA via extrusion melt 
blending to investigate the effect of rubber polarity and 
viscosity and molecular weight on the mechanical 
properties of blends. In this study, they compared the 
toughening effects of NR, epoxidized natural rubber 
(ENR25 and ENR50), and natural rubber grafted with 
poly(methyl methacrylate) (NR-g-PMMA), concluding 
that NR had the greatest impact. Interestingly, they have 
found that the viscosity and molecular weight of NR 
decreased with increasing mastication, increasing the 
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impact strength of PLA/NR blends. This work indicated 
that the particle diameter was very important and 
probably more important than the rubber polarity. As 
such, the smaller particles of ENR and NR-g-PMMA were 
ineffective in promoting toughness compared to NR [85]. 

A study by Kowalczyk and Piorkowska [86] revealed 
that the immiscible blend of PLA/poly(1,4-cis-isoprene) 
was successfully prepared by melt blending in the 
Brabender batch mixer. The strain at the break of 
compression-molded film during uniaxial drawing was 
found to rise by as much as 80% when rubber at a weight 
fraction of 5 wt.% was included [86]. 

Petchwattana et al. [87] investigated the use of 
ultrafine acrylate particles as a toughening agent for PLA. 
With the addition of 10% of acrylate rubber, the tensile 
elongation at break increased from 3.5 to 200% or 50 
times higher as compared to the neat PLA. Similar 
improvement was also observed for impact strength, 
where they recorded a fourfold improvement. The 
remarkable improvement was revealed to be related to the 
ultrafine acrylate rubber particle contribution in inducing 
crazes. The degree of crystallinity was increased at only 
5% of acrylate rubber [87]. 

Liu et al. [88] reported in another investigation that 
PLA was toughened using a ternary blend of ethylene/n-
butyl acrylate/glycidyl methacrylate terpolymer elastomer 
(EBA-GMA) and ethylene/methacrylate acid copolymer 
(EMAA-Zn). In this reactive blending approach, they 
noted that by increasing the reactive blending 
temperature, it favored the interfacial wetting and 
increasing the crosslinking of the EBA-GMA rubber 
phase and hence unfavorably enhanced its cavitation’s 
resistance [88]. 

Bijarimi  et al. explored  the use of natural  rubber to  

toughen the PLA via melt blending [3,28,89]. Using a 
range of rubber concentrations, they discovered that 
liquid natural rubber (LNR) and liquid epoxidized 
natural rubber (LENR) successfully toughened the 
brittle PLA. The summary of mechanical properties of 
PLA/rubber or elastomer based are given in Table 3. 

Toughening Mechanism 

The ductile development of all solid polymers 
belies their innate brittleness [90]. Combining stiff 
particles that may debond before plastic flow with 
rubbery particles that can cavitate. Massive crazing and 
shear yielding are two toughening processes of polymers 
that are well-recognized and understood. Commodities 
plastics such as polyamides, polystyrene and 
polypropylene have been toughened by the 
incorporation of the rubber phase [91]. 

Understanding the toughening mechanism 
associated with the polymer blend morphology in any 
blend systems is imperative. There exist few literature 
reports on the toughening mechanism of the toughened 
PLA. Whitening of a tensile specimen's elongated region 
has been linked to crazing development in certain 
investigations, suggesting that toughening 
improvements may be linked to crazing formation [92]. 
Multiple craze production at the fracture tip area, with 
elongated fibrils and voids constructing the crazes, was 
shown by Todo et al. [93] in PLLA/PCL blends. 
Furthermore, at the high tensile stress conditions 
present in the crack tip area, elongated PCL spherulites 
developed, giving rise to the stretched fibrils structure. 
They have concluded that the damage formations were 
the principal energy dissipation mechanisms for 
improving fracture energy. 

Table 3. Mechanical properties of PLA/rubber or elastomer based 

Blend Component Composition Stress 
at break (MPa) 

Elongation 
at break (%) 

Modulus 
(GPa) 

Ref. 

PLA/NR 90/10 40.10 200 2.00 [84] 
PLA/NR 90/10 32.16 7.26 1.31 [85] 
PLA/ENR25 90/10 19.30 2.31 1.38 [85] 
PLA/ENR50 90/10 17.80 2.25 1.36 [85] 
PLA/Acrylate rubber 90/10 48.98 198 2.00 [87] 
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Void development due to inadequate interfacial 
adhesion blending component was discovered to generate 
cavitation inside the rubber particles and debonding 
between the rubber particles and matrix in rubber-
toughened polymers. It was found that good adhesion 
between components PLA/poly(1,4-cis-isoprene) was 
obtained, hence cavitation occurred inside the rubber 
particle. Accordingly, it was concluded that there were 
three fundamental processes at work: first, the rubbery 
particles induced crazing, and then cavitation inside the 
rubber particles boosted the shear yielding of PLA [86]. 

In another study, the blend of PLA/ultrafine acrylate 
induced a large number of crazes as the mechanism for 
energy absorption. Microdamage, void, and craze 
development, together with other fracture characteristics, 
including pull-out and scission of polymer fibrils, were 
proposed as the mechanisms responsible for energy 
dissipation at the crack tip area. It was concluded that the 
ultrafine acrylate rubber particles were dispersed and 
adhered well with the PLA, and hence crazing mechanism 
was responsible for major toughening [87]. 

It has also been found that crazing in PLA/EVA 
blends causes the formation of craze fibrils, which leads to 
significant dispersion along the tensile axis. However, 
cavitation happens first during deformation, and then the 
cavities and rubber particles stretch out. Some of the spaces 
even had a fibrillar structure, which helps with bridging and 
slows the voids from spreading. An essential part of the 
rubber phase's ability to absorb energy is its fibrillation. 
According to their findings, the PLA/EVA blend’s primary 
toughening process is postulated to be internal rubber 
cavitation in conjunction with the matrix yielding [69]. 

Many studies have recently been done on PLA 
rubber/elastomer blends to change the characteristics of 
PLA for numerous technical applications that need 
demanding applications [9,15,27,94-99]. As for FDM 3D 
printing, PLA and NR were mixed with increasing 
toughness and investigated by Fekete et al. [100]. On the 
other hand, Musa et al. [101] have recently analyzed the 
potential of 3D fused deposition modeling employing 
filaments made of PLA-based thermoplastic elastomer. 
An understanding of the toughening mechanism that 
governs the toughness of PLA is crucial. 

■ PLA/PLASTICIZATION 

In the plastics and rubber sectors, plasticizers such 
as phthalates, benzoates, adipates, synthetic acid, and 
mineral oils are the most prevalent additions. However, 
it has always been challenging to determine which 
plasticizer is best for a specific use. Cost-benefit analysis 
is often used to determine which plasticizer is best for a 
certain application. The primary function of a plasticizer 
is to lower Tg, melting temperature (Tm), and modulus 
of a polymer without altering the chemical structure of 
the polymer, hence increasing the plasticity and flow of 
the polymer. 

PEG plasticizers have been added to PLA-PEG 
blends to improve the toughness of PLA. PLA-PEG 
blends are more durable, flexible, and processable than 
PLA alone. PEG plasticizers increase the amorphous 
content and decrease the crystallinity of PLA, improving 
its toughness. Furthermore, PEG plasticizers reduce the 
viscosity of PLA in its molten state, increasing its 
processability. Furthermore, the addition of PEG 
plasticizers to PLA raises the glass transition 
temperature, making the blends more stable over a wider 
temperature range. The composition and chemical 
structure of PEG affects the characteristics in a major 
way of PLA-PEG blends. In general, higher PEG content 
and lower molecular weight PEGs improve toughness 
and flexibility while lowering the melting temperature 
and mechanical properties of the blends. In conclusion, 
PLA-PEG blends are a promising alternative to PLA in a 
variety of applications due to their increased toughness 
and flexibility. The properties of the blends can be 
altered by adjusting the PEG concentration and 
chemical structure of the PEG. This section reviews the 
usage of several types of plasticizers in an attempt to 
minimize PLA brittleness and thereby boost toughness. 

The brittleness of PLA is a fundamental drawback 
to its usage in many applications. Therefore, plasticizers 
must be added to lower the glass transition temperature 
and increase toughness and processability, as commonly 
used in plastic industries for glassy polymer. Commonly, 
plasticizers being a non-volatile solvent and low molar 
mass added to the polymer for processability 
improvement by acting as a spacer at the molecular level 
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so that less energy is required to allow substantial rotation 
about the C–C bonds, and thus Tg is lowered [102]. An 
efficient plasticizer should reduce the glass transition 
temperature of the amorphous domains; if the Tg is near 
or lower than the ambient temperature, flexibility is 
achieved [103]. Therefore, a lot of attention is being given 
to improving the toughness of PLA by adding plasticizers. 

Murariu et al. [14] investigated the toughening of 
PLA- Calcium sulfate anhydrite (CaSO4) -anhydrite II 
composites utilizing bio-sourced tributyl citrate (TBC). 
With as low as 10% plasticizer, plasticized composites 
offer higher tensile and impact toughness. They found the 
PLA-β-anhydrite II (AII)-10%TBC sample under 
consideration for future development demonstrated 
fascinating properties such as tensile strength of 22–26 
MPa, elongation at break of 160%, and high impact 
resistance (5.6 kJ/m2). Mechanical tests of composites 
with higher TBC concentrations (15–20%) revealed 
typical elastomeric behavior, despite plasticizer 
migration, even after a short period of age [14]. 

Besides being eco-friendly and biocompatible, PLA 
also has better thermal processability compared to other 
biopolymers such as poly(hydroxyl alkanoates) (PHAs), 
PEG, and PCL. Despite all the advantages, PLA is a very 
brittle material with less than 10% elongation at break 
[45,55]. This limitation has been overcome by 
introducing low molecular weight plasticizers such as 
glycerol, sorbitol and triethyl citrate. 

The plasticization of PLA can be extensively found 
in the research literature. Plasticizers such as PEG, glucose 
monoesters, triethyl citrate (TC), acetyl triethyl citrate 
(ATC), fatty acid esters, oligomeric lactic acid and glycerol 
were used to improve the flexibility of PLA [104-106]. 

Labrecque and co-workers [106] investigated citrate 
esters plasticizer at 10, 20 and 30% by weight and found 
reduced Tg and improved elongation at break. Another 
researcher claimed that the increase of triacetin and 
tributyl citrate contents linearly reduces the glass 
transition temperature of PLA. At 25% of plasticizer 
content, miscibility with PLA was noted. Nevertheless, 
when the samples were heated at 35, 50 and 80 °C, phase 
separation was observed due to increased crystallinity 
during heat treatment. Phase separation occurs in 

samples heated to 35, 50, and 80 °C, probably due to the 
crystallization of the substance [107]. 

The addition of different plasticizers with low 
molecular weights, like PEG and glycerol, has been 
studied by Martin and Averous [105]. The lowest glass 
temperature was achieved using PEG 400 plasticizer. 
However, glycerol was shown to be the least effective. Tg 
variation and mechanical characteristics were used for 
the analysis. Nevertheless, for the PLA melt-blended 
with thermoplastic starch, two different Tgs were 
observed in the blends, indicating limited compatibility 
[105]. 

Baiardo et al. investigated the acetyl tri-n-butyl 
citrate (ATBC) and PEGs plasticization of PLLA. The 
mechanical characteristics of plasticized PLA were 
discovered to vary as the plasticizer concentration 
increased; that is when the blend Tg was brought closer 
to room temperature, a gradual shift in the mechanical 
properties of the system was seen. Even though the 
tensile strength and modulus are both reduced, the 
elongation at break rises dramatically [108]. 
Incorporating monomeric plasticizers such tributyl 
citrate and bishydroxymethyl malonate has led to a 
reduction in PLA's Tg. Morphology stability and 
enhanced flexibility were found in the oligomeric 
plasticizer because of stronger polar interactions with 
PLA and a larger molecular weight [107]. 

Pillin et al. [109] analyzed the thermal and 
mechanical properties of PLA with PEG, poly(1,3-
butanediol) (PBOH), acetyl glycerol monolaurate 
(AGM), and dibutyl sebacate (DBS) in an effort to 
enhance the material’s mechanical properties for 
packaging applications. All plasticizers were melt 
blended with plasticizers at 10–30% w/w concentrations. 
PEGs were shown to be the most effective plasticizer, 
resulting in a change of the glass transition temperature 
Tg to a lower zone for all blends. But the modulus and 
stress at break were both lower in the PLA/PEG blends, 
principally because of the reduced cohesion induction, 
which was mirrored in the low stress at break. On the 
other hand, in this study, they have shown that the 
PBOH, AGM and DBS exhibited mechanical properties 
consistent with soft packaging applications [109]. 
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Calcium sulfate derived from lactic acid production 
was blended with PLA and low molecular weight 
plasticizers (bis(2-ethylhexyl) adipate, glyceryl triacetate, 
and polymeric adipates) by Murariu et al. [110]. The 
works aimed at reducing the brittle behaviour of PLA-
calcium sulfate composite. They have reported that 
adding up to 10 wt.%. of plasticizer increased the 
composition's impact strength by a factor of four without 
any modifier. Furthermore, the ternary blends were 
observed to have better processing and good filler 
dispersion [110]. 

Similarly to polyolefins and other thermoplastics, 
PLA can be treated, albeit its thermal stability may be 
improved [111-112]. Plasticizers are required to enhance 
the elongation and impact characteristics of PLA 
polymers, which are otherwise rigid and brittle. The 
processability of polymers is often enhanced by adding 
plasticizers such as partial fatty acid esters, glycerol esters, 
citrates, citrate oligoesters, and dicarboxylic esters [104]. 
Resistance to volatility, diffusion, extraction, and/or 
weathering, larger molecular weight plasticizers like PEG 
and poly(propylene glycol) and polyester plasticizers have 
also been studied for PLA plasticization [113-114]. 

Okammoto et al. [115] investigated the effect of 
molecular structures of polyester-diols (PED) such as 
poly(ethylene adipate) (PEA), poly(diethylene adipate) 
(PDEA) and poly(hexamethylene) (PHA) on miscibility, 
mechanical and thermal properties of plasticized PLA. In 
this work, they prepared various compositions of 
PLA/PED through melt blending and solvent casting. It 
was found that the blends of 80PLA/20PEA and 
80PLA/20PDEA are miscible blends but only partially 
miscible for the 80PLA/20PHA blend. The large 
configurationally entropy caused by the chain flexibility 
of PDEA with the ether bond is responsible for the good 
miscibility between PLA/PDEA [115]. 

With the goal of creating biodegradable packaging 
made from PLA, Lemmouchi et al. [116] plasticized the 
PLA with blends of tributyl citrate (TBC) and low 
molecular (PLA-b-PEG) copolymers via a melt blending. 
In this study, the copolymer has been synthesized using 
potassium-based catalyst. The thermal and mechanical 
properties were investigated as a function of blend 

composition and copolymer structure/topology. They 
have found that for compositions containing 80 wt.%. 
PLA and 20 wt.%. Blend of plasticizers showed a Tg 
below 30 °C, high nominal strain at break and tensile 
strength. It was also found that this TBC and PLA-b-
PEG blend has increased the impact strength of neat 
PLA. In terms of biodegradation, the test conducted in 
compost conditions showed that this plasticizer 
enhanced the degradation of PLA matrix [116]. 

Using a solvent casting method, Hughes et al. 
investigated the efficacy of methylene 
chloride/acetonitrile mixed solvent solutions with 10% 
plasticizer in increasing the flexibility of PLA films. In 
this approach, the compound with a solvent ratio of 70% 
methylene chloride and 30% acetonitrile was found to 
have less crystallinity and the highest flexibility, i.e., at 
49.36% elongation. In addition, this compound had the 
same thermal behavior as the more crystalline films 
[117]. 

Hassouna et al. [118] introduced a novel technique 
for plasticizing PLA. Here, we use a co-rotating 
intermeshing twin-screw extruder to combine 
anhydride-grafted PLA (MAG-PLA) copolymer with 
PEG at 181 °C and 80 rpm. Melt blending compatibility 
between PLA and PEG was enhanced by grafting a small 
amount of PEG onto the anhydride-functionalized PLA 
chains. It was found that the molecular weight did not 
drop dramatically as a result of this melt blending and 
extrusion process. Furthermore, the glass transition 
temperature decreased as compared to the blends 
without grafting i.e., neat PLA blended with PEG. They 
have also concluded the addition of MAG-PLA did not 
significantly influence the behavior of this blend [118]. 

Another study by Bijarimi et al. [4] showed that 
PEG has the ability to strengthen PLA. It took 15 min to 
melt the blend PEG/PLA in an internal mixer heated to 
180 °C with the speed set at 50 rpm. The blends were 
tested to determine their mechanical, thermal, and 
morphological characteristics. When PEG was added to 
the PLA matrix at concentrations between 2.5 and 10%, 
the tensile and flexural strength, stiffness, and notched 
Izod impact strength all reduced dramatically. As the 
PEG concentration increased, the glass transition and 



Indones. J. Chem., 2023, 23 (4), 1161 - 1180    

 

Mohd Bijarimi et al. 
 

1172 

melting temperatures (Tg and Tm) fell. In addition, the 
PLA/PEG mixes exhibited lower initial and peak 
degradation temperatures but greater final degradation 
temperatures than PLA alone. Morphological 
investigation revealed that the PEG was disseminated as 
droplets in the PLA matrix, with a clear demarcation 
between the PLA matrix and PEG phases [4]. 

Kim et al. explored plasticizing effect in poly(vinyl 
alcohol) blown film (butylene adipate-co-terephthalate). 
PLA/poly(butylene adipate-co-terephthalate (PBAT) 
mechanical characteristics and tear resistance were tested 
utilizing a blown film extrusion technique. Extreme 
brittleness, poor stiffness, and incompatibility restrict the 
utilization of PLA and PBAT packaging. Adipate, adipic 
acid, glycerol ester, and adipic acid ester were investigated 
for their effects on PLA plasticization and PLA/PBAT 
blown film manufacturing. Adipic acid ester improves 
PLA's flexibility and compatibility with PBAT. Plasticizer 
enhanced PLA matrix chain mobility. The plasticized 
PLA domain's adherence to the PBAT matrix was also 
improved. Plasticized PLA/PBAT blown film enhanced 
tear resistance in the machine direction from 4.63 to 
8.67 N mm−1 and in the transverse direction from 13.19 to 
16.16 N mm−1 [119]. 

The increased flexibility of biodegradable 
PLA/starch blends using epoxidized palm oil as a 
plasticizer was examined by Awale et al. [120], epoxidized 
palm oil (EPO) increased the PLA/PSt combination's 
flexibility. PLA/starch/EPO (PSE) combinations with a 
constant percentage of starch and a variable quantity of 
EPO were created via solution casting. EPO increases 
chain mobility by lowering the glass transition, melting, 
and crystallization temperatures of PSt. According to 
TGA, PSE is more heat-resistant than PSt. Mechanical 
testing showed that EPO at all concentrations enhanced 
impact strength and elongation-at-break. They 
demonstrated the greater adaptability of PLA-EPO 
combinations [120]. 

Ghari and Nazockdast [17] compared the 
morphological and mechanical properties of 
PLA/plasticized thermoplastic starches (TPS) blends and 
PLA/TPS+EVA blends. Combining PLA with 
thermoplastic starch was studied for its potential 

toughening effects. Similar studies were undertaken on 
molten ternary mixtures of PLA, dynamically cross-
linked TPS, and EVA. In a viscoelastic melt study, citric 
acid (CA) reduced TPS viscosity and flexibility. They 
hypothesized that a dynamically cross-linked EVA 
produced the dispersed phase percolated network. Due 
to their unique construction, ternary blends are far more 
robust than binary blends [17]. 

Gzyra-Jagiela et al. [121] studied PLA modification 
through high-molecular compounds such as ethoxylated 
lauryl alcohol, ethylene oxide, and propylene oxide 
block copolymers combined with low-molecular 
substances such as di-2-ethylhexyl adipate, di-2-
ethylhexyl sebacate, and triethyl citrate. Depending on 
the plasticizer employed, all of the adjusted samples 
showed lower glass transition temperatures than the 
untreated polymer. The most successful treatments were 
di-2-ethylhexyl adipate (ADO) and di-2-ethylhexyl 
sebacate (SDO). The elongation at the fracture site 
increased significantly with ADO, reaching around 21%. 
Despite having a higher glass temperature, SDO 
achieved the largest elongation (approximately 35%) 
[121]. 

Several factors, including nucleating agents, 
plasticizers, and molding conditions, were studied by 
Tabi et al. to see how they affected the qualities of 
injection-molded PLA products. Results showed that 
PLA treated with nucleating agents outperformed ABS 
in terms of heat deflection temperature, tensile strength, 
and Young's modulus. Even after being annealed or 
subjected to simultaneous nucleation and plasticization, 
the PLA compounds' elongation at break was much 
lower than ABS's. However, the brittleness of PLA was 
not alleviated by using plasticizers, nucleating agents, or 
varying the mold temperature. There was nevertheless a 
significant drop in PLA's elongation at break, which 
hovered between 1.7 and 2.5% throughout their studies 
[122]. A summary of the mechanical properties of 
plasticized PLA found in the literatures are given in 
Table 4. 

In the realm of plastics manufacture, PLA blends 
are commonly utilized as a safe and environmentally 
acceptable  alternative  to  standard  synthetic  polymers.  
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Table 4. Mechanical properties of plasticized PLA 

Blend component Weight 
% 

Stress 
at break (MPa) 

Elongation 
at break (%) 

Modulus 
(GPa) 

Ref. 

PLA/PEG200 10 30.0 2.00 1.70 [109] 
PLA/PEG400 10 - 26.0 1.49 [105] 
PLA/PEG400 20 - 160 0.98 [105] 
PLA/PEG400 10 39.0 2.40 1.92 [109] 
PLA/PEG400 20 16.0 21.2 0.63 [109] 
PLA/PEG1000 10 39.6 2.70 1.97 [109] 
PLA/PEG1000 20 21.6 200 0.29 [109] 
PLA/Oligomeric lactic acid 10 - 32.0 1.49 [105] 
PLA/Oligomeric lactic acid 20 - 200 0.74 [105] 
PLA/PEA 20 24.8 8.15 0.37 [115] 
PLA/PBA 20 42.6 4.28 0.67 [115] 
PLA/PHA 20 36.8 0.19 0.71 [115] 
PLA/PDEA 20 17.7 7.05 0.26 [115] 

 
The addition of plasticizers or low-molecular-weight 
polymers, both of which are polymers, can enhance the 
physical properties of PLA, such as its flexibility, tenacity, 
and heat stability. Glycerol is the most common type of 
plasticizer used in PLA, and it gives PLA a greater degree 
of flexibility. The inclusion of low-molecular-weight 
polymers, such as polyethylene glycol and polyvinyl 
alcohol, can increase the heat stability and brittleness of 
PLA. Additionally, the brittleness of PLA can be 
diminished. In addition, PLA blends containing these 
additives have the potential to improve the material's 
overall processability. In general, combining PLA with 
plasticizers or low molecular weight polymers can 
enhance the material's physical qualities, making it 
suitable for a broader range of applications. In addition, 
these mixes are harmless to humans and environmentally 
friendly, making them a good choice for a range of 
industries. 

■ FUTURE OUTLOOK OF PLA 

The immense potential uses of biodegradable 
polymers provide new avenues for lessening reliance on 
petroleum-based polymers. Despite the rise of PLA-based 
goods, there remains a poor view of product performance 
when compared to traditional plastics. Furthermore, the 
high cost of biobased polymers is a factor leading to 
inefficiency in the industrial sectors. 

Despite significant drawbacks in characteristics, 
particularly brittleness and limited elongation, the 
future prospect for PLA is highly promising. It is not 
surprising, however, that much research is being 
conducted in an attempt to make PLA more suited for a 
wide variety of applications via property change. As 
previously discussed, mixing with other polymers and 
plasticization might address the intrinsic brittleness 
issue. However, greater efforts must be made to design a 
material with balanced stiffness and toughness qualities. 
All attempts so far have shown considerable promise, 
indicating that the future of PLA-based materials as a 
possible alternative for replacing commodity plastics is 
unquestionably bright. With updated technology in 
polymer processing, such as 3D and 4D printing, it is 
envisaged that PLA processing would be as efficient as 
processing mature commodities' plastics. As such, it 
serves as a catalyst for the commercialization of 
biodegradable polymers, especially for items with short 
life cycles and single-use applications. 

■ CONCLUSION 

PLA is utilized for a wide number of tasks across 
many different industries, including the packaging 
industry, engineering, and medicine. PLA is undergoing 
research and development to improve its toughness, 
property modification, and plasticizing capabilities,  
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which bode well for the material's future. Research has 
been focused on finding ways to make PLA materials 
more durable. One such method involves adding a very 
small amount of a compound similar to rubber that is 
compatible with PLA. This component, similar to rubber, 
is referred to as a rubber modifier, and it works to improve 
the tenacity of PLA. Modifications to the properties of 
PLA, such as the inclusion of UV stabilizers and 
antioxidants, are being investigated in other research with 
the intention of making the material more weatherproof 
and resistant to the effects of ultraviolet light. Plasticizing 
PLA is another option for those interested in increasing 
the material's flexibility. In order to produce plasticization 
in PLA, a low molecular weight plasticizer is added to the 
PLA. Because of this, the material becomes less rigid while 
simultaneously increasing its softness and flexibility. 
Plasticized PLA is frequently used in medical applications 
such as implants and prostheses. Examples of these uses 
include: In addition, PLA can be utilized in a wide variety 
of engineering applications. It is possible to generate 
prototypes as well as final things through the use of 3D 
printing. Both the construction and car industries use 
many components, such as interior panels and gaskets. 

In conclusion, it is no doubt that PLA has a positive 
outlook. Through continued research and development, 
PLA can be improved to the point that it can meet the 
requirements of a variety of different applications. 
Because of its toughness, property modification 
capabilities, plasticizing capabilities, and engineering 
applications, this biodegradable thermoplastic material 
has a promising future. 
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 Abstract: Recently, magnetic solid-phase extraction (MSPE) is an important 
technology due to its use in analytical chemistry, biotechnology, and medicinal fields. 
MSPE shows rapid isolation of target analyte from large volume samples, the huge 
surface area of magnetic nanoparticles (MNPs), and simplicity in application due to 
using an external magnetic field instead of using packing column, centrifuge, and 
filter papers. The aim of this review is to evaluate the extraction and determination 
of dyes in food and water samples by using the MSPE technique. 

Keywords: adsorption; desorption; magnetic solid phase extraction; separation 

 
■ INTRODUCTION 

There are more than a thousand different types of 
dye that can be commercially and frequently used in the 
textile, food, photography, cosmetics, plastics, and 
pharmaceutical industries. Dyes are at the forefront of the 
pollutant due to being hard to remove from clean water 
[1]. Dyes have a complex chemical structure that makes 
them more resistant to fading on exposure to water, light, 
and chemical materials. Because of that, many dyes are 
hard to remove or decolorize from wastewater; so, dyes 
are an effective risk to water, soil, fauna, plant, cattle, and 
human. For example, the highest toxicity was found in the 
diazo direct and basic dyes [2]. 

Due to mentioned reasons, dyes should be 
determined in different environmental samples by using 
suitable extraction methods, such as the liquid-liquid 
extraction (LLE) from aqueous solutions followed by 
UV–visible spectrophotometer for methylene blue dye 
[3], liquid-liquid microextraction (LLME) coupled with 
HPLC-DAD for Sudan dyes from tomato chili sauces [4], 
dispersive liquid-liquid microextraction (DLLME) based 
on the salting-out phenomenon followed by HPLC for 
Sudan dyes in turmeric powder, chili sauce, and water 
samples [5], solid-phase extraction (SPE) coupled with 
LC-ESI-MS/MS of disperse dyes in water samples [6], 
solid-phase microextraction (SPME) coupled with UPLC-
MS for Sudan dyes in tomato sauce and hot-pot samples 

[7], microextraction by packed sorbent (MEPS) coupled 
with gas chromatography-mass spectrometry (GC–MS) 
of azo dyes in textiles [8], matrix solid-phase dispersion 
(MSPD) followed by HPLC–DAD of Sudan dyes in 
condiments and sauces [9], and stir-bar sorptive 
extraction (SBSE) coupled with HPLC of Sudan dyes in 
fruit juice and lake water samples [10]. Extraction 
methods require a long time, filter papers, centrifuge, 
slow packing of sorbent into the column, and a large 
volume of sample or solvent. To overcome these 
limitations, magnetic solid-phase extraction (MSPE) 
offers a quick extraction method that has ease of 
preparation with large-scale production, ease of 
operation by applying an external magnetic, and ease of 
surface modification due to many hydroxyl (–OH) 
groups on the surface of iron oxide. Moreover, it is 
considered a green chemistry method because of the ease 
of recoverability of magnetic particles that can be reused 
after rinsing a few times. It requires a small volume of 
sample and solvent without using filter papers and a 
centrifuge [11]. The aim of this review is to present the 
MSPE technique used for the extraction of dyes in food 
and water samples. 

■ CLASSIFICATION OF DYES 

There are many structural classifications of dyes, 
such as disperse, base, acidic, anthraquinone-based, 
diazo, azo, and metal complex dyes. Dyes are classified 
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in Table 1 according to their solubility in water, chemical 
constitution, and application in the industry [12-18] while 

the chemical structure of some dyes examples are listed 
in Table 2. 

Table 1. Classification of dyes 
Type of dye Solubility Functional group or constituent Application 
Acid dyes 
(anionic dyes) 

Soluble in water Sulphonic, carboxylic acid, azo, 
anthraquinones, triarylmethane, 
iminoacetone, nitro, nitrous, and/or 
quinoline 

Nylon, silk, modified acrylic, 
wool, paper, food, and 
cosmetics 

Direct dyes 
(anionic dyes) 

Soluble in water 
when in the 
presence of salts 
and electrolytes 

Azo compounds with thiazoles, 
phthalocyanines, and oxazines 

Cotton and regenerated 
cellulose, paper, leather, and 
nylon 

Reactive dyes 
(anionic dyes) 

Soluble in water 
with the sodium 
salt of sulphonic 
acid groups 

Azo, anthraquinone, and phthalocyanine Fiber (cotton, wool, or nylon) 

Basic dyes 
(cationic dyes) 

Soluble in water as 
chloride, sulfate, 
or nitrate salts 

Azo, anthraquinone, triarylmethane, 
methane, thiazine, oxazine, acridine, and 
quinoline 

Modified acrylic, modified 
nylon, modified polyesters, and 
papers, and some of them have 
biological activity and are used 
in medicine as antiseptics 

Dispersive dyes 
(non-ionic dye) 

Insoluble in water Azo dyes Dyeing of nylon, polyamide, 
and polyester 

Vat dyes 
(non-ionic dye) 

Insoluble in water Anthraquinone and indigo Dyeing cellulosic fibers, such as 
leuco-soluble salts, after 
reduction in an alkaline bath 
(sodium hydrosulfite) 

Sulfurous dyes Insoluble in water 
but can be made 
soluble in water by 
treating them with 
reducing agents 

Contain sulfur linkage within their molecules Applied to cotton, linen, 
cotton, and jute after alkaline 
reduction bath, with sodium 
sulfite as reducing agent 

Fluorescent dyes 
(group of the 
xanthenes) 

Soluble in water Fluorescent carbonyl dyes (coumarins, 
naphthalimides, perylenes, benzanthrone 
derivatives, benzoxanthones, and 
benzothioxanthones), rhodamines, and 
methine fluorescent dyes 

Fluorescent dyes for textiles, 
daylight fluorescent pigments, 
dyes for lasers, solar collectors, 
electroluminescence, analytical, 
biological, and medical 
applications 

Dye precursors Insoluble in water Acid Yellow 23 (pyrazole), Acid Orange 7 
(monoazo), Acid Red 92 (xanthene), Acid 
Violet 43 (anthraquinone), 4-
hydroxypropylamino-3-nitrophenol (nitro 
aniline), HC Yellow No. 2 (nitro aniline), p-
phenylenediamine, p-aminophenol, 4-amino-
2-hydroxytoluene (aromatic substituted) 

Commercial hair dying systems 
can be divided into two main 
categories, oxidative or non-
oxidative 
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Table 2. Examples of dyes 

Type of dye Functional group or 
constituent 

Molecular formula Structure Ref. 

Acid dyes Anthraquinone C32H28N2Na2O8S2 

O

O HN

CH3

H3C CH3

S ONa

O

O

HN

CH3

H3C CH3

S ONa

O

O

 

[19] 

Direct dyes Direct red 243 C38H28N10Na4O17S4 

 

[20] 

Reactive dyes Reactive blue 109 C25H12Cl2N9Na5O16S5 

 

[21] 

Basic dyes Methylene blue 
(Basic Blue 9) 

C16H18ClN3S 

 

[22] 

Dispersive 
dyes 

Dispersive red 60 C20H13NO4 

 

[23] 

Vat dyes Vat blue 5 C16H6Br4N2O2 

 

[24] 

Sulfurous dyes Sulphur blue 7 C13H14N2O 

 

[25] 

Fluorescent 
dyes 

Disperse yellow 186 C21H19N3O 

 

[26] 
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Type of dye 
Functional group or 

constituent 
Molecular formula Structure Ref. 

Dye 
precursors 

Acid yellow 23 C16H9N4Na3O9S2 

SNaO
O

O

S
ONaO

O

N N
N
N

O

O
NaO

 

[27] 

 
■ CLASSIFICATION OF MAGNETIC MATERIALS 

There are four types of classification of magnetic 
materials depending on how they react with the magnetic 
field as described in Fig. 1 [28-30]. 

Ferromagnetic or superparamagnetic materials have 
been used widely in the MSPE technique as sorbent 
magnetic nanoparticle forms due to their high magnetic 
moments, ease of preparation, biocompatibility, and 
small size particles. Chemical, biological, and physical 
methods have been used for synthesizing iron oxides like 
magnetite (Fe2O3), spinel ferrites (MFe2O4), and 
maghemite (γ-Fe3O4). 

■ HISTORY AND PRINCIPLES OF MSPE 

The first authors to publish on MSPE were Safarik 
et al. [31]. It depends on adding a magnetic sorbent into 
an aqueous sample to adsorb the target analyte. Then, 
the sorbent target analyte is separated by using an 
external magnetic field. After that, the addition of solvent 
to the analyte with used external magnetic again to collect 
the liquid analyte, which is determined by different 
analytical techniques [32]. The mechanism separation of 
MSPE is based on the interaction between the surface 
functional groups of the sorbent with the analyte. The 
types  of  interactions   are   dispersion,   ionic,   hydrogen  

 
Fig 1. Classification of magnetic materials 
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bonding, dipole-induced dipole, and dipole-dipole forces. 
The dipole-dipole interactions, hydrogen bonding, and π-
π interactions are the base of the analyte retention 
mechanism, but chemical bonding interactions are not 
used in the separation and retention of analyte because of 
their irreversibility. Other properties affect the interaction 
of the sorbent with the analyte, such as solubility, 
concentration, and polarity of the analyte with the choice 
of the right sorbent and solvent [33]. 

MSPE principles include three steps: first, the 
analyte was captured or adsorbed by the addition of 
MNPs into the sample solution (MNPs are dispersing in 
the sample solution). Then, the separation step uses the 
external magnet to separate the target analyte from the 
solution. The last is the desorption step, which is analyte 
desorption from the surface of MNPs using an 
appropriate solvent. Acidic solutions are used as a good 
solvent for the inorganic analyte and an organic solvent is 
used for the organic analyte. Then, HPLC coupled to MS 
or UV-Vis is often preferred for the separation and 
determination of the analyte (Fig. 2) [34-35]. 

■ PREPARATION OF MAGNETIC 
NANOPARTICLES 

The magnetite of Fe3O4 and γ-Fe2O3 are widely used 
in the preparation of the magnetic core for the MSPE 
method [36]. Many methods have been used for the  
 

preparation of Fe3O4, such as thermal decomposition, 
microemulsion, high-energy ball mill, hydrothermal 
synthesis, sonochemical synthesis, and co-precipitation. 
The advantage of a thermal decomposition method to 
obtaining a narrow particle size distribution of MNPs, 
size control, and a high degree of crystalline. This 
method is based on the decomposition of Fe(acac)3 with 
oleylamine, an 1,2-alkanediol and oleic acid in a high 
boiling point ether [37]. Microemulsion method based 
on microemulsion route above room temperature 
(65 °C). The microemulsion solution consists of forming 
the ternary system cyclohexane (organic phase)/Brij-97 
(a non-ionic surfactant)/aqueous solution of 
FeSO4·7H2O/FeCl3·6H2O in the different mole ratio. 
MNPs obtain from this method are higher in saturation 
magnetization and smaller in size [38]. A high-energy 
ball mill is a simple and low-cost technique. Ball milling 
in a hardened steel vial was used for prepared the sample 
(Fe2+/Fe3+), the molar ratio of Fe2+/Fe3+ was 20:1, and the 
sample was milled to 96 h with a rotation speed of 
200 rpm to obtain a 12 nm size of the magnetite particles 
[39]. In the hydrothermal synthesis method, the average 
diameters were 25 or 14 nm for α-Fe2O3 or Fe3O4, 
respectively. Hydrothermal reaction FeSO4 solution was 
heated at 473 K and using n-decanoic acid 
(CH3(CH2)9COOH) or n-decylamine (CH3(CH2)9NH2) 
as a surface modifier. At a higher temperature over room 
 

 
Fig 2. Steps of dye determination with MSPE 
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temperature, the solubility of surface modifier increased 
in water, but the dielectric constant of water decreased 
and reacted with the surface of the nanoparticles. This 
method is environmentally economical and without the 
use of organic solvents [40]. Sonochemical synthesis of 
Fe(acac)3 in water under an argon atmosphere with 
tetraglyme as a solvent. Water amount had allowed 
control of the surface area and size of MNPs to obtain 
surface-modified ultra-small (1–2 nm) [41]. Co-
precipitation is the simplest method used to prepare 
magnetite MNPs from aqueous FeCl2·4H2O/FeCl3·6H2O 
solutions with a concentration ratio of 2:1 by the addition 
of ammonia in a vacuum or nitrogen at 80 °C or less. This 
method was used to obtain magnetite MNPs with 
diameters of 2–4 nm [42]. The morphology and 
microstructure of the MNPs were characterized by IR, 
XRD, TEM, and SEM. 

■ MODIFICATION OF MAGNETIC 
NANOPARTICLES 

Surface modification of MNP was used to ensure 
sensitivity and selectivity for the target analyte and to 
avoid weakened magnetism due to agglomerate and 
oxidation. Surface modification with Fe3O4 MNPs is 
commonly used to functionalize the surface of the 
particles and improve their selectivity for specific 
analytes. Fe3O4 MNPs have similar properties to Fe2O3 
MNPs or FeO MNPs, but they are typically more stable, 
high magnetization, high surface area, and large surface-
to-volume ratio. Fe3O4 MNPs is that they have a higher 

surface area than FeO MNPs, which can improve their 
binding capacity for target analytes [43-44]. 

Fe3O4 has been intensively investigated for the 
modification of MNPs because of its superparamagnetic, 
non-toxic, low Curie temperature, high coactivity, and 
biocompatible. Physical modification methods include 
plasma radiation, ultraviolet, adsorption, and deposition 
of the surfaces. In the chemical modification, the surface 
of MNPs was changed by chemical reactions. The 
external layer of MNPs was modified by three main 
materials: inorganic substances, organic substances, and 
metal-organic frameworks (MOFs) (Fig. 3). 

■ MODIFICATION OF INORGANIC 
SUBSTANCES 

One of the well-coated is SiO2, which is prepared 
by the sol-gel method. This method's advantage is to 
obtain a spherical particle's shape, a size-controlled and 
it is considered a simple method for synthesizing MNPs 
[45]. Metallic oxides such as ZrO2, CoFe2O4, CoO, NiO, 
TiO2, and Al2O3 are usually used to modify MNPs. 
Coating using metallic oxide provides several 
advantages, such as the prevention of agglomeration and 
increased stability biocompatibility, and hydrophilicity 
of MNPs. For example, Fe3O4@Al2O3 core-shell NPs 
were more air-stable than the naked Fe3O4 NPs, 
Fe3O4@ZnO core-shell NPs were antioxidation and 
Fe3O4@CoFe2O4 have more magnetic properties than 
Fe3O4 NPs [46]. Composite materials were used in MSPE 
methods,   such  as   Fe3O4@ZrO2@N-cetylpyridinium   and  

 
Fig 3. Materials used for modification of the MSPE method 
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alumina-coated Fe3O4 MNP modified by dithizone and 
sodium dodecyl sulfate (SDS) in acidic media [47-48]. 
Ring-structured compounds and carbon-based have been 
adsorbed by graphene and carbon nanotubes from 
different samples. For example, Fe3O4@SiO2@G@PIL was 
magnetite graphene modified with ionic liquids and 
through electrostatic interactions; graphene oxide was 
modified with the amino-functional silica-coated 
Fe3O4spheres [49]. 

■ MODIFICATION OF ORGANIC SUBSTANCES 

There are many advantages of polymer 
modification. It can effectively prevent MNPs oxidation, 
reduce agglomeration, and dipole-dipole interaction to 
become weakened between MNPs. 3D network polymer 
types with stability and adsorption capabilities are 
molecularly imprinted polymers (MIPs). Covalent 
organic frameworks (COFs) modification allows through 
van der Waals forces, hydrogen bonding, and the size-
exclusion effect to adsorb target analyte [50]. Non-
polymer materials include two types; the first type is 
surfactants, which include octadecyl trimethyl 
ammonium chloride (OTAB), cetyltrimethylammonium 
bromide (CTAB), and SDS, which have a good extraction 
ability, high chemical stability, and large specific surface 
area. The second type of non-polymer material is small 
organic molecules, including oleic acid and fatty acid, 
which improve the stability and dispersion of MNPs [51]. 

■ MODIFICATION OF METAL-ORGANIC 
FRAMEWORKS (MOFs) SUBSTANCES 

Metal-organic frameworks (MOFs) are crystalline 
inorganic-organic hybrid materials that give rise to new 
materials which have an internal surface area, porous, 
tunable pore size, and hollow structure. Magnetic MOFs 
materials were used in MSPE, such as MOF-5 
(Zn4O(BDC)3) (BDC=1,4-benzenedicarboxylate) with a 
cubic 3D porous structure, ZIF-8([Zn(MeIM)2]) and ZIF-
67 ([Co(MeIM)2]) (MeIM=2-methylimidazole). The 
advantages of MOFs are large pore volume, mechanical 
and chemical stability, superparamagnetism, and working 
at a high temperature, making MOFs more useful for the 
MSPE [52-54]. Overall, the choice of inorganic, organic, 

or MOF modification will depend on the specific 
application and the properties required for the MNPs. 
Organic modifications are often preferred for biological 
applications, where biocompatibility and dispersibility 
in solution are critical, while inorganic modifications are 
often preferred for chemical and environmental 
applications, where chemical stability and magnetic 
properties are more important. MOF-coating MNPs can 
provide higher stability and selectivity, and they can be 
used in a variety of applications, including water 
treatment, drug delivery, catalysis, lithium-ion batteries, 
and luminescence [55]. 

■ MAGNETIC TEXTILE SOLID-PHASE 
EXTRACTION (MTSPE) 

MTSPE is using magnetically modified textile 
materials as a new type of pre-concentration method. It 
Includes a piece of fabric textile 1 × 1 cm2 with an office 
stapler, which is rapidly and easily separated magnetically 
by using an external magnetic field [56]. MTSPE is 
considered a green chemistry method due to its advantage 
of simplicity, readily, and low cost. Furthermore, this 
method is easy separation and recovery of the analytes, 
reducing the need for additional purification steps. 
Many materials were used for modified the textile fibers 
to provide a high surface area and a porous structure as 
a 1% chitosan solution was applied to determine 
azorubine, indigo carmine, tartrazine, and blue fountain 
ink dyes [57-58]. Polysaccharide κ-carrageenan 
combination with agarose was applied to determine Nile 
blue A, safranin O, and methylene blue [59]. 

■ APPLICATIONS AND OPTIMIZATION OF 
THE MSPE 

MNPs are widely used in analytical chemistry, 
medicine, bioanalytical, environmental pollutants, and 
food samples. MSPE has been used to determine estrogens 
in milk [60], phthalic acid esters in carbonated soft drink 
[61], tetracyclines in milk [62], organophosphorus 
pesticides in water [63], phthalate monoesters in urine 
[64], Co(II) and Hg(II) in water and food [65], polycyclic 
aromatic hydrocarbons in grilled meat [66], lignans in 
sesame oil [67], a free fatty acid in edible oils [68], and 
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non-steroidal anti-inflammatory drugs (naproxen, 
ketoprofen, and diclofenac) in biological and water and 
samples [69]. However, the large surface area and high 
magnetic responsiveness of magnetic nanoparticles make 
them excellent sorbents for a variety of applications. To 

achieve the best extraction efficiency, various 
conditions, such as the sorbent categories, the pH, 
sorbent amount, extraction time, desorption solvent, the 
volume of desorption solvent, desorption temperature, 
and desorption time, were optimized (Table 3). 

Table 3. Optimization factors of the MSPE procedure 

Analyte Magnetic 
material 

Sample 
pH 

Sorbent 
amount 

Extraction 
time 

Desorption 
solvent 

Vol. of 
desorption 

solvent 

Desorption 
temperature 

Desorption 
time Ref. 

Basic violet 7, Basic 
red 13 and Basic 
orange 21 

M-S-RGO 10 5.0 
mg/mL 

20 min Acetone with 
5% acetic acid 

- - - [73] 

CV, MV, MB, and 
MG 

MNPs-POLP 10 20.0 mg 15 min Methanol 2 mL Room 
temperature 

10.0 min [82] 

MR and MO MHNTs 7.5 60.0 mg 10 min Methanol 
containing 1% 
acetic acid 

2 mL 25 °C - [83] 

MG(Cationic) MWCNT@Fe3O4 6–8 60.0 mg - Acetonitrile 1 mL Room 
temperature 

2.0 min [84] 

Sudan I, II, III and 
IV(azo dye) 

Fe3O4@PANI 7 8.0 mg 15 min Ethanol 2 mL Room 
temperature 

4.0 min [85] 

MG Fe3O4-
NH2@HKUST-
1@PDES 

4 5.0 mg 108 min - 1 mL 31.65 °C - [74] 

Sudan I, II, III and 
IV 

MPCDPs(C) 7 4.0 mg 20 min Methanol 3 mL - - [75] 

Sudan I-IV, Para 
Red and Sudan Red 
7B 

Fe3O4-
NH2@MIL-101 

- 3.0 mg 2 min Ethyl acetate 2 mL - 10.0 min [76] 

Sudan Black B, 
Sudan Red 7B, Para 
Red and Sudan I, 
II, III, IV 

cMWCNT-γ-
Fe2O3 

8 40.0 mg 15 min Acetonitrile 0.3 mL - 4.0 min [77] 

Sunset yellow, 
allure red and 
tartrazine 

Fe3O4-fullerene-
activated carbon 

4.0 0.01 mg 15 min Methanol 
solution 
containing 
NaOH 10−3 M 

500 μL - 5.0 min [87] 

Triphenylmethane 
dyes (MG and CV) 

γ-Fe2O3@CNM 7 1.0 mg 5 min Methanol 
containing 
0.2% formic 
acid 

1 mL Room 
temperature 

30.0 s [87] 

Sudan I, II, III and 
IV 

magnetic Fe3O4 
NPs 

7 0.5 g 20 min Methanol 5 mL Room 
temperature 

1.0 min [78] 

MG and CV Fe3O4@SiO2-Flu 5 30.0 mg 20 min Methanol 0.5 mL Room 
temperature 

2.0 min [88] 

Rhodamine B Fe3O4@SiO2@IL 3 0.1 g 10 min Ethanol 4.0 mL 30 °C 5.0 min [79] 
Sudan red Fe@NiAl-LDHs 7 80.0 mg 60 min Acetone 7.5 mL - 9.0 min [89] 
Sudan dyes (I, II, 
III, and IV) 

Fe3O4 MNPs/PSt 4 70.0 mg 15 min Acetonitrile 4.0 mL Room 
temperature 

1.5 min [80] 
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Analyte 
Magnetic 
material 

Sample 
pH 

Sorbent 
amount 

Extraction 
time 

Desorption 
solvent 

Vol. of 
desorption 

solvent 

Desorption 
temperature 

Desorption 
time Ref. 

Sudan dyes (I, II, 
III, and IV) 

Magnetic argan 
press cake 
nanocellulose 
(MNC) 

3 50.0 mg 10 min Methanol 2.0 mL Room 
temperature 

5.0 min [81] 

Congo Red and 
Basic Red 2 

ZIF-8@CoFe2O4 7 10.0 mg 15 min Methanol and 
water 

 Room 
temperature 

1.0 min [90] 

Rose Bengal C-MIONPs 6 0.5 g - Methanol 5.0 mL 25 °C - [91] 
Acridine orange, 
Amido black 10B, 
Bismarck brown, 
Congo red, Crystal 
violet, Malachite 
green, Safranin O 

Magnetically 
modified Spent 
coffee grounds 

- 30.0 mg 90 min Methanol 2.0 mL Room 
temperature 

20.0 min [92] 

Acridine orange, 
CV, MG, Safranin 
O, Methylene blue 

Magnetically 
modified S. 
horneri biomass 

- - - - - - - [93] 

MG and CV Fe3O4/GO 
magnetic 
nanoparticles 

6 0.13 mg 15 min Acetonitrile/ace
tic acid 

0.2 mL Room 
temperature 

15.0 min [94] 

 
■ FOOD ANALYSIS 

Azo dyes are used for coloring food products due to 
their low cost and high stability to the oxygen, pH, and 
light compared to the dyes obtained from natural sources 
[70]. Many countries have forbidden synthetic azo dyes 
using in food products because they are shown to be 
genotoxic, potentially neurotoxic, and carcinogenic 
additives [71]. For example, Tartazin dye causes 
genotoxicity in rodents, and allura red and brilliant blue 
cause allergic reactions. Tartrazine, sunset yellow, 
erythrosine, and allura red can be carcinogenic [72]. 
MSPE was successfully used for the removal, analysis, and 
determination of cationic dyes from different samples 
(food and water) (Table 4). Cui et al. [73] developed a novel 
adsorbent magnetic sulfonated reduced graphene oxide 
(M-S-RGO) based on (M-S-RGO) with HPLC–MS/MS 
for analysis and determination of Basic violet7, Basic red 
13 and Basic orange 21 in food samples. This method was 
applied for a wide range of basic dyes with lower LOD 
0.01–0.2 μg/L [73]. A new Fe3O4-NH2@HKUST-1@PDES-
MSPE (Polymeric deep eutectic solvents (PDES)) based 
on 3-acrylamidopropyl trimethylammonium chloride/D-
sorbitol functionalized amino-magnetic (Fe3O4-NH2) 
metal-organic framework (HKUST-1-MOF) composites) 

was used for the extraction and determination of MG and 
CV cationic dyes from fish samples, with the successful 
recovery of 89.43–100.65% for MG and 95.29–98.03% 
for CV indicating that this method was a successful 
application in extracting cationic dyes in fish samples 
[74]. Sudan dyes are class 3 carcinogens, so using these 
dyes in food is considered illegal. Determination Sudan 
dyes were developed by using magnetically modified 
porous β-cyclodextrin polymers (MPCDPs) coupled 
with HPLC. MPCDPS was a good analytical adsorbent 
for the separation and concentration of Sudan dyes in 
food and water samples [75]. Magnetic trimeric 
chromium octahedral metal-organic framework (Fe3O4-
NH2@MIL-101) combined with HPLC was used to 
determine Sudan I-IV, Para Red, and Sudan Red 7B in 
tomato sauce with a good RSD of ≤ 9.2% [76]. Sudan 
Black B, Sudan Red 7B, Para Red, and Sudan I, II, III, IV 
were extracted by using γFe2O3 magnetic nanoparticle 
functionalized with carboxylated multiwalled carbon 
nanotube (cMWCNT-γ-Fe2O3) coupled with HPLC in 
chili products and ketchup [77]. Fe3O4 MNPs were used 
for the extraction of Sudan dyes from chili oil, chili 
powder, tomato paste, and different water samples 
coupled with HPLC for separation and determination of 
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Table 4. Application of MSPE 
Analyte Type of dye Magnetic material Sample Technique 

Limit of 
detection 

Recovery Ref. 

Illegal basic dyes 
(Basic violet 7, Basic 
red 13 and Basic 
orange 21) 

Cationic M-S-RGO Frozen grass carp, 
frozen yellow 
croaker, and tomato 
sauce 

HPLC-MS/MS 0.01–0.2 μg/L 70–110% [73] 

MV, MB, MG, CV, 
and NR from MR 
and MO 

Cationic 
 
Anionic azo dye 

MNPs-POLP 
 
MHNTs 

Aqueous solution 
 
Water samples 

UV-Vis  
HPLC 

- 
 
MR: 0.042 μg/L  
MO: 0.050 μg/L 

- 
 
MR:85–87%  
MO: 89–93%  

[82] 
 

[83] 

MG and GV Cationic MSPE method based on 
MWCNT@Fe3O4NPs 

Water samples HPLC-FLD MG: 0.22 ng/mL  
GV: 0.09 ng/mL  

87.0–92.8% [84] 

Sudan I, II, III and 
IV 

Azo dye Fe3O4@PANI Water samples UFLC-UV 0.041–0.151 
ng/mL 

92.4–106.9% [85] 

MG and CV Cationic Fe3O4-NH2@HKUST-
1@PDES-MSPE 

Fish samples UV-Vis  MG: 98.19 
ng/mL  
CV: 23.97 
ng/mL  

MG: 89.43–
100.65%  
CV: 95.29–
98.03%  

[74] 

Sudan I, II, III and 
IV 

Azo dye MPCDPs(C) and 
MPCDPs(M) 

Food samples and 
water samples 

HPLC MPCDPs(C): 
0.013–0.054 
ng/mL  
MPCDPs(M): 
0.028–0.039 
ng/mL  

Food samples: 
85.8–102.8% 
Water samples: 
88.3–103.2%  

[75] 

Sudan I-IV, Para 
Red and Sudan Red 
7B 

Azo dye Fe3O4-NH2@MIL-101 Tomato sauce HPLC-DAD 0.5-2.5 mg/kg 72.6–92.9% [76] 

Sudan Black B, 
Sudan Red 7B, Para 
Red and Sudan I, II, 
III, IV 

Azo dye cMWCNT-γ-Fe2O3 Chilli products and 
ketchup 

HPLC 0.13-0.84 ng/mL - [77] 

Sunset yellow, allure 
red and tartrazine 

Anionic azo dye Fe3O4-fullerene-
activated carbon 

Water samples Capillary 
electrophoresis 

1.0-2.0 mg/L 95–106% [86] 

Triphenylmethane 
dyes (MG and CV) 

Cationic γ-Fe2O3@CNM-based 
MSPE 

Spring water, lake 
water, fishpond 
water, seawater, and 
mineral wastewater 

LC-MS/MS 0.004 ng/mL MG: 73.4–
101.5%  
CV: 83.1–
102.7%  

[87] 

Sudan I, II, III and 
IV 

Azo dye Magnetic Fe3O4 NPs Food samples (chili 
oil, chili powder and 
tomato paste) and 
water samples (tap 
and river water) 

HPLC 0.02 μg/L Water samples: 
91.9–98.1% 
Food samples: 
92.9–109.9 %  

[78] 

MG and CV Cationic Fe3O4@SiO2-Flu Water samples UV-Vis  2.82–3.27 ng/L 88–96% [88] 
Rhodamine B Cationic Fe3O4@SiO2@IL Chili powder HPLC 0.08 μg/L 99.0–100.9% [79] 
Sudan red Cationic Fe@NiAl-LDHs Water samples HPLC 0.002–0.005 μg/L 97.6–105.7% [89] 
Sudan dyes (I, II, III, 
and IV) 

Azo dye Fe3O4 MNPs/PSt Red wines, juices, 
and mature vinegar 

UFLC-UV 0.0039, 0.0063, 
0.0057, and 
0.017 ng/mL 

76.3–96.6% [80] 

Sudan dyes (I, II, III, 
and IV) 

Azo dye Magnetic argan press 
cake nanocellulose 
(MNC) 

Barbeque and 
ketchup sauces 

Capillary liquid 
chromatography 

0.05–0.07 μg/L 93.4–109.6% [81] 

Congo Red and 
Basic Red 2 

Congo red is azo dye 
and Basic Red 2 is 
cationic 

ZIF-8@CoFe2O4 Aqueous solution UV-Vis  - - [90] 

Rose Bengal Xanthenes dye C-MIONPs Brucella Antigen 
solution and water 
samples from the 
Karoon River 

UV-Vis  5.91 × 10−3 
μg/mL 

95.7–98.9% [91] 
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Analyte Type of dye Magnetic material Sample Technique 
Limit of 

detection 
Recovery Ref. 

Acridine orange, 
Amido black 10B, 
Bismarck brown, 
Congo red, Crystal 
violet, Malachite 
green, Safranin O 

Acridine orange is a 
fluorescent dye. Black 
10B, Congo red, CV, 
and MG are azo dyes. 
Safranin O is azonium 
compound 

Magnetically modified 
Spent coffee grounds 

Aqueous Solution UV-Vis  - - [92] 

Acridine orange, 
CV, MG, Safranin 
O, Methylene blue 

Acridine orange isa 
fluorescent dye 

Magnetically modified 
S. horneri biomass 

Aqueous solution UV-Vis  - - [93] 

MG and CV Cationic Fe3O4/GO magnetic 
nanoparticles 

Water samples HPLC MG: 0.091 μg/L  
CV: 0.120 μg/L  

91.5–116.7% [94] 

 
dyes, with LOD values down to 0.02 μg/L for all samples 
[78]. Fe3O4@SiO2NPs were coated with three ionic liquids 
[HMIM]PF6, [BMIM]PF6, and [OMIM]PF6 to prepare 
fluconazole‑functionalized Fe3O4@SiO2 nanoparticles 
(Fe3O4@SiO2@IL) coupled with HPLC for the 
determination of Rhodamine B in Chili powder, RSD 
value was 0.51%, and this MNPs could be reused up to 10 
times [79]. Nanocomposite of polystyrene-coated magnetic 
nanoparticles (MNPs/PSt) coupled with UFLC-UV was 
used for the determination of Sudan dyes in different types 
of drinks and RSDs were lower than 9.6% [80]. Sudan dyes 
in the barbeque and ketchup sauces were extracted using 
magnetic/non-magnetic argan press cake nanocellulose 
coupled with capillary liquid chromatography and SD 
achieved was lower than 3.46% [81]. 

■ WATER ANALYSIS 

Synthetic dyes are used to produce plastics, rubber 
and textiles which cause environmental pollution (water 
and soil). Most dyes are toxic and cause skin irritation, 
dermatitis, and allergy. They are harmful to humans and 
aquatic biota. MSPE is a new technique that has been used 
in the extraction of dyes from wastewater, tap water, and 
river water samples. MSPE was used for the extraction of 
dyes from water samples due to their selectivity, low 
volume of solvents, and high throughput (Table 4). 
Adsorption of cationic dyes (methyl violet (MV), 
methylene blue (MB), malachite green (MG), crystal 
violet (CV), and neutral red (NR)) from aqueous solution 
by using Platanus orientalis leaf powder (MNPs-POLP) 
coupled with UV-Vis spectrophotometer [82]. Mixed 
hemi micelle based on magnetic halloysite nanotubes and 
ionic liquids (MHMSPE) was prepared from ionic liquid 

[C16mimBr] and MHNTs to determination of anionic 
dyes (methyl red (MR) and methyl orange (MO)) in 
different water samples, lower RSD was achieved in this 
method, 2.5–5.4% for lake water, and 1.6–3.1% for tap 
water [83]. Multiwalled carbon nanotubes modified-
Fe3O4 nanoparticles (MWCNT@Fe3O4 NPs) was used 
for extraction of MG and gentian violet (GV) dyes in 
water samples and followed by HPLC-FLD to give RSD 
values of 4.6–5.9% [84]. Sudan dyes were extracted by 
using Fe3O4@polyaniline particles (Fe3O4@PANI) 
coupled with UFLC-UV in water samples (lake water, 
rainwater, surface water, reservoir water and tap water) 
and RSD were found in the range of 1.6–6.8% [85]. 
Fe3O4-fullerene-activated carbon followed by capillary 
electrophoresis was used for extraction and analysis of 
anionic dyes (allure red, sunset yellow, and tartrazine) in 
water samples and RSD was found to be less than 10% 
[86]. Caramelized carbonaceous shell-coated γ-Fe2O3 
(γ-Fe2O3@CNM-based MSPE) coupled with LC-MS/MS 
was used for the extraction and analysis of MG and CV 
dyes in spring water, fishpond, lake, sea, and industrial 
wastewater, RSD below 5.2% for MG and RSD below 
5.5% for CV dyes [87]. Cationic dyes (MG and CV) were 
extracted and determined using Fe3O4@SiO2-Flu followed 
by UV-Vis spectrophotometer in Caspian seawater and 
wastewater, and RSD was computed to be 4.77–4.17% 
[88]. Fe@NiAl-LDHs (layered double hydroxide) 
coupled with HPLC was used for the extraction and 
determination of Sudan red dyes in Ming Tombs 
Reservoir water, Changping Park water, and Binhe Park 
water, with low LOD from 0.002 to 0.005 μg/L [89]. 
Adsorption of Congo Red and Basic Red 2 was achieved 
using core–shell heterostructure of 24 CoFe2O4-Zeolitic 
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Imidazolate Framework-8 (ZIF-8@CoFe2O4) followed by 
a UV-Visible spectrometer with a high removal efficiency 
of 97% [90]. CTAB-coated magnetic iron oxide 
nanoparticles (C-MIONPs) coupled with a UV-Visible 
spectrometer were used for the separation and 
determination of RB dyes in Karoon river water and 
Brucella Antigen solution. RSD values were found to be 
4.1 and 1.1% [91]. Adsorption of seven different types of 
dyes (Acridine orange, Amido black 10B, Bismarck brown, 
CR, CV, MG, Safranin O) was achieved by using a 
magnetically modified spent coffee grounds coupled with 
UV-Vis spectrometer in potable water [92]. Adsorption of 
acridine orange, CV, MG, Safranin O, and MB by using 
low-cost adsorbent magnetically modified S. horneri 
biomass followed by UV-Vis spectrometer [93]. Finally, 
Fe3O4/graphene oxide nanoparticles (Fe3O4/GO) coupled 
with HPLC were successfully applied to the extraction and 
determination of MG and CV dyes in the pond, lake, and 
river samples [94]. 

■ CONCLUSION 

MSPE technique has the advantages of a simple 
synthesis of MNPs, selectivity to the target analyte, low 
cost due to using an external magnet which avoids the 
need for filtration or centrifugation steps, and avoiding 
using columns packed by sorbents that need to consume 
a long time to prepare these columns. Moreover, its ability 
to extract and pre-concentrate target analytes from 
complex matrices such as food and water samples. Dyes 
are often used in the food industry to enhance the 
appearance of food products. MSPE can be used to extract 
and quantify these compounds in food and water samples 
due to its high selectivity, sensitivity, and simplicity of 
operation. MSPE technique has been coupled with 
different analytical instruments such as UV-visible 
spectrometer, HPLC, LC-MS/MS, and capillary 
electrophoresis for the determination of dyes amount in 
food and water samples. Most past studies focus on the 
determination of dyes in the food or water samples, so 
efforts should be made to expand studies to soils, 
sediments, and other environmental samples. Future 
methods should seek to automate the MSPE method and 
couple it with the online system. 
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