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 Abstract: A colorimetric anion sensor of methyl-3-(2-hydroxy-5-nitrophenyl amino)-3-
phenylpropanoate bearing –OH and –NH groups as binding sites and nitrophenyl as a 
signaling unit, has been successfully accomplished. The compound functioned as a 
colorimetric chemosensor for H2PO4

– and AcO–, in particular, the sensor showed 
significant naked-eye detectable color change from colorless to light yellow. In contrast, 
no color change was detected upon addition of other anions such as SO4

2–, NO3
–, and 

CIO4
–. The anion sensing ability of the sensor was further investigated by UV-Vis 

absorption spectroscopy in acetone. Characteristic UV-Vis spectra changes were revealed 
upon addition of H2PO4

– and AcO–. 
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■ INTRODUCTION 

The development of colorimetric chemosensors 
capable of recognizing biologically important anions has 
received great attention. Molecules containing NH 
fragments, such as amines, amides, sulfonamides, 
ureas/thioureas, pyrroles/calixpyrrole, and imidazoliums 
groups have been widely used as binding sites for the 
detection of anions or toxic metal ions via hydrogen 
bonding interactions [1-4]. Likewise, compounds 
containing –OH group have been reported for colorimetric 
sensing of anions with successive color changes utilizing 
hydrogen-bonding ability of alcohol and phenolic -OH 
groups with different anions [5]. Chromogenic signaling 
units, such as a nitrophenyl group is frequently linked 
covalently to the sensor moiety. The presence of an 
electron-withdrawing nitro (NO2) group enhances the 
acidity of the anion recognition moiety to the sensors, 
which enables the deprotonation of the hydrogen bond 
donor followed by the donation of the proton to the 
anions [6-9]. Suryanti et al. [10] have reported fluoride 
and cyanide anion sensors based on N-acetyl glyoxylic 
amides, which have two NH groups as anion binding sites 
and a nitrophenyl moiety as a signaling unit. These 

compounds also have been reported as a receptor for 
anions HSO4

−, Cl−, Br− and NO3
− [11]. 

Application of organic compounds as colorimetric 
chemosensors in biomedical and environmental 
sciences has been reported. A Schiff base derivative of 
cinnamaldehyde, 4-chloro-2-[(3-(4-(dimethylamino) 
phenyl)allyl-dene)amino]phenol, has been established 
as a colorimetric Ni2+ sensor in aqueous solution [12]. A 
cinnamaldehyde derivative, methyl-3-(2-hydroxy-5-
nitrophenyl amino)-3-phenylpropanoate 4 has been 
prepared by a three-step synthetic reaction from 
cinnamaldehyde (Scheme 1) [13]. Cinnamaldehyde 1 
was oxidized into cinnamic acid 2, followed by 
esterification reaction with methanol to give methyl 
cinnamate 3. The addition reaction of methyl cinnamate 
with 2-amino-4-nitrophenol produced compound 4, 
which comprises amine and hydroxyl groups as anion 
binding sites and nitrophenyl moiety as a signaling unit. 
This compound was expected to bind to anions via 
strong hydrogen bond functionalities on amine and/or 
hydroxyl moiety. In this work, we report the 
colorimetric sensing of compound 4 towards a variety of 
oxyanions, such as H2PO4

−, AcO−, SO4
2−, NO3

−, and ClO4
−. 
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Scheme 1. Reagents and reactions: (i) (C2H5)2O, H2O, Polysorbate 20, CrO3, 6 h, r.t. (ii) CH3OH, sat. HCl, reflux, 6 h. 
(iii) CH2Cl2, reflux, 48 h 
 
■ EXPERIMENTAL SECTION 

Materials 

All anions in the form of tetrabutylammonium salts 
were purchased from Sigma–Aldrich Chemical Company 
and used without further purification. All reagents and 
solvents employed were of analytical grade and also used 
without further purification. 

Instrumentation 

The UV-Vis spectra were recorded on a UV-Vis 
Shimadzu Lambda 25 spectrophotometer at room 
temperature. The 1H NMR spectra were measured with an 
Agilent VNMR 400 MHz instrument at 25 °C. The ESI 
mass spectrum was recorded on a Waters LCT XE ESI-
TOF. 

Procedure 

Synthesis of Methyl-3-(2-hydroxy-5-nitrophenylamino) 
-3-phenylpropanoate (4) 

The synthesis of compound 4 was accomplished 
based on previously published procedures using 
cinnamaldehyde as a starting material [13]. The first step 
was the oxidation reaction of cinnamaldehyde 1 with 
chromium trioxide (CrO3) in diethyl ether and water in 
the presence of polysorbate 20 as phase transfer catalyst to 
give cinnamic acid 2. The reaction was then followed by 
esterification of the acid with methanol under reflux for 6 h 
in the presence of concentrated HCl. The last step was the 
reaction between 2-amino-4-nitrophenol with the ester 3 
in dichloromethane under reflux for 48 h to give the 
compound 4. This procedure gave compound 4 in 65% 
yields and m.p. 80 °C. 1H NMR (400 MHz, CD3OD): δ 
3.62 (s, OCH3, 3H), 6.51 (d, Ar-CHCH, J=16 Hz, 2H), 6.75 
(m, Ar-CHCH, J=8.7 Hz, 1H), 7.37 (dd, 3 x Ar-H, J=10.9, 

8.1 Hz, 3H), 7.50 (dd, J=10.9, 8.1 Hz, 1H), 7.56 (m, 3 x 
Ar-H, 3H), 7.67(m, Ar-H, 1H). MS (ESI-TOF) m/z 
calculated for C16H16N2O5 (M−H)− 315.3007. Found 
315.3002. 

Anion binding studies 
A solution of compound 4 in acetone with a 

concentration of 10-5 M was added with 10-3 M oxyanion 
(as tetrabutylammonium salts) solution with variations 
amount of moles equivalent to compound 4 (0-10 moles 
equivalent). The resulting product was then analyzed by 
naked eye and characterization using UV-Vis 
spectroscopy. 

Computational studies 
The molecular structure of compound 4 which has 

the most stable conformation was reacted with AcO− or 
H2PO4

− ions. The interaction that occurs was calculated 
using ONIOM with the method HF/basis set 6-311G (d, 
p) as a low layer and the DFT/cc-PVDZ method as a high 
layer. The result was a log archive which was used for 
UV-Vis characterization. 

Statistical Analysis 

Experimental results were performed in triplicate, 
and the data were presented as mean ± SD. The results 
were compared by one-way ANOVA. The difference 
was considered as statistically significant if p ≤ 0.05. 

■ RESULTS AND DISCUSSION 

Since protic solvents will compete with anions in 
forming hydrogen-bonding interaction with the sensor, 
the colorimetric sensing ability of compound 4 was 
performed in aprotic solvents, such as acetone. The 
anions were added as their tetrabutylammonium salts to 
compound 4 solutions  (1 × 10-5 M).  The visible color  
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Fig 1. Color changes observed for compound 4 in acetone upon addition of the anions as TBA salts: H2PO4

− (upper) 
and AcO− (lower) 
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Fig 2. The absorption spectra of compound 4 (1 × 10–5 M) 
in acetone solution upon addition of 4 eq. of anions as 
TBA salts, such as H2PO4

−, AcO−, SO4
2−, NO3

−, and ClO4
− 
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Fig 3. The absorption spectra of compound 4 (1 × 10–5 M) 
in acetone solution upon the addition 0-10 eq. of 
tetrabutylammonium dihydrogen phosphate 

 
and the UV-Vis spectral changes towards anions were 
studied. Since peaks of protons from –OH and –NH 
groups did not appear in 1H NMR spectra, the 
colorimetric sensing ability of sensor 4 was not monitored 
by 1H NMR Spectroscopy. 

Visual Color Change Observation 

A solution of compound 4 changed from colorless 
to faint yellow upon the addition of 1 eq. of H2PO4

− or 2.0 
eq. of AcO−. The coloration of the solution was intensified 
with increasing anions concentration. The color changes 
of compound 4 upon the addition of H2PO4

− or AcO− ions 
were detected by the naked eye. The representative 
photographs showing the color change of solutions of 
compound 4 by H2PO4

− or AcO− ions are shown in Fig. 1. 
Under similar experimental conditions, the addition of 

SO4
2−, NO3

− or ClO4
− to the solution of compound 4 did 

not exhibit any naked-eye detectable color change. 

Anion Recognition Studies by UV-Vis Spectroscopy 
and Computational Methods 

As preliminary studies, the spectroscopic 
behaviors of compound 4 in acetone were investigated 
upon addition 4 eq. of various anions, such as H2PO4

−, 
AcO−, SO4

2−, NO3
−, and CIO4

−. One characteristic 
absorption peak for UV–Vis spectra of compound 4 was 
observed at 379 nm in the absence of anions. As shown 
in Fig. 2, compound 4 reveals insignificant perturbation 
upon addition of 4 eq. of NO3

− and ClO4
−. In contrast, 

significant UV-Vis absorption spectra changes were 
noticed in the presence of H2PO4

− where the absorption 
band at 379 nm disappeared, and a new absorption band  
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Scheme 2. Resonance structure of the deprotonated form of compound 4 

 
appeared at 475 nm. In the presence of AcO−, the 
absorption peak at 379 nm moved to 456 nm. Meanwhile, 
the UV-Vis absorption spectra increased upon addition of 
4 eq. of SO4

2−. The sensing abilities of the sensor towards 
H2PO4

−, AcO− and SO4
2− were then studied by UV-Vis 

titration experiments. 
The UV-Vis absorption spectra changes were 

obtained upon addition of increasing amount of H2PO4
− 

ions to the acetone solution of sensor 4 (Fig. 3). The 
absorption peak at 379 nm gradually decreases its 
intensity, and a strong absorption peak gradually 
appeared at 469 nm. These new absorption peaks existed 
upon addition of 1 eq. of H2PO4

−. Furthermore, the color 
change from colorless to faint yellow could be detected by 
naked eye for the solution of compound 4 along with the 
addition of H2PO4

− ions. A clear isosbestic point at 401 
and 402 nm was observed during the titration process 
between the compound 4 and H2PO4

− ion, respectively. 
The development of new bands and the presence of a clear 
isosbestic point can be explained by initial hydrogen bond 
formation between H2PO4

− and NH and OH groups 
followed by deprotonation which subsequent 
intramolecular charge-transfer (ICT) transitions within 
the whole structure of the sensor 4 (Fig. 4 and Scheme 2) 
[14-15]. 

A similar phenomenon of UV–Vis absorption was 
also observed upon addition of AcO− to a solution of 
compound 4 (Fig. 5). As the concentration of AcO− was 
increased, the absorption peak at 379 nm disappeared 
while a new absorption peak at 456 nm developed. This 
new absorption peak appeared upon addition of 2 eq. of 
AcO−. These spectral characteristics were also 
accompanied by a visual color change of the solution from 
colorless to faint yellow upon addition of AcO−. These  
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Fig 4. Proposed initial hydrogen bonding interactions 
between compound 4 and H2PO4

− (a) or AcO− (b) 
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Fig 5. The absorption spectra of compound 4 (1 × 10–5 M) 
in acetone solution upon the addition 0-10 eq. of 
tetrabutylammonium acetate 

results suggest that AcO− initially formed hydrogen 
bonding interactions with sensor 4, followed by 
deprotonation of compound 4 upon further addition of 
AcO− with the subsequent ICT transitions within the 
entire structure of the compound 4 (Fig. 4 and Scheme 2) 
[16]. However, an approximate isosbestic point at 392 nm 
was observed during the titration process, indicating 
that deprotonation was not complete and the hydrogen-
bonded complex and the deprotonated compound 4 
were both existed. 
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Fig 6. The absorption spectra of compound 4 (1 × 10-5 M) 
in acetone solution upon the addition 0-10 eq. of 
tetrabutylammonium sulphate 

The possibility of deprotonation occurs in –OH 
proton because the electronegativity of oxygen atom is 
greater than that of nitrogen atom so that the partial 
positive charge of hydrogen atom will be more easily 
removed from the oxygen atom compared to the nitrogen 
atom. The –OH proton (the partial positive charge) 
interacts strongly with oxyanion (a negative charge). In 
addition, -OH group also facilitates the withdrawal of 
electrons by NO2 groups. Consequently, the hydrogen 
atom is easily separated from the oxygen atom. The loss 
of the –OH proton causes electron delocalization in the 
structure of compound 4 to a more stable form (Fig. 4). 

Under similar experimental conditions, increasing 
of UV-Vis absorption spectra were found in the addition 
of less basic anion such as SO4

2− (Fig. 6). However no 
changes in absorption peaks of UV-Vis spectra. These 
findings implied that SO4

2− formed weak hydrogen 
bonding interactions with compound 4, which was not 
able to pursue deprotonation of compound 4. Hence, no 
visible color changes were observed. On the contrary, the 
addition of weakly basic anions such as NO2

− and ClO4
− 

did not show any noticeable spectra or color changes 
which suggest no interaction or complexation of these 
anions with compound 4. 

Computational data revealed that the UV-Vis 
spectrum of compound 4 gave an absorption peak in the 
wavelength of 306.35 nm. The interaction of compound 4 
with anions causes a shift in the wavelength to 544.34 and 

560.11 nm for AcO− and H2PO4
−, respectively. The UV-

Vis spectra resulting from the interaction of compounds 
4 with AcO− and H2PO4

− oxyanion caused a longer 
(bathochromic) wavelength shift. This indicates that an 
electronic structure of compound 4 changes due to 
conformational changes due to the addition of AcO− and 
H2PO4

− to receptor compounds. The UV-Vis spectra 
shift since the presence of oxyanion is related to the 
formation of hydrogen bonds and/or deprotonation 
between the ions with the protons of -NH and -OH 
groups which causes a decrease in energy for electronic 
transition through delocalization. 

In the experiment data, the interaction of receptor 
compounds with anions causes a shift in the wavelength 
to 410 and 475 nm for AcO− and H2PO4

−, respectively. 
The wavelength difference occurred in the experiment 
with the theory from computational data was related to 
the difference in oxyanion used. The wavelengths that 
have been produced experimentally and the theory have 
the corresponding results where the addition of AcO− 
and H2PO4

− oxyanions can shift the wavelength towards 
the visible area. 

Compounds 4 were selective for H2PO4
− and AcO− 

over other oxyanions such as SO4
2−, NO3

−, and ClO4
−. 

This can be explained by basicity and/or the hydrogen 
bonding ability of the anions. Among the tested 
oxyanions, the order of basicity of oxyanions was AcO− 
> H2PO4

− > SO4
2− > NO3

− > ClO4
−. As the basicity and 

hydrogen bonding ability of H2PO4
− and AcO− are 

higher than that of the rest of the tested anions, they 
provide strong hydrogen bonding interactions and 
undergo deprotonation reactions with compound 4 [17-
18]. Meanwhile, SO4

2− established weak hydrogen 
bonding interactions with compound 4, which was not 
able to undertake deprotonation reactions. Conversely, 
the weakly basic anions such as NO3

− and ClO4
− were 

unable to establish hydrogen bonding interactions nor 
deprotonation reactions. 

Interestingly, the deprotonation of compound 4 
took place at higher concentrations of AcO− than that of 
H2PO4

−. This was an unexpected result as the AcO− has 
higher basicity than that of H2PO4

− which should have 
considered greater hydrogen bond donor capacity to the 
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NH and/or OH groups. The selectivity of the anions 
toward sensor 4 can be explained on the degree of shape 
complementarity between the host and anionic guests. 
Thus, sensor 4 employs better affinities for H2PO4

− with 
tetrahedral geometry than that of AcO− with planar Y-
shaped geometry [19-20]. 

■ CONCLUSION 

We have developed a novel colorimetric sensor 4 
based on an organic compound from cinnamaldehyde 
containing NH and OH groups as binding sites and a 
nitrophenyl moiety as a signaling unit. Compound 4 was 
selective for H2PO4

− and AcO− over other examined 
oxyanions. Both anions exhibited hydrogen bonding 
interactions with the compound 4 and induced 
deprotonation of the sensor 4. The subsequent 
intramolecular charge-transfer transitions of the 
compound 4 then occurred resulting in the visible color 
and the UV–Vis spectra changes. However, the sensor 4 
showed better affinities for tetrahedral geometry of 
H2PO4

− than that of Y-shaped geometry of AcO−. These 
results showed that the organic compound based 
cinnamaldehyde derivative could provide a very 
important application in anion recognition and sensing of 
chemical, environmental and biological systems. 
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 Abstract: The disubstituted thiourea compounds have shown its reliability on their 
usages in various industries compared to the thiourea compounds. However, they also 
show capability to exist in different configurations, which would render them to possess 
different properties and hence affect their usability by unsuspected users. In this study, 
investigation was carried out on the polymorphism of five disubstituted thiourea 
compounds in which the phenyl rings and arylhalide acted as substituents. Using the 
B3LYP/DEF2–TZVP model chemistry with D3–BJ and gCP correctional schemes, the 
energetic analysis on the possible structural arrangements of the compounds was 
performed. The topology analysis of non-covalent interaction and electrostatic potential 
surfaces was used for understanding the interaction and reactivity of the constitute 
molecules of the compounds. Energetic results show that for all interested compounds, CT 
and TT configurations may coexist. Between the two types of substituents, phenyl 
substituted molecules are more flexible with better capability to be nucleophilic 
compounds. On the other hand, the arylhalide substituted molecules form better 
electrophilic compounds. The reactive sites of the molecules rotated to the stable new 
configurations are similar to the molecules in their original configurations observed from 
experiments. 

Keywords: conformational analysis; topology analysis; thiourea substituent 
compounds; density functional theory 

 
■ INTRODUCTION 

Thiourea molecules have three potential 
coordination sites: the sulphur of thiourea moiety (ST) 
and the two nitrogen atoms of the NH group. One of the 
thiourea derivatives, the symmetrically disubstituted 
thioureas, which have the form RHN–(C=S)–NHR’ 
where R=R’, have received much interest due to their 
diverse applications in medicine, agriculture, and 
chemical industries [1-5]. In addition, disubstituted 
thioureas are known to form stable, neutral coordination 
compounds with various transition metal ions [6]. 

This study focusses on five disubstituted thiourea 
compounds, as listed in Table 1. Two types of substituents 
were considered, namely phenyl rings and arylhalides. 
The phenyl substituted (Ph) compounds are labelled as 

Ph-1, 2, 3 and 4 to indicate compounds from different 
works. For arylhalide substituted (Ah) compounds, Ph-
F, Ph-Cl and Ph-Br were considered, indicating 
attachment of fluorine, chlorine and bromine atoms to 
the phenyl ring. The attachment of the halogens at the 
ortho- and the para- site to the phenyl ring (as shown in 
Fig. 1) is appended with o- and p-, respectively. 
Experimentally, for these compounds, the structural 
arrangements of the molecules are shown to have 
preference towards the trans-trans (TT) and cis-trans 
(CT) configurations. As shown in Table 1, there is no 
connection between the crystal system and occurrence 
of TT or CT configurations. Thus, all these compounds 
show unrelated relationship of the configuration, crystal 
system and type of substituent. It has to be mentioned that  
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Table 1. List of the phenyl and arylhalide substituted compounds considered in this study 

No. Compound 
Original configuration 
of the molecules 

Crystal system Substituent 

1 1,3-diphenylthiourea (C13H12N2S1) [7-8] (*) 

TT orthorhombic Ph–1 
CT monoclinic Ph–2 
TT orthorhombic Ph–3 
TT orthorhombic Ph–4 

2 1,3-bis(4-fluorophenyl)thiourea (C13H10F2N2S1) [9] TT orthorhombic Ph–F–p 

3 1,3-bis(4-chlorophenyl)thiourea (C13H10N2S1) [10-11] 
TT orthorhombic Ph–Cl–p–1 
TT monoclinic Ph–Cl–p–2 

4 1,3-bis(4-bromophenyl)thiourea (C13H10Br2N2S1) [12] TT monoclinic Ph–Br–p 

5 1,3-bis(2-chlorophenyl)thiourea (C13H10Cl2N2S1) [13-14] 
CT orthorhombic Ph–Cl–o–1 
TT monoclinic Ph–Cl–o–2 

 

N

 

N

F  

N

Cl  

N

Br  

NCl

 
Ph Ph–F–p Ph–Cl–p Ph–Br–p Ph–Cl–o 

Fig 1. The molecular structure of the arylhalide substituent compounds 
 
cis-cis (CC) configuration is conspicuously missing in 
Table 1 as it is not found to be favorable for these thiourea 
derivatives. 

The existence of the same compounds with different 
stable configurations (CT and TT, shown in Table 1) as 
found from the experiments rendered the compounds 
conformationally polymorphic. In general, polymorphic 
compounds with different structural arrangements, 
would lead to different properties of the compounds due 
to the different intra– and intermolecular interaction. For 
the compounds considered in this study, those in TT 
configuration always have the molecules stack in head-to-
tail to form zigzag tapes. It involves twin NH···ST contacts 
of 2.50 to 2.70 Bohr [7-12,14]. The NH···ST contact can be 
interpreted as hydrogen-bonding interactions to a 
bifurcated sulphur acceptor. It is similar in the TT 
configuration of the arylhalide compounds as the NH… ST 
hydrogen bonds are known as a characteristic part of the 
solid-state assembly of thiourea molecules [15]. The head-
to-tail orientation is common for TT configuration as 
dimer aromatic rings are favored to be in T-shaped (90°  
 

angle between dimer) or slipped parallel [16]. However, 
for CT configuration compounds, centrosymmetric 
orientation is shown with one NH···ST interaction with 
opposite substituents away from the thiourea moiety. 

This work is carried out to study the polymorphic 
phenomenon of the Ph- and Ah-substituted thiourea 
compounds. It is aimed to find the effect of different 
configurations to the properties of the molecules without 
changing the intermolecular hydrogen bonding and 
geometry of the molecules. Changing the entire geometry 
of the molecule to the minimum forces would exchange 
the real crystal structure of the molecules and lose the 
effect of the configuration changes. The addition of the 
halogens to the phenyl ring at different sites may alter 
the intra- and intermolecular interactions significantly, 
resulting in configurations that are stable but yet-to-be-
found from experiments. Furthermore, the electronic 
properties of the compounds in the gaseous state of 
monomer and dimer systems would also be investigated, 
as to provide insights to alterations in the properties 
between the original and predicted configurations. 
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■ COMPUTATIONAL METHODS 

The geometries of interested compounds, taken 
from Cambridge Structural Database (CSD), were all 
fixed with rotation only along the C–N bond between the 
thiourea moiety and its substituents. Avoiding the 
geometry changes will preserve the interaction for the 
parts not affected by the rotation (as obtained from 
experimental studies). The cis- (C) and trans- (T) 
orientations referred in the following sections are based 
on the relative orientation of the hydrogen to the sulphur 
in each conformer as depicted in Fig. 2. For the 
calculations of the dimer systems, the same sides of each 
molecule were rotated simultaneously. 

The calculations were carried out using the Gaussian 
09 suite of programs [17]. Previous electronic properties 
study on the other thiourea derivative molecules was 
proved reliable using B3LYP [18]. Thus, the single point 
calculations were performed at B3LYP level of theory with 
the DEF2-TZVP as the basis set. Previous study had 
suggested that DEF2-TZVP offers a good balance between 
accuracy and performance for molecules [19-20]. At DFT 
level, DEF2-TZVP basis is proved to be able to achieve 
results that are almost similar to the DEF2-QZVP [21]. It 
is also performed well when combined with DFT method 
[22-23]. However, due to the lack in describing the 
dispersion, D3-BJ [24] correctional scheme is included in 
this study. To verify the stability of the method, 
calculations were performed on the S66 dataset using 
Cuby4 [25] interfaced with Gaussian 09 [17]. The RMSE 
obtained is 0.71 kcal/mol. Comparing to the previous 
study reported by Jan Rezac [26], other methods, i.e. 
methods MP2/TZ and CCSD/CBS also have similar 
RMSE energy. Thus, method used in this study is 
sufficient to be used for the interested compound. For 

dimers, gCP scheme is included to reduce the basis set 
superposition error [27]. The total energy is then given 
as: 

T SCF D3 BJ gCPE E E E−= + +   (1) 
where ET is the total energy of the cluster, which is the 
sum of self-consistent field energy ESCF, corrective 
energies of dispersion ED3-BJ and counterpoise correction 
of gCP, EgCP. The relative energy is then used to compare 
the stability between two different configurations. 

Another energy analysis used to study the stability 
of compounds is by using the interaction energy of the 
dimers. Interaction energy is caused by interaction of 
both monomers to form the compound [28]. The 
positive energy shows the repulsive interaction while the 
negative shows the attractive interactions. 

Topology analysis were performed to complement 
the energetic results. The non-covalent interaction 
(NCI) using the reduced density gradient (RDG) was 
performed using the Multiwfn software [29]. The results 
are shown through the visual molecular dynamics 
program (VMD) [30]. The 3D NCI isosurface of a 
compound is colored according to the corresponding 
values of sign(λ2)ρ (shown in Fig. 3). It is an indicator of 
the types of interactions. For this study, the Blue-Green-
Red (BGR) scheme was used where blue indicates 
bonding interaction, green is of vdW and red indicates 
non-bonding interactions. 0.3 au isosurface cutoff and 
color scale of –0.04 < ρ < 0.02 were used for this study. 
These quantities were proved to encapsulate the 
noncovalent interaction region of interest [31]. 

The further studies on the reactivity of the 
compounds were performed using the electrostatic 
potential (ESP) surfaces. For this study, the color range 
of red-green-blue (RGB) was used. Red and blue indicate  

 
Fig 2. The conformers of the diphenylthiourea and arylhalide thiourea compounds 
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Fig 3. The range of color for the NCI isosurfaces 

 
electron abundance (most negative sites) and depletion 
(most positive sites) respectively while green color 
indicates uniform electron distribution. Preferable 
isosurface of 0.001 au is used in this study as it shows the 
surface lies beyond the van der Waals radii [32]. The ESP 
surfaces was post-processed using the Gauss View 
program [33]. 

■ RESULTS AND DISCUSSION 

Stability Analysis 

For the energetic analysis, as tabulated in Table 2, it 
can be seen that CT configuration is the most preferable 
configuration, followed by TT configuration. Both of 
these configurations are the low-energy conformation 
with relative energy range from 0.1 to 0.2 eV. The CC 
configuration is the least preferable configuration with 
high relative energy (between 3.4 to 7.2 eV). This 
observation can be related to the results from the 
experiments where only polymorphs in TT and CT 

configurations were obtained. CT configuration is 
preferable as it had delocalization between the 
substituent with the thiourea moiety. The TT 
configuration are less preferable from the steric 
repulsive of the nitrogen lone pair and CC configuration 
had steric repulsion of the substituents [2,34]. Results 
also show that comparing between Ph- and Ah- 
substituents, Ph-substituent is more flexible to be in CT, 
TT and CC configuration while CC only exists for Ph-
Cl-p-1 of Ah-substituent. 

Even though both the CT and TT configurations 
are shown to be possible in the monomer systems, 
rotation of the dimer systems shows that the substituents 
are too close or overlapping (as shown in Fig. 4 for the 
dimer of Ph-Cl-p). Thus, those dimers are unable to exist 
with new configuration in a similar crystal system. 
However, the possibility for them to exist in different 
configuration of different crystal systems cannot be 
discarded. 

Table 2. Summaries of the possible configuration for monomer of the Ph- and Ah-substituted molecules. For each set, 
the minimum energy conformation is used as the reference 

Substituent 
Most Stable 
Configuration 

Other possible configuration with its relative 
energy (eV) 

Ph–1 CT TT 0.1377 CC 6.6177 
Ph–2 CT TT 0.2045   
Ph–3 CT TT 0.1761 CC 6.5187 
Ph–4 CT TT 0.1731 CC 7.2727 
Ph–F CT TT 0.1569 CC 3.3776 
Ph–Cl–p–1 CT TT 0.1537 CC 6.4029 
Ph–Cl–p–2 CT TT 0.1031   
Ph–Br CT TT 0.1464   
Ph–Cl–o–1 (a) CT TT 0.1237   
Ph–Cl–o–1 (b) CT TT 0.1860   
Ph–Cl–o–2 CT TT 0.1779   
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Fig 4. The overlapped structure of the rotated substituent 

Interaction Energy 

The interaction energy between molecules in the 
dimeric systems is shown in Table 3. It can be seen that, 
for all the compounds considered in this study, as the 
interaction energy is negative, the dimeric molecules are 
attracting each other. For the magnitude of interaction, 
molecule with Ph-Br substituent has the highest 
interaction energy (most negative at –1.0573 eV) while 
Ph-2 substituent has the lowest (–0.5477 eV). 

Between TT and CT configurations, TT has higher 
interaction than the CT configuration, as evidenced by the 
molecules with Ph- and Ph-Cl-o substituents. The Ph-2 
substituent, as the only polymorph in the CT 
configuration among the molecules with Ph-substituent, 
has the smallest value of interaction energy. As for the 
case of Ph-Cl-o-2 and Ph-Cl-o-1, the CT configuration 
also has interaction energy that is of lower magnitude 
compared to the polymorph in TT configuration. 
However, no significant changes to the interaction energy 
can be found with or without halogen atom in the systems 
considered. 

As for the effect of the halogens on the phenyl ring, 
molecules are more cohesive as the halogens in the 
substituents change from fluorine, chlorine, and bromine 
in the rank F < Cl < Br. This effect is due to the 
polarizability of the halogens. Thus, the molecules where 
the substituents contain fluorine had lower attraction 
compared to the compound with bromine. 

The interaction energies are not affected much by 
the different attachment sites of the halogen to the phenyl 
rings. This can be seen from the chlorophenyl substituent 
Ph-Cl, where the chlorine is either attached to para- or 
ortho- positions. With this  substituent, the interaction 

Table 3. Interaction energy of the compounds 
Substituent Interaction Energy (eV) Configuration 
Ph–1 -0.9292 TT 
Ph–2 -0.5477 CT 
Ph–3 -0.8630 TT 
Ph–4 -0.8629 TT 
Ph–F -0.7809 TT 
Ph–Cl–p–1 -0.8699 TT 
Ph–Cl–p–2 -1.0056 TT 
Ph–Br -1.0573 TT 
Ph–Cl–o–1 -0.7306 CT 
Ph–Cl–o–2 -0.8806 TT 

energies range in between –0.731 to – 1.006 eV, where 
the higher value is from the attachment to the para-
position. In the para-position, the molecules are taking 
the head-to-tail orientation, with the molecule stack 
parallel to the thiourea backbone for the case of Ph-Cl-
p-2 substituent. However, with higher angle of the zigzag 
between molecules (Ph-Cl-p-1), the interaction between 
molecules becomes less. Molecules with Ph-Cl-o-2 
substituents have the similar head-to-tail orientation but 
the molecule is rotated to the substituent of the 
compound. This orientation has less interaction between 
the substituent of the molecules. While Ph-Cl-o-2 has 
dual NH···ST interaction with close substituents of the 
molecules, Ph-Cl-o-1 have single NH···ST interaction 
with substituents that are away from each other, 
producing dimer with the weakest interaction energy. 

Non-covalent Interaction (NCI) 

The noncovalent interaction is shown through the 
NCI isosurfaces using the RDG plot in Fig. 5. For each 
monomer, the dual green-red NCI isosurfaces in the 
region between ST and the phenyl ring indicate that there 
are attractive and repulsive interactions. In the TT 
configuration, the S···π interactions act as the attractive 
interactions (the green surfaces), while the interaction in 
the region of ST-C-N-CP constitute the repulsive 
interactions (the red surface). On closer inspection, the 
wider the divergence between the ST and carbon of the 
phenyl ring (CP) from region of ST-C-N-CP, the lesser red 
isosurface will be shown. These two interactions are 
typical for the molecules with TT configuration for Ph or 
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Fig 5. The NCI isosurfaces for the monomers original configuration 

 
Ah-substituents with halogen atom attached at the para-
position. The Ph-Cl-o-2 had an extra Cl···N and Cl···S 
interaction from the ortho-position of the chlorine atoms. 

For the molecule with the CT configuration (Ph-2 
and Ph-Cl-o-1), the NCI dual green-red isosurfaces in the 
region between nitrogen of thiourea (NT) and the phenyl 
ring for the cis-orientation side comes from the NH···π 
interaction (for attractive interaction), while the repulsive 
interaction is from the interaction of NT-C-N-CP. 
However, this dual color region is seen to be smaller than 
the one from the trans-orientation, and can be attributed 
from the smaller size of hydrogen as compared to the ST. 
The interaction from the trans-orientation side of this CT 
configuration is the same as in the case of TT orientation. 
Nevertheless, in the CT configuration, for Ph-Cl-o-1, 
extra interaction exists in the form of Cl···Cl interaction. 
This can be seen from the proximity between the chlorine 
atoms, which is in the ortho-position of the phenyl ring, 
and the nitrogen of the thiourea moiety. This explains the 
higher interaction energy of Ph-Cl-o-1 than that of Ph-2 
(as discussed in the NCI results for dimer). 

For the new configurations of the molecules shown 
in Fig. 6 (where the substituents are rotated), the NCI 

isosurfaces are similar as those in the original CT and TT 
configurations. This indicates that the new 
configurations are possible as they have similar type of 
interactions as those that generally appear in the original 
configurations. CT configuration shows the 
combination of S···π (for trans) and NH···π (for cis), 
while TT configuration show S···π interaction for both 
sides. The CC configuration shows the large red 
isosurfaces, indicating large repulsive interaction 
between substituents. This explains the less preferable 
CC configuration compared to CT and TT configuration 
from the energetic aspect. The CC configuration in Fig. 
6 is represented using only the molecule with Ph-
substituent, as other compounds also have similar 
patterns. 

The non-covalent interactions of the dimer, as can 
be seen in Fig. 7, show that the intramolecular interaction 
of the dimer is similar as the monomers (Fig. 5). In 
between the molecules, the green NCI isosurfaces are 
found between N-H and ST, indicating the existence of 
the N-H···ST interaction in all the compounds considered 
in this study. This result agrees with the findings from 
the experiments in which NH···ST interaction is important 
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Fig 6. The NCI isosurfaces for the new configuration of the molecules 

 
Fig 7. The NCI isosurfaces for the dimer compounds 
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in holding the molecules in the crystal structure [7-14]. 
Hence, not only can the NH···ST hydrogen bonds hold the 
thiourea molecules in the solid state [15], it is also 
responsible for the stability of the thiourea derivatives. 

The higher interaction energy for dimers in the 
stacked TT configuration can be related to the NCI 
isosurfaces which show the dual NH···ST interaction and 
wide green region between substituents of the compound. 
For both Ph- and Ah-substituent, strength of the vdW 
interaction is shown to depend on the angle and distance 
between two molecules. Lower angle and distance will 
have wider vdW interaction resulting to higher 
interaction energy. For Ah-substituent, Ph-F and Ph-Cl-
p-1 show no NCI isosurface exist between halogen atoms, 
while for Ph-Cl-p-2 and Ph-Br, NCI isosurface appear 
between halogens. This agrees with the results from 
interaction energy fi, where Ah-substituent has higher 
interaction energy range compared to Ph-substituent. 
The amount of the vdW interaction changes according to 
Ph-F < Ph-Cl < Ph-Br, which is similar to the interaction 
energy results. Ph-F had the lowest interaction energy due 
to the highest angle of 96.82° between molecules. 

For the CT configuration in chain arrangement, as 
exemplified by the Ph-2 and Ph-Cl-o-1 substituents, no 
enhancements of stability is observed in the dimer as the 
substituents are diverging from each other. However, as 
explained in monomer results, since Ph-Cl-o-1 has extra 
interaction compared to Ph-2, it reflects the higher 
interaction energy as shown in Table 3. The results from 
vdW isosurface agree with the observation that the 
molecules with Ph-Br substituent have the strongest 
interaction energy, and that the dimers in the CT 
configuration have the lowest interaction energy 
compared to the TT configuration. 

Electrostatic Potential (ESP) 

The reactivity of the monomers and dimers are 
shown in Fig. 8, 9 and 10. For all the compounds 
considered, the NH bond of the thiourea moiety always 
show blue ESP surfaces, indicating positive potentials at 
the region while the red ESP surfaces at the ST indicate the 
negative potentials. However, there are differences in the 
magnitude of the interactions between the Ph- and Ah-

substituted molecules, as tabulated in Table 4. Ph-
substituted molecules have lower minimum range of the 
red and blue surfaces compared to the Ah-substituted 
molecules due to the inclusion of the halogen atoms. 
Thus, the Ph-substituted molecules have higher ability 
to donate its electrons while the Ah-substituted 
molecules have higher ability to attract electrons. 

Quantitative study of different configurations also 
shows differences to the potentials at the NH bonds of 
different configurations. In the CT configuration, the 
potentials of the blue ESPs, with energy that range from 
1.50 to 1.60 eV, are smaller than those in the TT 
configuration which is in between 2.44 and 2.90 eV. 
Further differences in the electronic properties of the CT 
and TT configurations occurred in the ESP of the ST. In 
the CT configuration (Ph-Cl-o), the ESP of the ST is in 
orange-ish color, compared to yellow-ish in the TT 
configuration. Numerically, the potential at the ST for 
Ph-Cl-o is –1.51 and –1.46 eV, while that in TT 
configurations has values between –1.47 and –1.21 eV. 
Hence, while the TT configuration has enhancement in 
the positive potential of the NH sites, it also possesses 
slightly weaker negative potential for the ST, compared 
to those in the CT configuration. The green ESP surfaces 
at the Ah-substituted molecules indicate that these sites 
have average potential and that the possibility of 
involvement in reaction is low. Thus, the change in the 
structural configuration does affect the electronic 
properties of the compounds considered. 

Fig. 9 shows the ESP surfaces for the rotated 
molecules. Results show that the reactive sites of all the 
new configurations are similar to those shown in the 
original configurations. The electrophilic site (blue 
surface) of the molecules are at the NH bonds region 
while nucleophilic site (yellow-red surface) are at the ST`. 
Comparing ESP surfaces between the original and new 
configurations, energy of new configurations show 
unclear changes in energy pattern. However, Ph-
substituent had lower minimum energy range around –
1.68 to –1.69 eV for both TT and CT configurations 
compared to Ah-substituent, ranging from –1.52 to –
1.20 eV. This indicates that Ph-substituent had higher 
capability  to  act  as a  nucleophilic  site  compared  to 
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Fig 8. The ESP isosurfaces for the monomers original configuration 

 
Fig 9. The ESP isosurfaces for the monomers new configuration 

 
Ah-substituent. Hence, the results have similar electronic 
properties as the original configuration. For potential of 
blue ESP surfaces, rotation from TT to CT configuration 
shows a decrease in energy to the range of 1.55 to 1.90 eV, 
while rotation from CT to TT configuration increase the 
energy range to 2.31 to 2.41 eV. This shows that the 
compound of interest had higher capability to act as an 
electrophilic site in TT configuration. Both Ph- and Ah-

substituent had similar energy range indicating that 
halogen did not have an effect on the potential of NH. 
The ESP of the interactions between the components of 
dimeric systems is shown in Fig. 10. Generally, the 
electrophilic and nucleophilic sites between the 
monomers are interacting with each other, where the 
NH sites attract the electron-rich ST site. The NCI 
isosurfaces also  exist between  the ST and NH  of the two  
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Fig 10. The ESP isosurfaces for the dimer compounds 

Table 4. The ESP energy between original and rotated configurations 

Substituent 
Configuration Minimum Maximum 
Original Rotated Original conf. Rotated conf. Original conf. Rotated conf. 

Ph–1 TT CT -1.6434 -1.6846 2.2682 1.6874 
Ph–1 TT CC -1.6434 -1.4233 2.2682 1.7218 
Ph–2 CT TT -1.6740 -1.6899 1.4984 2.3426 
Ph–3 TT  -1.6806  2.3903  
Ph–4 TT  -1.6748  2.3878  
Ph–F TT CT -1.4653 -1.4750 2.5707 1.6882 
Ph–Cl–p–1 TT CT -1.4748 -1.4881 2.6248 1.6798 
Ph–Cl–p–2 TT CT -1.2288 -1.2206 2.8203 1.8932 
Ph–Br TT CT -1.2073 -1.1922 2.8928 1.8705 
Ph–Cl–o–1 (a) CT TT -1.5099 -1.5150 1.6005 2.3104 
Ph–Cl–o–1 (b) CT TT -1.4594 -1.4288 1.5653 2.4115 
Ph–Cl–o–2 TT CT -1.4560 -1.4592 2.4424 1.5515 

 
monomers, indicating their importance in the interaction 
of molecules in crystal systems [7-14]. For the dimers, 
other than the sites where the monomers interact, the 
individual monomers also show similar reactive sites as in 
the case of the monomer, as shown in Fig. 9. 

■ CONCLUSION 

In this work, we studied the conformational stability 
of the polymorphic diphenylthiourea and 
diarylhalidethiourea substituted compounds. Without 
changing intermolecular hydrogen bonding and 

geometry of the molecules, energetic study concludes 
that compounds are more stable in CT configuration as 
monomers. However, the interaction energy for the 
molecules in TT configuration is higher. This shows that 
these compounds are flexible to coexist between CT and 
TT configurations. From these energetic results, 
supported by NCI and ESP topology isosurface, 
molecules rotated to new configurations show similar 
sites of reactivity as the original configurations. 

Ph- and Ah-substituted molecules have similar 
reactive sites where the sulphur of thiourea moiety acts 
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as the nucleophilic site, while the NH of thiourea moiety 
acts as the electrophilic sites. However, quantitative 
studies of the ESP shows that the Ph-substituted 
molecules are better electron donors and Ah-substituted 
molecules are better electron acceptors. 
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[19] Schäfer, A., Horn, H., and Ahlrichs, R., 1992, Fully 
optimized contracted Gaussian basis sets for atoms 
Li to Kr, J. Chem. Phys., 97 (4), 2571–2577. 

[20] Peintinger, M.F., Oliveira, D.V., and Bredow, T., 
2013, Consistent Gaussian basis sets of triple-zeta 
valence with polarization quality for solid-state 
calculations, J. Comput. Chem., 34 (6), 451–459. 

[21] Weigend, F. and Ahlrichs, R., 2005, Balanced basis 
sets of split valence, triple zeta valence and quadruple 
zeta valence quality for H to Rn: Design and 
assessment of accuracy, Phys. Chem. Chem. Phys., 7 
(18), 3297–3305. 

[22] Grimme, S., Brandenburg, J.G., Bannwarth, C., and 
Hansen, A., 2015, Consistent structures and 
interactions by density functional theory with small 
atomic orbital basis sets, J. Chem. Phys., 143 (5), 
054107. 

[23] Kruse, H., Goerigk, L., and Grimme, S., 2012, Why 
the standard B3LYP/6-31G* model chemistry should 
not be used in DFT calculations of molecular 
thermochemistry: Understanding and correcting the 
problem, J. Org. Chem., 77 (23), 10824–10834. 

[24] Grimme, S., Ehrlich, S., and Goerigk, L., 2011, Effect 
of the damping function in dispersion corrected 
density functional theory, J. Comput. Chem., 32 (7), 
1456–1465. 

[25] Řezáč, J., 2016, Cuby: An integrative framework for 
computational chemistry, J. Comput. Chem., 37 
(13), 1230–1237. 

[26] Řezáč, J., Riley, K.E., and Hobza, P., 2011, S66: A 
well-balanced database of benchmark interaction 
energies relevant to biomolecular structures, J. 
Chem. Theory Comput., 7 (8), 2427–2438. 

[27] Kruse, H., and Grimme, S., 2012, A geometrical 
correction for the inter- and intra-molecular basis 
set superposition error in Hartree-Fock and density 
functional theory calculations for large systems, J. 
Chem. Phys., 136 (15), 154101. 

[28] Řezáč, J., and Hobza, P., 2016, Benchmark 
calculations of interaction energies in noncovalent 
complexes and their applications, Chem. Rev., 116 
(9), 5038–5071. 

[29] Lu, T., and Chen, F., 2012, Multiwfn: A 
multifunctional wavefunction analyzer, J. Comput. 
Chem., 33 (5), 580–592. 

[30] Humphrey, W., Dalke, A., and Schulten, K., 1996, 
Visual Molecular Dynamics, J. Mol. Graphics, 14, 
33–38. 

[31] Johnson, E.R., Keinan, S., Mori-Sánchez, P., 
Contreras-García, J., Cohen, A.J., and Yang, W., 
2010, Revealing noncovalent interactions, J. Am. 
Chem. Soc., 132 (8), 6498–6506. 

[32] Murray, J.S., and Politzer, P., 2009, Molecular 
surfaces, van der Waals radii and electrostatic 
potentials in relation to noncovalent interactions, 
Croat. Chem. Acta, 82 (1), 267–275. 

[33] Dennington, R., Keith, T., and Millam, J., 2009, 
GaussView, Version 5, Semichem Inc., Shawnee 
Mission, KS. 

[34] Galan, J.F., Germany, E., Pawlowski, A., Strickland, 
L., and Galinato, M.G., 2014, Theoretical and 
spectroscopic analysis of N,N'-diphenylurea and 
N,N'-dimethyl-N,N'-diphenylurea conformations, 
J. Phys. Chem. A, 118 (28), 5304–5315. 

 



Indones. J. Chem., 2020, 20 (2), 276 - 281   
        
                                                                                                                                                                                                                                             

 

 

Mohd Bijarimi et al.   
 

276 

Poly(Lactic Acid) (PLA)/Acrylonitrile Butadiene Styrene (ABS) with Graphene 
Nanoplatelet (GNP) Nanocomposites 

Mohd Bijarimi1,*, Noor Shahadah1, Azizan Ramli1, Said Nurdin1, Waleed Alhadadi1, 
Muhammad Zakir Muzakkar2, and Jamiluddin Jaafar3 
1Faculty of Chemical and Natural Resources Engineering, Universiti Malaysia Pahang, 
Lebuhraya Tun Razak 26300, Gambang, Pahang, Malaysia 
2Department of Chemistry, Faculty of Mathematics and Science, Universitas Haluoleo, Kendari 93232, Indonesia 
3Faculty of Mechanical Engineering, Universiti Malaysia Pahang, 26600 Pekan, Pahang, Malaysia 

* Corresponding author: 

tel: +609-5492918 
email: bijarimi@ump.edu.my 

Received: August 3, 2018 
Accepted: December 13, 2018 

DOI: 10.22146/ijc.40880 

 Abstract: A melt blending of poly(lactic acid) (PLA)/acrylonitrile-butadiene-styrene 
(ABS) with 30:70 PLA:ABS was prepared by a twin screw extruder with a die of 25 mm 
width and 0.5 mm thickness with various loadings of graphene (0–1.0 wt.%). The 
PLA/ABS blends were evaluated for mechanical, morphology, thermal properties and 
interaction of the components in the blend system. Results show the incorporation of 
graphene nanoplatelet (GNP) improved the tensile and modulus properties. Nevertheless, 
it was observed that at higher GNP loadings, i.e., 0.6–1.0 wt.%, both tensile and modulus 
properties showed a decreasing trend. It was also found that the thermal stability for the 
blend slightly improved when graphene presence in the blend. 

Keywords: ABS; PLA; melt blending; nanocomposites 

 
■ INTRODUCTION 

Poly(lactic acid) (PLA) is a biodegradable linear 
aliphatic thermoplastic polyester derived from 
agricultural products which are renewable resources such 
as sugarcane, potato, and corn. PLA has huge potential to 
substitute conventional petroleum-based polymer due to 
its inherent strength, biocompatibility and low toxicity 
[1-2]. Unfortunately, the application of PLA in 
engineering plastic is limited because of low crystallinity, 
low thermal deformation, and brittleness [3]. Hence, 
blending PLA with other polymer is the most practical 
and economical method to improve the elongation and 
toughness properties of the PLA [3-4]. 

Acrylonitrile-butadiene-styrene (ABS) used to 
toughen PLA due to its excellent properties such as high 
toughness, rigidity, good thermal stability and resistance 
to chemical and environmental attack. It is also cost-
effective, durable and low coefficient of thermal 
expansion, hence it is easy to mold product with good 
dimensional stability. These advantages have enabled the 

ABS to be used in 3D printing material [5-6]. It is known 
that ABS has been used to toughen the brittleness of PLA, 
but the modulus and strength properties reduced 
significantly [7]. In order to overcome these drawbacks, 
many types of research used nanofillers that act as a 
reinforcing agent in the binary or ternary blends of 
polymers [4,8-9]. For example, Desa et al. reported that 
they had produced a multiwalled carbon nanotubes 
nanocomposite with improved tensile strength and 
stiffness as compared to neat PLA [10]. In another study, 
Weng et al. introduced montmorillonite into ABS matrix 
and improved mechanical properties and thermal 
properties of Fused Deposition Modeling (FDM) 3D 
printed samples [11]. A recent study, Seddik et al. found 
that immiscibility of PLA and polycaprolactone (PCL) 
could be overcome by the use of organomontmorillonite 
(OMMT) nanoclay and graphene in the blend [12]. 

Graphene is widely used as a filler in polymer blend 
for applications ranging from electronics, medical and 
automotive sectors. It has a high Young’s modulus, tensile 
strength, aspect ratio, and thermal conductivity. Polymer 
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nanocomposites based on graphene is still extensively 
investigated by both academia and industry due to high 
levels of stiffness and strength [13-18]. The objectives of 
this study were to prepare a binary blend of PLA/ABS 
with the incorporation of graphene nanoplatelet from 
0.2–1.0 wt.% and then characterized it for mechanical, 
thermal, chemical and morphological properties. 

■ EXPERIMENTAL SECTION 

Materials 

Poly(lactic acid) NatureWorks IngeoTM Biopolymer 
3251 thermoplastic resin was used in this study. It has a 
density of 1.24 g/cm3 and a melting temperature between 
155–170 °C. Acrylonitrile-butadiene-styrene (ABS) was 
purchased from Toray Plastics (Malaysia) Sdn Bhd. 
Graphene Nanoplatelets (GNP) grade M with a thickness 
of 6–8 nm and a surface area of 120–150 m2/g was 
purchased from XG Sciences, Inc. The composition of 
PLA/ABS was fixed at 30:70 by wt.%. 

Procedure 

PLA, ABS pellets were dried in an oven at 45 °C 
respectively for 12 h prior to compound mixing. Melt 
blending of PLA/ABS was carried out via a Haake twin-
screw extruder. The temperature profiles used during 
compounding was between 180–210 °C. The screw 
rotation speed of the extruder was kept constant 50 rpm. 
PLA/ABS/GNP extrudates were allowed to cool at 
ambient temperature. Samples for testing were molded to 
form a thin film (40 mm wide × 40 mm long x 3 mm 
thickness). Stress-strain properties characterization was 
carried out at room temperature according to ASTM 
D638 using a Universal Testing Machine with a 
crosshead speed of 50 mm min–1. Microscopy 

observation was performed on the tensile fractured 
specimen. The chemical changes after blending were 
recorded using a Spectrum 400 FT-IR and spectrometer 
with 4 cm–1 resolution and 10 scans at the 4000–600 cm–1 
region. The glass transition temperature and melting 
temperatures were determined by using a differential 
scanning calorimetry (DSC) at a scan rate of 20 °C /min. 
The thermal decomposition of the nanocomposites was 
evaluated in a thermogravimetric analyzer from 25 °C to 
600 °C at a scanning rate of 20 °C min–1 under nitrogen. 

■ RESULTS AND DISCUSSION 

Stress-strain properties of PLA/ABS nanocomposites 
are shown in Table 1. The incorporation of graphene 
nanoplatelet changed the stress-strain properties as 
compared to pristine PLA/ABS binary blend. It was 
found that tensile strength for PLA/ABS with 0.2 wt.% of 
graphene nanoplatelet increased from 7.58 to 9.78 MPa. 
A similar trend was observed when the GNP content was 
increased further to 0.6 wt.%. However, further addition 
of GNP after 0.6 wt.% decreased the tensile strength in 
the PLA/ABS/GNP nanocomposites. As for Young’s 
modulus, only a small increase was noted when the GNP 
was increased from 0.2 to 1.0 wt.%. This phenomenon 
can be explained that the addition of GNP could 
significantly increase the mechanical properties due to 
the large aspect ratio of the graphene sheets in the ABS 
matrix. According to the work of Jiajie Liang et al. the 
mechanical performance of graphene/PVA 
nanocomposites was significantly increased when 
compared with the pristine PVA matrix [19]. Similar 
observation on the enhancement of tensile strength and 
modulus due to a small amount of graphene was also 
reported by Kuilla [20]. 

Table 1. Summary for tensile strength, Young’s modulus and elongation at break for PLA/ABS graphene nanocomposites 
Graphene content 

(%) 
Tensile strength 

(MPa) 
Young’s modulus 

(GPa) 
Elongation at break 

(%) 
0 7.58 1.20 1.27 
0.2 9.78 1.29 1.28 
0.4 10.99 1.37 1.66 
0.6 10.24 1.30 1.41 
0.8 9.67 1.29 1.27 
1.0 9.39 1.29 1.24 
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The SEM images in Fig. 1 shows the magnified of 
the fractured surface of PLA/ABS blend and PLA/ABS 
blend with graphene nanocomposite from a tensile test. 
The morphology observation has shown that the 
addition of graphene into ABS/PLA blend improved 
their mechanical properties. It is worth noting that there 
are two phases visible in Fig. 1(a) which indicates the 
PLA/ABS blend is immiscible and have low interfacial 
adhesion between PLA/ABS immiscible phases [21]. On 
the other hand, Fig. 1(b) and (c) showed less droplet and 
voids in the continuous matrix when graphene loading 
increased from 0.2 to 0.4 wt.%. Graphene content in 
PLA/ABS blend contributed to the homogeneousness of 
the matrix, as the graphene content increase, PLA/ABS 
blend become more homogenous, thus increase the 
tensile modulus. However, the homogeneity reaches its 
maximum at 0.4 wt.% as the trend of tensile strength and 
tensile modulus drops. The increment in tensile strength 
and modulus could be attributed by the much higher 

modulus of GNP in the matrix that carries more loads of 
the overall nanocomposite. This can be explained by the 
transmission electron microscopy (TEM) images as 
depicted in Fig. 2 where a comparison of PLA/ABS and 
PLA/ABS/GNP at 0.4 wt.% was made. It is apparent that 
the presence of graphene nanosheets between the 
presence of graphene nanosheets in the PLA/ABS 
nanocomposites that are thought to be responsible for 
the enhancement of tensile and modulus. Nevertheless, 
the GNP in the PLA/ABS tends to agglomerate at higher 
loadings, i.e. above 0.4 wt.% A similar trend was also 
reported in the previous work, i.e. when graphene 
loading in PVA matrix reaches its threshold limit, the 
mechanical properties and the morphology show a 
significant declination, generally because of the 
aggregation of graphene [22]. 

The glass transition temperature (Tg), 
crystallization temperature (Tc) and melting temperature 
(Tm) were determined from DSC analysis. Fig. 3 shows the 

 
Fig 1. SEM Images of (a) PLA/ABS blend and PLA/ABS with graphene nanocomposite of (b) 0.4 GNP and (c) 0.8 GNP 

 
Fig 2. TEM images of (a) PLA/ABS blend and (b) PLA/ABS with graphene nanocomposite of 0.4 GNP 
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Fig 3. DSC curves of PLA/ABS and PLA/ABS 
nanocomposite 

DSC thermograms for PLA/ABS and nanocomposite 
with the glass and melting transition regions. From the 
DSC plot, the glass transition temperatures of PLA/ABS 
were found to be at 70 °C but gradually shifted to 110 °C 
when the graphene content increased to 1 wt.%. This can 
be explained due to the fact that the presence of graphene 
in the PLA/ABS blend hindered the molecular movement 
that resulted in an increase in Tg. A similar observation 
was reported by Liang and co-workers when they found 
that the Tg of PVA/graphene nanocomposite at 0.7 wt.% 
of graphene oxide loading was higher at 3.3 °C than the 
pure PVA matrix [19]. 

Fig. 4 shows the degradation temperatures for 
PLA/ABS and nanocomposites. It was observed that the 

incorporation of graphene in PLA/ABS matrix slightly 
improved the thermal stability of the blend as evidenced 
from the TGA plots. Initial decomposition temperature 
(defined by the temperature at 5% mass loss) for the 
blend with GNP changed slightly to higher temperature 
range than blend without GNP as shown in Fig. 4(a). This 
can be explained due to the fact that the presence of GNP 
as a superior insulator [11] and thermal barrier [12] for 
PLA/ABS matrix during decomposition, hence improved 
the PLA/ABS blend thermal properties. In the derivative 
thermogravimetric (DTG) curve, maximum degradation 
temperature for all blends can be seen in Fig. 4(b); where 
there are two peaks in the DTG curves which indicate the 
PLA and ABS degraded individually due to the 
immiscible blend of the two polymers. 

Fig. 5 shows FTIR spectra of pure ABS, pure PLA, 
PLA/ABS blend and PLA/ABS blend with graphene 
nanocomposite. A strong and sharp peak in the dashed 
box (a) at wavenumbers 870–660 cm–1 can be observed at 
neat ABS spectrum represent C–H bond for alkyl and 
aromatic group. There is also a peak at that range 
wavenumbers on PLA/ABS with and without graphene 
content, indicates that the ABS component did not have 
any significant role in this blend [23]. As can be seen in 
Fig. 5, dashed box (c) shows a peak at 1760–1700 cm–1 
which indicate the existence of aldehyde/ketone bond 
(C=O) and dashed box (b) at 1300–1050 cm–1 that 
resemble C–O bond on PLA and PLA/ABS. Based on 
these observations, the PLA/ABS and PLA/ABS/GNP at 

 
Fig 4. (a) TGA curves and (B) DTG curves of PLA/ABS and PLA/ABS nanocomposite 
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Fig 5. Comparison of FTIR spectra of pure ABS, pure 
PLA, PLA/ABS and PLA/ABS with nanocomposite 

various compositions did not show any significant 
chemical interaction. 

■ CONCLUSION 

PLA/ABS graphene nanocomposite was prepared by 
melt blending and characterized for mechanical, chemical, 
thermal and morphological properties. The PLA/ABS 
graphene nanocomposites at 0.4 wt.% GNP loading has 
shown the highest tensile strength property. The initial 
degradation temperature and glass transition temperatures 
shifted to a higher temperature in the presence of 
graphene as compared to pristine PLA/ABS blend. 
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 Abstract: Extraction of omega-3 fatty acid from Jade Perch (Scortum barcoo) using 
enzymatic hydrolysis techniques are expected to be more economically possible 
techniques due to the uses of the enzyme with the characteristic of environmentally 
friendly, reusable and less energy required during large-scale production. Design of 
Experiments (DOE) was used to study the effect of process parameters such as the 
concentration of alcalase (0.5–1.5%), temperature (50–70 °C) and pH (6.5–8.5) towards 
the yield of oil. The findings showed 16.55% of oil yield was extracted from the jade perch 
under an optimum condition at 50 °C, 6.5 pH with 0.5% of enzyme concentration for 2 h 
incubation time. The fish oil was then undergone enzymatic concentration of omega-3 
FA using lipase from Candida rugosa. The acid value and peroxide value of the fish oil 
was 71.422 mg KOH/g and 0.799 meq/kg, while the acid and peroxide value of the 
omega-3 concentrated oil was lower to 49.074 mg KOH/g and 0.399 meq/kg. The FTIR 
spectrum showed the presence of C–H stretch, =C–H stretch and C=O stretch bond 
justified the existence of lipids as it presents of alkanes, alkene, and carboxylic acids 
functional group. At the same time, GC-MS analysis showed the fish oil contains higher 
total PUFA content and omega-3 fatty acid content than omega-3 concentrated oil. 

Keywords: Scortum barcoo; jade perch; lipase; omega-3 fatty acid; enzymatic 
hydrolysis 

 
■ INTRODUCTION 

Recently, many efforts have been done by 
researchers in both academy and industry in the 
utilization of the fish waste as the raw material and 
transform it into a more valuable product such as biofuel, 
protein, and oil [1]. For most parts, the high 
concentration of omega-3 fatty acid in fish oil has many 
applications in the pharmaceutical and nutraceutical 
field. The omega-3 fatty acid is a class of essential fatty 
acids that can help in treatment and prevention of various 
diseases such as cardiovascular disease, rheumatoid 
arthritis, autoimmune diseases, Attention Deficit 
Hyperactivity Disorder (ADHD) and Alzheimer’s disease 
[2]. Moreover, an omega-3 fatty acid also helps in 
promoting brain health during pregnancy and early life of 
a baby, reduce asthma in children, reduce fat in the liver 
as well as prevent colon, prostate and breast cancer. 

Scortum barcoo is a species of fish under the family 
of Terapontidae which has a common name, jade perch. 
It is originate come from Lake Eyre Basin, Queensland, 
Australia, where it normally found in the river basins of 
Australia with the Lake Eyre Basin and Barcoo river [3]. 
Jade perch have the highest concentrations of omega-3 
fish oils, which are 2483 mg/100 g of fish fillet than 
sawfish and Atlantic salmon [4]. Jade perch is believed 
to be an alternative source of omega-3 as it contents a 
high concentration of omega-3 fatty acid. 

Extraction of omega-3 fatty acid from fish fillets 
using enzymatic hydrolysis techniques are expected to 
be more economically possible techniques due to the 
uses of the enzyme with the characteristic of reusable, 
environmentally friendly and less energy required 
during large-scale production. In other words, 
enzymatic hydrolysis improves the hydrolysis process by 
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utilizes enzymes that disrupt tissue resulting in the release 
of lipids would more environmentally friendly and safe 
method for the efficient release of oils [5]. Nowadays, it is 
important to utilize the fish waste which has been cause 
several environment effects in another country. Another 
extraction method, such as supercritical fluid extraction 
and heat extraction required high energy consumption, 
which will directly increase the cost of production and 
safety concern. In addition, solvent extraction utilizes a 
carcinogenic solvent, which will cause the environment 
and health concern as omega-3 fatty acids for human 
consumption. Moreover, there is a lack of research 
regarding the omega-3 fatty acid extraction from jade 
perch using enzymatic hydrolysis method. By considering 
this, the present investigation is focusing on extraction of 
omega-3 fatty acid from jade perch using enzymatic 
hydrolysis techniques that would later be optimized its 
recovery process for the improvement in term of quality 
of oil and its yield. 

■ EXPERIMENTAL SECTION 

Sample Collection and Preparation 

Jade perch (S. Barcoo) which cultured by Institute of 
Agrotechnology Lestari (INSAT), Perlis was used as the 
sample in the experiment. The fillet of jade perch was 
chopped by using knife and chopper board without the 
addition of solvent or water to obtain a pure fish sample. 
Then, the fish fillet was weighed and put into the sealed 
plastic bag. The sample now is ready to conduct an 
experiment. 

Procedure 

Enzymatic hydrolysis of fish oil 
About 50 g of fish sample was weighed in a 250 mL 

Erlenmeyer flask. In order to inactivate or denature the 
endogenous enzymes containing in the fish sample, the 
sample was heated at 95 °C for 5 min in the water bath. 
Next, 50 mL of distilled water was added into Erlenmeyer 
flask followed by pH adjustment to 6.5, 7.5 or 8.5 using 3 M 
NaOH. The flask was then transferred to preheated water 
bath shaker at temperature 50, 60 or 70 °C. The process of 
enzymatic hydrolysis was initiated when the alcalase 
concentration 0.5, 1.0 or 1.5% (w/w) of the fish sample 

was added into the Erlenmeyer flask. The hydrolysis 
process proceeded for 2 h at 120 rpm stirring speed in 
the water bath shaker. After the hydrolysis, the enzyme 
was inactivated or denatured by transferred the flask 
into the water bath for 5 min at 90 °C and then cooled 
into room temperature. In order to separate the oil with 
the solid sample, the mixture was transferred into a 
centrifuge tube and centrifuged at 3000 rpm for 20 min. 
Two layers of liquid consists of oil and emulsion layer 
formed on top were collected into another centrifuge 
tube. About 2 mL of NaCl solution with a concentration 
of 0.9% was added to extract impurities and centrifuged 
again for 10 min at 3000 rpm. The oil layer on top of the 
centrifuge tube was transferred into a test tube with the 
addition of anhydrous sodium sulfate to absorbs the 
water. The test tube was evenly stirred and allowed it to 
settle down. The oil was collected and keep at the pre-
weighed universal bottle to determine the mass of oil 
extracted. 

Preparation of fatty acid methyl ester (FAME) 
Lipid extract with a volume of 100 μL was 

transferred into a cleaned 15 mL centrifuge tube which 
has been rinsed with chloroform and methanol 3 times 
respectively. Then, 3.0 mL of Hilditch reagent and 1.5 mL 
methylene chloride 0.01% v/w BHT was added 
subsequently into the vial. The preparation of Hilditch 
reagent was done by adding 1.5 mL of concentrated 
sulphuric acid (H2SO4) into the 100 mL of dry methanol. 
The preparation of 100 mL of dry methanol was done by 
transferring 100 mL methanol to a 100 mL volumetric 
flask, then anhydrous of sodium sulfate (Na2SO4) was 
added in sufficient amount to the methanol until the 
bottom of the flask was covered. The solution was mixed 
gently by inverting up and down for 10 min, then 
decanted. Next, the sample was capped and shake 
vigorously for 1 min. The tube was flushed with 
nitrogen, capped and sealed with Teflon® tape. Drying 
oven at 100 °C was used to incubate the sample for 1 h 
to make sure the transesterification reaction occurs. The 
tube was cooled to room temperature. 1.5 mL of hexane 
and 1 mL of distilled water was added into the tube 
followed by shake vigorously for 30 sec. The upper layer 
was pipetted to a new vial without disturbing the lower 
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layer. The step was repeated by adding 1.5 mL of hexane 
into the residue followed by shake vigorously for 30 sec, 
and the organic layer was collected. Evaporation of 
hexane was done with a gentle stream of nitrogen in a 
fume hood. 0.5 mL of hexane is added to re-suspend the 
fatty acid. Finally, the vial was capped with a nitrogen 
flush, followed by sealed with Teflon® tape. 

Determination of acid value 
About 0.5–2.5 g of oil sample was weighed using 

250-mL glass Erlenmeyer flask. 2 mL of 1% of 
phenolphthalein indicator together with 125 mL of 1:1 
toluene-isopropyl alcohol was poured into the 250-mL 
glass Erlenmeyer flask containing oil sample and mixed 
thoroughly in the 250 mL Erlenmeyer flask. 0.1 N KOH 
was used to titrate the sample until a permanent pink 
color appear. The acid value with a unit of mg KOH/g of 
sample was determined by the Eq. (1). 

( )A B N 56.1
Acid value=

W
− × ×

  (1) 

where A = Volume of KOH used in the titrating the 
sample (mL); B = Volume of KOH used in the titrating 
the blank (mL); N = normality of standard alkali; W = 
Mass of oil sample (g); and 56.1 = molecular weight of 
KOH in grams. 

Determination of peroxide value 
About 2.5 g of oil sample was weighted at the 

beginning and added into 250 mL Erlenmeyer flask. Next, 
50 mL 3:2 acetic acid-chloroform was added into the flask 
and the flask was stirred until the oil sample dissolved into 
the solution. One milliliter of saturated potassium iodide 
(KI) solution was added and stand in room temperature 
for 1 min with occasional swirling. Then, 100 mL of 
distilled water was added into the flask. Titration was 
carried out until the light-yellow color appeared using 
0.01 N sodium thiosulfate. Approximately 1 mL of starch 
indicator solution was added and continue titration until 
the colorless solution formed with constant agitation. On 
the other hand, the blank sample was prepared without 
the addition of the oil sample. The peroxide value 
(milliequivalents peroxide/1000 g sample) was 
determined by the Eq. (2). 

( )S B N 1000
Peroxide value=

W
− × ×

  (2) 

where B = Volume of sodium thiosulfate used for 
titration of blank (mL); S = Volume of sodium 
thiosulfate used for titration of sample (mL); N = 
normality of sodium thiosulfate solution; 1000 = per 
1000 g of sample; W = Mass of sample (g). 

Determination of lipid yield 
The lipid yield was determined by the following 

formula: 
Mass of total lipid contentLipid yield(%)= 100%

Mass of fish sample
×   (3) 

FTIR spectroscopy analysis 
The mid-infrared spectral (4000–700 cm−1) data 

were collected by using an FTIR portable spectrometer 
(Perkin Elmer) equipped with a temperature-controlled, 
5-bounce ZnSe crystal ATR. The sample which has been 
sealed with parafilm was cooled to room temperature 
prior to data collection. The data were recorded in 
duplicate. First, oil with a volume of 80 μL was deposited 
using micropipette on ATR sensor and kept at 65 °C, and 
the spectra were performed over a range of 4000– 
700 cm−1 at 4 cm−1 resolution. The spectra were collected 
in terms of absorbance using Perkin Elmer Spectrum 
Version 10.5.2. 

Optimization of antimicrobial activity 
Fatty acids were categorized into several classes 

based on the carbon atom by utilizing the Agilent 7890A 
Gas Chromatography (GC) system equipped with mass 
spectrometer system (MS) of an Agilent 5975C inert 
MSD with triple-axis detector which is shown in Table 1 
as the protocol. 

Optimization of extraction oil yield 
The Design-Expert® is used to study the 

optimization of oil yield in the extraction of fish oil using 
enzymatic hydrolysis method using an alcalase enzyme. 
By using Response Surface Methodology (RSM) coupled 
with Central Composite Rotatable Design (CCRD), 
different enzyme concentration, incubate temperature, 
and pH is set as a parameter. The selected range of the 
parameter used is stated in Table 2. 
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Table 1. Protocol for fatty acid analysis using GC-MS 
Instrumental Parts Particulars 
Gas Chromatography system 
Detector 

7890A, Agilent Technologies 
Mass spectrometer system Agilent 5975C inert MSD 

Column BP20 (wax) polar capillary column 30 m in length, 0.25 mm 
of internal diameter and 0.25 μm film thicknesses 

Carrier gas Helium 
Carrier gas flow rate 1 mL/min 
Oven Initially 55 °C for 3 min 

Ramping to 250 °C at a rate of 6 °C /min for 5 min 
Injector Temperature 200 °C 
Detector Temperature 230–230 °C (Ion generation) 

150–200 °C (Ion acceleration) 
 

Table 2. The ranges of the studied parameter 

Parameters 
Range 

Minimum Maximum 
Concentration of enzyme (%) 0.5 1.5 
Temperature (°C) 50 70 
pH 6.5 8.5 

■ RESULTS AND DISCUSSION 

Statistical Analysis for the Optimization Study 

CCRD with duplication of factorial point and three 
central points was used to analyze the relationship 
between three different parameters (concentration of 
enzyme, temperature, and pH) towards the percentage of 
oil yield. The design model consists of a total of 22 runs of 
an experiment which is used to develop the regression 
model. Table 3 shows the complete design matrix and its 
response to parameters in CCRD. The highest percentage 
of oil yield is 16.86% at running 1 (0.50% enzyme 
concentration, 50 °C, pH 6.5); meanwhile, the lowest 
percentage of oil yield obtained is 12.24% at run 22 (1.00% 
enzyme concentration, 60 °C, pH 7.5). 

The result of the Analysis of Variance (ANOVA) for 
response surface quadratic model on percentage oil yield 
was showed in Table 4. From Table 4, model F-value of 
12.19 suggested that the model was significant due to the 
P-values of the model were less than 0.05, and thus, they 
were significant. In addition, the “Prob > F” of variable B 
were less than 0.05 means that the model terms were 
significant. In another word, factor B, which is 
temperature have a significant effect on the model with 

the highest F-value of 56.91. Therefore, the temperature 
is one of the significant factors that affect the enzyme 
activities towards hydrolysis process. Moreover, the 
mean of the model was 14.61, while the standard deviation 
was 0.68. The R2 value indicates the correlation coefficient 
between the actual and predicted value was obtained, 
which is 0.8823. Therefore, the actual value was almost 
achieved the predicted value when the R2 value is near to 
1. The “lack of fit F-value” of 3.68 suggested that the lack 
of fit is not significant relative to the pure error. There 
was only a 5.09% chance that a model F-value could 
occur due to noise. Non-significant lack of fit is good 
and acceptable. The final model equations of actual 
factors were expressed as the following equation:  

In term of actual factors: 
( )

2

2

Oil yield % 26.17812 23.90937 * Conc. of  enzyme
+0.42347 * Temp. 2.62208 * pH 0.059375 * Conc. of  
enzyme * Temp. 0.14875 * Conc. of  enzyme * pH  
0.041063 * Temp. * pH 9.79375 * Conc. of  enzyme

7.65313E 003 * Temp.

= + −
− +

+ +

+

− −

  (4) 

Temperature (B) which has a highest F value affect 
the percentage of oil yield obtained significantly, while 
the concentration of enzyme and pH showed an 
insignificant effect in ascending order toward the 
hydrolysis process at a 95% confidence level (p ˂ 0.05). 
By compare run #10 and #14 as well as run #4 and #11 
(or other comparable runs) respectively, an increase in 
temperature or pH caused a decrease in the percentage 
of lipid yield. High temperature and alkaline condition 
change the specific structure of the enzyme, disrupts the  
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Table 3. Complete design matrix and its response of parameters in CCRD 

Run Concentration of 
Enzyme (%) 

Temperature 
(°C) 

pH 
Percentage of Oil Yield (%) 

Actual Predicted 
1 0.50 50.00 6.50 16.86 16.98 
2 0.50 50.00 6.50 16.83 16.98 
3 1.50 50.00 6.50 17.16 16.6 
4 1.50 50.00 6.50 16.80 16.6 
5 0.50 70.00 6.50 12.94 13.02 
6 0.50 70.00 6.50 13.86 13.02 
7 1.50 70.00 6.50 13.67 13.82 
8 1.50 70.00 6.50 13.69 13.82 
9 0.50 50.00 8.50 16.12 15.99 
10 0.50 50.00 8.50 16.14 15.99 
11 1.50 50.00 8.50 15.08 15.90 
12 1.50 50.00 8.50 15.96 15.90 
13 0.50 70.00 8.50 13.47 13.67 
14 0.50 70.00 8.50 13.10 13.67 
15 1.50 70.00 8.50 15.23 14.77 
16 1.50 70.00 8.50 14.58 14.77 
17 1.00 40.00 7.50 12.90 12.90 
18 1.00 60.00 5.50 13.56 13.43 
19 1.00 60.00 9.50 14.51 13.39 
20 1.00 60.00 7.50 14.01 13.41 
21 1.00 60.00 7.50 12.73 13.41 
22 1.00 60.00 7.50 12.24 13.41 

Table 4. ANOVA for response surface quadratic model on percentage oil yield 
Source Sum of 

Square 
DF Mean 

Square 
F Value Prob ˃ F Remark 

Model 44.6 8 5.58 12.19 ˂ 0.0001a significant 
A 0.51 1 0.51 1.11 0.3114b not significant 
B 26.04 1 26.04 56.91 ˂ 0.0001a significant 
C 0.0022 1 0.0022 0.0048 0.9457b not significant 
AB 1.41 1 1.14 3.08 0.1027b not significant 
AC 0.089 1 0.089 0.19 0.6473b not significant 
BC 2.70 1 2.70 5.90 0.0304a significant 
A2 23.68 1 23.68 61.77 ˂ 0.0001a significant 
B2 6.46 1 6.46 14.13 0.0024a significant 
Residual 5.95 13 0.46    
Lack of fit 3.12 3 1.04 3.68 0.0509 not significant 
R2 = 0.8823; adjusted R2 = 0.8099; standard deviation = 0.68; mean = 14.61 
a Significant at 95% confident interval. b Not significant at 95% confident interval. 

Notes: A: Concentration of enzyme; B: Temperature; C: pH 
 
three-dimensional shape of functional alcalase as enzyme 
caused denaturation and inhibits the enzyme activity [7-
8]. By comparing run #1 and #3 (or other comparable 

runs) in which an increase of the concentration of 
enzyme caused an increase in the percentage of lipid 
yield. Unfortunately, a 3-fold increase in the 
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concentration of enzyme contributes to a small increment 
in lipid yield [9]. Therefore, 0.5% w/w of enzyme load 
consider as an optimum point because increase the 
enzyme concentration does not significantly increase in 
lipid yield. Moreover, low enzyme concentration used to 
reduce the cost associated with the enzyme during 
production scale. 

Optimal Design 

Validation was carried out in order to validate the 
predicted responses designed by the software and figure 
out the optimal conditions by varying the parameters 
(concentration of enzyme, temperature, and pH) to 
produce the highest percentage oil yield. The optimal 
conditions obtained at 0.5% w/w concentration of alcalase 
enzyme, the temperature of 50 °C and pH of 6.5 with a 
desirability value of 0.964 and 16.98% predicted value 
which is within the range of parameters selected on 
hydrolysis of jade perch fish using alcalase. The validation 
was carried out by conduct triplicate experiments with the 
optimum variables. The average percentage of oil yield 
obtained is 16.545%, which is relatively lower than the 
predicted value. The percentage error has been calculated, 
which is 2.57%. Based on the experimental results 
obtained, the optimum response condition designed by 
RSMCCRD is valid and suitable for the enzyme-assisted 
extraction of oil because the percentage error is less than 
10%. 

Fourier Transform Infrared (FTIR) Spectroscopy 
Analysis 

The fish oil samples before and after treated with 
lipase from Candida rugosa were tested with FTIR 
spectroscopy to determine the type of bonding and 
functional group presence in the sample based on FTIR 
spectra detected. The FTIR spectra were measured 
within the range of 4000–700 cm–1 wavelength. Fig. 1 
shows the comparison of FTIR spectra between fish oil 
and omega-3 concentrated oil. The spectra of the sample 
showed the presence of similar functional group and 
compounds in both samples such as alkanes, alkenes, 
carboxylic acids, ester, ether, aromatics, amide, etc. The 
FTIR spectra showed the absorption peaks at 3100– 
3000 cm–1 is attributed to the C–H stretch from 
aromatics group and =C–H stretch from alkene group. 
These absorption band observed at 3007 cm–1 (fish oil) 
and 3006 cm–1 (omega-3 concentrated oil) indicated the 
presences of unsaturated fatty acid. The finding proved 
by the previous study which proportion of mono and 
polyunsaturated acyl groups present at peaks 
approximately 3008 cm–1 due to carbon double bond 
[10]. 

In addition, absent of peaks at approximately  
3290 cm–1, which is a strong O–H stretching modes of 
water represents both samples are free from the moisture 
[11]. The absorption peaks at 3000–2850 cm–1 shows the  

 
Fig 1. Comparison of FTIR spectrum between fish oil and omega-3 concentrated oil 
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presence of alkane group due to the C–H stretch while 
absorption peaks in the range of 3300–2500 cm–1 
indicated the presence of carboxylic acids due to O-H 
stretch bond. Based on the result, the absorption band in 
oil sample before and after lipase treated observed at 2956, 
2921, 2852 and 2956, 2919, 2851 cm–1 respectively shows 
the presence of alkane in the sample. Besides, absorption 
peaks at 1760–1665 and 1760–1690 cm–1 represented the 
presence of C=O stretch bond from carbonyls, carboxylic 
acids, ester, and saturated aliphatic group respectively. 
Those bonds detected justified the existence of lipids in 
the sample. In the previous study, it was reported that the 
absorption peaks were asymmetrical C–H stretch from 
methyl (–CH3) group of lipids at ~2970 cm–1, 
asymmetrical C–H stretch from methylene (–CH2) group 
of lipids at ~2920 cm–1 and symmetrical C–H stretch from 
methylene (–CH2) group of lipids at ~2850 cm–1 which 
have the same result obtained in the experiment [11]. 

Moreover, the finding also comes to an agreement 
that major bands can be observed resulting from lipids 
near 2930 cm–1 while from protein at near 1640 and 1550 
cm–1 and carbohydrate near 1030 cm–1 [12]. Therefore, the 
sample is free from protein and carbohydrate molecule 
due to the absence of peaks in that region.  Although the 
fish oil sample spectra having similarity especially in 
wavelength 3100–1600cm–1, it shows differences in term 
of the amount of the specific type of bonding which 
reflected by the % transmittance due to the difference in 
nature and composition of fish oils [2]. 

Determination of acid value. The acid value used to 
determine the presence of FFAs and other non-lipid acid 
compounds in the oil [13-14]. Based on the result 
obtained, both oil sample before and after lipase activity 
having a high acid value which is 71.42 mg/KOH g and 
49.07 mg/KOH g, respectively, as compared to the 
recommended value (≤ 5 mg/KOH g). This could be due 
to the high temperature, and acid/base condition increase 
the degree of unsaturation, caused the physicochemical 
changes of fish oil during incubation. Therefore, 
prolonged high temperature or exposed to acids or bases 
caused oil rancidity, which conversion of triacylglycerides 
occur, resulting in the formation of fatty acid and glycerol, 
which increase the acid value [15]. 

Determination of peroxide value. Peroxide value is 
the measurement of hydroperoxides and used to 
determine the primary oxidation of oil [13]. Based on 
the result obtained both oil sample before and after 
lipase activity having a low peroxide value which is 0.799 
meq/kg and 0.399 meq/kg, respectively, as compared to 
the recommended value (≤ 5 meq/kg). The previous 
finding stated that low pH range decrease the lipid 
oxidation rate resulting in low peroxide value obtained. 
In addition, increase temperature caused the increase in 
peroxide value due to high temperature accelerated the 
lipid oxidation [7]. The finding was justified in which 
low peroxide value was obtained due to low pH (6.5–7) 
and low temperature (35–50 °C) condition during 
incubation. 

Gas Chromatography-Mass Spectroscopy (GC-MS) 
Analysis 

GC-MS analysis is used to analyze the fatty acid 
composition in the fish oil and also omega-3 
concentrated oil [16]. About 20 fatty acids have been 
identified in crude jade perch fish oil using the GC 
analysis. Table 5 shows the summarized fatty acid 
composition of crude fish oil and omega-3 concentrated 
oil. Three main fatty acid composition such as saturated 
FA, monounsaturated FA, and polyunsaturated FA were 
obtained from crude oil which extracts from jade perch 
using enzymatic hydrolysis technique. Saturated FA is a 
fatty acid that saturated with hydrogen which forms a 
straight hydrocarbon chain. Monounsaturated FA 
consists of one carbon-carbon double bond in a different 
position which also known as monoenes. 
Polyunsaturated FA consists of two or more carbon-
carbon double bond. omega-3 is the type of 
polyunsaturated FA in which the first double bond 
found between the third and fourth carbon atom while 
omega-6 also type of polyunsaturated FA where the first 
double bond found between the sixth and seventh 
carbon atom [17]. Based on Table 5, the highest 
concentration of fatty acids in both fish oil and omega-3 
concentrated oil was elaidic acid (18:1 n-9) followed by 
palmitic acid (16:0). The predominant fatty acid content 
in both samples is monounsaturated fatty acids (MUFA) 
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Table 5. Comparison of the fatty acid composition of fish oil and Omega-3 concentrated oil 

Fatty Acids 
Composition (%) 

Fish Oil Omega-3 Concentrated Oil 
Saturated Fatty Acids   
Dodecanoic acid (12:0) 0.5192 0.3795 
Myristic acid (14:0) 2.601 2.422 
Palmitic acid (16:0) 29.41 31.56 
Arachidic acid / Eicosanoic acid (20:0) 0.1744 0.1271 
Subtotal 32.70 34.49 
Monounsaturated Fatty Acids    
Palmitoleic acid (16:1n-7) 4.139 4.167 
Elaidic acid (18:1n-9) 37.75 37.98 
Subtotal 41.89 42.15 
Polyunsaturated Fatty Acids   
Omega-3 Fatty Acid   
α-linolenic acid, ALA(C18:3n−3) 0.7612 0.7025 
Eicosapentaenoic acid, EPA(C20:5n−3) - 0.173 
Heneicosapentaenoic acid, 
HPA(21:5n-3) 

0.2596 - 

Docosahexaenoic acid, 
DHA(C22:6n−3) 

0.8851 0.6619 

Subtotal 1.906 1.537 
Omega-6 Fatty Acids   
linoleic acid (18:2n-6) 11.58 10.86 
γ-linolenic acid (18:3n-6) 1.104 1.240 
Eicosadienoic acid (20:2n-6) 0.2315 0.5127 
Dihomo-γ-linolenic acid (20:3n-6) 0.6817 0.5454 
Subtotal 13.60 13.15 
Omega-9 Fatty Acids   
Isolinoleic acid (18:2n-9,12) 1.345 1.440 
Subtotal (PUFA) 16.85 16.13 
Others compound  8.565 7.229 
Total 100 100 

 
followed saturated fatty acids. The percentage of total 
MUFA in the oil sample was in the range of 41.89 to 
42.15%, which mainly consists of elaidic acid and 
palmitoleic acid. 

Omega-3 concentrated oil contains higher elaidic 
acid (37.98%) than in the fish oil, which contains only 
37.75%. Meanwhile, the highest fatty acids among 
saturated fatty acids group were palmitic acids, which 
contain 29.41% in a fish oil sample and 31.56% in omega-
3 concentrated oil. However, the PUFA, which consists of 
omega-3, omega-6, and omega-9, were identified in the 
study. By referring to Table 5, the total PUFA content 

sample in fish oil is 16.85%, which is higher than in the 
omega-3 concentrated oil (16.13%). The result shows 
total omega-3 in fish oil was 1.906%, which consists of 
ALA, HPA, and DHA with the percentage of 0.7612, 
0.2596, and 0.8851% respectively, while the percentage 
of omega-3 decreased to 1.5374% in omega-3 
concentrated oil. The omega-3 presence in omega-3 
concentrated oil consists of ALA, EPA, and DHA with 
the percentage of 0.7025, 0.173, and 0.6619% 
respectively. The decrease in omega-3 concentration 
may be due to the stirring effect during incubation. The 
finding proved by previous research in which low 
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stirring resulting in low omega-3 fatty acid content as 
enzyme are not oil soluble. Low stirring inhibits the 
formation of the enzyme-substrate complex and directly 
affect the rate of reaction [7]. In addition, auto-oxidation 
more flavor to occur in the presence of high quantities of 
n-3 PUFAs due to the high number of double bonds in the 
structure of PUFAs, which leads to successive 
degradation. 

■ CONCLUSION 

As a conclusion, extraction of fish oil has been 
successfully done using alcalase enzymatic hydrolysis 
technique. The parameters chosen are concentrations of 
enzyme, temperature, and pH, which play a major role in 
regulating the enzymatic hydrolysis process. The 
hydrolysis process optimum at 50 °C with pH 6.5 and 
0.5% w/w enzyme concentration. The oil yield obtained 
from optimum condition was 16.55%. This model is 
applicable in industrial or research reference as the 
percentage error less than 10%. In FTIR analysis, the 
function groups alkanes, alkenes, carbonyl, and 
carboxylic acids are detected in both fish oil and omega-3 
concentrated oil. Furthermore, the acid value for both fish 
oil and omega-3 enriched oil was excess the acceptable 
limits (˂ 5 mg KOH/g) which is 71.42 mg KOH/g and 
49.07 mg KOH/g respectively. However, the peroxide 
value of fish oil and omega-3 enriched oil was 0.799 
meq/kg and 0.399 meq/kg, respectively, which is within 
the allowed range (≤ 5 meq/kg). In qualitative and 
quantitative analysis, 1.906% of ALA, HPA, and DHA in 
the fish oil sample was analyzed using GC-MS. Lastly, 
ALA, EPA, and DHA were present in the omega-3 
concentrated oil sample with a total percentage of 1.54%. 
The lipase concentrated process gives a negative effect 
toward the omega-3 content due to auto-oxidation. 
Therefore, jade perch was believed to be an alternative 
way for the source of omega-3 due to the presence of 
omega-3 fatty acid in fish fillet which has been 
successfully extracted using enzymatic hydrolysis 
technique in the experiment. 
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 Abstract: Oil palm empty fruit bunch (EFB) has a big potential in biocomposite 
production. The porous surface of EFB is advantageous for physical interlocking with 
polymer in composite fabrication. The objective of this study is to determine the properties 
of biocomposite prepared from steam-treated EFB with polypropylene (PP). The EFB was 
treated using steam at 120 °C for 30 min (Steam-30) and 60 min (Steam-60) in an 
autoclave. The biocomposite was prepared from EFB and PP at different fiber contents 
(10 and 30 wt.%). The Steam-30 EFB partially removed silica bodies and other impurities 
without damaging the surface of the EFB. The thermal stability improved from 276 to  
283 °C. The Steam-30/PP biocomposite had the highest tensile strength at 10 and 30 wt.% 
EFB contents with the increments of 23.9 and 23.8%, respectively, compared to that of the 
untreated EFB/PP biocomposite. The Steam-30/PP biocomposite containing 30 wt.% of 
EFB had a low water absorption of 5.6% compared to that of the untreated EFB/PP 
biocomposite at 7.2%. In conclusion, steam treatment improved the characteristics of EFB 
and increased the compatibility between the fiber and polymer. 

Keywords: empty fruit bunch (EFB); polypropylene (PP); biocomposite; tensile strength; 
water absorption 

 
■ INTRODUCTION 

The production of conventional plastics is 
associated with carbon dioxide emission and depends on 
crude oil resources as the raw material. In addition, the 
disposal of petroleum-based plastic products is linked to 
environmental pollution such as polluting the rivers, 
lakes, and oceans [1]. The negative impacts of microplastic 
substances in the soil is also an emerging issue [2-3]. 

Therefore, biocomposites are considered to be more 
environmentally friendly as their products used less 
petroleum-based polymer and produce less toxic side 
products [4-5]. In palm oil mills, biomass fiber such as 
empty fruit bunch (EFB) is used for power generation (as 
a fuel for the boiler) and fertilizer in the plantation [6-7]. 
However, biomass fiber is not utilized efficiently due to 
the large amount generated on a daily basis. Therefore, 
there is a need to propose an alternative usage of the 
biomass fiber; thus it will add value to the biomass and at 

the same time will help in managing this biomass in the 
mill. 

Since biomass fiber has high fiber content, it has 
the potential to be as reinforcement in the composite. 
However, to utilize EFB as a reinforcing material, there 
is a need to improve the characteristics of the fiber [8-9]. 
The incompatibility between the hydrophobic polymer 
and the hydrophilic fiber is the main drawback in the 
production of biocomposite. Steam treatment is one 
alternative that can be used as fiber treatment, and the 
treatment requires no chemical [10]. 

The aim of this research is to determine the 
properties of biocomposite prepared by steam-treated 
EFB and polypropylene (PP). The EFB underwent steam 
treatment at 120 °C for 30 and 60 min that modified the 
fiber surface. The preparation of biocomposite involves 
the use of PP at different fiber contents (10 and 30 wt.%). 
The characterization of the untreated and treated EFB 
was analyzed for its morphology and thermal analysis. 
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As for biocomposite, tensile test, scanning electron 
microscopy (SEM) and water absorption analysis was 
conducted. Water absorption analysis able to demonstrate 
the toleration of biocomposite in water. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used were PP, EFB, and sodium 
hydroxide (NaOH). The EFB was collected from Lepar 
Hilir Palm Oil Mill in Gambang, Pahang. PP was bought 
from Commercial Plastic Industries Sdn. Bhd., Selangor, 
Malaysia. NaOH was supplied by Merck (Darmstadt, 
Germany) and used as received. 

Procedure 

Fiber treatment 
The fresh EFB collected was washed and dried to 

remove dirt and any impurities. Steam treatment was 
conducted using an autoclave at 120 °C and 21 psi for  
30 min (Steam-30) and 60 min (Steam-60). For a 
comparison with the chemical treatment, the EFB was 
treated with 5 wt.% of NaOH (alkali) for 3 h at room 
temperature. The untreated and treated EFB were ground 
and sieved to isolate ground fiber with a size of 180– 
355 µm. 

Preparation of EFB/PP biocomposites 
In the production of EFB/PP biocomposite, the 

materials were blended in a twin screw extruder machine 
(Model: Prism Eurolab 16) with fiber contents of 10 and 
30 wt.%. The extruder was operated with inlet and die 
temperatures of 200 and 160 °C, respectively at 50 rpm 
rotor speed. The blended biocomposites were pressed 
using hot and cold press machine (Model: Lotus 
Scientific-2205) with a pressure of 10 KPa to produce thin 
film EFB biocomposites with a size of 10 × 10 cm and 1 mm 
thick. The hot press machine was operated at 180 °C with 
molding and cooling times of 10 min each. 

Thermal gravimetric analysis 
The thermal gravimetric analysis (TGA) for the EFB 

fiber and EFB/PP biocomposite were done using Hitachi 
STA7200 thermal analysis. The analysis was conducted in 
a nitrogen atmosphere with a gas flow rate of 50 mL/min 
by heating from 30 to 600 °C at a heating rate of 10 °C/min. 

About 1–6 mg of samples were placed in an aluminum 
pan [11]. 

Morphological analysis 
Hitachi TM3030 Plus tabletop microscope was 

used for SEM analysis. The samples were mounted on 
the aluminum specimen stubs using double-sided 
adhesive carbon tabs [11]. The SEM analysis was also 
done on the fractured biocomposite from tensile tests to 
observe the physical adhesion of EFB with the PP matrix. 

Tensile strength properties 
The tensile test was conducted at a crosshead speed 

of 10 mm/min using an AG-1 Shimadzu universal 
testing machine according to ASTM D638 and fitted 
with a 1000 N load cell [12]. The average value from five 
specimens was taken as the tensile strength of the 
EFB/PP biocomposite. 

Water adsorption analysis 
The weight of the samples was measured before 

and after the treatment. The samples were carefully cut 
in the size of 3 × 2 cm to avoid any cracks. The specimens 
were dried at 60 °C in an oven until a constant weight 
was reached. The initial weight of the dried samples was 
recorded. The samples were immersed in distilled water 
for 12 days at room temperature, and the weight 
increment was recorded [13]. 

■ RESULTS AND DISCUSSION 

Thermal Stability Analysis of EFB 

The thermal degradation of EFB analyzed by TGA 
is shown in Table 1 by indicating the weight loss of the 
sample at 5, 20, and 50% weight loss. Also included is the 
percentage of residual of EFB at 550 °C. Fig. 1 shows the 
weight loss of the EFB sample, and three regions are 
denoting the weight loss: (i) < 100 °C, (ii) 150–220 °C, 
and (iii) 240–350 °C. The weight loss at less than 100 °C 
was due to moisture content. The second region of 
weight loss may be due to the hemicellulose component. 
It was reported that hemicellulose is enriched with 
carbon sugars chain and branched structures, which are 
susceptible to decomposition at low temperature (200–
260 °C) [14]. The third region of weight loss is 
contributed to cellulose degradation. The residual mass  
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Table 1. Thermal stability analysis for EFB 

EFB sample 
Temperature for 5% 

weight loss (°C) 
Temperature for 20% 

weight loss (°C) 
Temperature for 50% 

weight loss (°C) 
Residue at 550 °C 

(%) 
Untreated 54.22 276.53 326.29 24.33 
Steam-30 66.37 283.26 328.27 25.13 
Steam-60 55.09 279.93 327.34 24.70 
Alkali 69.13 293.66 336.93 27.11 

 

 
Fig 1. TG analysis for untreated and treated EFB 

left at 550 °C mainly containing lignin [13]. 
In overall, the thermal degradation of treated EFB 

was increased compared to untreated EFB. The thermal 
degradation of the untreated EFB was recorded at a lower 
temperature compared to the treated EFB due to the 
presence of thermally unstable components such as 
hemicelluloses and low molecular lignin [15]. 

From Fig. 1, it can be observed that the weight loss 
in the temperature range of 150–220 °C contributes to 
hemicellulose content in the untreated EFB. While the 
partial removal of hemicelluloses after steam and alkali 
treatment increased the thermal degradation of the fiber 
[14]. Residue for treated samples was higher compared to 
the untreated fiber show that the treated fiber had a higher 
percentage of lignin. Lignin contains non-polar 
hydrocarbon and benzene rings making it less hydrophilic. 
Thus, the increased residue shows the treated fiber had 
better hydrophobicity compared to untreated fiber. 

Morphological Analysis of EFB 

Fig. 2 shows the images of EFB at 300×, 500×, and 
1000× magnifications. The untreated EFB surfaces were 
covered with silica bodies. However, the silica bodies are 
not clearly observed due to wax and other impurities that 

covered the surface of the fiber. Silica bodies in nature 
act as a shield against fungal attack and give support to 
the plant structure [13]. Fig. 2(b) shows the structure of 
Steam-30 where it can be observed that the silica bodies 
were partially removed making the strand to have a rough 
surface. The removal of silica on fiber surface is good for 
fiber-matrix adhesion because it provides the physical 
interlocking between the fiber and polymer [11]. 

Fig. 2(c) shows a rough surface of Steam-60 
compared to Steam-30 due to the longer retention time 
exposed to the high pressure of steam. More silica bodies 
were removed from the surfaces, and the fiber surfaces 
were cracked and damaged. The open structure of the 
fiber due to crack will benefit the adhesion between fiber 
and  polymer,  where  the  polymer  can  penetrate  the 

 
Fig 2. Morphology analyses of EFB, (a) Untreated, (b) 
Steam-30, (c) Steam-60, and (d) Alkali 
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structure of the fiber; thus adhesion is improved. Fig. 2(d) 
shows that the structure of Alkali treated EFB changed. 
According to Izani et al. [11], NaOH treatment removes 
the wax and cuticle by the interaction with sodium and 
makes the surfaces of EFB smoother [16]. 

Tensile Properties of EFB/PP Biocomposites 

Table 2 shows the data for the tensile strength of 
EFB/PP biocomposites from different treatments and 
percentages of EFB loading. The tensile strength decreased 
as the percentage of EFB loading was increased. Steam-30 
biocomposite had the highest tensile strengths for both 10 
and 30 wt.% of EFB loadings followed by Alkali, untreated, 
and Steam-60 biocomposite. 

It was reported that the tensile strength for pure PP 
was around 30–40 MPa [17]. Biocomposite prepared from 
10 wt.% of EFB loading was able to improve the tensile 
strength of PP in the range of 43–60%. Meanwhile, 30 wt.% 
of EFB loading improved the tensile strength for 30–44%. 

Thermal Stability Analysis of EFB/PP Biocomposites 

Table 3 shows the thermal stability of the EFB/PP 
biocomposite. In overall, the thermal stability of 
biocomposites prepared from treated EFB had improved 
compared to untreated EFB biocomposite. Fig. 3 presents 
the weight loss of the untreated EFB and treated EFB/PP 
biocomposites at 30 wt.% of EFB loading. 

The first stage of thermal degradation of EFB/PP 
biocomposite started at a temperature above 270 °C due to 
the fiber content in the polymer matrix. The second stage 
started to degrade at a temperature of 410 °C was due to 
the PP. 

Morphological Analysis of EFB/PP Biocomposites 

Fig. 4 shows the SEM images of the fractured sample 
from a tensile test of the EFB/PP biocomposites at 30 wt.% 
fiber loading. 

Fig. 4(a) shows that the fiber was pulled out 
indicating  a  poor  adhesion  between  the  fibers  and  

Table 2. Tensile strengths of EFB/PP biocomposites 

EFB/PP 
biocomposite 

Tensile strength (MPa) 
10 wt.% of EFB 

loading 
30 wt.% of EFB 

loading 
Untreated 72.22 51.70 
Steam-30 89.45 64.00 
Steam-60 62.21 50.91 
Alkali 76.53 54.24 

 
Fig 3. TG analysis of EFB/PP biocomposites 

 
Fig 4. Morphology analysis of EFB/PP biocomposite: (a) 
Untreated, (b) Steam-30, (c) Steam-60, and (d) Alkali 

Table 3. Thermal stability analysis of EFB/PP biocomposite with 30 wt.% fiber loading 
EFB/PP 
biocomposites 

Temperature for 
5% weight loss (°C) 

Temperature for 
20% weight loss (°C) 

Temperature for 
50% weight loss (°C) 

Residue at 550 °C 
(%) 

Untreated 277.58 411.77 459.70 7.70 
Steam-30 287.67 425.02 459.03 6.74 
Steam-60 277.77 413.38 458.14 5.87 
Alkali 295.29 410.95 458.22 9.38 
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matrix [18]. However, the treated EFB biocomposites 
have a better adhesion between fiber and PP matrix where 
fiber breakage can be observed. The fibers were well 
wetted by the PP matrix, and fiber breakages occurred due 
to strong adhesion. 

According to Kabir et al. [19], better mechanical 
properties of composites can be achieved after modifying 
the surface of the natural fiber. The images were in 
agreement with results obtained from the tensile test. 

Water Absorption Analysis of EFB/PP Biocomposite 

Table 4 shows the maximum water absorption for 
the untreated and Steam-30 biocomposite was 7.16 and 
5.59%, respectively. 

Nadzri et al. [20] reported that the untreated fiber 
exhibited the highest water absorption that attributed the 
existed of void or gap between fiber and PP. The presence 
of a void in biocomposite structure makes it absorbs more 
water. Water absorption analysis for EFB/PP 
biocomposite was illustrated in Fig. 5. 

Both biocomposite samples absorbed water after 
immersed in water until reaching the saturation point. The 
untreated EFB/PP biocomposite absorb 22% more water 
than Steam-30 biocomposite. Steam-30 biocomposite had 

Table 4. Water absorption of untreated and Steam-30 
biocomposite 

EFB/PP biocomposite 
sample 

Maximum water 
absorption (%) 

Untreated  7.16 
Steam-30 5.59 

 
Fig 5. Water absorption of untreated and Steam-30 
biocomposite with 30 wt.% EFB loading 

low water absorption due to the removal of 
hemicellulose which makes the fiber less hydrophilic. 
Water will be absorbed by the hydroxyl groups 
contained in the hemicellulose which tends to make a 
hydrogen bond with water molecules that will increase 
the absorption of water [12]. Eliminating hydrophilic 
hydroxyl groups from the fiber structure through fiber 
treatments able to lower the water absorption of fiber 
[19]. In this study, steam treatment for 30 min was able 
to partially remove hemicellulose content in the EFB 
that directly decreased the water absorption of its 
EFB/PP biocomposite. 

■ CONCLUSION 

The thermal stability, morphological, water 
absorption, and mechanical properties of the EFB/PP 
biocomposites were studied in this research. The tensile 
properties of the EFB/PP biocomposites improved after 
steam treatment for 30 min. However, the tensile 
strength decreased gradually with respect to the 
increased EFB loading. Meanwhile, the retention time of 
the steam treatment is very important to avoid the 
surface of the EFB fiber from damage and cracks where 
it will reduce the mechanical properties of the 
biocomposite. The steam treatment for 30 min showed 
the best performance in terms of thermal stability, 
morphological, mechanical properties, and water 
absorption. The thermal stability of Steam-30 increased 
from 276 to 283 °C. The treated fiber had a rough 
surface, low silica bodies, and presence of crater (due to 
the removal of silica) which will benefit for polymer 
adhesion. The tensile strength of Steam 30 with 30 wt.% 
of fiber content increased almost double compared to 
that of the pure PP composites. It also had low water 
absorption which was 22% lower than the untreated EFB 
biocomposite. In conclusion, steam treatment was able 
to treat the EFB fiber for better adhesion of the natural 
fiber EFB with the PP polymer matrix. 
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 Abstract: In this present work, herbicide named 2-methyl-4-chlorophenoxy acetic acid 
(MCPA) was intercalated into the graphite oxide through ion-exchange method to 
produce an MCPA-GO nanocomposite as an herbicide delivery system. The formation of 
MCPA-GO nanocomposite was confirmed by using PXRD, Fourier Transform Infrared 
Spectroscopy (FTIR), Thermal Gravimetric Analysis (TGA), UV-Visible Spectroscopy 
and Accelerated Surface Area Surface (ASAP). As for PXRD pattern, there was increasing 
in the basal spacing of the nanocomposite from the graphite oxide which by 9.3 to 9.7 Å 
indicated that MCPA has successfully inserted into the interlayers of the graphite oxide. 
Meanwhile, the FTIR spectrum showed the appearance of a new peak in MCPA-GO 
nanocomposite at 1308 cm–1 represents the functional group of carboxylate (COO–). This 
peak is very necessary for the confirmation of the anionic form of MCPA inserted into 
the interlayers of graphite oxide. The controlled release property was also done for further 
investigation by using various aqueous media to determine the percentage release of 
MCPA from the nanocomposite. The percentage of herbicide release in Na3PO3 solution 
was higher than in Na2CO3 and NaCl solution proved that the release properties exhibit 
the potential application of graphite oxide as effective nanocarrier of herbicides. MCPA-
GO nanocomposite suggested being most promising herbicide since it can lower the 
toxicity of precursor MCPA, high biocompatibility, and more efficient in herbicide 
delivery system. 

Keywords: 2-methyl-4-chlorophenoxy acetic acid; graphite oxide; herbicide; 
nanocomposite 

 
■ INTRODUCTION 

Agricultural growth has been a strong pathway to 
define the economy of agro-based countries. In Malaysia 
alone, 12% of National Gross Domestic Product are 
emanated from the agricultural industry itself that 
providing about 16% of employment of current 
population. Correspondingly, the agricultural economists 
and chemists tend to focus on how to robust the 
agricultural growth as well as productivity and give a little 
attention to the side effect of agrochemical usage. As a 
result, pesticides, herbicides, and plant growth regulator 
have been widely used in modern agriculture. According 

to the Environmental Protection Agency (EPA) in the 
United States, 2-methyl-4-chlorophenoxy acetic acid 
(MCPA) is an example of herbicide that was sold 
approximately 4.6 million pounds each year for 
agricultural and residential usage. MCPA is a specific 
systemic chemical herbicide that applied to kill or inhibit 
the growth of specific plants such as noxious weed plant 
in cereals, wheat, rice, corn, peas, potatoes and 
grasslands [1]. However, the environmental problems 
arise once the residue of herbicide being swept away by 
rain that leads to soil pollution, strong water pollutant 
and they difficult to degrade and can rapidly move 
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around [2-3]. Besides, human health may also be affected 
by drinking water and direct exposure. Touloupakis et al. 
[4] mentioned in their journal that direct exposure of 
MCPA can worsen the health from asthma and skin 
rashes to chronic disorders. 

The persistent of this slightly hazardous 
agrochemical, if accumulated in the environment, will 
increase the risks to human health. Many studies on the 
adsorption of pesticides by clay minerals for their removal 
from water and its immobilization in soils can be found 
in the open literature; however, studies on the increase the 
efficiency of the agrochemicals and reducing their 
leaching into the environment are very limited. A few 
attempts were made to intercalate the herbicide with a 
clay mineral, layered double hydroxide (LDH) and many 
other ways. However, there is no study reported yet by 
using graphite oxide as a nanocarrier. Contrarily, the 
percentage loading of drug/herbicides of the graphite 
oxide could reach up to 200% [11] which is considerably 
higher compared with other drugs/herbicides delivery 
systems or nanocomposite that usually have a loading 
percentage lower than 100%. It has been suggested that 
intercalation of herbicide with graphite oxide would be 
one of the feasible solutions. 

Graphite oxide has been explored enormously as an 
exciting topic by the researchers in various fields such as 
electronic [5], catalysis, biosensors [6] and biomedical 
application [7]. In the current area of biomedical, the 
intercalation of the graphite oxide (GO) had received 
tremendous attention solely to emerge as new and 
competitive drugs delivery systems with the potential of 
targeting nanocarrier or host. It is because they are 
facilitating the good targeting, high loading and control 
release of drugs/herbicides. By exploring the area drugs 
delivery system, Barahuie et al. [8] have reported the 
graphite oxide as a nanocarrier for the active anticancer 
agent of chlorogenic acid while Dorniani et al. [9], makes 
their research on gallic acid as a cancer therapy by using 
the graphite oxide too. Besides that, Yu et al. [10] did some 
modification in their work to make the graphite oxide 
being able to be as a nanocarrier loaded with anticancer 
herbal drug berberine by combined the graphite oxide 
with PEG. 

To the best of our knowledge, there is no literature 
reported yet in the field of herbicides delivery system by 
using graphite oxide as a nanocarrier. Therefore, in this 
present work, MCPA was intercalated into the graphite 
oxide to produce a better and even the safer improvise 
herbicide that may minimize the environmental 
problems and yet, still provide the maximum outcomes 
to the desirable plants. In addition, the residue or excess 
herbicide can be lessened by controlled-release (CR) 
formulations that make the herbicide exist in the 
interlayer region of graphite oxide and allows the 
herbicide to be released dependent to the desired 
concentration over the time. Moreover, it is green 
chemistry that would also consider environmental 
safety. This herbicide is environmentally friendly since it 
can naturally reduce in the environment through the 
action of ubiquitous Shewanella bacteria or decomposes 
to humic acids [11-12]. 

■ EXPERIMENTAL SECTION 

Materials 

Graphite powder and MCPA were purchased from 
Sigma Aldrich and were used without further purification. 
Sulphuric acid (98%), potassium permanganate, 
hydrochloric acid (35%), hydrogen peroxide and ethanol 
(98%), were obtained from R & M Chemical. All the 
solutions were prepared by using deionized water. 

Procedure 

Synthesis of graphite to graphite oxide 
Graphite oxide was prepared by using the 

improved Hummer’s Method. One gram of graphite 
powder and 23 mL of concentrated sulphuric acid were 
mixed in a beaker under mechanical stirring (150 rpm). 
The ice bath was placed under the beaker. Then, 3.0 g of 
potassium permanganate (KMnO4) was added slowly 
into the beaker to keep the temperature of the 
suspension lower than 20 °C. Next, the reaction system 
was transferred to a 40 °C of oil bath for 30 min. In the 
beaker, 50 mL of deionized water was poured and the 
solution was stirred for 15 min at 95 °C. After that, 150 mL 
of deionized water was added and followed by a 
dropwise addition of 5 mL of 30% hydrogen peroxide. 
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During this step, the color of the solution was turned from 
dark brown to yellow color. The mixture was filtered and 
washed them with the hydrochloric acid aqueous solution 
to remove metal ions. Lastly, the precipitate was dried at  
60 °C in the vacuum oven for 48 h. 

Synthesis of MCPA-GO nanocomposite 
The MCPA-GO nanocomposite was done by using 

ion-exchanged method [1]. This method was run under 
the room temperature. First, about 0.35 g of the prepared 
graphite oxide was reacted with 25 mL aqueous solution 
of MCPA in the 100 mL volumetric flask. As the mixture 
of graphite oxide and MCPA was mixed together, the 
mixture was stirred for 5 h on the hotplate before aging 
for 18 h at 70 °C in an oil bath shaker. Then, the slurry 
solution was taken for centrifuged at 180 rpm in 5 min 
and washed several times with deionized water. The 
product obtained was dried in an oven at a temperature of 
70 °C for 72 h. The sample then is kept in a sample bottle 
for further characterization by using PXRD, FTIR and 
CHNS analysis. 

Controlled release study of MCPA-GO nanocomposite 
The release of MCPA from MCPA-GO 

nanocomposite was prepared with different aqueous 
media which were sodium phosphate (Na3PO4), sodium 
carbonate (Na2CO3) and sodium chloride (NaCl). Three 
milligrams of MCPA-GO nanocomposite was placed in 
the quartz cuvette on top of aqueous media. The 
percentage release of MCPA from MCPA-GO 
nanocomposite was measured by using a UV-Vis 
instrument with a wavelength of 237 nm. 

■ RESULTS AND DISCUSSION 

PXRD Analysis 

Fig. 1 shows the XRD patterns for the graphite, 
graphite oxide and MCPA-GO nanocomposite. The basal 
spacing of these samples was calculated by using Bragg’s 
Law as shown in Eq. (1). 
n 2dsinλ = θ   (1) 

As for graphite, the strong and sharp diffraction 
peak located in (003) orientation was observed at 2θ = 
26.5° corresponding to the basal spacing of 3.4 Å. The 
PXRD pattern revealed that graphite has high crystallinity 

 
Fig 1. XRD pattern for graphite, GO and MCPA-GO 
nanocomposite 

due to highly organized delocalized π hexagonal rings 
structure with 120° angle between each carbon atom in 
the plane of the layers [13]. Other than that, GO showed 
an intense and very strong peak at 2θ = 9.54° with 
diffraction orientation of (002). The increment of basal 
spacing around 9.3 Å of GO signifies the functionalization 
of the graphite was successful with the formation of 
oxygen-functional groups such as hydroxyl group, 
epoxide, and carboxyl group as well as water molecules 
at the edge and basal planes of sheets after the harsh 
chemical oxidation process [14-15]. 

The peak was shifted downwards to 2θ = 9.10° and 
became wider with a basal spacing of 9.7 Å after the 
intercalation process took place. The expansion of the 
interlayers of the nanocomposite with only single peak 
present has confirmed the inclusion of herbicide anion, 
MCPA during intercalation process. This extent of 
expansion may be due to several factors such as the 
anionic size of herbicide, charge, orientation, and 
interaction between graphite oxide and herbicide [1]. 
Theoretically, the intercalation of MCPA with graphite 
oxide involved non-covalent dynamic bonding 
interactions such as hydrogen bonding, π–π stacking, 
and electrostatic forces bounding to each other due to 
the presence of oxygen groups as the reactive sites [16]. 
The nanocomposite was analyzed with other 
complimentary analysis for further confirmation. 
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FTIR Spectra 

Fig. 2 shows the FTIR-ATR spectra for GO, MCPA 
and MCPA-GO nanocomposite. In the GO spectrum, O-
H stretching vibrations peak was found at 3362 cm–1 that 
corresponds to the carboxyl and hydroxyl groups and 
residual water in interlayers of GO. These functional 
groups enable GO to have better dispersibility in water 
[16]. Besides that, C=C bonds were detected at 1626 cm–1 
indicating the main structure of graphite remained and 
unoxidized. A peak at 1730 cm–1 was referred to the 
stretching vibration of the C=O bond demonstrating the 
presence of carboxylic acid. Other vital peaks at 1221 and 
1050 cm–1 were represented the functional group of epoxy 
(C-O) and alkoxy group (C-O), respectively. These 
oxygenated functional groups indeed confirmed the 
graphite had oxidized into GO which consistent with the 
literature [16-17]. 

For MCPA, peak at 2910 cm–1 represented the 
hydroxyl group (O-H) from the vibration of the COOH 
[18], and another peak at 2878 cm–1 signify the substituent 
of the methyl group. Next, the functional group of C=O 
stretching was detected at the sharp peak of 1707 cm–1. 

 
Fig 2. FTIR-ATR spectra for GO, MCPA and MCPA-GO 
nanocomposite 

The peaks at 1494 and 1428 cm–1 were corresponding to 
the C=C, and a strong peak at 1298 cm–1 assemble the 
symmetric and asymmetric stretching mode of C-O-C 
vibration. A sharp peak at 802 cm–1 has been observed 
that belongs to the peak of C–Cl stretching. 

The FTIR spectrum of MCPA-GO nanocomposite 
have exhibited the peaks resembles MCPA and graphite 
oxide spectra. The characteristic peaks of 1760 cm−1 with 
high intensity attributed to the stretching vibration of 
carbonyl groups of carboxylic group present. An 
observation of a new peak at 1308 cm–1 primarily due to 
the C=O vibration of the carboxylate anion as the result 
of intercalation. Furthermore, an obvious broad 
absorption peak at 3377 cm–1 was assigned to the O-H 
stretching vibration due to water molecules present in 
the nanocomposite. 

UV-Vis Spectrum 

Fig. 3 shows the UV-Visible spectrums for GO, 
MCPA and MCPA-GO nanocomposite. The spectra 
were analyzed by using range between 200 nm until 400 
nm. The vital transitions for GO were (n→σ*) and 
(π→π*). The absorption was observed at 245 nm due to 
the aromatic C=C bond for transition (n→σ*) [19]. 
Furthermore, the absorption peak at 300 nm was stood 
for C=O bond transition (π→π*). For transition (n→σ*) 
in MCPA, the  wavelength at 230 nm was recorded in  

 
Fig 3. UV-Visible spectrums for GO, MCPA and 
MCPA-GO nanocomposite 
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which contributed to a carbonyl group where the 
excitation of the electron occurred in an unshared pair on 
oxygen to antibonding σ orbital. At 280 nm, (π→π*) 
transition presence due to the existence of carboxyl group. 
In contrast for MCPA-GO nanocomposite, (n→σ*) and 
(π→π*) transitions were shifted to lower wavelength with 
higher absorbance after intercalation between MCPA and 
GO occurred. This shifting was known as hypsochromic 
shift primarily due to withdrawing of oxygen electron 
from carbonyl carbon. But, (n→π*) was absent in this 
spectra may due to weak transition due to Laporte 
Forbidden and high probably the transition was 
overlapped with (n→σ*). 

Thermal Analysis 

TGA/DTG graphs of GO, MCPA, and MCPA-GO 
nanocomposite were displayed in Fig. 4. This is another 
complimentary techniques used for the confirmation of 
MCPA nanocomposite. Based on Fig. 4(a), GO showed 

two major stages of thermal decomposition in the region 
of 125–150 °C and 210–243 °C. The first stage occurred 
at the maximum temperature of 141 °C with a weight 
loss of 14% that associated with the removal of water 
molecules between the interlayers of GO. It was followed 
by the second stage with a sharp peak at 226 °C. This 
decomposition mainly due to the loss of unstable 
oxygenated functional groups with 24% weight loss. 
Next, Fig. 4(b) exhibited the decomposition of MCPA 
that corresponding to an intense peak at 217 °C. The 
weight loss occurred was 98.6% that primarily due to the 
decomposition and combustion organic matter of 
MCPA. 

As expected, two stages of weight loss were 
observed through the TGA/DTG analysis of MCPA-GO 
nanocomposite in Fig. 4(c). Firstly, a rough 7% of weight 
loss occurred at a temperature of 123 °C which owing to 
the elimination of water molecules present. The second 
major stage was detected at 486 °C with the weight loss 

 
Fig 4. TGA/DTG thermogram of (a) GO, (b) MCPA and (c) MCPA-GO nanocomposite 
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of 32%. This stage was attributed to the decomposition of 
oxygenated functional groups and organic anion, MCPA 
that present in the MCPA-GO nanocomposite. From the 
results above, MCPA-GO nanocomposite indeed has 
higher thermal stability than pristine GO and MCPA. 

Surface Properties 

The surface area of GO and MCPA-GO 
nanocomposite were investigated to verify the successful 
intercalation process. The intercalation took place with 
the increased surface area of nanocomposite which was 
8.4887 m²/g whereas the surface area of GO was only 
3.5274 m²/g. The enlargement d-spacing due to the 
intercalation of a bigger anion, i.e., MCPA, in 
nanocomposite and will generate more pores in the 
crystallites. Thus, the surface area of nanocomposite 
increase significantly. Through the adsorption-desorption 
isotherms in Fig. 5, GO was identified to have microporous- 
type of material while MCPA-GO nanocomposite had an 
open loop in its graph. The BJH desorption pore size 

distribution for GO and MCPA-GO nanocomposite was 
observed in Fig. 6. From the results obtained, MCPA-
GO nanocomposite had higher pore size distribution 
centered at 1938 Å than GO. This is related to the 
involvement of different size of the anion, interstitial 
pores between the crystallite and accumulation process 
during the formation of the nanocomposite. 

Controlled Release Studies 

The release profile for the controlled release study 
of MCPA in various aqueous solution was displayed in 
Fig. 7. The release of MCPA anion from MCPA-GO 
nanocomposite was recognized due to the π-π stacking 
interaction and hydrophobic bonding between MCPA 
and graphite oxide [20-21]. Besides, charge-density of 
the anion of aqueous media solution will also contribute 
to this phenomenon. Based on Fig. 7, the amount release 
of MCPA was found to be higher in Na3PO3 > Na2CO3 > 
NaCl depending on the availability of an anion in the 
aqueous solutions. 

 
Fig 5. Adsorption-desorption isotherms of (a) GO and (b) MCPA-GO nanocomposite 

 
Fig 6. BJH pore size distribution of (a) GO and (b) MCPA-GO nanocomposite 
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Fig 7. The controlled release of MCPA in Na3PO4, Na2CO3 
and NaCl solution 

The percentage release of MCPA was found to be 85, 
61, and 10% in Na3PO3 solution, Na2CO3 solution and 
NaCl solution at the time of 116, 60, and 128 min, 
respectively. It is because PO3

3– has a higher charge 
density than CO3

2– and Cl– causes more phosphite ion to 
be ion-exchanged with MCPA [1]. Phosphite ion that has 
high affinity towards graphite oxide interlayers enable the 
phosphite ion from aqueous media to exchange with the 
intercalated herbicide anion [22]. As a result, phosphite 
ion is incorporated into the interlayer of graphite oxide 
and at the same time, the MCPA will be released into the 
aqueous solutions. 

Additionally, the burst effect that presence in the 
graph of the Na3PO3 solution may occur due to the surface 
characteristics of a graphite oxide material, the herbicide 
interactions and porous structure of the material [9]. The 
characteristics of the mechanism of the ion-exchange 
method would not lead the percentage of MCPA anion 
released from MCPA-GO nanocomposite at equilibrium 
reach 100%. This is because even though the anion was 
removed continuously but the loaded anions cannot be 
exchanged completely at equilibrium. These results show 
that the MCPA-GO nanocomposite has good potential to 
be used as an herbicide delivery system with sustainable 
controlled release properties. 

■ CONCLUSION 

We had successfully developed herbicide delivery 
system by using graphite oxide as a nanocarrier for MCPA 

with sustainable controlled release property. The 
successful formation of the nanocomposite was 
characterized by using PXRD, FTIR, TGA, UV-Visible 
Spectroscopy and ASAP. The FTIR spectrum of this 
nanocomposite was showed the resemblance of 
spectrum MCPA and graphite oxide while the 
appearance of only one strong peak with the wider basal 
spacing of 9.7 Å in XRD pattern proved that MCPA was 
successfully intercalated into the graphite oxide. In 
addition, the controlled release studies were done to 
figure out the percentage release of the MCPA in various 
aqueous media. As a result, GO revealed a sustainable of 
controlled release properties that made GO as a most 
promising nanocarrier. MCPA-GO nanocomposite has 
demonstrated the better properties of MCPA by 
lowering its toxicity, hence increasing the efficiency of 
its herbicide delivery system. 
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 Abstract: One of the treatments for diabetes mellitus disease is to control blood sugar 
level using an inhibitor of α-glucosidase enzyme. The methanol extracts of the fruit, stem, 
and leaves of Rhodomyrtus tomentosa were found significant in inhibiting α-glucosidase 
with an IC50 value of 20.57, 20.36 and 43.99 μg/mL respectively. The ethyl acetate and n-
butanol fractions from the methanol extract of R. tomentosa fruit exhibited the potent 
inhibition (IC50 13.49 and 19.29 μg/mL) compare to acarbose and n-hexane fraction (IC50 
383.68 and 1175.16 μg/mL). A leptospermone derivative, rhodomyrtosone D, was isolated 
from the ethyl acetate fraction of R. tomentosa fruit. The structure of rhodomyrtosone D 
was identified based on spectroscopic analysis, as well as comparing with literature data. 
The α-glucosidase inhibition of rhodomyrtosone D (IC50 110.45 μg/mL) was 3.5 fold more 
potent than acarbose. Thus, R. tomentosa plant could be potential as a natural resource 
of α-glucosidase inhibitor. 

Keywords: α-glucosidase; Rhodomyrtus tomentosa; antidiabetic; rhodomyrtosone D; 
ethyl acetate fraction 

 
■ INTRODUCTION 

Diabetes mellitus (DM) is a group of metabolic 
disorder, in which there are high blood sugar levels 
(hyperglycemia) over a prolonged period [1]. It will 
happen if the pancreas does not produce enough insulin 
that is able to convert sugar into energy, or the body's cells 
do not respond well to the insulin produced. Some serious 
complication of hyperglycemia such as cardiovascular 
disease, damage to the eyes, atherosclerosis, and chronic 
kidney disease (nephropathy) can also occur [2-3]. The 
control of blood sugar level by inhibition of carbohydrate-
hydrolyzing enzymes in the digestive organ is believed to 
be important in hyperglycemia treatment [1]. The α-
glucosidase, an enzyme in the small intestine, is 
responsible for the degradation of carbohydrate. The α-
glucosidase inhibitor will interfere with the digestion of 
carbohydrate and thereby reduce the postprandial glucose 
level and insulin responses in a diabetic patient [2,4]. 

Acarbose, miglitol, and voglibose have been found as an 
α-glucosidase inhibitor and currently clinically used to 
control blood glucose of diabetic patients [5-6]. 
However, they have caused severe gastrointestinal side 
effects. Nowadays, natural resources have received 
tremendous attention as a therapeutic agent in the 
inhibition of α-glucosidase and have shown very 
promising biological activity. 

Karamunting is locally named (Sumatera island) 
for Rhodomyrtus tomentosa and belonging to the 
Myrtaceae family. This plant is an evergreen shrub 
which is native to Southern Asia and Southeast Asia and 
is widely distributed in Indonesia. R. tomentosa is widely 
used as traditional medicines to treat a variety of disease 
caused by bacteria such as diarrhea, dysentery, and 
urinary tract infections [7-8]. In addition, its ripe fruits 
are used to boost the immune system [9]. Biologically, 
ethanolic extract of R. tomentosa fruits possesses potent 
antioxidant activities on DPPH radical scavenging 
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activity, reducing power as well as inhibition of lipid 
peroxidation activity [10] Furthermore, some extract of 
this plants were reported to have antibacterial and anti-
hepatitis properties [11]. Chemically, various secondary 
metabolites have been reported, such as polyketide, 
flavonoids, anthocyanins, stilbenoids, and triterpenoids 
[9-13]. Rhodomyrtone, a phloroglucinol polyketide from 
R. tomentosa have displayed significant antibacterial 
activities against Gram-positive bacteria and suggested as 
a new candidate as a natural antibacterial drug [12,14]. 

Meanwhile, tomentosone A, hexacyclic 
phloroglucinol was reported as antimalarial against 
chloroquine-resistant and sensitive strains of Plasmodium 
falciparum. Resveratrol and piceatannol, a stilbenoid 
compound has been characterized by this plant [9]. A 
stilbenoid compound from Syagrus romanzoffiana was 
reported as a potential hypoglycemic agent. However, 
there is no literature on the α-glucosidase inhibitory of R. 
tomentosa and its bioactive chemical compound. In a 
search for potential α-glucosidase inhibitor from natural 
resources, the ability of R. tomentosa plant to inhibit the 
activity of the α-glucosidase enzyme as well as to isolate 
the bioactive compound have been investigated. One 
active compound, rhodomyrtosone D (1) was isolated, 
and its α-glucosidase inhibition was determined. The 
following describes the outcomes of these efforts. 

■ EXPERIMENTAL SECTION 

Materials 

Rhodomyrtus tomentosa (fruits, leaves, and stem) 
were collected from Inderalaya, Ogan Ilir, South 
Sumatera. The plant was identified at Herbarium Anda, 
Department of Biology, University of Andalas. The 
solvents used, methanol, n-hexane, and ethyl acetate, were 
the technical grade that was distilled, while n-butanol and 
dimethylsulfoxide (DMSO) were pro analysis grade (p.a.) 
from Merck. The α-glucosidase (from Saccharomyces 
cerevisiae) and p-nitro-phenyl-α-D-glucopyranoside 
were purchased from Sigma-Aldrich. Bovine serum 
albumin (BSA) was purchased from Merck. Silica gel 60G 
(Merck) was used for vacuum liquid chromatography, 
and silica gel 60 PF254 (Merck) was used for radial 
chromatography. TLC analysis was performed on 

Kieselgel 60 GF254, 0.25 mm aluminum plate (Merck) 
and visualized with cerium sulfate. 

Instrumentation 

Incubator Biosan PST-60HL was used for the 
sample incubation process. The absorbance of p-
nitrophenol was measured by a Tecan Infinite F50 
Microplate reader. The UV spectrum was recorded with 
Shimadzu UV-1240 spectrophotometer. IR spectrum 
was determined using KBr pellets on a Perkin Elmer 
FTIR Spectrum One spectrophotometer. 1H-NMR  
(500 MHz) and 13C-NMR (125 MHz) spectra were 
recorded with Agilent DD2 spectrometer, using residual 
and deuterated solvent peaks as reference standards. 

Procedure 

Extraction of sample for assay 
As much as 100 g of each the dried powdered 

sample (fruits, leaves, and stem) of R. tomentosa were 
extracted by maceration method using methanol  
(400 mL) as the solvent at the room temperature. The 
maceration process was carried out three times (@ 24 h). 
The methanol solvents were evaporated in under reduce 
pressure to give crude extracts of methanol of fruit, 
leaves, and stem (4.6, 4.2 and 3.9 g respectively). The 
crude of methanol extract of fruit was partitioned 
successively with n-hexane, ethyl acetate, and n-butanol 
and produce of each fraction after the solvent was 
evaporated. 

In-vitro α-glucosidase inhibition assay 
The α-glucosidase assay has been performed using 

the spectrophotometric method as previously described 
[2,15] with slight modification. As much as 10 µL of the 
sample at various concentrations was added with 55 µL 
of 50 mM phosphate buffer (pH 6.8) and 10 µL of 10 mM 
p-nitrophenyl-α-D-glucopyranoside as the substrate. 
After preincubated for 5 min at 37 °C, 25 µL of 0.1 U/mL 
α-glucosidase (in the phosphate buffer pH 6.8 
containing 0.1 mg/mL bovine serum albumin) was added. 
The mixture was then incubated for 30 min at 37 °C. 
After that, the stopped solution (100 µL of 200 mM 
Na2CO3) was added to the mixture. The absorbance of 
the p-nitrophenol released due to hydrolysis of the 
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substrate by the α-glucosidase was measured by a 
microplate reader at 405 nm. The blank solution was 
prepared by replaced sample solution by DMSO. 
Acarbose (Glucobay) is used as a positive control. The 
percentage inhibition of α-glucosidase was calculated 
using the following equation: 

( )sample blankInhibition (%) 1 A A 100% = − ×    

The IC50 was calculated by linear regression equation 
analysis between concentration and percentage inhibition. 

Extraction and Isolation of R. tomentosa fruits 
The dried fruits (2 kg) was extracted with methanol 

(3 × 7 L, 24 h each) by maceration method. The methanol 
extract was concentrated under reduced pressure to give 
1.1 L syrup, which was suspended in distilled water. This 
suspension was partitioned successively with n-hexane, 
ethyl acetate, and n-butanol to afford n-hexane, ethyl 
acetate, and n-butanol fractions. The ethyl acetate fraction 
(15 g) was fractionated by vacuum liquid chromatography 
on silica gel 60 G, eluting with n-hexane-ethyl acetate 
system with increment ethyl acetate gradually (9:1, 8:2, 
7:3, 6:4, 4:6, 2:8, 1:9, and 0:10, each 150 mL) to give 8 
fractions (A-H). Fraction C (374 mg) was further 
separated using radial chromatography over silica gel 60 
PF254 (1 mm), eluted with n-hexane-ethyl acetate 
gradually (85:15, 80:20, 75:25, 70:30, 60:40, 50:50) to yield 
a leptospermone derivative 1 (8.9 mg). 

■ RESULTS AND DISCUSSION 

The α-Glucosidase Inhibition of Extracts and 
Fractions 

The extraction of three parts of R. tomentosa,  
 

namely, fruit, stem, and leaves produced methanol 
extract of 4.6, 3.9, and 4.2 g, respectively. All of these 
extracts were tested for the α-glucosidase inhibitory 
using p-nitrophenyl-α-D-glucopyranoside as the 
substrate and acarbose as the reference or positive 
control. The concentration of a substance that is 
required for 50% inhibition of α-glucosidase enzyme 
represented as IC50. The methanol extract from the stem 
and fruit have a similar ability to inhibit α-glucosidase 
activity with the IC50 value were 20.36 and 20.57 µg/mL, 
respectively. Both of these extracts demonstrated two 
times more potent than the leaves methanol extract with 
the IC50 value was 43.99 µg/mL (Fig. 1). Base on the IC50 
value, all three methanol extracts possessed high potency 
in inhibiting α-glucosidase compare to the reference 
drug, acarbose with the IC50 383.68 µg/mL (Table 1). 

 
Fig 1. Effect of extracts and fractions on the inhibition 
of α-glucosidase 

Table 1. Inhibitory effect of the extract, fraction and compound on α-glucosidase activity 
Extract/compound Inhibitor concentration (IC50, µg/mL) 

MeOH extract of the leaves 43.99 
MeOH extract of the stem 20.36 
MeOH extract of the fruit 20.57 
n-hexane fraction of the fruit 1175.16 
Ethyl acetate fraction of the fruit 13.49 
n-butanol fraction of the fruit 19.29 
Compound 1 110.45 
Acarbose* 383.68 

*positive control 
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Previously, it has been reported that R. tomentosa 
fruit contains stilbenoid compound, such as resveratrol, 
and piceatannol [9]. These stilbenoids showed the more 
potent inhibition of α-glucosidase activity with IC50 91 
and 60 µg/mL respectively than acarbose with IC50  
247 µg/mL [5]. In addition, other phenolic compounds 
such as flavonoid isolated from Morus alba and 
anthocyanins isolated from noble muscadine grapes have 
been reported as a potential α-glucosidase inhibitory [16-
17]. Meanwhile, the triterpenoid saponins from 
Gypsophila oldhamiana and highly oxygenated 
triterpenoid from Fagara tessmannii and Luculia 
pinceana also showed significant α-glucosidase inhibitory 
comparing to acarbose [1,18]. 

Based on its inhibition of α-glucosidase, the 
methanol extract of fruits was partitioned into n-hexane, 
ethyl acetate, and n-butanol. Ethyl acetate fraction had the 
highest α-glucosidase inhibitory with the IC50 of  
13.49 µg/mL than an n-butanol fraction with the IC50 of 
19.29 µg/mL due to its phenolic or stilbenoid content, 
meanwhile, the n-hexane fraction was not as potent as α-
glucosidase inhibitory with the IC50 of 1175.16 µg/mL 
(Table 1 and Fig. 1). Compounds typically found in  
n-hexane fractions of R. tomentosa are nonpolar 
terpenoid like meroterpenoid and steroid [20]. These type 
of compound are usually inactive as an inhibitor of  
α-glucosidase. Meanwhile, oxygenated triterpenoid such 
as ursolic acid which found from a polar fraction of the 
leaves of R. tomentosa was reported as an inhibitor  
α-glucosidase [1,21]. 

Isolation and Structural Elucidation 

The sequential partition to the methanol crude 
extract of R. tomentosa fruits (87 g) yielded n-hexane, 
ethyl acetate and n-butanol fraction of 1.54, 17.81 and 
0.44 g, respectively. Ethyl acetate fraction with the highest 
α-glucosidase inhibition was chromatographed over silica 
gel with some chromatographic technique to afford 
compound 1. 

Compound 1 was isolated as a white powder with 
m.p. 120–121 °C. The UV spectrum in methanol showed 
the maximum absorption at 242 nm, which indicated the 
presence of α,β carbonyl unsaturated. The IR spectrum 

displayed absorption for the isolated carbonyl group at 
1715 cm–1 as well as conjugated carbonyl group at 1678 
and 1663 cm–1, which consisted of the UV spectrum. In 
addition, there is absorption for C-H aliphatic group in 
2976 and 2941 cm–1. The 13C-NMR (125 MHz, CDCl3) 
was showed the presence of 14 signal. The two signals 
confirmed the existence of the isolated and conjugated 
carbonyl at δC 212.2 ppm and δC 192.2 ppm respectively. 
In addition, 13C-NMR displayed the presence of five 
other quarternary carbon signal (δC 175.5 (oxy-carbon), 
128.3, 113.2, 56.6, and 45.3 ppm), two signal for methine 
carbon (δC 46.6 and 34.5 ppm), and five signal for methyl 
carbon (δC 25.9, 24.5, 24.0, 22.4 and 15.6 ppm). The 
intensity of quarternary carbon signal at 128.3 ppm with 
the six other quarternary carbon (included the carbonyl) 
which has a ratio of 1:2, indicating that the six 
quarternary carbon is equivalent to twelve carbon. 
Furthermore, the five methyl carbon signals have an 
intensity ratio of 2:1 with a carbon methine signal at δC 
34.5 ppm, consequently each of these methyl signals is 
identical for 2 methyl carbon (there are a total of 10 
methyls). Based on this, compound 1 has 25 carbon 
atoms. The 1H-NMR (500MHz, CDCl3) spectrum 
exhibited the presence of a singlet signal of methine 
proton at δH 4.67 ppm. The spectrum also indicated the 
presence of an isopropyl unit with the appearance of a 
doublet signal at δH 1.00 ppm (6H, d, J = 6.9 Hz, 2xCH3) 
which is adjacent to the methine proton at δH 2.35 ppm 
(1H, sept, J = 6.9 Hz). This constant coupling value 
indicates that both signals are correlated to each other as 
vicinal aliphatic protons. 

In addition, there are three singlet signals at δH 
1.41 (12H), 1.32 (6H), and 1.25 ppm (6H) which indicate 
the presence of 8 methyl groups. The HMBC correlation 
revealed a correlation of both methyl on a geminal 
dimethyl group (δH 1.25 and 1.32 ppm) to the isolated 
and conjugated carbonyl group (δC 212.2 and  
192.2 ppm) as well as correlation of both methyl on 
another geminal dimethyl group to the isolated carbonyl 
(δC 212.2 ppm) and oxy-carbon (δC 175.5 ppm). These 
explained that both of geminal dimethyl is α position in 
β-triketone unit. Based on the previous NMR data, there 
are two symmetrical  units of β-triketone.  Furthermore,  
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Table 2. NMR data of compound 1 in CDCl3 and rhodomyrtosone D 

No 
Compound 1 Rhodomyrtosone D [17] 

δC δH (ΣH, mult, JHz) HMBC (H→C) δC δH (mult, JHz) 
1 (1’) 192.2 - - 192.4 - 
2(2’) 56.6 - - 56.4 - 
3(3’) 212.2 - - 212.1 - 
4(4’) 45.3 - - 45.2 - 
5(5’) 175.5 - - 175.7 - 
6(6’) 113.2 - - 113.0 - 
7(7’) 25.8 1.25 (6H, s) C-3(3’), C-1(1’), C-2(2’), C-8(8’) 25.7 1.27 (s) 
8(8’) 22.4 1.32 (6H, s) C-3(3’), C- 1 (1’), C-2(2’), C-7(7’) 22.3 1.34 (s) 
9(9’) 24.0 1.41 (6H, s) C-3(3’), C-5(5’), C-4(4’), C-9(9’), C-10(10’) 23.9 1.44 (s) 
10(10’) 24.5 1.41 (6H, s) C-3(3’), C-5(5’), C-4(4’), C-9(9’), C-10(10’) 24.4 1.44 (s) 
1’’ 46.6 4.67 (1H, s) C-5(5’), C-2’’, C-6(6’), C-3’’ 46.5 4.69 (s) 
2’’ 128.3 - - 128.2 - 
3’’ 34.5 2.35 (1H, sept, 6.9) C-2’’, C-1’’, C-4’’, C-5” 34.4 2.37 (sept, 6.9) 
4’’, 5” 15.6 1.00 (6H, d, 6.9) C-2’’, C-3’’, C-4’, C-5” 15.5 1.02 (d, 6.9) 
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Fig 2. Structure of compound 1 (rhodomyrtosone D) 

the correlation between of proton δH 4.67 ppm to 
isopropyl unit (δC 34.5 ppm) and oxy-carbon (δC 175.5 
and 128.3 ppm) indicating that the isopropyl group was 
an adjacent bis-furan ring and the bis-furan ring was 
integrated with the β-triketone unit. According to this 
spectroscopic evidence (Table 2) and comparing to those 
of reported literature [17], the structure of compound 1 
was established as rhodomyrtosone D (Fig. 2). This 
compound has been previously reported from R. 
tomentosa leaves [17]. 

The isolated compound 1 (rhodomyrtosone D) was 
examined for α-glucosidase inhibitory activity with 
concentration range about 30.77 to 0.24 µg/mL. The 
percentage of α-glucosidase inhibition from 
rhodomyrtosone D at the maximum test concentration of 
30.77 µg/mL was 17.7%, while the inhibition of acarbose 
at the same concentration was 8.54%. Using the 

extrapolation method to linear regression, the IC50 of 
rhodomyrtosone D in inhibiting α-glucosidase was 
110.45 µg/mL. This IC50 is lower compared to acarbose. 
Based on these values, rhodomyrtosone D has the ability 
to inhibit α-glucosidase enzyme stronger than acarbose. 

■ CONCLUSION 

The leaves, stem, and fruit of R. tomentosa plant 
were potential as a source of a natural antidiabetic, 
especially from the ethyl acetate fraction of the fruit. A 
bioactive compound, rhodomyrtosone D, was isolated 
from the fruit of R. tomentosa and showed higher α-
glucosidase inhibition 3.5 fold than acarbose. 
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 Abstract: Two films of ZnO-Ag/polystyrene (ZnO-Ag/PS) and ZnO/polystyrene 
(ZnO/PS) have been prepared and the photodegradation ability of stabilized catalysts was 
evaluated for methylene blue (MB) degradation. The efficiency of ZnO improved against 
recombination of electron-hole pair by modification of catalyst surface with Ag 
photodeposition to be more resistant towards photocorrosion. ZnO-Ag catalyst was 
characterized by SEM and EDS analysis to show high roughness of this catalyst and Ag 
deposited on the surface was 2% (molar ratio). ZnO-Ag/PS and ZnO/PS composites were 
made as films and were then analyzed by FTIR spectra that showed the interaction of 
ZnO and ZnO-Ag with polystyrene appeared in the range of 400–620 cm–1, XRD pattern 
indicated the presence of Ag nanoparticles on the surface of ZnO and ZnO/PS film has 
maximum absorbance at 376 nm in UV-VIS spectra. This value shifted to 380 nm because 
of the photodeposition. The photocatalytic reaction was depicted using MB in the UV-
irradiation action of stacked films in MB solution. The result showed that both ZnO-
Ag/PS and ZnO/PS films gave efficiency to remove MB by 97% and 70%, respectively. The 
reusability test of the films showed that ZnO-Ag/PS was more resistant than ZnO/PS. The 
presence of Ag also increased the efficiency in photodegradation and resistance against 
photocorrosion. 

Keywords: photocatalysis; photodeposition; ZnO-Ag; methylene blue 

 
■ INTRODUCTION 

Photocatalysis techniques are new eco-friendly 
methods for environmental treatments to 
decontamination dyes in the wastewater. Metal oxide 
semiconductors as heterogeneous photocatalyst are an 
important material that utilized by many applications in 
industry and many technological processes like 
environmental and biomedical applications [1-2]. One of 
the serious problems in wastewater is contamination with 
an organic and inorganic dye that discharged to aquatic 
habit, which will add high risk to living organisms leading 
to pollution crises. Dyes are powerful coloring agent in 
the textile and leather industry. 

On the other hand, these dyes are non-
biodegradable when expelled to the ecosystem and 
resisted degradation so that it will cause health problems 

according to carcinogenic nature. Also, their presence 
made problem in an aquatic system like low illumination 
reaching the bottom and low oxygen demand [3-4]. 
Dyes can be removed using photocatalysis reaction in 
the presence of titanium dioxide (TiO2) and zinc oxide 
(ZnO), and these catalysts can harvest light energy for 
photodegradation and significantly enhance the rate of 
degradation [5]. 

Semiconductor catalyst such as ZnO, when 
illuminated with photons forms in the valence band 
(VB) a positive hole (h+) and the conduction band (CB) 
an electron (e−). The positive hole oxidized by hydroxyl 
ions to produce hydroxyl radicals (OH•) and causing 
degradation of organic contaminants directly or 
indirectly. In the conduction band, the electron is 
consumed by adsorbed oxygen and forms oxygen 
superoxide. These species enhance the rate of 



Indones. J. Chem., 2020, 20 (2), 314 - 323   
        
                                                                                                                                                                                                                                             

 

 

Hassan Khuder Naji et al.   
 

315 

degradation by destroying the chemical structure through 
several steps of oxidation, reaching mineralization the 
dyes converting into CO2 and H2O [6-7]. 

TiO2 is most widely used in photocatalysis to 
decontamination of dyes, but ZnO also has similar activity 
to be useful like TiO2 where its band gap energy is 3.2 eV. 
ZnO has a relatively lower cost of production and ease in 
the separation of electrons and holes charges. Thus ZnO 
can be used as an alternative catalyst instead of TiO2 [8-
10]. However, the capability of ZnO in photodegradation 
opposite its poor chemical stability under photocatalytic 
reaction [11] as it undergoes corrosion by self-oxidation 
under UV irradiation, leading to the loss of the 
photocatalytic activity. Thus, it needs to improve the 
photostability by incorporation into various composites 
like TiO2 or by deposition of noble metals like Ag on the 
surface [5,12]. 

Efficient photocatalytic degradation of organic 
pollutants was reported by depositing TiO2 ultrathin layer 
on Ag-ZnO nanorods, where the addition of Ag work as a 
sink for electron collector and prevent charges 
recombination. The TiO2 layer increases the stability of 
photocatalyst against photo-corrosion under UV 
irradiation [12]. Several studies have designated that the 
photocatalytic rate increases with catalyst loading with 
metal, but at high concentrations of metal load will lose 
its efficiency, because of light scattering and screening 
effects happened [13]. Also, photodegradation is more 
efficient in case of increasing the lifetime of electron-hole 
separation and retarding recombination. According to 
this method, incorporation of species that accept 
electrons at conduction band of the photocatalyst, like 
transition metal ions or oxides increases the activity in 
degradation comparing to bare semiconductors. The 
consuming of a photo-excited hole by photooxidation 
species are expected could reduce the recombination 
process and make it highly efficient [5,12,14]. Usually, 
defect in photocatalyst by doping makes shifting in band 
gap to less value; therefore, the addition of dopants 
decrease the band gap causing surface modification by the 
new site and lifetime charges carriers' recombination is 
retarded and increase the photocatalyst ability in the 
photodegradation process [15-16]. 

In many previous reports, the photocatalytic 
reaction usually constructed according to the common 
protocol, where the photocatalyst is used as a powder 
and added to the dye solution with stirring to get a 
slurry, then illuminated with proper source of light to 
initiate the photocatalytic reaction. This protocol is 
limited to be used in industrial treatment units, because 
the recovery of catalyst and takes more times for 
continuing the treatment units work or expelled the 
catalyst to the environment, leading another problem. In 
our previous study, the photocatalyst is stabilized on a 
surface like cotton fiber by impregnation of in ZnO and 
ZnO-Ag and used for photodegradation of safranin O 
dye [17-18]. In addition, silver incorporation in TiO2 
and a polystyrene matrix was made to remove dye from 
wastewater as a floating photocatalyst [19]. Zinc oxide 
nanoparticles were also fixed on glass plates as a 
photocatalyst to remove Acid Red 88 dye in aqueous 
solution [20]. This strategic way reported that mixing 
the photocatalyst with polymer matrix gives a new 
technique in water purification with characteristic 
features like good photocatalytic activity, low cost in 
consuming of the catalyst and no need to recover the 
catalyst after water treatment [21]. 

Thus in this study, the action of ZnO doped Ag and 
comparison of photodegradation of methylene blue 
solution were demonstrated, where MB is likely used as 
an example to evaluate the photodegradation efficiency 
[22]. In the presence of ZnO/PS and ZnO-Ag/PS, both 
of them are stabilized in the polystyrene matrix 
controlling the photocatalyst to be not expelled to the 
environment. Some analysis like UV Vis, FTIR, XRD, 
SEM, EDS spectroscopy was used. The 
photodegradation of dye solution against time and the 
reusability of the films were also monitored and studied. 

■ EXPERIMENTAL SECTION 

Materials 

Zinc oxide (ZnO) and methylene blue dye was 
supplied by Fluka Co., silver nitrate from BDH, 
polystyrene from local markets, acetone and chloroform 
by GCC, and were used without further purification. 
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Instrumentation 

UV VIS spectra were recorded for polystyrene, 
ZnO/PS and ZnO-Ag/PS films in the range 200-800 nm 
using UV VIS spectrophotometer LF 4030, Scienco 
(Korea) by cutting pieces of the films (2 × 1) cm and 
inserted in the UV VIS holder to record the spectra and 
blank holder was air. FTIR analysis is done directly for the 
films and tested using Affinity IR instrument (Shimadzu, 
Japan) recorded in the range 400–4000 cm–1, where the 
films located directly in the FTIR holder to record the 
spectra. XRD diffraction of ZnO and ZnO-Ag are 
characterized by XRD apparatus (DX-2700 SSC, USA) 
using the films in the range 20–60° of the diffraction angle 
(2theta). ZnO-Ag was analyzed by Scanning Electron 
Microscope Inspect 550, Netherland. EDS of ZnO-Ag was 
tested using energy dispersion X-ray (EDX), Bruker Nano 
GmbH, Germany, where the powder is suspended in 
absolute ethanol, and the suspension dropped on a piece 
of aluminium for SEM and EDS analysis. 

Procedure 

Preparation of composite of ZnO–Ag by 
photodeposition 

ZnO powder about 5 g was weighed and suspended 
in 100 mL of a mixture of distilled water/Acetone (50:50) 
with stirring for 1 h. Silver nitrate was then added to the 
suspension, where the ratio of Ag was 2.5% molar ratio 
related to ZnO weight. The suspension was radiated using 
ultraviolet lamps (Phillips, 70 W) for 4 h, where this time 
all silver ion completely deposited on ZnO surface. 
AgNO3 was added to the filtrate of ZnO suspension to 
ensure no AgCl precipitate is formed. Finally, the white 
suspension turned into grey color and continuing until 
the maximum of the solvent is evaporating. ZnO-Ag 
composite was then filtrated and washed with distilled 
water several times and dried at 80 °C for 12 h. This 
sample is prepared for analysis like SEM and EDS. 

Preparation of ZnO–Ag/PS and ZnO/PS film 
Polystyrene (0.95 g) was dissolved in 20 mL of 

chloroform using magnetic stirrer for 3 h in reflux 
apparatus and followed by the addition of 0.05 g of ZnO 
or ZnO-Ag with continuous stirring for 30 min to get a 
 

 
Fig 1. Photocatalytic degradation reaction installation 
(Petri dishes contain ZnO/PS film on the left and ZnO-
Ag/PS film on the right were immersed in 10 ppm of 
methylene blue solution) 

thick dispersed solution. After a slurry was formed, it 
was then poured in Petri dishes and left to evaporate in 
room temperature for 24 h to get casted films of ZnO/PS 
and ZnO-Ag/PS. The film without catalysts, which is 
polystyrene only, was used as a control film. These films 
are directly characterized by XRD, FTIR, and UV VIS 
spectroscopy. 

Photocatalytic degradation reaction 
Photocatalytic degradation ability of ZnO-Ag and 

ZnO films was evaluated by the degradation of 
methylene blue under 70 watt UV lamp. In the 
degradation procedure, the film of ZnO–Ag/PS, 
ZnO/PS, or PS were stacked in 5 cm diameter Petri dish 
reaching the base of the dish with metal buckle, keeping 
the film against floating and most of the solution will be 
above the film as shown in Fig. 1. Then 10 mL of 
methylene blue solution (10 ppm) was added with 
ensuring most of the solution is above the film; it was 
then stirred for 15 min in the dark until the 
adsorption/desorption equilibrium was reached. This is 
enough time for adsorption according to the amount of 
catalyst in the PS matrix, that is only 5% w/w. The UV 
lamp was applied about 10 cm above the Petri dish, and 
the maximum absorbance of methylene blue was 
measured at 665 nm using UV–vis spectrophotometer 
scan between 200–800 nm wavelengths recorded every 
15 min. 
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■ RESULTS AND DISCUSSION 

ZnO-Ag/PS, ZnO/PS, and PS films were characterized 
by FTIR analysis and appeared in Fig. 2. The common 
main peaks are the same with no shifting, except after 
catalyst mixing leads to strong absorption at 400–550 cm−1. 
Absorption bands at 3100 cm–1 belong to aromatic C-H 
stretching. The values of 2920 cm−1 and 2850 cm−1 
absorption are assigned to CH2 group for the asymmetric 
and symmetric stretching vibrations respectively. 
Aromatic C=C stretching peaks appeared at 1600 and 
1500 cm–1. The C-H deformation vibration band of 
benzene ring hydrogen appeared at 950 cm–1. Also, the 
mono-substituted ring showed absorption peaks at 759 
and 654, while the main peak of ZnO in the ZnO/PS 
composite was observed at the range 400–550 cm−1. When 
compared to this value with recent works of literature, it 
is similar to this work [23-24]. 

UV-Vis spectrum of PS, ZnO/PS, and ZnO-Ag/PS 
are shown in Fig. 3, the PS does not show any appreciable 
absorption, and there is only a broad and less intense 

absorption band in the Vis region, while its absorption 
is 200–250 nm. For the composite films, it can be seen 
that there is UV absorption in all the samples, in the range 
of 240–390 nm, where the presence of zinc oxide 
enhances the UV absorption capacity of PS film. The ZnO 
content enhances the UV shielding properties of the 
polymer. When the number of dopant atoms increased, 
the gap of a semiconductor is lowered. Ag acts as a dopant 
that work as photo-sensitizer, which induce the 
separation of electron-hole pairs and prevent their 
recombination. Thus, the dopant works as a bridge to 
transfer charges between the localized stats [25]. 
Moreover, slight redshifts from 376 to 380 nm for the 
absorption peaks are observed in ZnO-Ag/PS film as a 
result of Ag doping. Such redshifts of the edge of 
absorption peaks of ZnO have also been reported [26]. 

XRD analysis was performed to analyze the degree 
of crystallinity and nature of ZnO and ZnO-Ag 
composites, with CuKα radiation (40 Kv, 30 mA). The 
diffraction of  X-ray  showed  spectra of  ZnO/PS  and  

 
Fig 2. The FTIR spectra of (a) polystyrene films, (b) ZnO/PS films, and (c) ZnO–Ag/PS films 

 
Fig 3. UV VIS spectra of PS, ZnO/PS, and ZnO-Ag/PS 
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ZnO-Ag/PS composites. Characteristic peaks appeared in 
the range of 2θ values of 20–60°, where the presence of 
several peaks indicating that the crystallinity of the 
composite is high, as shown in Fig. 4. 

According to Fig. 4, ZnO-Ag peaks indicating the 
presence of silver and ZnO phases and no other structure 
is formed after doping. This means ZnO and Ag metal are 
the only phases that are found after photodeposition with 
successive reduction of Ag ion on to ZnO surface. XRD 
data for all studied samples are observed that the essential 
peaks occur at Miller indexes (100), (002), (101), (102), 
and (110), where the diffraction peaks are 31.80, 34.41, 
36.21, 47.52, and 56.53. The main peaks of ZnO are 
similar to the ZnO phase liked wurtzite (hexagonal) 
structure, according to JCPDS card no. 36-1451. The new 
peak at 38.05° in ZnO-Ag/ PS spectra does not belong to 
ZnO, but it is an indication of the presence of a silver 
particle in the (111) crystal plane that rapped on ZnO 

surface. As the amount of Ag is low, the x-ray will not be 
sensitive to all diffracted peaks like 44.38 angle, thus 
(200) crystal planes of silver would not appear in the 
spectra [27]. 

ZnO-Ag composite was analyzed by SEM 
instrument to show the morphology of this 
photocatalyst and showed highly roughness, and the 
particles are distributed as dimensional form, which 
gives a good feature in surface area. Fig. 5(a) shows the 
SEM image of ZnO-Ag composite, and Fig. 5(b) is the 
EDS analysis of ZnO-Ag, and according to this test, the 
composite contained Zn, O, and Ag only. The presence 
of Ag peak indicates the successful modification of ZnO 
by Ag using photodeposition method. EDS analysis 
showed the atomic percentage that the amount of silver 
deposit on ZnO was 2%, while the percentage of Ag in 
the solution to prepare ZnO-Ag was 2.5% and this is a 
good result, where the error was low. 

 
Fig 4. XRD of (a) ZnO/PS and (b) ZnO-Ag/PS 

 
Fig 5. (a) SEM image and (b) EDS analysis of ZnO-Ag (the inserted table is weight and atomic elements percentage of 
ZnO-Ag) 
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Photocatalytic degradation activity of ZnO/PS and 
ZnO-Ag/PS were studied by degrading of MB dye under 
UV-irradiation in comparison to PS film. MB dye has 
maximum absorption at 665 nm, and the absorption is 
monitored to evaluate the photodegradation of MB, 
where in case of PS film there is a slight change in MB 
absorption, and this indicates the PS film has poor 
photocatalytic degradation. 

In the case of ZnO-Ag/PS and ZnO/PS films, MB 
absorption is decreased with time due to the vanishing 
color by photocatalytic reaction, and this decreasing is 
continuing until the color of MB is disappeared. Fig. 6 
shows the UV VIS spectra of MB solution with a 
concentration of 10 ppm in the presence of UV 
irradiation with proceeding time. In Fig. 6(a), the 
photodegradation of MB is very low as there is no 
photocatalyst, where PS film without catalyst, and the MB 
absorption was slightly changed related to initial 
concentration. Fig. 6(b) represents the effect of MB 
photodegradation by ZnO/PS film, and it can be seen that 

the absorption of MB is changing in time proceeding. 
This also revealed that MB degraded by the action of 
ZnO/PS film is a good method to eliminate the dyes 
from industrial textile effluent. The degradation of MB 
solution using ZnO-Ag/PS catalyst is shown in Fig. 6(c); 
MB was more degradable in the same conditions in 
comparison with ZnO-Ag/PS and PS films. According to 
this result, the degradation activity will be more efficient 
as much as exposing to UV irradiation. Finally, the color 
tends to be colorless of MB as the full destruction of 
chemical structure. 

PS as a polymer has low degradation activity and 
this regards to wide bandgap; therefore, it did not show 
any degradation of MB solution. ZnO-Ag/PS was more 
effective in MB removal than ZnO/PS film, and this 
attributed to the Ag doping. This modification changed 
the surface nature and made new active sites, increasing 
the surface area. Also, the photocatalytic activity of ZnO-
Ag/PS was enhanced due to metallic Ag deposition on 
the surface of ZnO,  and this metal  works as  electrons  

 
Fig 6. Photodegradation of MB by (a) PS film, (b) ZnO/PS film, (c) ZnO-Ag/PS film, and (d) efficiency of 
photodegradation of the three films 
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collectors. Silver nanoparticles that trapped on ZnO 
surface modify the surface with new geometrical active 
sites. This modification leads to change the electronic 
properties and increase the separation time of the 
electron-hole pair to give more time for electron trapping. 
Electrons trapped tend to move to an oxidized agent like 
the adsorbed molecular oxygen, and this prevents the 
recombination of electron-hole pairs. Thus the 
degradation efficiency was increased [28-29]. 

In addition, the ZnO-Ag/PS ability in MB 
degradation result from the electron-hole could have 
more than one pathway for the formation of electron-hole 
with more time and forbidding recombination as the 
three different interfaces of ZnO-Ag composite. The 
comparison of the photodegradation efficiency of the 
three films is shown in Fig. 6(d), where high efficiency of 
ZnO-Ag/ ps film in the same conditions is reached up to 
97% for 120 min after reaction, while ZnO/ps was 70% 
and PS film alone was 19% and this result is similar as 
reported [30]. 

The photocatalytic reaction of films against MB 
removal kinetics was studied, and it found that this kind 
of reaction follows pseudo-first-order kinetics. The most 
mechanism that fallow this reaction is a Langmuir-
Hinshelwood mechanism. This mechanism can explain 

the degradation activity of heterogeneous photocatalyst. 
Depending on the concentration of MB dye, when the 
concentration of MB dye is low, the rate expression can 
be written as d[C]/dt = k[C]. k is the apparent constant 
of first-order rate calculated by the linear regression of 
the equation the k = ln(CMBo/CMB)/t, where CoMB and CMB 
are the concentrations of MB dyes at the irradiation time 
0 and t min, respectively. Plots of ln(C/Co) against the 
time of irradiation gives a straight line, as shown in Fig. 
7, and the slope of the linear fitted line represents the 
value of k. The calculated k values were equal to 0.0284, 
0.0253, and 0.0007 min–1 for ZnO-Ag/PS, ZnO/PS, and 
PS films, respectively. It is obvious that ZnO-Ag/PS has 
a high degradation rate of MB dye under UV irradiation. 
According to these results, ZnO-Ag/PS can be used as 
treatment techniques to eliminate pollution by dyes 
through effluent wastewater [31-33]. 

The efficiency of MB photodegradation is clearly 
obvious in the presence of the photocatalyst ZnO/PS and 
ZnO-Ag/PS and PS. However, the amount of catalysts in 
the matrix in polystyrene film is low. ZnO/PS and ZnO-
Ag/PS were highly active to diminish the color of MB, 
where ZnO-Ag/PS was very efficient as a result of a 
combination of Ag on ZnO surface. Fig. 8 shows the 
efficiency of photodegradation by UV light only, and the  

 
Fig 7. The first order plot of MB photodegradation (a) PS film, (b) ZnO/Ag film, (c) ZnO-Ag/PS film. The insight 
picture is Petri dishes of MB solution without catalyst on the right and with ZnO-Ag/PS film on the left at the end of 
the reaction 
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Fig 8. Photodegradation efficiency after reusing the (a) 
ZnO/PS and (b) ZnO-Ag/PS films 

catalyst of ZnO/PS and ZnO-Ag/PS efficiency, which was 
20, 80, and 96%, respectively. Another aspect of this study 
was testing the photodegradation activity after several 
runs, reusing the film again to ensure that the films can be 
used several times and measuring their efficiency in the 
degradation of MB. This experiment was accomplished by 
decanting the solution of MB after decolorization and 
replaced by a new solution of MB and illuminated by UV 
light, and the absorbance was measured so that the 
efficiency is calculated. Fig. 8 shows the efficiency of 
ZnO/PS and ZnO-Ag/PS films after were used in the first 
photodegradation and reused three times. ZnO/PS and 
ZnO-Ag/PA films have good reusability of 
photodegradation efficiency. The reusability of the 
catalysts is a benefit for cost-effectiveness to reduce the 
consumption of catalyst films each photodegradation 
process as reported [34-35]. 

■ CONCLUSION 

ZnO and ZnO-Ag stabilized in polystyrene matrix 
give high efficiency in photocatalytic degradation of MB 
and had good reusability. Photodepositon of Ag on ZnO 
surface made a surface modification, according to the 
analysis of XRD, SEM, and EDS, making the MB 
degradation using ZnO-Ag/PS film was higher than 
using ZnO/PS film. In the same period of MB 
degradation, ZnO-Ag/PS efficiency was 97%, while it 
was 70% for ZnO/PS film. ZnO-Ag/PS film can be 
reused three times with the efficiency reached 89% 
compared to ZnO/PS film, which was 76%. 
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 Abstract: The properties of N-isopropylacrylamide copolymerized with N,N-dimethyl 
(acrylamidopropyl)ammonium propane sulfonate [poly(NIPAM-co-DMAAPS)] prepared 
with various monomer ratios such as transition temperature, molecular structure, 
viscosity were systematically investigated in water and Zn(NO3)2 solution. Poly(NIPAM-
co-DMAAPS) in water and Zn(NO3)2 solution exhibited a phase transition with a lower 
critical solution temperature (LCST). The higher ratio of NIPAM monomer in 
poly(NIPAM-co-DMAAPS), the lower the LCST of the polymer. Furthermore, the 
transition temperature of poly(NIPAM-co-DMAAPS) with a lower NIPAM 
concentration were not confirmed both in water nor Zn(NO3)2 solution. The more 
increase the NIPAM concentration used in the preparation, the more increase the 
polymer viscosity. Moreover, the more increase the adsorption amount of ions onto the 
gel, the more increase the polymer transmittance as well. 

Keywords: transition temperature; thermosensitive; adsorption 

 
■ INTRODUCTION 

As the impact of highly industrial activities, the 
amount of heavy metals increases every year. Heavy 
metals can cause various adverse health effects because of 
their accumulation in the human body. It is not only 
dangerous for the human body but also the environment. 
Heavy metals are able to form a complex chain when it 
enters the organism body. One of the areas in Indonesia, 
which is affected by heavy metals is Jakarta Bay. The 
accumulation of heavy metals in Jakarta Bay has increased 
significantly from the 1970s. It is reported in 2017 that the 
heavy metal ions contamination which hits Jakarta Bay 
has spread far into Seribu Islands. Maintaining the 
sediment in the coastal area is the most vital action to be 
performed since it can affect the existence of various 
aquatic and benthic organisms. Additionally, it can 

provide them habitats and food supply. A phenomenon 
that becomes a serious environmental issue, and it 
should be immediately mitigated is the accumulation of 
heavy metals in the bottom sediment of Jakarta bay [1-2]. 

The issue of heavy metals separation becomes the 
concern of many parties. Conventional methods 
commonly used in the recovery of heavy metals from 
liquid industrial waste are activated sludge process, 
chemical precipitation, flotation, ion exchange, 
membrane filtration, and electrodialysis [3-6]. The most 
frequently studied for heavy metal wastewater treatment 
are ion-exchange, adsorption, and membrane filtration, 
and the most effective and an economical method for 
heavy metal wastewater treatment with low 
concentration is adsorption by low-cost adsorbents and 
biosorbents since it has a function as an alternative 
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activated carbon (AC). Meanwhile, removing heavy metal 
ions with high efficiency can be done by using membrane 
filtration technology [7]. Activated sludge process is not 
effective because it results in sludge with high heavy 
metals concentration. The other methods are also not 
effective because of the high operation cost [8-10]. 

One of the novel technologies in heavy metals 
separation is by using adsorption with thermosensitive gel 
based on zwitterionic betaine as the adsorbent. This 
method is considered as the most effective to overcome 
the heavy metals contamination in the aquatic 
environment [11]. The advantage of zwitterionic betaine 
is having the ions selectivity as the consequence of the 
interaction among the ions and the positive and negative 
charges inside the chain [12]. Zwitterionic betaine is able 
to bond both anion and cation in liquid waste, 
simultaneously [13]. Zwitterionic betaine polymer is 
thermosensitive in aqueous solution, and also has Upper 
Critical Solution Temperature (UCST) or Lower Critical 
Solution Temperature (LCST) property or both of them. 
Besides, the zwitterionic gel is environmentally friendly 
and has a lower operational cost than the other methods. 

Poly(N-isopropylacrylamide) [poly(NIPAM] is a 
thermosensitive polymer with Low Critical Solution 
Temperature (LCST) which is around 32 °C. NIPAM 
swells at low temperature and shrinks at high temperature 
because of its transition from hydrophilic to hydrophobic 
and has neutral charge [14]. N,N’-dimethyl 
(acrylamidopropyl)ammonium propane sulfonate 
(DMAAPS) is zwitterionic sulfobetaine polymer. The 
previous study reports that physical condition and 
transparency of poly(DMAAPS) strongly affected by the 
concentration and the temperature of the solution. In 
high monomer concentration, poly(DMAAPS) physically 
forms gels because of the interchain in zwitterionic group. 
Poly(DMAAPS) solution points out the thermoresponsive 
phase transition at UCST. That polymer completely 
dissolves in NaCl solution at room temperature as same 
as in water at a temperature above the UCST [15]. 
Takahashi [14] has studied the thermosensitive polymer 
property of NIPAM-co-DMAAPS in a salt solution. The 
LCST of poly(NIPAM-co-DMAAPS) increases along with 
the increase of DMAAPS concentration and decreases 

along with the increase of the salt solution 
concentration. In our previous study [13], the 
correlation between the ions adsorption and swelling 
ability of sulfobetaine gel was investigated. The polymer 
concentration was considered to explain this 
relationship, which was converted from the density of 
the gel divided by its swelling degree. When the polymer 
concentration is higher than 180 g/L, the number of Zn2+ 
adsorbed onto the gel remains constant with the increase 
of polymer concentration. 

In contrast, when the polymer concentration gets 
lower, the number of Zn2+ adsorbed increases with the 
increase of polymer concentration. The effects of cross-
linker concentration on adsorption and the swelling 
ability of DMAAPS gel were also investigated in this 
study. The higher the cross-linker concentration, the 
better the adsorption ability of DMAAPS gel. 

None of the preceding studies focus on the 
correlation between transition behavior of 
poly(NIPAM-co-DMAAPS) towards ions adsorption 
ability of NIPAM-co-DMAAPS gel. Most of which have 
emphasized phase transition and property of polymer in 
heavy metal solution or adsorption behavior of the gel 
independently. UCST poly(DMAAPS) depend strongly 
on molecular weight, sulfobetaine monomer, or polymer 
concentration and also environmental conditions 
[13,16]. 

In the present study, the property of poly(NIPAM-
co-DMAAPS) such as molecular structure, viscosity, 
transition temperature was investigated with the 
variation of monomer concentration and using 
Zn(NO3)2 solution as target solution. The effects of 
monomer concentration on the transition temperature 
and its correlation with the adsorption behavior of the 
hydrogel were also elucidated. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used in this research are N-
isopropylacrylamide (NIPAM, ≥ 99.52%), 1,3-propane 
sultone, N,N-dimenthylaminopropylacrylamide (DMA 
PAA, ≥ 99.77%), N,N’-methylene-bisacrylamide (MBAA, 
99%), N,N,N’,N’-tetramethylethylenediamine (TEMED, 
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99%), ammonium peroxodisulfate (APS, ≥ 95%), 
acetonitrile and acetone. The first material was bought 
from KJ Chemicals Co., Ltd., Japan. The second material 
was bought from Tokyo Chemical Industry Co., Ltd. The 
third material was supplied by KJ. Chemicals Co., Ltd., 
Japan. MBAA, TEMED, and APS were bought from 
Sigma Aldrich Co. (USA). Acetonitrile was bought from 
Avantor Performance Materials, while the last material 
which acetone was bought from Smart Lab Indonesia. 
Some materials were purified before being used, while 
some others were used as they were received. The 
materials that were used after being purified are NIPAM 
through recrystallization process and DMAPAA through 
vacuum distillation. Meanwhile, the other materials were 
used without purification. 

Synthesis of Poly[NIPAM-co-DMAAPS] 

A copolymer consisting of zwitterionic betaine N,N-
dimethyl(acrylamidopropyl)ammonium propane 
sulfonate (DMAAPS) and thermosensitive N-
isopropylacrylamide (NIPAM) polymer and gel were 
characterized in order to elucidate the transition 
temperature and the adsorption amount of ions adsorbed 
onto the gel. The synthesis of NIPAM-co-DMAAPS is 
carried out in two steps; those are material purification 
and copolymer synthesis. The material purification step 
includes the purification of NIPAM and DMAPAA 
followed by the synthesis of DMAAPS monomer through 
a ring opening reaction of 1,3-propane sultone (PS) with 
N,N'-dimethylaminopropylacrylamide (DMAPAA). 
NIPAM and DMAAPS monomers were then 
copolymerized to form poly(NIPAM-co-DMAAPS). 

Distillation of DMAPAA 
DMAPAA has a characteristic which is easily  

 

polymerized with each other. Thus the storage was 
added by hydroquinone as an inhibitor in order to 
prevent any polymerization reaction. Therefore, before 
its use, DMAPAA must be separated first from 
hydroquinone through vacuum distillation. The 
distillation was carried out at a vacuum pressure of 2 cm 
Hg and a temperature of 160 °C. 

The product obtained was clear yellowish, while 
the residue of hydroquinone was darker brownish 
yellow. From the visualization of the resulting product 
color, it can be concluded that the purification/ 
separation process of DMAPAA from the impurities was 
successfully performed. 

Synthesis of DMAAPS 
The monomer of N,N-dimethyl(acrylamidopropyl) 

ammonium propane sulfonate (DMAAPS) was 
synthesized through ring opening reaction of N,N-
dimethylaminopropylacrylamide (DMAPAA) and 1,3-
propane sultone (PS) proposed by Lee and Tsai [17] 
using the same method as in our previous study [18-20]. 
The following ring opening reaction occurs (Fig. 1). 

DMAAPS is in the form of white crystal with a 
melting point of 105 °C and a yield of 92%. The formation 
of DMAAPS also involves the process of crystallization. 
The stirring is done to accelerate the formation of 
DMAAPS crystals. Acetone washing is done to remove 
the remaining acetonitrile and other impurities. 

Recrystallization of NIPAM 
The purification of NIPAM monomer is carried 

out by recrystallization from n-hexane. NIPAM (300 g) 
was dissolved in 510 mL benzene. The NIPAM-benzene 
solution was divided into six Erlenmeyer and added with 
hexane so that the total  solution of  NIPAM,  benzene,  
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Fig 1. Synthesis route to N,N-dimethyl(acrylamidopropyl)ammonium propane sulfonate (DMAAPS) through ring 
opening reaction 
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and hexane was 1 L. The solution was then put it in the 
refrigerator for a day. The product obtained was separated 
by a vacuum filter, followed by dried into a vacuum oven 
for 2 h at a constant temperature of 50 °C. Finally, NIPAM 
was ready to be used for the synthesis of the copolymer. 

Synthesis of copolymer 
Free radical polymerization was used to synthesize 

the poly(NIPAM-co-DMAAPS). The accelerator of the 
synthesis was TEMED, while the initiator was APS. In 
addition, the concentration of both accelerator and 
initiator used in preparing NIPAM-co-DMAAPS were 10 
and 2 mmol/L, respectively. NIPAM-co-DMAAPS were 
synthesized with NIPAM and DMAAPS molar ratio of 
9:1, 8:2, and 7:3. The first solution was designated from 
NIPAM, which was dissolved in 50 mL of deionized water 
and put into a flask. The second solution was referred to 
as DMAAPS and TEMED, which were dissolved in 
aquadest of 50 mL put into another flask. The oxygen 
which was dissolved in the solution was then cleaned 
using nitrogen. A 20 mL of an aliquot from the APS of the 
dissolved purged oxygen was then added into a reactor 
containing the mixture of solution 1 and 2. The 

polymerization was conducted for 6 h at 10 °C under a 
nitrogen atmosphere. The reactions occur in the reactor 
were depicted in Fig. 2. 

The release of radical persulfate ion from APS takes 
hydrogen atom from TEMED, so TEMED is activated 
and leaves molecule with a reactive unpaired electron 
was depicted in Fig. 3. 

The activated TEMED attacks vinyl groups at 
NIPAM or DMAAPS to combine with it and activated 
in turn. As the chain of NIPAM or DMAAPS units 
grows, the active site shifts to the free end. The growing 
chain of NIPAM or DMAAPS joint together through 
their active site group. 

Synthesis of NIPAM-co-DMAAPS gel 
NIPAM-co-DMAAPS gels were synthesized in the 

same way as copolymer synthesis. However, in this 
synthesis, the cross-linker was 30 mmol/L of MBAA. 
The DMAAPS with active site shown in Fig. 4 are then 
incorporated by NIPAM or MBAA, which consist of two 
acrylamides. They were joint together through –CONH2 
groups lead to the formation of crosslinker between 
chains, as shown in Fig. 5. 
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Fig 3. Activation of TEMED in the initiation stage of poly(NIPAM-co-DMAAPS) synthesis 
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Fig 4. Propagation stage of DMAAPS chains 
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Fig 5. Chemical structure of N,N-dimethyl(acrylamidopropyl)ammonium propane sulfonate (DMAAPS), N-
isopropylacrylamide (NIPAM), and NIPAM-co-DMAAPS gel (red: TEMED groups, black: DMAAPS groups, blue: 
NIPAM groups, magenta: MBAA groups) 
 

Cylindrical tubes sized 30 mm in length, and 8 mm 
in diameter were placed inside the reactor for the 
preparation of the cylindrical gel. It was then cut into 
pieces of 8 mm in length and removed the unreacted 
monomers by being rinsed with distilled water. The gels 
were then dried on a Teflon sheet for 7 days. The Teflon 
sheet was spread on a Petri dish covered by a plastic film 
with small holes to make the drying goes slower since the 
gels tend to break apart if the drying is too fast. These 
cylindrical gels were used to measure the degree of 
swelling. The remaining gels were also cut into pieces, 

washed repeatedly for several days, dried in an oven, and 
grounded to make it into powder. The result was then 
filtered using a sieve with 90 mesh size. The final result 
would then be used for the adsorption experiments. The 
conditions employed in the synthesis of the NIPAM-co-
DMAAPS gels are shown in Table 1. 

Characterizations 

Fourier Transform Infra-Red (FTIR) analysis 
Fourier Transform Infra-Red (FTIR, Thermo 

Fisher Scientific Nicolet IS10, USA) was used to identify  
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Table 1. Synthesis condition of NIPAM-co-DMAAPS polymer and gel. 

 
Concentration 

(mmol/L) 
Monomer N,N-dimethyl(acrylamido-propyl)ammonium propane sulfonate (DMAAPS) 100, 200, 300 

N-isopropylacrylamide (NIPAM) 900, 800, 700 
Cross-Linker N,N’-Methylenebisacrylamide (MBAA)  
Accelerator N,N,N’,N’-tetramethyl-ethylenediamine (TEMED) 10 
Initiator Ammonium peroxodisulfate (APS) 2 
Temperature: 10 °C, solvent: water, and reaction time: 6 h 

 
the synthesized structure. FTIR analysis was carried out 
to determine the presence of monomer and copolymer 
constituent functional groups. This analysis used middle 
area infra-red radiation in wavenumber of 4000–500 cm–1. 

Nuclear Magnetic Resonance (NMR) spectroscopy 
analysis 

NMR analysis was done to recognize the absolute 
structure of copolymer that has been synthesized. Agilent 
500 MHz NMR spectrometer was used to record the 1H 
NMR spectra. It was conducted using DD2 console 
system. In this test, a copolymer with monomer ratio 
NIPAM:DMAAPS of 8:2 was used. The test was done by 
dissolving 20 mg of the copolymer into 1 mL of D2O (20 g/L 
D2O) as the solvent. 

Transition temperature 
In order to investigate the transition temperature of 

poly(NIPAM-co-DMAAPS) in water and Zn(NO3)2 
solution, the changes in the transmittance through the 
solutions with temperature were measured. An aqueous 
solution of poly(NIPAM-co-DMAAPS) becomes 
transparent, and the transmittance is almost 100% when 
it is at a temperature lower than the LCST since NIPAM 
has characteristics of hydrophilic and soluble in a 
solution. Meanwhile, if the solution is at a temperature 
above the LCST, it will become milky white, and the 
transmittance decreases since the poly(NIPAM-co-
DMAAPS) is hydrophobic and insoluble in the solution. 
In this case, a spectrophotometer completed by a 
temperature control system was used to measure the 
transmittance at 600 nm. (JASCO Corp, V-630, Rev. 
1.00). The concentration of poly(NIPAM-co-DMAAPS) 
in water and the heating rate were 1 wt.% and 1 °C/min, 
respectively. 

Viscosity 
In this stage, a Brookfield Digital Viscometer 

Model DV2T was used to obtain the viscosity of 
poly(NIPAM-co-DMAAPS) solution at various 
concentrations. The monomer ratio between NIPAM 
and DMAAPS were 9:1, 8:2, and 7:3 (10 g/L in water). In 
addition, the Brookfield Digital Viscometer used was 
also equipped by spindle No. 61 and 62, which have been 
found to be appropriately used for the viscosity 
measurement. The measurement was conducted at 27 °C, 
10–20 rpm for 1–2 min. At least two readings mean were 
taken for each data point. 

Adsorption test 
In this study, the target solution used in the 

adsorption experiment was Zn(NO3)2. One gram of gel 
copolymer is added to the bottle glass containing 20 mL 
of an aqueous solution with a concentration of  
10 mmol/L. The glass bottle was then placed in a water 
bath followed by stirring for 12 h at the desired 
temperature to achieve equilibrium adsorption. In order 
to calculate the concentration of cations and anions in 
the solution after the adsorption process, the gel was 
separated from the solution by centrifuge for 10 min. 
The gel was then filtered with a syringe filter. The 
following Eq. (1) was used to determine the amount of 
ions adsorbed onto the gel through the concentration of 
the ions. This measurement was done before and after 
the adsorption process. 

( )0C C V
Q

m
−

=   (1) 

where Q is the number of cation (Zn2+) or anion (NO3
–) 

adsorbed, C0 is the concentration of ions in the solution 
before the adsorption process, C is the concentration of 
ions in the solution after the adsorption process, V is the 
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solution volume, and m is the dry gel weight. Atomic 
Absorption Spectrophotometry analysis was conducted to 
measure the ions (Zn2+ or NO3

–) concentration (AAS, 
Model 210 VGP) analysis. 

■ RESULTS AND DISCUSSION 

The Analysis of Fourier Transform Infra-Red 
Spectroscopy (FTIR) 

FTIR analysis was conducted to determine the 
existence of functional groups composing NIPAM and 
DMAAPS monomers, as well as the NIPAM-co-DMAAPS 
copolymer. This analysis is used in the middle infrared 
radiation area from a wavelength of 4000–500 cm–1. 

Fig. 6 shows the result of FTIR analysis of NIPAM-
co-DMAAPS copolymer with various monomer ratio 
NIPAM:DMAAPS of 9:1, 8:2 and 7:3 with a total 
concentration of 1000 mmol/L. In the spectra comparison 
of the three copolymers above, it can be seen that the three 
copolymers have a very similar spectral pattern. The C-N 
bond can be seen around a wavenumber of 1170 cm–1. 
Meanwhile, S=O bond is shown around 1387 cm–1 
wavenumber. However, there is a slight difference in 9:1 
copolymer spectra, which is a peak of S=O and C-N 
groups in the range of 1000–1500 cm–1 that is lower than 
in copolymer 8:2 and 7:3. This is because the number of 

NIPAM is higher. Thus, the S=O and C-N groups from 
DMAAPS are less. In the three polymers, the N-H bond 
is shown at a wavenumber of 3280.17–3274.02 cm–1. A 
wavenumber reaching points 1629.1–1627.82 cm–1 
indicates the presence of C=O bond. The difference in 
the functional groups of each monomer and copolymer 
constituent is seen in the presence of vinyl groups of 
CH2=CH- which determines the success of the copolymer 
reaction. Vinyl bond (CH2=CH-) is located in the 
wavenumber range between 900 to 1000 cm–1. At NIPAM, 
vinyl bond (CH2=CH-) is seen at a wavenumber of 
960.67 cm–1 (Fig. 6). At DMAAPS, the vinyl bond 
(CH2=CH-) is also seen at a wavenumber of 980.55 cm–1 
(Fig. 6). However, on the result of FTIR analysis from 
NIPAM-co-DMAAPS (Fig. 6), there is no peak which 
shows CH2=CH- bond. This indicates the success of the 
copolymerization reaction between NIPAM and 
DMAAPS in forming the NIPAM-co-DMAAPS 
copolymer. 

The Analysis of Nuclear Magnetic Resonance 
(NMR) Spectroscopy 

The absolute structure of the poly(NIPAM-co-
DMAAPS) can be further determined by analyzing it 
using  NMR  spectroscopy.  The  1H NMR  (500 MHz)  

 
Fig 6. Infrared spectra of NIPAM, DMAAPS, and poly(NIPAM-co-DMAAPS) with various monomer ratios 
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spectra of the copolymer with monomer ratio 
NIPAM:DMAAPS of 8:2 is shown in Fig. 7. The highest 
peak in range 4.6–4.7 was relative to the signal of the 
solvent. The results were as follows: 1H NMR [500 MHz, 
D2O δ/ppm]: 0.91–1.13 (s, 6H, (CH3-C-)), 1.25–1.68 (m, 
3H, (-CH2-CH-)), 1.8–2.05 (m, 2H, (-CH2-CH2-CH2-)), 
2.1–2.2 (t, 2H, (-CH2-CH2-CH2-)), 2.5–2.7 (t, 2H, (-CH2-
CH2-SO3–)), 2.92–3.08 (s, 6H, (CH3-N+-CH3)), 3.22–3.3 (t, 
2H, (-CH2-CH2-N+-)), 3.34–3.46 (t, 2H, (-N+-CH2-CH2-)), 
3.5–3.56 (t, 2H, (-NH-CH2-CH2-)), 3.7–3.86 (s, 1H, CH)). 

It is shown in Fig. 7 that a signal shown by a signal 
with code (a) and (j) is a resonance signal for proton that 
constructs a NIPAM, i.e. CH3 and CH-N, while a signal 
shown by code (b), (c), (d), (e), (f), (g), and (h) was the 
proton signal that constructs DMAAPS i.e. CH2-CH, 
CH2-CH2-CH2, CH2-CH2-SO3–, CH3-N+-CH3, CH2-CH2-
N, and NH-CH2, which are constituent monomers of 
poly(NIPAM-co-DMAAPS). All the chemical shifts in 
Fig. 7 are in good agreement with the literature, which 
shows that NIPAM-co-DMAAPS is indeed the target 
copolymer [21]. 

Viscosity 

Both the characteristic of the copolymer in 
solution and the association of the polymer charged 
group are affected by viscosity. The high value of 
viscosity owned by substances affects the substance to 
have a low mass transfer rate since the copolymer 
viscosity affects the density of the gel formed. The higher 
the viscosity of the copolymer, the denser the gel. The 
viscosity of poly(NIPAM-co-DMAAPS) with various 
monomer ratios and with a polymer concentration of 10 
g/L was measured at 27 °C. The result is shown in Fig. 8 
for comparison purpose, the viscosity of the polymer 
was measured at various speeds, i.e., 10 and 20 rpm and 
various time interval, i.e., 1 and 2 min. The results show 
that the viscosity of poly(NIPAM-co-DMAAPS) with 
various monomer ratios NIPAM:DMAAPS of 9:1, 8:2, 
and 7:3 tend to increase with the increase of NIPAM 
concentration and was observed in the range of 20– 
120 cP. However, it was also observed that no significant 
change in viscosity according to each monomer ratio 
being indicated  at various  speeds and  time  intervals.  

 
Fig 7. 1H NMR spectrum of the poly(NIPAM-co-DMAAPS) with monomer ratio NIPAM:DMAAPS of 8:2 
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Fig 8. Viscosity of poly(NIPAM-co-DMAAPS) in water of 10 g/L at 27 °C at various monomer ratios 

 
This result confirms that the poly(NIPAM-co-DMAAPS) 
with higher NIPAM concentration tends to break the 
intra-chain and intra-group association of charged 
groups from DMAAPS to form an inter-chain 
association. The higher the inter-chain association, the 
more entangled the polymer chain occurs, as a 
consequence of the increase of hydrophobicity and 
viscosity copolymer solution. 

Transition Temperature 

Fig. 9 shows LCST of poly(NIPAM-co-DMAAPS) 
solution carried out at 1 g/L polymer and a heating rate of 
1 °C/min. The transition temperature is indicated by 50% 
of transmittance. The transmittance change as a function 
of temperature was measured at a wavelength of 600 nm 
using a UV/VIS spectrophotometer equipped with a 
thermostatic cell for polymer solution. The recording of 
transmittance changes was done during the heating 
process at a rate of 1 °C. The heating process was applied 
because transition can be easily observed on heating from 
a temperature below LCST when the polymer is 
completely dissolved. 

LCST poly(NIPAM-co-DMAAPS) shown in Fig. 9 
was strongly  affected  by monomer  concentration and  

 
Fig 9. Transition temperature of poly(NIPAM-co-
DMAAPS) with a polymer concentration of 1g/L at 
heating rate of 1 °C/min and various monomer ratios 

solution. Initially, at a lower temperature, polymer with 
monomer ratio NIPAM:DMAAPS of 9:1 was completely 
dissolved in water as indicated by the transmittance 
value reaching almost 100%. Then, the transmittance 
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decreases gradually with the increase of temperature from 
50–70 °C. However, the transmittance reduction is 
insignificant, and the transition phase change is not clear. 
This phenomenon is attributed to the fact that the charge 
groups interaction, i.e., intra-group, inter-chain, and 
intra-chain is quite strong, and there is no free ion in 
water which can bind to the zwitterion in the copolymer 
chain. 

In contrast to a polymer with monomer ratio 
NIPAM:DMAAPS of 9:1 dissolved in Zn(NO3)2 solution, 
shows a transition temperature at 56.56 °C, this phase 
transition is in accordance with the initial hypothesis that 
the copolymer is dominated by NIPAM characteristic of 
LCST. However, this transition temperature in Zn(NO3)2 
solution is lower than the transition temperature in water. 
The polymer solution becomes more hydrophobic in 
Zn(NO3)2 solution because the ions in the solution 
destroy the hydration layer around the NIPAM molecules 
in the poly(NIPAM-co-DMAAPS). 

This phenomenon is different from poly(DMAAPS) 
and the copolymer with monomer ratio NIPAM: 
DMAAPS of 8:2 and 7:3 which does not experience a 
phase transition both in water and Zn(NO3)2 solution. 

Correlation between Transition Temperature of 
the poly(NIPAM-co-DMAAPS) and Adsorption 
Behavior of the Gels 

The correlation between transition temperature of 
the poly(NIPAM-co-DMAAPS) with monomer ratio 
NIPAM:DMAAPS of 9:1 and the amount of ions 
adsorbed onto the gel in Zn(NO3)2 solution is shown in 
Fig. 10. Fig. 10 shows that at a lower temperature of 10–
30 °C, the number of ions adsorbed onto NIPAM-co-
DMAAPS gel in Zn(NO3)2 solution was high, and the 
transmittance of the poly(NIPAM-co-DMAAPS) remained 
unchanged to nearly 100%. Meanwhile, the percentage of 
transmittance decreases significantly and clearly shows 
the transition temperature at 56.56 °C. The number of 
adsorbed ions begins to decrease at a temperature of 30 °C. 
Moreover, at higher temperature 50–70 °C the number of 
adsorbed ions onto NIPAM-co-DMAAPS gel in 
Zn(NO3)2 solution was the lowest, and the transmittance 
of the poly(NIPAM-co-DMAAPS) dropped to almost 0%. 

 
Fig 10. Correlation between transition temperature of 
the poly(NIPAM-co-DMAAPS) with monomer ratio 
NIPAM:DMAAPS of 9:1 and the amount of ions 
adsorbed onto the gel 

This phenomenon implies that the higher transmittance 
is caused by more interaction of ions from solution with 
the charged groups (N+ and SO3-) of the gel that reduces 
the chain entanglement and association. In contrast, 
decreased transmittance shows less number of adsorbed 
ions because the polymers are more hydrophobic or 
immiscible in the solution. At that time, the polymer 
adsorbs a little ion. 

■ CONCLUSION 

The effect of various monomer ratios of 
NIPAM:DMAAPS in the preparation of poly(NIPAM-
co-DMAAPS) on its properties such as transition 
temperature, molecular structure, and viscosity were 
systematically investigated in water and Zn(NO3)2 
solution. The result of FTIR and NMR analysis indicates 
the success of the copolymerization reaction between 
NIPAM and DMAAPS in forming the NIPAM-co-
DMAAPS copolymer. The higher ratio of NIPAM 
monomer in poly(NIPAM-co-DMAAPS), the lower the 
LCST of the polymer and the more increase the polymer 
viscosity. The correlation between transition 
temperature of the poly(NIPAM-co-DMAAPS) with 
monomer ratio NIPAM:DMAAPS of 9:1 and the 
amount of ions adsorbed onto the gel in Zn(NO3)2 
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solution was also investigated. As the adsorption amount 
of ions onto the gel increased, the polymer transmittance 
increased as well. 
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Supplementary Data 
This supplementary data is a part of paper entitled “In Silico Structural and Functional Annotation of Nine 

Essential Hypothetical Proteins from Streptococcus pneumoniae”. 

Table S1. 39 hypothetical proteins’ locus tag with their respective NCBI-Protein ID 
No. Locus Tag [14] NCBI-Protein ID 

Accession No. 
No. Locus Tag  [14] NCBI-Protein ID 

Accession No. 
1 SPD_0008 ABJ54275.1 21 SPD_0880 ABJ54796.1 
2 SPD_0403 ABJ55288.1 22 SPD_1136 ABJ55057.1 
3 SPD_0408 ABJ54600.1 23 SPD_1197 ABJ54310.1 
4 SPD_0965 ABJ54319.1 24 SPD_1198 ABJ54015.1 
5 SPD_0990 ABJ53736.1 25 SPD_1288 ABJ54428.1 
6 SPD_1392 ABJ54564.1 26 SPD_1333 ABJ53729.1 
7 SPD_1405 ABJ54327.1 27 SPD_1346 ABJ53954.1 
8 SPD_1435 ABJ53912.1 28 SPD_1391 ABJ55369.1 
9 SPD_1522 ABJ53766.1 29 SPD_1416 ABJ54839.1 
10 SPD_2029 ABJ53876.1 30 SPD_1417 ABJ54239.1 
11 SPD_0131 ABJ53868.1 31 SPD_1549 ABJ55165.1 
12 SPD_0339 ABJ54095.1 32 SPD_1560 ABJ55503.1 
13 SPD_0350 ABJ55277.1 33 SPD_1672 ABJ55016.1 
14 SPD_0394 ABJ54531.1 34 SPD_1706 ABJ54739.1 
15 SPD_0402 ABJ54394.1 35 SPD_1743 ABJ54209.1 
16 SPD_0476 ABJ55230.1 36 SPD_1803 ABJ53653.1 
17 SPD_0478 ABJ54971.1 37 SPD_1898 ABJ55068.1 
18 SPD_0675 ABJ53899.1 38 SPD_2043 ABJ54886.1 
19 sufD ABJ54405.1 39 SPD_2044 ABJ53789.1 
20 SPD_0878 ABJ53627.1    
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 Abstract: The ability of Streptococcus pneumoniae to induce infections relies on its 
virulence factor machinery. A previous CRISPR interference (CRISPRi) study had 
identified 254 essential proteins that may be responsible for the pathogenicity of S. 
pneumoniae serotype 2 strain D39. However, 39 of them were functionally and 
structurally uncharacterized. Hence, by using in silico approach, this study aimed to 
annotate the function and structure of these un-annotated proteins. Initially, all 39 
proteins went through primary screening for template availability and pathogenicity. 
From there, 11 of them were selected and underwent further physicochemical, functional, 
and structural categorization through an integrated bioinformatics approach by means 
of amino acid sequence- and structure- based analyses. The obtained data revealed that 
9 targeted proteins showed a high possibility to be involved in either cell viability or cell 
pathogenicity mechanism of the bacterium, with SPD_1333 and SPD_1743 being the two 
most promising proteins to be further studied. Findings from this study can help in 
facilitating a better understanding of pathogenic ability of this microorganism and 
enhance drug development and target identification processes in the aim of improving 
pneumococcal disease control. 

Keywords: hypothetical proteins; S. pneumoniae strain D39; in silico analysis of 
protein; bioinformatics tools 

 
■ INTRODUCTION 

Streptococcus pneumoniae or pneumococcus is a 
Gram-positive bacterium under the family of 
Streptococcaceae. This facultative anaerobe is found 
mainly at the upper respiratory tract of human, 
specifically nose and throat. Despite being one of the 
normal floras inside a human, this organism is known to 
be the causative agent of infectious diseases such as 
pneumococcal pneumonia, meningitis, and otitis media. 

According to the World Health Organization (WHO), 
in 2015, 16% of the deaths of children under five years 
old are caused by pneumonia with developing countries 
being the most prominent to get this disease [1]. 
Susceptible individuals can develop an invasive 
pneumococcal infection that can be severe, and in the 
absence of appropriate antibiotics treatment, may lead 
to hospitalization, life-long disability, and death [1]. 

S. pneumoniae is transmitted through the respiratory  
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route, especially through inhalation of air-borne droplets 
generated by coughing and sneezing from infected 
individuals. The colonization of S. pneumoniae at host 
respiratory area can cause pneumonia while its excess to 
bloodstream enables it to colonize other parts of the body 
and cause diseases such as otitis media. Once the 
bacterium has succeeded in invading the bloodstream, it 
can travel to the blood-brain barrier hence attacking the 
brain and causing pneumococcal meningitis [2]. 

In order to cause diseases, pneumococci make use of 
its virulence factors machinery, which mostly involves its 
polysaccharide capsule, cell wall, and pneumolysin [3]. 
Over the past years, prevention and treatment of 
pneumococcal diseases are through vaccinations and 
antibiotics, respectively. Example of vaccines and 
antibiotics are pneumococcal conjugate vaccines (PCV) 
and amoxicillin, respectively. However, it is found that 
inappropriate antibiotic prescriptions in treating 
pneumococcal diseases have led to an increase in 
antibiotic- and multidrug- resistant pneumococci [4-5]. 
In addition, currently available vaccines are serotype-
specific, and therefore, elicit serotype-specific immunity 
[6]. The developing countries displayed pneumococcal 
disease that is caused by a wider spectrum of serotypes as 
compared to developed countries [7]. Hence, the search 
for better vaccines and antibiotics with the aim of 
preventing or treating pneumococcal infections are 
essential. In order to do so, deep understanding on the 
virulence factors machinery of S. pneumoniae is very 
much needed. 

Virulence factors play a large role in determining the 
capability among different strains of S. pneumoniae in 
causing diseases [8]. Understanding pneumococci 
virulence factors machinery demands full knowledge of 
its proteins and components involved. The most 
important factor in the virulence of this organism is its 
polysaccharide capsule [9]. Another study further 
demonstrates that variances in this capsule have raised the 
number of different pneumococcal strains and serotypes, 
thus leading to bacterial resistance [10]. Other virulence 
factors include the cell wall plus several proteins such as 
hyaluronate lyase, neuraminidase, and pneumolysin [11]. 
Presently, biotechnology and bioinformatics applications 

have enabled scientists to completely sequence the 
bacterial genome and assign structure and function to its 
proteins and enzymes [12]. Yet, due to the complexity 
and other constraints, one third of its proteins remain 
hypothetical with neither structural nor functional 
elucidations [13]. This problem has limited the potential 
of designing drugs capable of fighting pneumococci-
related diseases. 

Hence, this study aims to fill the gap between 
genome sequence information and virulent protein 
annotation by interpreting physicochemical 
characteristics, structures, and functions of selected 
hypothetical proteins from the previously identified 
essential proteins of S. pneumoniae strain D39 [14]. 
With suitable computational and bioinformatics tools as 
well as an available genome, proteome, and secretome 
databases, this study is expected to provide insights on 
the structure and role of hypothetical proteins in 
virulence factors machinery of S. pneumoniae, 
specifically for strain D39. Acquiring this information 
will later help researchers to continue with protein 
expression and purification studies on promising 
hypothetical protein targets for further analyses. In the 
longer term, this study will provide a promising 
platform for drug design and therapeutic studies of 
pneumonia-related diseases. 

■ EXPERIMENTAL SECTION 

Sequence Retrieval 

The ID name and full sequence of each of the 39 
hypothetical proteins were retrieved from UniProtKB 
(http://www. uniprot.org/) and the National Centre for 
Biotechnology Information (NCBI) website 
(https://www.ncbi.nlm.nih.gov/protein/). The 
corresponding NCBI-protein ID accession number for 
each of the 39 hypothetical proteins targets identified 
from [14] is listed in Table S1. 

Virulence Prediction 

MP3 server (http://metagenomics. iiserb.ac.in/ 
mp3/) uses Support Vector Machines (SVM) or Hidden 
Markov Model (HMM) to calculate the algorithm and 
predict the pathogenesis of query protein [15]. All 39 
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hypothetical proteins were analyzed by this server for 
their virulence properties. 

Template Availability 

Next, the hypothetical proteins were streamed 
through NCBI BLASTP and PSI- BLAST servers against 
Protein Data Bank (PDB) proteins database for the search 
of homology. Hypothetical proteins having the template 
aligned at above 50% and similarity of 30 to 70% were of 
concern. It has been widely accepted that two proteins are 
considered homologous if their sequence similarity is 
beyond 30% [16]. At the end of the selection process, 11 
out of 39 hypothetical proteins of S. pneumoniae strain 
D39 were selected to be the subjects of study. 

Physicochemical Characteristics 

Several physical and chemical parameters 
(molecular weight, isoelectric point, extinction coefficient, 
aliphatic index, instability index, and GRAVY) were 
analyzed using ExPASy ProtParam tool (https://web. 
expasy.org/protparam/) [17]. These parameters are 
important in knowing the state of the query protein, 
especially for means of experimental handling such as for 
protein isolation and purification. 

Conserved Family and Domain 

Pfam (https://pfam.xfam.org/) [18] and NCBI CD-
Search servers [19] were used to predict possible domain 
or family of a query protein. Domain and family are able 
to give insight into the possible role or interaction that 
may be associated with the query protein by looking at the 
function and structure of proteins they are similar with. 

Subcellular Localization, Trans-Membrane Helices, 
and Secretome Analyses 

PSORT and PSORTb servers (http://www.psort.org/ 
psortb/index.html) [20] were used to predict the 
subcellular localization of the query protein. Similarly, 
HMMTOP [21], as well as SignalP [22] and SecretomeP 
[23] servers, were used to determine the presence of trans-
membrane helices and signal peptides, respectively. This 
information is important in categorizing whether a 
protein is a membrane protein, secretory protein, or 
cytoplasmic protein. 

Protein-Protein Interaction 

STRING website (https://string-db.org/) is an 
online server that contains protein databases of 
thousands of organisms and is useful in analyzing 
protein-protein interactions. STRING currently holds 
the databases of around 24 million proteins from 5090 
organisms [24]. By using STRING, the interactions 
between the query protein and other surrounding 
proteins were accessed. This enables the identification of 
functional and regulatory interactions among proteins. 

Secondary Structure Prediction 

The initial structural annotation of the query 
protein was determined by predicting its secondary 
structure. The prediction allows the information on how 
many possible helices, strands, and loops are present in 
shaping the query protein. This step was done using 
PSIPRED server (bioinf.cs.ucl.ac.uk/psipred/) [25]. 

Tertiary Structure Prediction 

In predicting the tertiary structure, three different 
servers, namely I-TASSER (https://zhanglab.ccmb.med. 
umich.edu/I-TASSER/) [26], (PS)2 (ps2.life.nctu.edu.tw/) 
[27] and ExPASy SWISS-MODEL (https://swissmodel. 
expasy.org/) [28] were used for each query protein. 

All three predicted structures were then validated 
using Ramachandran plot assessment, Verify3D [29], 
and QMEAN4 score [30]. From the validation, the best-
predicted structure was selected for structural 
refinement and further analyses. 

Structural Refinement 

The selected three-dimensional structure was 
converted from .pdb format to .gro to be subjected to 
structural refinement by Groningen Machine for 
Chemical Simulations (GROMACS) software (using 
force field gromos96 53a6) for improvement [31]. This 
process includes energy minimization, equilibration, 
and production stage. Prior to simulation, the box was 
solvated with water, and the protein system was 
neutralized. Equilibration and production took 100 ps 
and 10000 ps of simulation time, respectively. 

The refined structure was again validated using the  
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three aforementioned servers and a graph of root mean 
square deviation (RMSD) against production time was 
retrieved. The visualization of the final structure was 
viewed using PyMOL software (The PyMOL Molecular 
Graphics System, Version 2.0 Schrödinger, LLC). 

Active Site and Ligand Prediction 

The refined tertiary model was sent to metaPocket 
2.0 (projects.biotec.tu-dresden.de/metapocket/) for active 
site prediction [32]. This server allows the prediction of 
the top three possible ligand binding sites of the query 
protein. In addition, the refined structure was also sent to 
COACH server (https://zhanglab.ccmb.med.umich.edu/ 
COACH/) for the prediction of possible ligand that may 
bind to the active sites of the query protein [33]. 

■ RESULTS AND DISCUSSION 

Physicochemical Characteristics 

The physicochemical characteristics analysis 
revealed that the isoelectric point (pI) value for all selected 
hypothetical proteins from this study fell between the 
ranges of 4.59 to 9.40. Next, the highest extinction 
coefficient (EC) belongs to SPD_1346 (38740 M–1 cm–1) 
while the lowest is 2980 M–1 cm–1, which belongs to 
SPD_0878. Moreover, in term of the instability index (II), 
6 out of 11 proteins (SPD_0965, SPD_0402, SPD_1333, 
SPD_1392, SPD_1743 and SPD_0339) were predicted to 
be stable inside a test tube. Unstable proteins may require 
additional steps such as denaturation prior to isolation 

and purification. Other details on the parameters of each 
protein, such as the molecular weight, aliphatic index, 
and GRAVY value, are given in Table 1. 

Protein Domains and Families 

The initial step in understanding the functional 
property of a protein is to determine its domain and 
family. From this study, out of eleven selected 
hypothetical proteins, nine of them were classified into 
a specific domain(s) and family(s), while no record or 
identification was found on SPD_0965 and SPD_1898 
(listed in Table 2). This may be due to their short amino 
acid length (52 and 59 residues, respectively). A study 
shows that mini-proteins (those with residues of not 
more than 100 amino acids) are difficult to be analyzed 
experimentally and computationally due to their small 
sizes and short gene lengths [34]. 

Subcellular Localization and Secretome Analyses 

Determination of protein subcellular location is 
significant, especially for target identification [35]. 
Furthermore, location prediction can give an idea on the 
role of a query protein and whether it is categorized as a 
cytoplasmic, membrane, or secretory protein. Plus, it is 
also important to locate the presence of trans-membrane 
helices and signal peptide because the positive 
prediction of these two can further validate a protein’s 
function in secretory or extracellular interactions [36]. 

Analyses done  to all subjects of  this study  revealed 

Table 1. Physicochemical characteristics by ExPASy ProtParam. EC: Extinction Coefficient; AI: Aliphatic Index; II: 
Instability Index; GRAVY; grand average of hydropathy 

Gene ID MW (Da) pI EC (M–1 cm–1) AI II GRAVY 
SPD_0965 5961.67 8.19 5500 65.77 15.95 -0.956 
SPD_0131 9288.36 4.59 8940 82.34 66.60 -0.812 
SPD_0402 12868.69 4.90 5960 107.02 13.89 0.134 
SPD_1333 37756.89 5.08 33030 81.01 32.35 -0.434 
SPD_1288 8258.25 9.40 8480 160.68 42.66 1.442 
SPD_1898 7229.30 8.82 8480 80.85 50.00 -0.949 
SPD_1392 30129.38 7.92 26930 121.66 31.99 0.362 
SPD_1743 16401.74 4.73 15930 108.84 34.76 -0.190 
SPD_0339 12575.29 4.74 4470 90.37 36.24 -0.456 
SPD_0878 18970.57 4.88 2980 89.69 53.18 -0.852 
SPD_1346 60797.40 5.07 38740 81.78 50.96 -0.528 
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Table 2. Conserved family(s) and domain(s) by Pfam and NCBI CD-Search 
Gene ID Pfam and NCBI CD-Search Description 
SPD_0965 - - 
SPD_0131 DUF1447 family Protein of unknown function 
SPD_0402 Asp23 superfamily, YloU family Alkaline shock protein , cell envelope-related function 
SPD_1333 Lactonase family Lactonase, 7-bladed beta-propeller, carbohydrate 

transport and metabolism 
SPD_1288 DUF4059 family Protein of unknown function 
SPD_1898 - - 
SPD_1392 DisA_N family Diadenylate cyclase (c-di-AMP synthetase), DisA 

bacterial checkpoint controller nucleotide-binding 
SPD_1743 P-loop NTPase superfamily, TsaE domain Threonylcarbamoyl adenosine biosynthesis protein TsaE 
SPD_0339 DivIVA family Cell division protein 
SPD_0878 HTH_24 domain, 

DUF536 family 
Winged helix-turn-helix DNA binding, 
Protein of unknown function 

SPD_1346 YceG-like family Cell division protein YceG 
 
five proteins to be at a cytoplasmic location, another five 
at the cell membrane and one indecisive. In term of the 
presence of trans-membrane helices, three proteins were 
predicted to have one transmembrane helix (SPD_0402, 
SPD_1346 and SPD_1898), one protein with two 
transmembrane helices (SPD_1288) and another one 
protein with three trans-membrane helices (SPD_1392) 
while the remaining six have no trans-membrane helix. 
None of the proteins were predicted to own a signal 
peptide, and five out of eleven proteins (SPD_0402, 
SPD_1333, SPD_1346, SPD_1288 and SPD_1392) were 
said to be responsible in secretory pathway mechanism 
(listed in Table 3). 

Protein-Protein Interaction 

The involvement of a protein in virulence factor 
machinery is pretty much influenced by its interactions 
with other proteins. Some proteins work in synergy in 
order to perform vital cellular functions [24]. Hence, 
knowing the relationship between a hypothetical protein 
and other proteins can give insights into its possible 
function or role. In accordance with this, the analysis of 
protein-protein interaction by STRING gave 
information on the types of relation (neighborhood, co-
occurrence, text-mining, and experimental) between the 
query protein and others. 

Table 3. Subcellular, trans-membrane helices, signal peptide, and secretome analyses 

Gene ID 
Subcellular localization Trans-membrane helices Signal 

peptide 
Secretome analysis 

PSORT PSORTb HMMTOP SignalP SecretomeP (score) 
SPD_0965 Bacterial cytoplasm Extracellular - No No (0.400) 
SPD_0131 Bacterial cytoplasm Cytoplasmic - No No (0.100) 
SPD_0402 Bacterial membrane Cytoplasmic membrane One (18-37) No Possibly (0.654) 
SPD_1333 Bacterial cytoplasm Cytoplasmic - No Possibly (0.775) 
SPD_1288 Bacterial membrane Cytoplasmic membrane Two (12-30, 51-72) No Possibly (0.950) 
SPD_1898 Bacterial membrane Unknown One (4-20) No No (0.078) 
SPD_1392 Bacterial membrane Cytoplasmic membrane Three (6-25, 34-54, 59-78) No Possibly (0.847) 
SPD_1743 Bacterial cytoplasm Cytoplasmic - No No (0.057) 
SPD_0339 Bacterial cytoplasm Cytoplasmic - No No (0.050) 
SPD_0878 Bacterial cytoplasm Cytoplasmic - No No (0.089) 
SPD_1346 Bacterial membrane Unknown One (188-206) No Possibly (0.927) 
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Table 4 shows the top three proteins of the highest 
interaction with the query protein. The score given for 
each interaction was in the range of 0 to 1, with 1 being 
the strongest interaction. From the analysis, it was 
revealed that most of the proteins involve directly with the 
virulence machinery of S. pnuemoniae. 

Secondary and Tertiary Structure Prediction and 
Refinement 

Another pivotal aspect to consider when annotating 
protein functional properties is its two- and three- 
dimensional structure. This prediction revealed possible 

shape or folding (helices, strands, and loops) of a query 
protein from its amino acid sequence. The knowledge on 
protein structure enables further identification on 
important protein characteristics such as active sites and 
binding ligands. Structural refinement, on the other 
hand, is crucial in improving the predicted structure to 
minimize the energy, thus obtaining more native protein 
folding [37]. 

In this study, all structures were successfully 
predicted and refined except for two proteins (SPD_1346 
and SPD_0878) due to large atomistic structure. Based on 
the graph of root mean square deviation (RMSD) against 

Table 4. Protein-protein interactions by STRING 
Gene ID Interacting protein Protein function 
SPD_0965 Obg protein, 

CpoA protein 
Modulates vital processes, 
Saccharides biosynthesis 

SPD_0131 Ribonuclease J, 
MecA protein, 
DivIB protein 

Hydrolyses β-lactam antibiotics, 
Involves in bacterial pathogenesis, 
Cell wall synthesis 

SPD_0402 SPD_0403, 
SPD_1388 

Catalyzes glycerol metabolic processes, 
Key regulator for virulence of Gram-positive bacteria 

SPD_1333 Zwf protein, 
Gnd protein, 
SPD_1330 

Carbohydrate degradation process, 
Carbohydrate degradation process, 
ATP-binding cassette transporter 

SPD_1288 TrxB protein, 
SPD_1290, 
SPD_1293 

Catalyzes the reduction of thioredoxin, 
ABC transporter, 
Involves in aminoglycoside antibiotics resistance mechanism  

SPD_1898 SPD_1899, 
SPD_1897, 
SPD_1895 

Purine nucleotide biosynthesis, 
Purine nucleotide biosynthesis, 
Protein biosynthesis 

SPD_1392 GlmM protein, 
SPD_2032, 
SPD_1393 

Catalyzes peptidoglycan biosynthesis, 
Involves in c-di-AMP homeostasis, 
Catalyzes disulfide bonds formation 

SPD_1743 TsaD protein, 
NnrD protein, 
Recombinase A 

Involves in tRNA processing machinery, 
Involves in bacterial stress adaptation, 
Responses to β-lactam antibiotics 

SPD_0339 EzrA protein, 
RecU protein, 
Pbp2 protein 

Essential for growth, cell division, and cell size homeostasis, 
Involves in DNA damage repair mechanism, 
Involves in methicillin resistance mechanism 

SPD_0878 MtnN protein, 
SPD_0875, 
GlmU protein 

Involves in virulence machinery of Gram negative bacteria, 
Controls cell homeostasis, 
Cell membrane synthesis 

SPD_1346 GreA protein, 
MurC protein 

Regulates RNA polymerase activity, 
Involves in peptidoglycan biosynthesis 
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time during the production stage, six out of nine refined 
structures had reached the plateau stage. However, the 
remaining three (SPD_0402, SPD_1288, and SPD_1392) 
still had an increasing RMSD, suggesting longer 
production time is needed (Table 5). 

Structural Validation 

Structural validation was done to verify the quality 
of predicted models. After the refinement process, final 
structures were again subjected to structural validation 
through Ramachandran plot assessment (to visualize the 
distribution of torsion angles in a protein structure), 
QMEAN4 (to describe the likelihood that a predicted 
model is of comparable quality to experimental structure) 
and Verify3D (to verify the propensity of protein’s 
sequence with its predicted three- dimensional structure). 
In QMEAN4, the closer the score to 0 indicates better 
model quality. In Verify 3D, a score of above 80% 
indicates a high tendency of the sequence to take shape 
like its predicted structure. 

Generally, based on Ramachandran plot assessment, 
80% of residues of all structures fell in the favored region 
except for the two unrefined structures, SPD_0878 
(79.0%) and SPD_1346 (63.9%). Similarly, QMEAN4 
score obtained by all proteins showed value ranges 
between -0.09 to -5.61, with two outliers, again from 
SPD_0878 (-8.18) and SPD_1346 (-13.54). Lastly, when 
subjected to Verify 3D, only four out of eleven proteins 
(SPD_0965, SPD_0402, SPD_1333, and SPD_1743) had a 

score of above 80%. The summary of all assessments is 
shown in Table 5. 

Active Sites and Ligand Prediction 

It is essential to know the active sites and possible 
binding ligand of a query protein. Based on the predicted 
ligand, further interpretation on the functional property 
of the protein can be made more precisely. The type of 
ligand that binds to a particular protein determines its 
function in a cellular mechanism or pathway. Plus, it is 
also important for drug designing purpose [38]. 

Throughout the eleven subjects of study, the active 
sites and possible ligand of all proteins were able to be 
identified except for SPD_1346 (Table 6). This exception 
is due to the low validity of the unrefined model of 
SPD_1346 tertiary structure. 

In terms of ligand binding prediction (Table 6), 
four proteins (SPD_1333, SPD_1392, SPD_0339, and 
SPD_0878) showed possibility in the involvement of the 
cell pathogenicity mechanism and five proteins 
(SPD_0965, SPD_0131, SPD_0402, SPD_1288 and 
SPD_1743) showed possible involvement in cell viability 
mechanism of S. pneumoniae strain D39. The remaining 
two proteins (SPD_1898 and SPD_1346) were 
inconclusive due to poor results of the binding ligand 
prediction. This limitation may need further in silico 
studies such as molecular docking to confirm their 
protein-ligand interactions. 

Table 5. Summary of structural validation of final modeled structures 
Gene ID Ramachandran plot assessment QMEAN4 

score 
Verify3D 

(%) 
RMSD 
graph Favored region 

(%) 
Allowed region 

(%) 
Outlier region 

(%) 
SPD_0965 83.7 10.2 6.1 -3.97 100.00 Plateau 
SPD_0131 86.5 8.1 5.4 -3.09 57.14 Plateau 
SPD_0402 89.0 6.8 4.2 -2.15 100.00 Increasing 
SPD_1333 87.4 9.0 3.6 -3.20 100.00 Plateau 
SPD_1288 93.0 7.0 0.0 -3.49 8.11 Increasing 
SPD_1898 87.5 8.9 3.6 -3.57 71.19 Plateau 
SPD_1392 82.1 10.8 7.1 -5.61 75.28 Increasing 
SPD_1743 89.6 9.0 1.4 -0.95 100.00 Plateau 
SPD_0339 96.6 3.4 0.0 -0.09 2.44 Plateau 
SPD_0878 79.5 11.2 9.3 -8.18 22.09 - 
SPD_1346 63.9 23.7 12.4 -13.54 16.88 - 
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Table 6. Predicted function for each protein based on their binding ligand 

Gene ID 
Binding ligand 

Predicted function 
Cell viability Cell pathogenicity Unknown 

SPD_0965 Glucose   Glucose metabolism 
SPD_0131 ATP molecule   Energy production 
SPD_0402 2,4-Dichlorophenol   Phenol metabolism 
SPD_1333  Dilysine-containing molecule  Inhibits eukaryotic motifs 
SPD_1288 Glycine   Survival and growth 
SPD_1898   Null - 
SPD_1392  Cordycepin triphosphate (COTP)  Inhibits RNA chain 

elongation 
SPD_1743 ADP molecule   ATPase activity 
SPD_0339  Activator protein -1 (AP-1)  Stress adaptation 
SPD_0878  Phosphatidylcholine (PC)  Stress adaptation 
SPD_1346   Null - 

 
Potential Drug Design Candidates 

The screening process of 39 essential hypothetical 
proteins revealed that 11 of them are suitable to be target 
proteins. In general, sequence- and structure- based 
analyses showed that the targeted proteins are diverse in 
terms of their physicochemical characteristics, structures, 
and functions. Overall, two proteins (SPD_1333 and 
SPD_1743) showed convenience in their assessments 
hence making them the best potential drug design 
candidates out of all 11 proteins. 

For SPD_1333, the protein family prediction 
revealed that this protein contains a sequence of lactonase 
family member along with residues 4-335. The sequence 
encodes for 6-phosphogluconolactonase, an enzyme that 
hydrolyzes 6-phosphogluconolactone to 6-
phosphogluconate in carbohydrate metabolism via 
pentose phosphate [39]. This pathway is important in 
synthesizing nucleotides and nucleic acids vital to cells. 
Hence, this suggests the role of SPD_1333 in maintaining 
cell mechanisms and viability. 

Next, the secondary structure prediction of 
SPD_1333 by PSIPRED server showed that the protein 
contains 28 possible strands interconnected by loops with 
very good confidence. Besides, the tertiary model 
structured by I-TASSER server found that SPD_1333 is 
structurally closed to 3HFQ_A protein (99.1% alignment, 
48.2% similarity). Based on Fig. 1(a), the structure reveals 

the formation made by these 28 strands, thus making up 
a seven-bladed beta propeller structure (name as 
described by Pfam server). 

Lastly, COACH server predicted a dilysine-
containing peptide molecule (xKxKxx) binding at 
pocket 2 of the query protein (Fig. 1(b)). This finding 
strengthens the suggestion on the possibility of 
SPD_1333 to be a membrane protein because dilysine 
motif plays a role in conferring the localization of this 
kind of protein [40]. Many types of motifs, including the 
dilysine motif, are known to mimic eukaryotic motifs, 
thus enabling pathogenic bacteria to disturb host’s 
cellular functions [41]. From this, it is suggested that the 
ability of SPD_1333 to bind with dilysine motif-
containing molecule may give benefit to this protein in 
accomplishing its virulence mission inside the host. 

SPD_1743, on the other hand, contains TsaE 
domain, which is a domain that falls under P-loop 
NTPase superfamily and significant in synthesizing 
threonylcarbomyl adenosine biosynthesis protein. This 
protein is indirectly responsible in the N6-
threonylcarbamoyladenosine (t(6)A) pathway. A study 
found that t6A involves in decoding accuracy of mRNA 
codons during protein synthesis [42]. Evidently, a defect 
in t(6)A pathway can lead to increased frame shift 
events, wrong start codon selections and occurrence of 
pleiotropic phenotypes [43]. Hence this shows that TsaE 
domain is important in maintaining cell viability. 
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Fig 1. (a) Refined three-dimensional structure of SPD_1333 with twenty-eight strands; (b) Ligand binding site 
prediction by metaPocket server. Pocket 1, 2, and 3 represents the top three predicted sites. Ligand molecule containing 
dilysine peptide motif is represented in sticks 

 
Fig 2. (a) Refined three-dimensional structure of SPD_1743 with four helices and seven strands; (b) Ligand binding 
site prediction by metaPocket server. Pocket 1, 2, and 3 (spheres) represents the top three predicted sites. Adenosine 
diphosphate (ADP) molecule is presented in sticks 
 

In term of the secondary structure prediction, 
PSIPRED predicted SPD_1473 to have four helices and 
seven strands altogether. Similarly, tertiary structure 
prediction and refinement by I-TASSER and GROMACS 
using a functionally unknown 1HTW_A as a template 
(98.6% aligned, 27.6% identity) showed the same number 
of helices and strands (Fig. 2(a)). 

Finally, ligand prediction by COACH predicted an 
adenosine diphosphate (ADP) molecule to bind at pocket 
1 of the protein (Fig. 2(b)). The binding property is 
structurally similar to a protein of unknown function 
isolated from Haemophilus influenza (1HTW_A). 
Adenosine diphosphate, or alternatively known as 
adenosine pyrophosphate, is a hydrolyzed form of 

adenosine triphosphate (ATP), an organic molecule that 
involves in vital cellular processes such as cell respiration 
[44]. As evidently proven by a study done to 1HTW_A 
protein [45], the binding probability of SPD_1743 with 
the hydrolyzed ATP molecule may suggest its function 
in ATPase activity. Targeting SPD_1743 may alter its 
function in maintaining cell respiration hence 
provoking the viability of S. pneumoniae strain D39. 

■ CONCLUSION 

The analyses done on all eleven proteins revealed 
that seven of the proteins are classified under protein 
domain or family that involves in either pathogenicity or 
viability of S. pneumoniae. Furthermore, based on the 
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binding ligand assessment, five out of eleven proteins 
were strongly predicted to be involved in the pathogenesis 
and four in the survival mechanism of S. pneumoniae 
strain D39. Finally, the sequence- and structure- based 
assessments also showed that SPD_1333 (predicted to 
involve in cell pathogenicity mechanism) and SPD_1743 
(predicted to involve in cell viability mechanism) are the 
best candidates to be further studied. 

By using in silico sequence- and structure- based 
approaches, this study had successfully filled the 
information gap of previously un-annotated essential 
proteins in S. pneumoniae strain D39 by predicting 
probable physicochemical, functional and structural 
properties of selected hypothetical proteins. 
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 Abstract: Destruction process using both dry and wet conditions serves as a significant 
step in mineral quantification. Wet destruction using microwave-assisted digestion refers 
to the standard method of AOAC (2012); in this work, we modified the destruction 
procedures provided in the microwave digestion manual book, including temperature, 
reagent volume (HNO3 and H2O2), and length of destruction. The experiment works 
aimed (1) to validate the procedures in destruction process using microwave digestion; (2) 
to quantify Fe, Zn and Cu in various food matrices (canned peas, canned fish, full cream 
powdered milk) using a validated method. The method was evaluated according to 
linearity, accuracy, precision, absolute and relative LOD, LOQ, and intra-reproducibility. 
Measurement of Fe, Zn and Cu were considered to have a satisfying accuracy at a range 
of 80–115%, with a good precision value (% RSD < 2/3 CV Horwitz), while regression 
curves R2 > 0.995. The results showed that data collected from the modified method was 
not significantly different compared to those from the AOAC method. The currently 
developed method also fulfilled the acceptability requirements for laboratory analysis. 

Keywords: minerals; F-AAS; method validation; microwave digestion 

 
■ INTRODUCTION 

The constituents of food, including water, 
carbohydrates, proteins, vitamins, fats, and minerals, may 
affect the properties of the food. Specifically, essential 
minerals (Fe, Zn, and Cu) [1-5] are closely related to some 
disadvantageous effects on food such as rancidity, 
changes in color, taste, and aroma. Flame-AAS is 
commonly used for measuring mineral levels [6-10], in 
which the destruction process is considered as one of the 
most important steps [11], often carried out in dry and 
wet conditions [12-14]. Dry destruction accounts for the 
loss of some mineral components in the furnace, while it 
is also a time-consuming process [15-16]. Meanwhile, 
open system wet destruction contributes to 
contamination towards the environment, and certain 
minerals can be lost due to evaporation. On the other 
hand, wet destruction with the closed system using 
microwave-assisted digestion has some advantages, such 

as being rapid, easy, and produce accurate assessment 
[17-19], while also using less reagent. 

In our experiment, the destruction method using 
microwave-assisted digestion is found to be more 
efficient in regards to the processing time, amount of 
solvent, and temperature, and regarded as a more 
renewable technique in comparison with the method 
prescribed by AOAC 2012. Based on the SOP for 
microwave digestion, destruction procedures may vary 
depending on the types of food matrices. In contrast, the 
procedure method of AOAC 2012 is applied for all types 
of sample, regardless of food matrices. The results of the 
analysis between the AOAC method and the modified 
method were not significantly different, resulting in a 
positive analysis gap. 

The method for mineral destruction in this study 
which was derived from the manual of a microwave 
digestion device is different from the standard AOAC 
method 999.10 (2012) [20]. The differences included 



Indones. J. Chem., 2020, 20 (2), 348 - 359   
        
                                                                                                                                                                                                                                             

 

 

Didah Nur Faridah et al.   
 

349 

reagent volume, temperature, and length of destruction. 
Different food matrices should require a specific 
treatment during the destruction process. For this reason, 
the food samples were selected according to the food 
matrix triangle (AOAC 2012), resulting in three main 
groups of food, i.e. protein-rich food (canned fish), fat-
rich food (full cream milk powder) and carbohydrate-rich 
food (canned peas). The selection of canned food samples 
aimed to reduce factors that can cause instability in the 
method validation. The modified method was acceptable 
as long as it met the requirements after compared with the 
standard method [21]. 

The objective of this study was (1) to validate the 
quantification method of Fe, Zn and Cu using F-AAS with 
microwave digestion, and (2) to obtain data on the 
mineral content of Fe, Zn and Cu on several different food 
matrices using the validated method. 

■ EXPERIMENTAL SECTION 

Materials 

The chemicals used were analytical grade, including 
aquademineral, HNO3 (p) (Merck KgaA), H2O2 30% (Merck 
KgaA), standard Zn solution of 1000 ppm (CertiPUR 
Merck KgaA, no 1.19806), standard Fe solution of 1000 
ppm (CertiPUR merge KgaA, no.1. 19781), standard Cu 
solution of 1000 ppm (CertiPUR merge KgaA, no.1.1986). 

The food samples (canned peas, full cream 
powdered milk, and canned fish) were collected from 
similar brands, expired dates, and production batches. 
The powdered milk was stored in airtight packaging at 
room temperature (quartering sampling method), while 
canned peas and canned fish were stored in the freezer 
(homogenization sampling method) (FDA 2014) [22]. 
Homogenized samples were placed in 10 polyethylene 
bags, and their ash content was analyzed in duplicate 
[23]. The homogeneity of these samples was checked 
using different test criteria (F test) with the provision of 
Fcount < Ftable. Ash content test was achieved using the 
standard method of AOAC 900.02A. 

Instrumentation 

The instruments used were Close Microwave 
Digestion type SINEO MDS-6G, Flame-AAS type 
Shimadzu AA 2000 and hollow cathode lamp of Fe, Zn, 
and Cu. The F-AAS setting is presented in Table 1. 

Procedure 

Sample digestion procedure 
Sample (0.5 g dry basis was added with HNO3 (p) 

and H2O2 30%. The standard method setting of 
destruction and modification is presented in Table 2. 
After completion of digestion, the sample was 
homogenized in demineralized water in a 25 mL flask. 

Table 1. Setting of Flame-AAS 

Mineral Wavelength 
(nm) Fuel Burner height 

(mm) 
Fuel flow 
(L/min) 

Lamp current 
(mA) 

Slit bandwidth 
(nm) 

Sensitivity 
Cu 2 ppm 

Fe 248.3  Air-C2H2 9.0 2.2 4.0 0.2 0.0352 
Zn 213.9 Air-C2H2 7.0 2.0 5.0 0.7  
Cu 324.8  Air-C2H2 7.0 1.8 8.0 0.7  

Table 2. The setting of microwave digestion 
Sample Standard method Modified method 

Full cream milk powder 

30 °C/3 min/300 W 
150 °C/5 min/600 W 
180 °C/22 min/500 W 
200 °C/15 min/300 W 

130 °C/10 min/300 W 
150 °C/5 min/600 W 
180 °C/5 min/500 W 
200 °C/10 min/300 W 

Canned peas 130 °C /10 min/300 W 
150 °C/5 min/600 W 
180 °C/15 min/500 W 

Canned fish 130 °C/10 min/300 W 
150 °C/5 min/600 W 
180 °C/15 min/500 W 
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Control solution (comprising of nitric acid and hydrogen 
peroxide) was made according to the same procedure as 
the sample. 

Validation of analysis methods 
The developed method was evaluated for its 

acceptability according to the following indicators, i.e., 
linearity, relative and absolute LOD, LOQ, precision, 
accuracy, and intra-lab reproducibility. 
Precision test. This test is done by measuring the 
concentration of samples as much as 7 times replication for 
the measurement of 3 types of minerals (Fe, Cu, and Zn). 
Intra-lab reproducibility. Intra-lab reproducibility is 
determined by measuring the concentration of samples in 
the same laboratory, by the same operator at different 
times. Each test was performed with three replications. 
Furthermore, the RSD value of the analysis is compared 
with the RSD Horwitz value. Intra-lab reproducibility is 
satisfactory if it has an RSD value smaller than the RSD 
Horwitz value. Test results at two different weeks were 
tested using the t-test. 
Accuracy. The test is performed using a sample spiked 
with a standard solution. The experimental concentration 
of spiking is the percentage of the sample concentration 
that is 80% (low concentration), 100% (medium), and 
120% (high). Spiking is done at the beginning of the 
preparation before the microwave digestion. Accuracy is 
determined by calculating percent recovery. 
Linearity. Instrument linearity was performed by 
measuring the absorbance of standard mineral solutions 
(Fe, Zn, and Cu) at various concentrations. The linearity 
test of Fe and Cu minerals used concentration 0–0.5 mg/L 
while Zn mineral concentration was 0–1.0 mg/L. 
Absorbance of each standard solution was measured and 
repetition was performed three times. 
Limit of Detection (LOD) and Limit of Quantitation 
(LOQ). The values of LDI (Limit detection of instrument) 
and LOQ can be obtained from linearity analysis data by 
determining the standard value of calibration error (sy/x). 
Theoretical LDI is obtained from the formula [3 (sy/x)]/b. 
Confirmation was conducted by 7× repeated 
measurement of the solution according to the theoretical 
LDI concentration for 3 types of minerals (Fe, Zn and 

Cu), The theoretical LOQ is derived from [10 (sy/x)]/b. 
Confirmation of LOQ values was performed by making 
a solution with a concentration of the theoretical LOQ 
value and measured with seven replicates for each 
mineral (Fe, Zn, and Cu). The LDM (Limit detection of 
method) value is determined by measuring seven 
replications of the mineral concentration in the sample 
prepared according to the theoretical LDI values. 

Data analysis 
Data were expressed as mean, followed with 

deviation standard and relative standard deviation 
(RSD). Furthermore, statistical analysis was used to 
determine the p-value (independent t-test) in intra-lab 
reproducibility. Results obtained from the modified 
method were compared to the standard method. 

■ RESULTS AND DISCUSSION 

Preparation of Sample 

Prior to destruction (by microwave digestion), the 
sample size needs to be reduced, allowing to produce a 
larger surface area and enhance the reaction rate. 
Samples containing organic solvents, such as wine, must 
be evaporated up to a fifth of the initial volume since the 
solvent can induce an explosion. 

The selection of food matrix is based on major 
components such as carbohydrate, protein, and fat, 
arranged into the food matrix triangle (Fig. 1). The 
proximate analysis was in accordance with the 
placements on literature studies (USDA 2006) [24], 
exhibited in Table 3. 

Furthermore, the water content in all samples (Table 
4) was in the range of SNI and USDA standard. Moisture 
level in canned fish was found to be higher compared to 
literature USDA 15089, which might be ascribed to the 
difference in the type of sample. The determination of 
water content was conducted using a vacuum oven 
method. Vacuum oven drying was conducted at low 
temperature and pressure, in order to retain volatile 
components present in the samples tested [25]. 

The homogeneity test is performed by measuring 
ash content, enabling to ensure that the sample tested to 
contain a  comparable  amount of  mineral and  does not 
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Fig 1. Food triangle 

Table 3. Proximate composition based reference 

Sample Content (g/100g) 
Water Protein Fat  Carbohydrate  Fiber Total sugar  

Canned peas 85.13 3.01 0.48 10.60 3.3 3.20 
Canned fish 66.86 20.86 10.45 0.54 0.1 0.43 
Full cream powdered milk 2.47 26.32 26.71 38.42 0 38.42 

Source: USDA 2016 

Table 4. Water content 

Sample Water content (%) 
Analysis result Reference 

Full cream powdered milk 4.26 max 5 (SNI 2970-2015) 
Canned peas 80.16 85.13 (USDA 11306) 
Canned fish 76.54 66.86 (USDA 15089) 

Table 5. Sample homogeneity test 

Subject 
Ash content (%) 

Full cream milk powder Canned peas Canned fish 
1 (ai) (bi) 1 (ai) 2 (bi) 1 (ai) 2 (bi) 

average 6.11 5.99 1.25 1.23 1.98 1.99 
MSB 0.01 0.001 0.001 
MSW 0.01 0.001 0.001 
Fcount 0.96 0.87 1.38 

Term of acceptance: Fcount < Ftable (3.02) 
 
contain disturbing matrix (Table 5). Ash content can be 
used as an illustration of the minerals contained in the 
sample [26]. The results demonstrated that the F value 
was 3.02, being lower than F table 5%, indicating the 
acceptable homogeneity. 

Validation of the Methods 

Precision 
Table 6 presents the satisfying precision for the 

determination of Fe, Zn, and Cu in all samples, which was 

indicated by % RSD < 2/3 CV Horwitz. This result 
displays that all random errors can be controlled. The 
random errors include instability of instrument 
performance, changes in temperature, the difference in 
techniques, and analysts. 

LOD and LOQ 
The indicators for detection limit are absolute LOD 

(instrument LOD) and relative LOD (method LOD). 
Absolute LOD  represents the  smallest  concentration of 
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Table 6. Precision test results 

Sample repeat 
Mineral concentration (mg/kg) 

Full cream powdered milk Canned peas Canned fish 
Cu Zn Fe Cu Zn Fe Cu Zn Fe 

average 0.87 24.34 24.72 1.35 7.01 2.82 0.95 9.42 23.33 
SD 0.05 0.50 0.53 0.02 0.06 0.06 0.05 0.07 0.18 
RSD (%) 6.79 2.07 2.14 1.63 1.63 0.89 4.89 0.76 0.77 
2/3CV Horwitz 10.77 6.60 6.58 10.19 10.20 7.96 10.75 7.61 6.64 

Term of acceptance: %RSD<2/3 CV Horwitz 
 
analyte that can still be detected by the instrument, while 
relative LOD is the smallest concentration of an analyte in 
the sample that can still be detected and the results are 
presented in Table 7. Limit detection testing was carried out 
by using a calibration curve with the formula 3[syx/b]. LOQ 
value constitutes the lowest limit of the calibration curve. 

The results for relative LOD can be seen in Table 8. 
The absolute LOD values for the three minerals examined 
were smaller than those reported by a previous study [12], 

reaching 0.07 mg/mL for Cu, 0.07 mg/mL for Fe, and 
0.11 mg/mL for Zn. It means the methods have good 
sensitivity. The relative LOD is essential in dealing with 
constraints due to different signals/responses for each 
food matrix. 

Linearity 
The regression equation for Fe, Cu, and Zn was 

presented as follows: y = 0.084x-0.0002 with R2 = 0.9970; 

Table 7. Absolute LOD and LOQ 
Mineral Absolute LOD (mg/L) LOQ (mg/L) 

Cu average 0.01 0.1 
 SD 0.0021 0.0032 
 RSD (%) 16.60 3.28 
 2/3CV Horwitz 5.14 15.18 

Zn average 0.02 0.2 
 SD 0.0012 0.0047 
 RSD (%) 17.52 2.38 
 2/3CV Horwitz 22.70 13.64 

Fe average 0.05 0.1 
 SD 0.0236 0.0081 
 RSD (%) 52.10 7.61 
 2/3CV Horwitz 17.00 22.40 

Table 8. Relative LOD 

Mineral Relative LOD (mg/L) 
Full cream powdered milk Canned peas Canned fish 

Cu average 0.03 0.07 0.01 
 SD 0.0026 0.1578 0.0306 
 RSD (%) 8.77 212.18 307.43 
 2/3CV Horwitz 18.12 15.77 21.35 

Zn average 0.1 0.04 0.06 
 SD 0.0853 0.0180 0.0042 
 RSD (%) 70.67 44.12 6.78 
 2/3CV Horwitz 14.66 17.26 16.23 

Fe average 0.06 0.09 0.06 
 SD 0.0140 0.0173 0.0210 
 RSD (%) 23.65 18.88 35.31 
 2/3CV Horwitz 16.32 15.29 16.31 



Indones. J. Chem., 2020, 20 (2), 348 - 359   
        
                                                                                                                                                                                                                                             

 

 

Didah Nur Faridah et al.   
 

353 

y = 0.1335x-0.0004 with R2 = 0.9969; y = 0.4125x + 0.0086 
with R2 = 0.9977, respectively. As exhibited in Table 9, the 
experimental result showed satisfying linearity, in which 
the higher concentration of tested mineral corresponded 
to the rise of absorbance. 

The intercept for Fe, Zn, and CU reached -0.0002, 
0.0086 and -0.0004, respectively, suggesting the occurrence 
of systematic errors in F-AAS instrument. Furthermore, 
the R2 value was >0.990, which is in accordance with the 
acceptance limit, as depicted in Fig. 2. 

Intra-lab reproducibility 
Table 10 presents the intra-lab reproducibility, 

showing p-value > α 5% for all minerals in canned fish, 
canned peas and full cream powdered milk, suggesting 
that the value did not significantly differ [27]. 

Accuracy 
Accuracy represents the method efficiency based on 

recovery from standard solutions added to the sample 
(spiking). The results showed that the accuracy of Fe, Zn, 
and Cu levels varied from 80 to 100%, which is still in the 
range of acceptability limit of AOAC (75–120%). This 
indicates that the procedure in the modified method is 
acceptable for all minerals. Result of the recovery test can 
see in Table 11. 

Mineral Analysis 

To optimize the results, some conditions during the 
destruction phase in microwave digestion need to be 

controlled, including the amount of nitric acid and 
hydrogen peroxide, temperature, sample weight, pre-
digestion, and destruction length. The optimization can 
be achieved using various techniques, such as the 
factorial design of Plackett-Burman. However, this step 
was excluded, considering that all procedures in this 
work are based on the standard of microwave digestion 
instrument for each food matrix. The efficiency of the 
destruction process using microwave digestion is 
influenced by the volume of acid substances (HNO3 and 
H2O2), time, and temperature [28]. 

Power setting in both methods (standard and 
modified)  was  adopted  from  the  manual  book,  while 

Table 9. Linearity test results 
Mineral Concentration (ppm) Average (abs) 

Fe 0.1 
0.2 
0.3 
0.4 
0.5 

0.0092 
0.0152 
0.0245 
0.0332 
0.0425 

Zn 0.2 
0.4 
0.6 
0.8 
1.0 

0.0954 
0.1817 
0.2730 
0.3421 
0.4237 

Cu 0.1 
0.2 
0.3 
0.4 
0.5 

0.0121 
0.0257 
0.0422 
0.0516 
0.0665 

 
Fig 2. Linear regression curve for quantification of Fe, Zn, and Cu 
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Table 10. Intra-lab reproducibility 

Repeat 
Content (mg/kg) 

Cu Zn Fe 
1 2 1 2 1 2 

Full cream milk powder 
average 0.94 0.87 24.34 24.48 24.72 25.01 
SD 0.06 0.05 0.50 0.73 0.53 1.18 
% RSD 6.78 5.78 2.07 2.99 2.14 4.70 
2/3 CV Horwitz 16.15 16.33 9.89 9.88 9.87 9.86 
p-value 0.110 0.712 0.545 

Canned peas 
average 1.36 1.34 7.01 6.88 2.82 2.80 
SD 0.02 0.02 0.06 0.12 0.09 0.10 
% RSD 1.51 1.52 0.89 1.73 3.45 3.59 
2/3 CV Horwitz 15.28 15.31 11.94 11.97 13.69 13.70 
p-value 0.120 0.089 0.668 

Canned fish 
average 0.95 0.95 9.42 9.48 23.33 23.24 
SD 0.05 0.009 0.07 0.07 0.18 0.10 
% RSD 4.89 1.02 0.76 0.77 0.77 0.43 
2/3 CV Horwitz 16.12 16.12 11.41 11.40 9.96 9.96 
p-value 0.821 0.210 0.355 

Term of acceptance: p-value > α 95% 

Table 11. Results of the recovery test 
Recovery (%) 

Spiking 
minerals 

Full cream powdered milk powder Canned peas Canned fish 
80% 100% 120% 80% 100% 120% 80% 100% 120% 

Fe 94.52 85.19 85.23 92.16 89.78 82.05 92.28 85.53 84.14 
Zn 101.21 91.23 100.76 91.66 81.79 86.93 90.45 97.28 99.43 
Cu 84.15 94.64 83.18 87.48 85.46 82.05 92.68 82.11 89.52 

Term of acceptance: 80–115% 
 
destruction temperature was carried out according to the 
standard of AOAC (2012). The sample weight (0.5 g, dry 
weight) was also based on the arrangement of AOAC. 
Destruction process allows changing the form of 
inorganic constituents to organic constituents, in which it 
involves the conversion of organic elements such as C, H, 
O, N, S and P into CO2, H2O, NO2, while inorganic 
elements still exist in their original form. Open 
destruction using microwave digestion promotes several 
advantages, including faster time operation, fewer 
reagents used, higher accuracy, thereby reducing 
contamination in samples and loss of volatile elements. 

During the microwave-assisted process, molecules are 

exposed to non-ionic electromagnetic radiation, which 
induces rotational dipole moments without changing 
their molecular structure [29]. The effect of the wave in 
microwave appears magnetically [30] and dielectrically 
[31]. Dielectric material comprised of molecules 
obtaining a dipole moment or a neutral charge (having 
a balanced positive and negative charge). Additionally, 
the dielectric wave in the microwave is due to the 
capability of storing electric charges at different 
potentials. Water is an electrical molecule, possessing 
hydrogen atoms (positively charged) and oxygen atoms 
(negatively charged). The exposure of the electrical field 
to dielectric materials led to changes in the direction of 



Indones. J. Chem., 2020, 20 (2), 348 - 359   
        
                                                                                                                                                                                                                                             

 

 

Didah Nur Faridah et al.   
 

355 

the current because of repulsion and attraction within 
positive charges or negative charges; thus, the wave occurs 
magnetically. More heat was produced in samples 
containing more water than in those with less water. The 
frequency in the microwave ranged from 300 to 300.000 
MHz with a wavelength of 1 mm–1 m. 

Samples in microwave-assisted destruction are mixed 
with strong acids in a closed vessel. In that system, pressure 
(1.1–2.2 Mpa) and temperature (30–190 °C) increased due 
to microwave radiation, allowing to convert the solid form 
into a liquid. High pressure and temperature (around  
200 °C) [32] on the vessel is able to raise the boiling point 
of nitric acid. Thus, it strengthens oxidation and accelerates 
the reaction. HNO3 and H2O2 are used as oxidizing agents 
because they are capable to oxidize minerals into their salt 
form. Nitric acid at high temperature is decomposed into 
water-soluble oxides such as NO and NO2. The use of 
mixed acids is better than a single acid for the mineral 
destruction process; the destruction process is incomplete 
if nitric acid is the only used compound, resulting in a 
cloudy solution [33]. The addition of H2O2 leads to 
intensifying the presence of O2 in the vessel [34]. The 
oxidizing mixture consisting of HNO3 and H2O2 produces 
a greater % recovery than a mixture of HNO3 and HCl, 
and a mixture of HNO3 and H2SO4 [35]. 

The gradient or multilevel heating system aims to 
intensify the reaction between NO and O2 to form NO2 
[36]. The NO2 is reabsorbed in acidic solution, and it 
regenerates HNO3 [37]. The reaction process in the vessel 
is described in Fig. 3 [38]. 

The longer heating process in the microwave would 
lead to a higher temperature in the vessel, responsible for 
attenuation of the condensation process and eventually 
increase the mineral level in the solution. A complete 
destruction process is marked by the formation of a clear 
solution, which indicates the reformation of an organic 
compound. Sample solutions are then ready to be 
analyzed using F-AAS. F-AAS is recommended for use in 
measuring minerals because of its good sensitivity with a 
detection limit of more or less 1 ppm and also its low 
operational cost. 

Soluble dietary fiber is a carbohydrate-based 
polymer widely found in nuts, fruits, and vegetables [39]. 

The dominant fiber contents in peas are stachyose  
(19.83 mg/g) and verbascose (16.10 mg/g) [40]. In 
addition, canned peas contain simple sugars, including 
glucose, fructose, sucrose, and galactose; hence, the 
destruction process starts from 130 °C to 180 °C. Addition 
of nitric acid (6 mL) is in accordance with a previous 
work of Bakkali et al. on vegetable samples, yielding the 
highest accuracy volume [6]. 

Full cream powdered milk is rich in fat. The 
covalent bond between fatty acids is difficult to break 
down, while fat has a low relative potential of oxidation, 
which means that there is a need to perform destruction 
at temperature up to 200 °C with a greater amount of 
oxidizing acid (10 mL). Lactose (D-galactose and D-
glucose) constitutes a major simple sugar in milk [41]. 
Therefore, the initial temperature of digestion begins at 
130 °C. Such destruction process was previously carried 
out by Belete et al. [42] in cow milk samples, using the 
destruction temperature of 165–190 °C following a 10 min 
pre-destruction phase. 

Canned fish represents a food sample with high 
protein content. The main protein content in fish, i.e., 
actin and myosin, is susceptible to denaturation when 
exposed to microwaves (Fig. 4) [43]. Although these 
myofibrillar proteins start to denature at about 85 °C, a 
higher temperature was needed to induce denaturation 
when they exist in canned fish, reaching up to 130 °C. 
Protein molecules contain peptide bonds with a large 
molecular weight; thus, the amount of oxidizing acid 
needed is 7 mL. 

 
Fig 3. The reaction process in the microwave digestion 
vessel 
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The presence of minerals can affect the quality of 
food. Copper (Cu) and iron (Fe) play a role in oxidation-
reduction reactions because the oxidation potential can 
cause unwanted changes in processed foods related to fat 
oxidation which promotes a decrease in the nutritional 
value of food [44]. In the process of oxidation of fat/oil, Fe 
and Cu are able to accelerate the process of initiation, 
propagation, and termination (acting as a catalyst). In 
addition, the valence of Fe dictates the color pigment of 
myoglobin and hemoglobin in fresh meat; ferric (+3 
valence state) accounts for brown color, while ferrous (+2 
valence state) accounts for red color. The reaction of Fe 
with sulfur in canned food also induces the formation of 
iron sulfide (FeS) complex, which is a black solid. 

Enzymatic browning is also linked to the presence of 
Cu. This mineral serves as a cofactor of the enzyme 
polyphenol oxidase (PPO), as a catalyst for non-enzymatic 
browning reactions and oxidation of ascorbic acid. Zn can 

stabilize the color of canned green beans. ZnO can be 
used as a coating agent on canned foods capable of 
preventing the formation of FeS during the heating 
process. The levels of Fe, Zn, and Cu obtained through the 
standard and modified methods can be seen in Table 12. 

Statistically, we found that data obtained from both 
protocols did not differ significantly, as evidenced by p-
value > α = 5% for all samples examined. 

In terms of time and cost, the modified method 
seemed to be more preferable than the standard method. 
The hydrogen peroxide was less needed in the currently 
developed method (1 mL for each sample) than the 
standard method (2 mL for each sample). It is noteworthy 
that hydrogen peroxide is three times more expensive 
than nitric acid. Additionally, the modified method 
required a shorter time of the process (30 min) than the 
standard method (45 min). 

 
Fig 4. The process of actin and myosin denaturation [42] 

Table 12. The result of analysis mineral with standard and modification method 

Samples Standard method (mg/kg) Modified method (mg/kg) 
Fe Zn Cu Fe Zn Cu 

Full cream powdered milk 24.99 24.62 0.85 24.60 24.54 0.84 
SD 0.80 0.13 0.01 0.20 0.19 0.02 
% RSD 3.21 0.51 1.69 0.81 0.76 2.95 
2/3 CV Horwitz 6.57 6.59 10.92 6.59 6.59 10.95 
p-value 0.575 0.714 0.561    
Canned peas 2.88 7.11 1.31 2.87 7.02 1.36 
SD 0.06 0.03 0.02 0.04 0.04 0.01 
% RSD 2.11 0.44 1.35 1.24 0.57 0.99 
2/3 CV Horwitz 9.10 7.94 10.23 9.10 7.95 10.18 
p-value 0.827 0.222 0.09    
Canned fish 23.44 9.78 1.04 23.44 9.47 0.99 
SD 0.23 0.24 0.03 0.23 0.05 0.03 
% RSD 0.98 2.43 2.50 0.98 0.49 2.70 
2/3 CV Horwitz 6.63 7.57 10.60 6.63 7.60 10.67 
p-value 0.245 0.211 0.262    
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Table 13. Solvent alternative test 

Parameters 

Mineral content (mg/kg) 
Cu Zn Fe 

Demineralized 
water 

HNO3 
0.05M 

Demineralized 
water 

HNO3 
0.05M 

Demineralized 
water 

HNO3 
0.05M 

average (mg/kg) 0.94 1.25 24.34 25.88 24.72 28.86 
SD 0.06 0.08 0.50 1.34 0.53 0.43 
% RSD 6.78 6.10 2.07 5.18 2.14 1.50 
CV Horwitz 16.15 15.48 9.89 9.80 9.87 9.646 
p-value 0.000 0.028 0.000 

 
The suitability of solvent alternative was also 

observed, in which this experiment was only tested for full 
cream powdered milk. Toughness test was carried out to 
evaluate the effects of the solvents on analytical results. In 
this case, 0.05M HNO3 was used instead of demineralized 
water; thus the sample condition was similar to the 
standard solution. Furthermore, the addition of acid to 
the solution can contribute towards igniting and 
preventing precipitation and absorption on the glass wall. 
The solubility of mineral seemed to possess a positive 
relation to the length of exposure to nitric acid [45]. The 
results showed that the type of solvent significantly altered 
the test results (p < 0.05) (Table 13). This suggests that 
replacement with 0.05 M HNO3 was unacceptable. 

The F-AAS performance test aims to ensure that the 
instrument is feasibly used in the analysis process to 
produce valid data. The number of atoms distributed in 
the flame is different, so it is necessary to determine the 
different burner height for each mineral. 

■ CONCLUSION 

Modification methods in the process of destruction 
for analysis of Fe, Zn, and Cu in various food matrices 
(canned peas, full cream powdered milk, and canned fish) 
were not significantly different from AOAC (2012) and has 
fulfilled the acceptability requirements for use in laboratory 
analysis. Mineral analysis result obtained by the modified 
method in the process of destruction for Fe, Zn and Cu 
minerals for canned peas: 2.87; 7.02;1.36 mg/kg, full 
cream powdered milk 24.60; 24.54; 0.86 mg/kg, canned 
fish: 23.44; 9.47; 0.99 mg/kg. 
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 Abstract: The objective of this study was to investigate the effect of polymer (GLP-100) 
and surfactant (MFOMAX) towards the efficiency of oil removal in a flotation column by 
using the Response Surface Methodology (RSM). Various concentrations of surfactant 
(250, 372 and 500 ppm) and polymer (450, 670, and 900 ppm) produced water were 
prepared. Dulang crude oil was used in the experiments. Flotation operating parameters 
such as gas flow rate (1–3 L/min) and duration of flotation (2–10 min) were also 
investigated. The efficiency of oil removal was calculated based on the difference between 
the initial concentration of oil and the final concentration of oil after the flotation process. 
From the ANOVA analysis, it was found that the gas flow rate, surfactant concentration, 
and polymer concentration contributed significantly to the efficiency of oil removal. Extra 
experiments were conducted to verify the developed equation at a randomly selected point 
using 450 ppm of polymer concentration, 250 ppm of surfactant concentration, 3 L/min 
gas flowrate and duration of 10 min. From these extra experiments, a low standard 
deviation of 1.96 was discovered. From this value, it indicates that the equation can be 
used to predict the efficiency of oil removal in the presence of surfactant and polymer (SP) 
by using a laboratory flotation column. 

Keywords: enhanced oil recovery; produced water treatment; flotation process; 
statistical model 

 
■ INTRODUCTION 

Management of produced water from Enhanced Oil 
Recovery (EOR) is one of the problems associated with 
the oil recovery since it produced large volumes of saline 
water, which should be managed as the by-product. The 
produced water contains several contaminants such as 
mineral ions, dispersed oil, grease, organics, heavy metals 
and other different contaminants [1] such as surfactant, 
polymer or the mixture of both surfactant and polymer 
(SP) resulting from the EOR injection. Good 
management of the produced water is important since it 
plays a major role in the environmental concern for reuse 
or discharge. Therefore, the produced water treatment is 
economically reasonable and technically feasible. The 
objectives of the produced water treatment are to remove 
the oil, desalination, removal of soluble organics, 
naturally radioactive materials, dissolve gases, suspended 

particles and sand, disinfection and softening [1]. These 
polluting components must be minimized to allow the 
level and threshold of oil in the produced water is limited 
by legislation during the discharging [2]. In Malaysia, 
the limit of monthly oil discharged is below 40 ppm [3]. 

The technologies used for the produced water 
treatment depends on whether the installation is based 
on onshore or offshore. The most commonly used 
techniques for separation of the oily wastewater include 
gravity separation [4], membrane filtration separation 
[5], flotation [6-8] and hydrocyclone [9-11]. For 
offshore installation, the footprint is generally a critical 
factor compared to the onshore installation because of 
the space limitation. Low energy, simple and high 
footprint technologies must be employed to remove the 
contaminants to maintain water quality target and for 
cost reduction purpose. Such a treatment process can be 
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improved by implementing the flotation process. A 
flotation process uses gas injection to create gas bubbles 
that help to increase the oil removal by attaching 
themselves to the oil droplets and bring the oil droplets to 
the surface for removal. 

However, the efficiency of the flotation process in 
the produced water treatment system has degraded 
during the implementation of SP flooding in EOR due to 
the stable emulsions that are formed in the production 
fluids [4] caused by the SP chemicals. The function of SP 
in EOR is to increase oil recovery. In the past research, 
studies on the effect of the SP concentration to the 
viscosity, IFT and oil droplets size distribution that 
includes the coalescence and breakup of the oil droplets 
have been widely carried out. Some of them found that in 
the presence of a large amount of polymer, the viscosity of 
the produced water tend to increase which made the oil 
droplets rise very slowly to the surface. As a result, this 
makes the separation between the oil and water become 
inefficient [12]. However, several types of research found 
the presence of polymer in a lower concentration has 
triggered the separation of the oil and water by making 
the oil droplets bigger in size which decreases the time for 
oil droplets to rise to the surface [13]. Surfactant, on the 
other hand, has lower interfacial tension (IFT) between 
the oil and water which prevents the oil droplets from 
coalescing and decreases the separation efficiency 
between the oil and water. 

Although the effect of SP to the oil-water separation 
have been investigated in the water treatment industry 
[13-19], little attention has been given to its effect by 
specifically using the flotation process. The oil and water 
separation in the flotation unit with the presence of gas 
bubbles is a complex process which is not well 
understood. This knowledge gap further increases the 
difficulty to optimize the flotation system. Moreover, the 
currently available flotation models failed to improve the 
efficiency of oil removal in the presence of SP [20-22] 
since it was tested in the conditions without SP chemicals. 

Therefore, the main objective of this study was to 
investigate the performance of the flotation process in the 
removal of oil droplets from the SP containing produced 
water. The effect of SP, as well as other flotation operating 

parameters such as the gas flow rate and the duration of 
the flotation to the efficiency of oil removal, have been 
analyzed. Based on the experimental results, a statistical 
model was developed to predict the efficiency of oil 
removal by using the flotation process in the presence of 
SP chemicals. 

■ EXPERIMENTAL SECTION 

Materials 

The type of surfactant, polymer and crude oil used 
in the study were MFOMAX, GLP-100, and Dulang 
crude oil respectively. These chemicals were supplied by 
PETRONAS Research Sdn Bhd. Brine was prepared by 
adding the different type of salts at a different 
concentration as shown in Table (1). All of these salts 
were purchased from R&M Chemicals, India. 

In this research, the Dulang crude oil has a low 
water content of 0.01%, a low waxy point of 25.9 °C with 
the density 0.7987 g/cm3 and viscosity of 3.1 cP at 60 °C. 
The viscosity was measured by using rheometer Anton 
Paar Model MCR302 and the oil droplets size 
distribution was measured by using particle size 
analyzer, DT-1202 from the Dispersion Technology. 

Procedure 

Synthetic produced water preparation 
The synthetic SP produced water was prepared by 

mixing the brine, Dulang crude oil and various SP 
concentration based on the previous research. Synthetic 
SP produced water emulsion was prepared by mixing the 
MFOMAX (250–500 ppm) [4,23], GLP-100 (450–900 
ppm) [23-24], Dulang crude oil with initial concentration 
of 1000 ppm [18,25] and brine at 14000 ppm (Table 1) 

Table 1. Brine compositions 
Salts g/L 
CaCl2.(H2O)2 0.7251 
MgCl2.(H2O)6 0.7726 
NaCl 10.0267 
FeCl3 0.0009 
SrCl2.(H2O)6 0.0295 
KCl 0.3129 
NaHCO3 3.6065 
Na2SO4 0.7840 
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under the shear rate of 13000 rpm at 10 min [23,26] by 
using the Ultra Turrax mixer model T18. The range of the 
chemicals was selected based on the actual conditions 
used in Dulang Oilfield. 

Experimental set-up and procedure 
The as-prepared synthetic SP produced water was 

then fed into the flotation column. The schematic 
diagram of the process is shown in Fig. 1. The diameter of 
the flotation column is 5 cm and a length of 100 cm. 

Nitrogen gas was injected through a 40–100 µm 
pores sparger plate at the bottom of the flotation column 
for the total time of 10 min. The pores size and duration 
of the flotation process was estimated from the work 
according to the work by Eftekhardadkhah et al. [2]. 
Samples at the water outlet were collected for every 2, 6 
and 10 min and the oil concentration in the effluents was 
measured by a TD-500D device (UV-fluorescence 
technique). The efficiency of oil removal of the flotation 
column can be calculated by using Eq. (1). 

effluent

inlet

C
1   100%

C
ε = − ×   (1) 

where Ceffluent is the oil concentration in the effluent and 
Cinlet is the oil concentration in the inlet. 

Statistical model 
The statistical analysis was performed by using 

Design Expert 9.0. A total of 45 runs were conducted 
based on the response surface methodology study by 
using randomized quadratic design to observe the 
experimental parameters. Based on the data obtained 
using this experimental design, a quartic equation was 
generated to establish the correlation between the 
independent variables and dependent variables. The 
independent variables in this study are the gas flow rate 

(L/min) (X1), duration (min) (X2), the concentration of 
MFOMAX (ppm) (X3) and concentration of GLP-100 
(ppm) (X4). The predicted response of flotation 
efficiency (%) was designated as Y. The actual and coded 
values were summarized in Table 2. 

■ RESULTS AND DISCUSSION 

ANOVA Statistical Analysis 

The quartic model equation represents the 
flotation efficiency (%) in the presence of SP (Y) which 
was expressed as the functions of concentration of 
polymer (ppm) (X1), concentration of surfactant (ppm) 
(X2), gas flow rate (L/min) (X3) and duration of flotation 
(min) (X4) for coded factors as shown in Eq. (2). 

1 2 3 4 1 2
1 3 1 4 2 3 2 4

2 2
3 4 1 2 1 2 3
1 2 4 1 3 4 2 3 4
2 2

1 2 1 3 1

Y 26.32 11X 6.75X 5.99X 5.10X 0.00056X X
     9.68X X 1.60X X 3.44X X 28.53X X
     6.35X X 2.60X 36.64X 0.068X X X
     8.33X X X 4.72X X X 2.31X X X
     3.96X X 6.98X X 0.49X

= + + − + −
+ − − −

− + − +
− + +

− + + 2 2
4 1 2

2 2 3 2
2 3 2 4 2 1 2 4

2 3 4
1 2 3 2 4 2

X 5.16X X
     5.62X X 5.53X X 3.08X 6.11X X X
     9.47X X X 17.01X X 30.30X

−

− − + +

− + +

 (2) 

 
Fig 1. Schematic diagram of the flotation process 

Table 2. Actual and coded experimental values 

Parameter Symbol 
Parameter Level 

Low -1 Center 0 High +1 
Actual value 

Gas flowrate (L/min) X1 1 3 5 
Duration (min) X2 2 6 10 
MFOMAX concentration (ppm) X3 250 372 500 
GLP-100 concentration (ppm) X4 450 670 900 
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Table 3. The significance of the parameter 
Source F 

Value 
p-value 

 

Prob > F 
 

Model 10.51 < 0.0001 Significant 
X1-Gas flowrate 21.00 0.0003 Significant 
X2-Durations 1.07 0.3157 

 

X3-Surfactant concentration 10.17 0.0054 Significant 
X4-Polymer concentration 7.36 0.0148 Significant 
X1X2 0.00 0.9974 

 

X1X3 16.25 0.0009 Significant 
X1X4 1.31 0.2682 

 

X2X3 6.51 0.0207 Significant 
X2X4 19.11 0.0004 Significant 
X3X4 38.20 < 0.0001 Significant 
X1

2 1.17 0.2950 
 

X2
2 4.09 0.0591 

 

X1X2X3 0.00 0.9688 
 

X1X2X4 23.51 0.0002 Significant 
X1X3X4 11.40 0.0036 Significant 
X2X3X4 2.94 0.1048 

 

X1
2X2 1.77 0.2007 

 

X1
2X3 10.91 0.0042 Significant 

X1
2X4 0.054 0.8196 

 

X1X2
2 3.05 0.0985 

 

X2
2X3 6.06 0.0248 Significant 

X2
2X4 5.87 0.0269 Significant 

X2
3 0.18 0.6759 

 

X1
2X2X4 4.23 0.0555 

 

X1X2
2X3 10.30 0.0051 Significant 

X2
3X4 5.52 0.0312 Significant 

X2
4 3.07 0.0979 

 

 
Fig 2. Actual and predicted data 

Table 3 shows the significance of the parameters to 
the efficiency of oil removal in the flotation process. By 
referring to Table 3, the parameters that are significant 
in this model are the gas flow rate (L/min), MFOMAX 
concentration (ppm) and GLP-100 concentration (ppm) 
with the P-values of 0.0003, 0.0054 and 0.0148 
respectively. Then, the actual and predicted values were 
plotted in a graph as shown in Fig. 2. The coefficient of 
R2 was found to be 0.9435. The high value of R2 is closer 
to 1 which indicates that the predicted model values 
were correlated well with the experimental values. This 
good correlation strongly illustrated that the quartic 
equation is a good representation of the experimental 
system. Extra experiments were conducted to validate 
the equation. 

Validation of the Equation 

Three experiments were performed to validate Eq. 
(2). A random condition with the gas flow rate of 3 
L/min, polymer concentration of 450 ppm, the 
surfactant concentration of 250 ppm and duration of 10 
min with the efficiency of 52.78% was selected for the 
validation. The results are shown in Table 4. 

From the table, the mean value for the actual 
efficiency was 51.1% while the predicted efficiency value 
for the condition was 52.78%. The STD was as low as 
1.96 indicating that this model can be used to predict the 
efficiency of the oil removal in the presence of SP at a lab 
condition. 

Contour Plots 

Contour plots for the effect of increasing surfactant 
concentration and gas flow rate at low polymer 
concentration (450 ppm) for 10 min as shown in Fig. 3. 

Table 4. Actual and prediction efficiency for the 
validation experiments  

Actual 
Efficiency (%) 

Prediction 
Efficiency (%) 

Error 

Point 1 49.3 52.78 -3.48 
Point 2 53.2 52.78 0.42 
Point 3 50.9 52.78 -1.88 
Mean Efficiency 51.133 STD 1.960 
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The results for 2 and 6 min of flotation duration ware not 
shown since the factor was not significant to the oil and 
water separation as indicated in Table 3. In Fig. 3, the 
increase of surfactant concentration at 1 L/min had an 
insignificant effect on the efficiency of oil removal. 
However, when the gas flow rate increased to 3 and 5 
L/min at 250 ppm surfactant concentration, the efficiency 
of the oil removal increased to 52.82% for 3 L/min and 
59.4% for 5 L/min. This is because the increment of gas 
flow rate tends to increase the potential for attachment of 
the gas bubbles to the oil droplets. However, at 3 L/min 
and 5 L/min, increasing the surfactant concentration 
decreased the efficiency of the oil removal from 52.82 to 
34.94% (at 3 L/min) and 59.4 to 39.67% (5 L/min) 
respectively. In the previous research, an increment in 
surfactant concentration alone (with the absence of 
polymer) tend to decrease the efficiency of the oil removal 
because of the decreasing in the IFT [12]. This result was 
contradicting at 1 L/min of gas flow rate as the presence 
of the polymer has balanced out the effect of the efficiency 
of oil removal by making the oil droplets flocculate 
[13,27]. This flocculation maintained the rate of oil 
removal in the presence of the surfactant. The same 
findings [12] were observed at 3 L/min and 5 L/min 
whereby increment of surfactant concentration tend to 
decrease the efficiency of the oil removal. 

Further investigation was done to study the effect of 
polymer concentration on the flocculation of the oil 
droplets. Fig. 4 shows the effect of GLP-100 concentration 
on the oil droplets size. From the figure, the size range of 
the oil droplets gradually increased as the polymer 
concentration increased from 200 to 900 ppm. The size of 
oil droplets in the absence of polymer shown the smallest 
compared to the size in the presence of the polymer. 
Polymer promotes the coalescence of the oil droplets. This 
trend was inlined with other researchers [12,27]. 

Contour plots for the effect of surfactant and gas 
flowrate at high polymer concentration (900 ppm) at 10 
min flotation duration were shown in Fig. 5. At a higher 
concentration of polymer (900 ppm), the increase in 
surfactant concentration at 1 L/min decreased the 
efficiency of the oil removal from 49.51% at 250 ppm of 
surfactant to 6.89% at 500 ppm of surfactant concentration. 

 
Fig 3. Contour plots for the increasing surfactant 
concentration and gas flow rate at low polymer 
concentration (450 ppm) at 10 min 

 
Fig 4. The effect of GLP-100 on the oil droplets size 
distribution 

At 3 L/min, the efficiency dropped from 34.36% at  
250 ppm surfactant concentration to 3% at 500 ppm 
surfactant concentration. Similar findings were observed 
at 5 L/min. The efficiency of oil removal decreased from 
25.21 to 9.96% at 250 to 500 ppm. Comparing Fig. 3 and 
5, the decreased in the efficiency was more significant in 
higher   polymer   concentration   (900  ppm)  (Fig.  3)  
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Fig 5. Contour plots for the effect of surfactant and gas 
flow rate at a high polymer concentration (900 ppm) at 10 
min flotation duration 

 
Fig 6. The effect of polymer concentration on the viscosity 
of the emulsion 

compared to 450 ppm polymer concentration (Fig. 5). 
This is due to the increase in the emulsion viscosity caused 
by the increase in polymer concentration [13]. To validate 
this statement, the viscosity of the emulsion was tested 
with the increasing of polymer concentration as shown in 
Fig. 6. By referring to the figure, the increase of the 
polymer concentration tends to increase the viscosity of 
the emulsion. Therefore, instead of making the oil 
droplets flocculate, the high polymer concentration 

increased the viscosity of the emulsion and restricted the 
movement of the oil droplets to the surface. The effect of 
viscosity at 900 ppm overcome the flocculation effect at 
450 ppm [13]. 

■ CONCLUSION 

A statistical model was developed to describe the 
efficiency of oil removal in the presence of SP 
(MFOMAX and GLP-100). It was found that the gas 
flow rate, surfactant concentration, and polymer 
concentration affect the efficiency of the oil removal 
significantly while the duration of the flotation was not 
significant in the flotation process. Experiments were 
carried out to access the developed quartic equation and 
the comparison of the predicted value matched the 
experimental value with STD 1.96. Low STD indicated 
that this equation can be used to predict the efficiency of 
oil removal at a lab scale condition. This study can 
provide a guideline for the flotation process 
optimization in SP containing produced water. 
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 Abstract: Two low-cost wastes, banana pith (BP) and cockle shells (CS) were explored 
towards methylene blue (MB) removal. The performance of cockle shells-treated banana 
pith (CS-BP) in MB removal was compared with untreated BP and commercially 
Ca(OH)2-treated BP (Ca(OH)2-BP). The adsorption efficacy was following the order of 
BP < CS-BP < Ca(OH)2-BP, indicating the positive role of alkaline treatment towards 
MB removal and great potential of CS as a low-cost activation material. The optimization 
of MB removal onto CS-BP was executed by response surface methodology (RSM) with 
three independent variables (adsorbent dosage (X1), initial pH (X2) and initial MB 
concentration (X3)), and the optimal condition was achieved at X1 = 1.17 g/L, X2 = pH 7 
and X3 = 214 mg/L, with 87.32% of predicted MB removal. The experimental data well-
fitted the pseudo-second-order kinetic (R2 > 0.99) and the Langmuir isotherm (R2 = 0.999) 
models, demonstrating the chemisorption and naturally homogeneous process. 
Thermodynamics study discovered that the MB removal by CS-BP is endothermic, 
feasible, spontaneous and randomness growth at a solid-solute interface. It is affirmed 
that CS could be employed as a low-cost activation material and CS-BP as a low-cost 
adsorbent. 

Keywords: cockleshells; banana pith; methylene blue; low-cost adsorbent; alkaline 
treatment 

 
■ INTRODUCTION 

Numerous industries are using dyes in coloring their 
final product and consequently caused severe problems in 
the form of colored wastewaters that require pre-
treatment before being disposed to the environment [1]. 
Majority of the commercial dyes used is poisonous to 
aquatic life owing to the existence of chlorides and metals. 
As a result, the treatment of dye-containing effluent is a 

crucial task and the scientific interest in decolorization 
of dye effluents has been increasing in the last few 
decades. The removal of dyes has been studied using 
several techniques including biological, physical and 
chemical methods, however, the biological method has 
not been very successful, owing to the essential non-
biodegradable nature of most of the dyes [2]. In addition, 
the high difficulty to treat dye-containing effluent can be 
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claimed on the aerobic digestion resistant, recalcitrant 
organic molecules present and stability towards photo 
degradation, biodegradation and oxidizing agents [3]. 

Adsorption method appeared as the best technique 
among various dye removal techniques due to its good 
performance in the removal of different types of coloring 
materials [2,4-5]. Regarding the adsorbent material, 
activated carbon has been commercially used for 
adsorption process owing to its excellent adsorption 
ability [6-7]. Regrettably, its relatively high cost limits its 
widespread usage in wastewater treatment. For the sake of 
reducing the cost of treatment, alternative adsorbents, 
particularly from agricultural wastes, have been 
investigated and reported, on account of the arose 
disposal problem as well as the no economic value of 
agricultural wastes [2]. 

Banana pith (BP) is one of the agricultural wastes 
which is available abundantly all the year round, yet being 
disposed of without being utilized properly and 
effectively. Therefore, the attempt to utilize BP as an 
economical adsorbent not only can minimize 
environmental pollution but can also increase its 
economic value. However, the challenge arose when the 
untreated agricultural waste adsorbents possess 
drawbacks as reported in the literature, for instance, low 
performance in adsorption process [8]. 

Therein, researchers have studied the agricultural 
wastes activation, and alkaline treatment can be 
considered as one of the broadly adopted methods. It has 
been reported that alkaline treatment substantially 
influences the morphology of the adsorbent by producing 
a porous surface of adsorbent which is favorable for 
adsorption process [9]. However, in order to reduce the 
cost, it is desirable to study the utilization of wastes as 
alternative low-cost materials to substitute the 
commercial chemical materials for alkaline treatment. 
Cockle shells (CS) is an abundant and non-edible waste 
that is widely found in many coastal areas. Owing to the 
high composition of calcium carbonate (CaCO3) in CS, 
CS has great potential as an economical activation 
material for alkaline treatment of BP. 

In this study, we attempt to use BP as a low-cost 
adsorbent and its adsorption competency was improved 

by employing the cockle shell (CS) as the low-cost 
activation material. Adsorption conditions of Methylene 
Blue (MB) removal onto cockle shells-treated banana 
pith (CS-BP) was optimized using Response Surface 
Methodology (RSM), while the physicochemical 
properties of fresh and spent adsorbent were analyzed 
using several characterization analyzers. 

■ EXPERIMENTAL SECTION 

Materials 

The banana piths (BPs) were collected from the 
banana farm, Pahang, Malaysia. The commercial calcium 
hydroxide (Ca(OH)2) was purchased from Merck and 
used in the alkaline treatment of the adsorbent. 

Instrumentation 

Instruments used in this study included oven, 
furnace (Memmert UFB-500, Germany), stirring 
hotplate with digital display (Corning PC-420D), XRF 
(Bruker S8 TIGER ECO), FTIR (Nicolet iS5, Thermo 
Scientific), SEM (LYRA3 XM, Tescan) and BET 
(Quantachrome Autosorb-1 analyzer). 

Procedure 

Preparation of adsorbent 
The BPs were cut into pieces in 1–2 cm length and 

soaked in water for adhering impurities elimination. The 
samples were oven-dried (80 °C, 12 h) before grounded 
and sieved (300–500 µm). Meanwhile, the cockle shells 
(CS, collected from the beach, Pahang, Malaysia) were 
cleaned with water, dried (80 °C, 12 h), grounded to the 
specific size (355–600 µm), and finally followed with 
calcination process (850 °C, 3 h). During the calcination 
process, calcium carbonate (CaCO3) consist of CS 
changed to calcium oxide (CaO) via the decomposition 
process (CaCO3 → CaO + CO2). 

The BP pre-treatment with commercial Ca(OH)2 
was performed in accordance with the method described 
in the literature [2]. In brief, Ca(OH)2 powder (8.6 g) was 
dissolved into deionized water (1 L), followed by the 
addition of powdered BP (10 g). The mixture was agitated 
(room temperature, 4 h), filtered and oven-dried (80 °C, 
12 h) to produce Ca(OH)2-BP. An identical technique 
was executed for preparing the CS-BP by using CS as 
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alkaline material. The CaO consist of calcined CS 
converted into Ca(OH)2 once it contacts with H2O. 

Characterization of adsorbent 
XRF was used to analyze the chemical composition 

of CS sample, meanwhile, the Fourier-transform infrared 
spectrometer (FTIR), surface area analyzer and scanning 
electron microscopy (SEM) were used to analyze the 
physicochemical properties of fresh adsorbents (BP, CS-
BP) and spent adsorbent (MB-CS-BP). In brief, FTIR 
analysis was used for the study of adsorbents’ chemical 
properties and functional groups involved in the 
adsorption process, while the morphological 
characteristics and surface features were studied using 
SEM. The textural properties (BET surface area (SBET) and 
pore volume (Vp)) of adsorbents were quantified using 
BET analyzer at -196 °C. 

Adsorption experiments 
A total number of 16 adsorption experiments with 2 

replicates at the center point were executed by alternating 
the process parameters corresponding to the 
experimental design generated by RSM for adsorption 
study. Prior to the adsorption experiments, the stock 
solution was prepared by dissolution of the finite quantity 
of measured MB (C16H18N3SCl, C.I.52015, 99%, Merck) in 
deionized water, before being adjusted to desired 
concentrations (50–500 mg/L) and pH (pH 2–10). 
Adsorption experiments started with the addition of the 
requisite dosage of CS-BP (0.25–2.5 g/L) into MB solution 
(200 mL) under constant stirring (ambient temperature, 
2 h). The samples were taken out at proper time intervals, 
followed by centrifugation (20 min). UV/Vis 
spectrophotometer (LAMBDA 850, PerkinElmer) was 
used to identify the remaining MB concentration with 
maximum wavelength (λmax) of 664 nm. The experiments 
were conducted triplicates for accuracy. The amount of 
MB adsorbed at equilibrium, qt (mg/g) and percentage of 
MB removal were calculated using Eq. (1) and (2), 
respectively. 

0 t
t

C C
q V

W
− 

= × 
 

  (1) 

0 t

0

C C
Removal (%)= 100

C
 −

× 
 

  (2) 

where C0 and Ct are the liquid phase concentration of the 
MB at time zero and at any time t (mg/L), W is the 
adsorbent mass (g) and V is the volume of the MB 
solution (L). 

Experiment design and optimization 
The process parameters influencing the adsorption 

process were analyzed using face-centered central design 
(FCCCD) method generated from RSM (Statsoft 
Statistica 8.0 software). Three independent variables 
(adsorbent dosage, initial pH, and initial concentration) 
were selected, and their relationship with response (MB 
removal) was appraised by the equation model. The 
significant of the equation model was assessed using 
analysis of variance (ANOVA, 5% level of significance) 
in accordance with the method described in the 
literature [10]. 

Adsorption kinetics 
Pseudo-first-order and pseudo-second-order 

models were executed to govern the mechanism of the 
MB adsorption onto CS-BP. The linearized forms of the 
models are expressed as following equations [11]: 
Pseudo-first-order:  

( ) 1
e t e

k
log q q logq t

2.303
− = −  (3) 

Pseudo-second-order: 

2
t e2 e

t 1 1 t
q qk q

= +  (4) 

where qe and qt are the amounts of dye adsorbed at 
equilibrium (mg/g) and at any time t (mg/g), and k1 and 
k2 are the adsorptions constant of pseudo-first-order and 
pseudo-second-order model. 

Adsorption isotherm 
Langmuir [12], Freundlich [13], Temkin [14], and 

Dubinin-Radushkevich [15] models were executed to 
analyze the type of MB distribution, as well as the 
interaction between CS-BP surface and MB molecules. 
The linearized forms of the models are expressed as 
following equations: 
Langmuir: 

e e

e m L m

C C1
q q K q

= +   (5) 
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Freundlich: 

e f e
1logq log K logC
n

= +   (6) 

Temkin: 
e eq BlnA BlnC= +   (7) 

Dubinin-Radushkevich: 
2

e m DRlnq lnq K= − ε   (8) 
where Ce and qe are the MB concentration (mg/L) and MB 
adsorption capacity (mg/g) at equilibrium, while qm is the 
maximum adsorption capacity (mg/g). KL and Kf are the 
equilibrium constant for Langmuir (L/mg) and Freundlich 
((mg/g)(L/mg)1/n). n is an empirical constant for the 
Freundlich equation. For Eq. (8), A is the Temkin 
equilibrium binding constant (L/g), while B is the Temkin 
constant. For equation (9), KDR is the Dubinin-
Radushkevich constant (mol2/kJ2) and ε is the Polanyi 
potential (J/mol). ε can be determined from ε = RT ln 
(1+1/Ce), where R is the ideal gas constant (8.314 J/mol·K) 
and T is absolute temperature (K). The fundamental 
characteristic of the Langmuir isotherm can be analyzed 
using the dimensionless constant separation factor, RL (RL 
= 1/(1+KLC0)) [16]. The value of RL parameter can be 
either RL = 0, 0 < RL < 1, RL = 1, or RL > 1, indicating to 
irreversible, favorable, linear, or unfavorable, respectively 
[16]. 

Adsorption thermodynamic 
The Gibbs free energy (∆G°), enthalpy (∆H°) and 

entropy (∆S°) were evaluated to investigate the 
thermodynamic nature of MB adsorption over CS-BP and 
the equations used as follows [2]: 

DG RTlnK∆ ° = −   (9) 

D
H SlnK

RT R
∆ ° ∆ °

= +   (10) 

where R is the ideal gas constant (8.314 J/mol·K), T is the 
absolute temperature (K) and KD is the Langmuir isotherm 
constant (L/mg). 

■ RESULTS AND DISCUSSION 

Effect of Alkaline Treatment 

Fig. 1 depicts the influence of banana pith (BP) pre-
treatment on the methylene blue (MB) removal, in which 
the error bars representing the standard errors by the 
mean of three replicates of the experiments carried out in 

this study. The performance of untreated BP on the 
adsorption of MB was compared with treated BP 
(Ca(OH)2-BP and CS-BP). The Ca(OH)2-BP (80.6%) 
and CS-BP (74.1%) show higher adsorption uptake as 
compared to the untreated BP (66.5%), indicating the 
positive role of alkaline treatment towards MB removal 
and great potential of CS as a low-cost activation 
material. The positive role of alkaline treatment might 
be due to an increase in the electronegativity and the 
surface areas of adsorbents after the alkaline treatment. 
The great potential of CS as an activation material in 
accordance with XRF analysis in which the calcined CS 
contains 98.2% of CaO, which can be considered as a 
promising economical replacement over commercial 
Ca(OH)2. The positive role of adsorbent activation 
towards dye removal was also reported in the literature 
[17]. Jain and Gogate [9] found that the activation of 
Prunus dulcis leaves by NaOH increased the adsorption 
capacity of Prunus dulcis leaves towards Acid Blue 113 
removal from 10.87 to 25.51 mg/g due to the presence of 
surface porous after NaOH activation which is favorable 
for adsorption process. 

Characterization of Untreated BP and Treated-BP 

The details on the functional groups involved during 
the pre-treatment process and  the binding mechanism 

 
Fig 1. Influence of the alkaline treatment on the MB 
removal (m = 0.5 g/L, pH 6, C0 = 100 mg/L, T = 30 °C, 
contact time = 120 min) 
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between treated BP and MB molecules were determined 
using FTIR analysis as shown in Fig. 2. Several major 
absorbance bands at 3283, 2917, 1591, 1316, 1031, 460 and 
438 cm–1 were observed for BP. In accordance with the 
literature, the broad absorption peak at 3283 cm–1 
corresponded to the O-H stretching in cellulose, while the 
peak observed at 2917 cm–1 assigned to the C–H 
asymmetric stretching of CH2 groups [10,18]. The peaks 
at 1591 and 1316 cm–1 attributed to the C=C and C=O 
stretching, while 1031, 460 and 438 cm–1 attributed to the 
C-H deformation. New bands were discerned at 1386, 871 
and 711 cm–1 after the BP treatment with CS indicating 
the presence of inorganic carbonate, demonstrating the 
success of alkaline treatment process. After the MB 
adsorption onto CS-BP, the intensities of the bands were 
slightly decreased and the existence of organic sulfur was 
observed at the band of 1419 cm–1 [18]. The decreased in 
the intensity at 871 and 711 cm–1 bands and the presence 
of a new band at 1419 cm–1 provide strong evidence of the 
interactions between dye molecules with the inorganic 
carbonate of CS-BP in accordance with the literature [19]. 

The topology of BP, CS-BP, and MB-CS-BP was 
identify using SEM analysis and the result is shown in Fig. 
3. Before the treatment with CS, the crushed particles with 
clustered arrangement can be seen on the surface of BP 
(Fig. 3(a)). Rough BP surface was observed after the CS 
pre-treatment (Fig. 3(b)) which signifies the high 
possibility of MB to be adsorbed. The smooth surface of 
CS-BP-MB (Fig. 3(c)) confirming the coverage of CS-BP 
surface with MB molecules via the adsorption process. 

The textural properties (SBET and Vp) of BP, CS-BP 
and MB-CS-BP were SBET = 12.31, 16.06 and 11.51 m2/g,  
 

respectively, and Vp = 0.019, 0.023 and 0.011 cm3/g, 
respectively. The findings revealed that the activation of 
BP using CS increase the number of pores and thus 
increase the SBET and Vp. This advantage increases the 
possibility of MB molecules to be trapped onto the 
surface and pores of CS-BP, which was evidenced by the 
decrease of SBET and Vp for MB-CS-BP. The changes in 
the surface features of adsorbent by alkaline activation 
were also reported by Jain and Gogate (2017) for NaOH 
treated Prunus dulcis leaves [9]. They stated that the 
increment in SBET and Vp of the adsorbent which is 
favorable for adsorption process indeed resulted from 
the pores evolved upon NaOH activation. 

Statistical Analysis of MB Removal by CS-BP 

The influences of the independent variables on the 
response had been investigated by the batch study of 16 
experiments using RSM and the results were presented 
in Table 1. 

 
Fig 2. FTIR spectra of BP, CS-BP, and MB-CS-BP 

 
Fig 3. SEM images of (a) BP, (b) CS-BP, (c) MB-CS-BP 
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The quadratic model for MB removal by CS-BP is 
presented in Eq. (11): 

 

2
1 2 3 1

2 2
2 3 1 2 1 3 

2 3

Y  65.9826  6.6710X   4.3866X   0.0253X  - 1.5075X  
- 0.2736X  - 0.00004X  - 0.4139X X - 0.0017X X
- 0.0011X X

= + + +
 (11) 

The validity of the statistical model was analyzed by 
plotting the graph of predicted values versus the 
experimental values (not shown). The linear coefficient of 
the graph is 0.9786 implying the reasonable of predicted 
values in conformity with the experimental values. The 
statistical significance of the model was accessed using 
ANOVA and the result was tabulated in Table 2. The 
result discovered the significance of the model as 
expressed by the larger F-value (30.671) in comparison 
with the tabulated F-value (4.10). 

Fig. 4 shows the Pareto chart of MB removal onto 
CS-BP. The critical parameter for the regression model 

represents the smaller magnitude of the p-value and 
larger magnitude of the t-value. As shown in Fig. 4, all 
linear, quadratic and interaction terms are statistically 
significant (p < 0.05) excluding linear term of adsorbent  

 
Fig 4. Pareto chart of MB removal by CS-BP 

Table 1. The design of experiments and experimental response for MB removal by CS-BP 

Run 
Independent variables Response 

Adsorbent dosage, X1 (g/L) Initial pH, X2 Initial Concentration, X3 (mg/L) MB removal, 
Y (%) Coded Uncoded Coded Uncoded Coded Uncoded 

1 -1 0.25 -1 2 -1 50 75.89 
2 -1 0.25 -1 2 1 500 76.50 
3 -1 0.25 1 10 -1 50 83.10 
4 -1 0.25 1 10 1 500 81.00 
5 1 2.50 -1 2 -1 50 79.47 
6 1 2.50 -1 2 1 500 79.54 
7 1 2.50 1 10 -1 50 80.37 
8 1 2.50 1 10 1 500 75.45 
9 -1 0.25 0 6 0 275 86.50 
10 1 2.50 0 6 0 275 83.50 
11 0 1.375 -1 2 0 275 81.99 
12 0 1.375 1 10 0 275 83.07 
13 0 1.375 0 6 -1 50 86.50 
14 0 1.375 0 6 1 500 83.50 
15 (C) 0 1.375 0 6 0 275 87.28 
16 (C) 0 1.375 0 6 0 275 87.50 

Table 2. ANOVA results for MB removal by CS-BP 
Sources Sum of Square (SS) Degree of Freedom (df) Mean Square (MS) F-value 
Regression (SSR) 227.10 9 25.233 30.671 
Residual 4.9362 6 0.8227  
Total (SST) 232.03 15   
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dosage (X1) and an interaction term of adsorbent dosage 
and initial concentration (X1X3). The quadratic term of 
initial pH (X2

2) was the utmost crucial variables for the 
adsorption of MB onto CS-BP. 

Meanwhile, the least crucial factor on the MB 
adsorption was indicated by the X1X3. The crucial of the 
initial pH probably due to the properties of MB, which 
exists in the form of positively charged ions in aqueous 
solution. Thus, the changes in the charge of the initial MB 
solution will influence the adsorption performance. 

Fig. 5 displays the 3D plots showing the influences 
of independent variables towards the removal of MB. As 
displayed in Fig. 5(a), the percentage of MB removal 
inclined parallel with the increment in adsorbent dosage 
and initial pH. At the adsorbent dosage of 0.8–1.5 g/L and 
an initial pH of 5.5–7.5, the maximum dye removal of  
> 86% was accomplished before slightly decreased at 
higher values. As the adsorbent dosage was increased, the 
quantity of the binding sites accessible for adsorption was 
increased as well due to the rise in the adsorbent's dosage. 

Meanwhile, the enhancement of the MB removal at 
higher pH can be claimed on the electrostatically 
adsorbed of the positively charged of MB cations onto the 
negatively charged surface of CS-BP [20]. The influence 
of pH on the adsorption performance can be depicted on 
the basis of zero-point change (pHzpc) of the CS-BP, which 
was confirmed at ~pH 7.45. The influence of pH on the 
removal percentage in agreement with the report declared 
for the MB removal onto cashew nutshell [21] and 
breadnut peel [22], in which the MB withdrawal 
percentage increased with increment in initial pH. 

Fig. 5(b) displays the 3D plot for the influences of  
 

adsorbent dosage (X1) and the initial concentration (X3) 
on the MB removal percentage. The percentage of MB 
removal increase with the increase of the adsorbent 
dosage. In contrast, the MB removal was declined with 
the increment of the MB initial concentration. The 
reduced in the percentage of MB removal at higher 
concentration probably be due to the inadequate 
quantity of active adsorbent sites to accommodate the 
high concentration of dye ions [23]. The highest dye 
removal (> 86%) was accomplished at 0.9–1.6 g/L 
adsorbent dosage and 150-300 mg/L initial concentration. 

The influences of initial pH (X2) and initial 
concentration (X3) on the MB removal are illustrated in 
Fig. 5(c). The plot shows that increasing pH and reducing 
initial MB concentration will subsequently increase the 
percentage of MB removal. This result related to the 
changes in the charge of the adsorbent surface and the 
ratio of dyes to the available surface site [24]. It was 
discovered that > 86% of MB withdrawal was acquired 
in the range of 5.5–7.5 initial pH and 150–300 mg/L 
initial concentration. An identical trend was claimed for 
the MB adsorption onto chitosan/zeolite composite [25], 
in which the MB withdrawal percentage increased with 
the growth of initial pH but a decline in the initial dye 
concentration. 

The optimization study revealed that the optimal 
MB removal onto CS-BP was at 1.17 g/L adsorbent 
dosage, initial pH of 7 and 214 mg/L initial concentration 
with predicted percentage MB removal of 87.32%. An 
additional experiment was carried out at the optimal 
condition as validation purpose and the result showed 
80.07% of MB removal was achieved. 

 
Fig 5. Response surface plots showing influences of (a) adsorbent dosage – initial pH interaction, (b) adsorbent dosage 
– initial concentration interaction, and (c) initial pH – initial concentration interaction, towards MB removal by CS-BP 
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Table 3. Kinetic parameters for adsorption of MB by CS-BP 
Kinetic Model Parameters 50 mg/L 100 mg/L 200 mg/L 300 mg/L 500 mg/L 
Experimental qe,exp (mg/g) 42.18 57.54 76.16 80.65 83.76 
Pseudo-first order qe (mg/g) 2.575 4.462 4.467 4.558 4.788 

k1 (min−1) 0.136 0.026 0.022 0.020 0.022 
R2 0.962 0.966 0.971 0.981 0.932 

Pseudo-second order qe (mg/g) 42.017 59.172 76.923 81.301 84.033 
k2 (min−1) 0.008 0.003 0.003 0.002 0.002 
R2 0.997 0.993 0.995 0.994 0.992 

 
Adsorption Kinetic 

The kinetic study was carried out at mCS-BP = 1.17 g/L, 
pH 7, T = 30 °C and C0 = 50–500 mg/L. As tabulated in 
Table 3, pseudo-second-order model was shown as the 
best model with higher R2 (> 0.992) and closer qe values to 
experimental data (qe,exp) in comparison with the pseudo-
first-order model. The findings depicted that the MB 
adsorption by CS-BP was controlled by the chemisorption 
process and the number of the available active sites 
directly affect the rate of reaction. The comparable 
adsorption kinetic finding was reported for MB adsorption 
by oil palm ash zeolite/chitosan [26], weeds [27] and Ficus 
carica bast [18]. 

Adsorption Isotherm 

The isotherm study was executed at mCS-BP = 1.17 g/L, 
pH 7, T = 30 °C and C0 = 50–500 mg/L. As tabulated in 
Table 4, the Langmuir isotherm model was shown as the 
best model with the highest R2 (0.999) amongst the four 
isotherms employed. The good fitting with the Langmuir 
isotherm model depicted that the MB adsorption onto 
CS-BP is monolayer adsorption and takes place on a 
surface that is homogeneous in nature [28]. 
Corresponding to Table 4, the KL value was 0.102 which 

expresses that the MB molecules are favorably adsorbed 
on CS-BP with maximum adsorption capacity, qm of 
85.47 mg/g. An indistinguishable tendency was 
proclaimed for MB adsorption onto biomass fly ash 
geopolymer monoliths [29]. The value of qm was 
compared to several untreated and modified biosorbents 
were tabulated in Table 5. As observed, CS-BP has 
superior adsorption volume than the others, denoting the 

Table 4. Isotherm parameters for MB removal onto CS-
BP 

Isotherm Model Parameters Value 
Langmuir 
 

R2 

qm (mg/g) 
KL (L/mg) 
RL 

0.999 
85.47 
0.102 
0.089 

Freundlich 
 

R2 
n 
Kf (mg/g)(L/mg)1/n 

0.959 
8.953 
5.124 

Temkin R2 

B (J/mol) 
A (L/g) 

0.930 
15.44 
15.65 

Dubinin-
Radushkevich  

R2 

qm (mg/g) 
Kad (104) 

0.974 
6.756 
1 

 
Table 5. Comparison of maximum adsorption capacity of MB onto various untreated and modified low-cost 
adsorbents 

Adsorbent Adsorption capacity (mg/g) Ref 
Cockle shells-treated banana pith 85.47 This study 
Banana empty fruit bunch AC-H3PO4 76.13 [30] 
Banana empty fruit bunch AC-KOH 71.06 [30] 
Salix babylonica (Weeping willow) leaves 60.97 [31]  
Banana leaves AC 48.01 [32]  
Haloxylon recurvum stems 22.93 [33]  
Brazil nut shells 7.81 [34] 
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Table 6. Thermodynamic parameter for MB removal onto CS-
BP 

∆H°  
(kJ/mol) 

∆S° 
(J/mol·K) 

∆G° (kJ/mol) 
30 °C 35 °C 40 °C 

13.7455 57.0041 -3.5281 -3.8087 -4.0983 

capability of CS-BP as an alternate low-cost adsorbent for 
MB removal. 

Thermodynamic Study 

The thermodynamic study was investigated at 
optimal condition (mCS-BP = 1.17 g/L, pH 7, C0 = 214 mg/L, 
and time of contact = 120 min) within 30–40 °C 
temperature range and the findings are listed in Table 6. 
The positive values of ∆H° (+ 13.7455 kJ/mol) and ∆S° (+ 
57.0041 J/mol) indicated the endothermic process and 
randomness increment at a solid-solute interface with 
certain structural alternations in adsorbent and adsorbate 
[35]. The decreasing ∆G° values with increasing 
temperature indicates that the removal of MB onto CS-BP 
is feasible, spontaneous and increase in the degree of 
spontaneity at a higher temperature. 

■ CONCLUSION 

A new low-cost adsorbent (cockle shells-treated 
banana pith (CS-BP)) was successfully developed owing 
to its effectiveness in MB removal. Besides providing 
additional advantageous over industrial wastewater 
treatment, the solid wastes disposal of CS and BP can also 
be minimized. Investigation of MB removal by RSM 
under three independent parameters (adsorbent dosage 
(X1), initial pH (X2) and initial dye concentration (X3)) 
was executed. Optimum condition (X1 = 1.17 g/L, X2 = pH 
7, X3 = 214 mg/L) yielded predicted MB removal of 
87.32% (according to RSM). Based on the Pareto chart, 
the most paramount factor for MB removal by CS-BP was 
the X2

2. The experimental data was well-fitted with 
pseudo-second-order kinetic and Langmuir isotherm 
models, demonstrated a chemisorption process with 
monolayer and homogeneous process. Thermodynamic 
investigations revealed that the MB adsorption onto CS-
BP is an endothermic, randomness growth at the solid-
solute interface, feasible, spontaneous and increase in the 
degree of spontaneity at a higher temperature. 

The higher surface area, the presence of new bands 
which implies the existence of inorganic carbonate and 
rough surface of CS-BP as shown by BET, FTIR and 
SEM results, demonstrating the success of the alkaline 
treatment process. These combinations are the main 
contributors to the good MB adsorption by CS-BP. 
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 Abstract: Magnetite (Fe3O4) nanoparticles are very promising to be applied as a drug 
delivery system (DDS) for cancer chemotherapy. In this research, the crystal growth of 
hydrothermal derived magnetite particles was studied by oriented attachment (OA) 
model. The OA model was used to investigate the mechanism and the statistical kinetic 
of crystal growth. The crystal diameter change as a function of time with different 
concentration was measured using XRD. Firstly, 0.3248 g FeCl3 and 1.1764 g of sodium 
citrate, as well as 0.3604 g urea were dissolved into 40 mL of distilled water in a reactor. 
Subsequently, the reactor temperature was maintained at 210 °C and the reaction time 
of 3.5–12 h in an air oven. The morphology of obtained particles was characterized using 
TEM, whereas VSM was used to determine the magnetic hysteresis curve. The XRD 
pattern showed that magnetite was obtained at temperature 210 °C and 3.5 h reaction 
time, as well as its intensity, increased with reaction time. The crystal size of Fe3O4 was 
9.44 nm at 3.5 h and was appropriate with the oriented attachment model. The magnetite 
nanoparticles with shaped core-shell had a size less than 50 nm and were suitable for 
biomedical application, especially as drug delivery. 

Keywords: magnetite; oriented attachment; crystal growth; hydrothermal; nanoparticles 

 
■ INTRODUCTION 

Nanomagnetite particles have been widely used in 
electronics, industry, biomedicine, and agriculture. In the 
electronics field, nanomagnetite has been applied as 
magnetic storage media, ferrofluids, sensors, 
supercapacitors, and data memory, whereas application 
of nanomagnetite in industries such as ceramics, catalyst, 
and energy storage. In the medical field, nanomagnetite 
has been used as magnetite resonance imaging (MRI) 
contrast media and drug delivery system (DDS) for cancer 
chemotherapy [1]. Cancer is one of the leading causes of 
death worldwide. Compared to conventional methods 
such as oral and injection, DDS has the ability to treat 
specific targets in the body, reduce drug doses, reduce 

drug concentration on non-target site and reduce the 
side effects caused by drug toxicity on non-target cells or 
tissues [2]. Nanomagnetite which can be applied as DDS 
has been carried out in many nanomagnetite synthesis 
studies, but there is no modeling that explains the 
tailoring process of nanomagnetite particles. Modeling 
is used to determine the evolution and factors that 
influence the growth of nanomagnetite crystals to obtain 
uniform size and morphology [3]. 

Two models can explain the growth of 
nanomagnetite particles, Ostwald Ripening (OR) and 
Oriented Attachments (OA). The OR model is a classic 
model that explains the growth of increasing 
nanomagnetite crystals through diffusion. This model 
has not been able to explain the limits of the enlargement  
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Fig 1. Schematic illustration of nanomagnetite crystal growth by Oriented Attachment (OA) model 

 
of the nanomagnetite crystal particles. The OA model will 
explain more about the particle union, the factors that 
influence and the particle size limits so that the crystal 
diameter size of the nanomagnetite particles is uniform 
[4]. Model OA describes crystal growth based on the 
joining of crystalline particles. The primary particle meets 
the other primary particles to form secondary particles. 
Secondary particles meet with primary particles forming 
tertiary particles and so on. Illustration of nanomagnetite 
crystal growth scheme with the OA model can be 
described as Fig. 1. Primary particles A1 meet with the 
other primary particles A1 (A1+A1) grow into secondary 
particles (A2), then the union between the primary 
particles and multiple particles occurs (A1+A2), (A1+A3) 
and so on. The hypothesis stated by Zang et al. [5], the 
meeting between Ai and Aj for Ai ≥ 2 and Aj ≥ 2 is limited 
by assuming that the particle mass is uniform, if Aj ≥ 2 
then the particle mass is too large, immobility and 
opportunities for small interactions and reaction growth 
of nanomagnetite crystal are irreversible reactions. The 
kinetic model of OA is described by the following 
reactions: 

1k
1 1 2A A A+ →   (1) 

where A1 is the primary nanomagnetite particles, A2 is the 
product of two united nanomagnetite particles and k1 is 
the kinetic constant of the reaction between two particles. 
Primary nanomagnetite particles that combine with other 
primary particle products and so on (multiple particles) 
can be illustrated by the following reactions: 

i 1k
1 i 1 iA A A−

−+ →   (2) 
where Ai is a particle containing i primary and ki is the 
reaction rate constant. 

 

 
Fig 2. Illustration of growth of a nanomagnetite crystal 
in the OA model 

It is assumed the particle with an average diameter 
of D0 and the particle volume units N0 at t = 0. After the 
particles have grown at a time period, t, the number of 
particles is N(t), and the number of particles that have 
grown is N2(t), and the average particle size is D2. 
Assumed that the particles are spherical, the balance 
equation at t time is: 

( ) ( )
3 3 3

0 0 2
0 t 2 t

D D D4 4 4N N N
3 2 3 2 3 2

     
π ρ = π ρ+ π ρ     

    
  (3) 

where ρ is the nanomagnetite particle density. This 
equation can be changed to: 

( ) ( ) ( ) ( ) ( )
3 3 3

0 0 0 2t 2 t
1 1 1D N D N D N
6 6 6
π ρ = π ρ+ π ρ   (4) 

where V2 = 2V0, then: 
3

2 0D 2D=   (5) 
According to Huang et al. [6], because the amount 

of particle growth is the number of particles per unit 
volume at (t) then: 

( )
( )0 t

2 t

N N
N  

2

−
=   (6) 

The kinetics integration of nanomagnetite particle 
growth can be explained in the equation: 

( )
0

t
N

N  
kt 1

=
+

  (7) 
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Huang et al. [6], used the Scherer method with XRD, 
the diameter of each particle is declared with the equation: 

( ) ( )0 2 2D N t .D N t .D= +   (8) 
If Eq. (5), (6) and ((7) is combined with the Eq. (8), 

then obtained: 

( )
( )

3
0D 2kt 1

D  
kt 1

+
=

+
  (9) 

The nanomagnetic synthesis was successfully 
carried out by Cheng et al. [4] used FeCl3, citrate, urea, 
and polyacrylamide (PAM) by the hydrothermal method 
at temperature 200 °C. The nanomagnetite particles 
obtained are hollow and core shell. These particles have 
nanoparticle size and morphology that affect accessibility 
and residence time in blood circulation, 
superparamagnetic, high solubility in water and ideal for 
application as DDS [7]. 

In this study, the application of the OA model on the 
growth of nanomagnetite synthesis crystal in the 
hydrothermal method is carried out. Therefore, the 
nanomagnetite from the synthesis will be maximal and 
uniform that can be applied to the DDS. 

■ EXPERIMENTAL SECTION 

Materials 

The materials used were FeCl3·6H2O (Nacalai 
Tesque), urea (Merck), (C6H5O7Na3·2H2O) (Merck), 
polyethylene glycol (PEG) 1000 (99%), aquabidest and 
ethanol (Merck). 

Instrumentation 

The crystallinity, composition, and size of 
nanoparticles were determined by XRD analysis, with Cu 
radiation lamps (λ 1.54 Å, 40 kV and 30 mA). The Debye-
Scherrer method was used to calculate the particle size by 
using Eq. (10). 

K D  
B Cos   

λ
=

θ
  (10) 

Morphology, topography, composition, and 
crystallographic information of samples were analyzed 
using Transmission Electron Microscope (TEM). 
Nanoparticle magnetism was analyzed by Vibrating 
Sample Magnetometer (VSM) VSM 1.2H Oxford type. 

Procedure 

Nanomagnetite synthesis using a hydrothermal 
method 

Nanomagnetite synthesis used the hydrothermal 
method that has been carried out by Cheng et al. [4] with 
modification. 0.3248 g FeCl3·6H2O, 1.1764 g sodium 
citrate, and 0.3604 g urea were dissolved in 40 mL 
distilled water, the 0.1 g of PEG was added while stirring 
until it dissolved completely, then it put in a Teflon 
reactor. The reactor was put into the oven and set at  
210 °C. The reaction time used in this study was 3.5, 5, 
7, 9, and 12 h. The black precipitate that was formed then 
carried out with the help of an external magnetic field so 
that the process could be carried out quickly and more 
effectively. Washing the sediment with an aqueous 
solution, repeat it several time to obtain pure Fe3O4 
sample. The sample was then dried in an oven for 12 h 
at 60 °C. The dried precipitate was then weighed and 
determined by the yield percentage by comparing the 
weight of precipitate to the theoretical Fe3O4 weight 
obtained from the stoichiometric equation. 

Nanomagnetite crystal growth model 
From the experimental data obtained, the diameter 

of nanomagnetite crystal plotted with the synthesis time 
to obtain curve graphs. The curve obtained from the 
experiment was matched with the model curve of 
oriented attachment (OA). 

■ RESULTS AND DISCUSSION 

Nanomagnetite Synthesis 

Nanomagnetite synthesis by the hydrothermal 
method was carried out by mixing a precursor with a 
reducer and water in an autoclave at high temperature 
for 3.5–12 h. Nanomagnetite is formed by the reaction 
between the molecules of Fe(II) hydroxide with 2 
molecules of Fe(III) hydroxide [8], with the following 
reactions: 

2(s) 3(s) 3 4(s) 2 aqFe(OH) 2Fe(OH) Fe O 4H O+ → +   
Stoichiometrically, nanomagnetite crystals were 

formed from Fe3+ and Fe2+ with a 2:1 ratio [9]. Citrate 
addition acts not only as a reducing agent but also plays 
an important role in the formation of crystal morphology  
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and aggregation prevention. 
PEG functions as a capping agent and as a substance 

that can form and control the pore size and structure. PEG 
can dissolve in water, methanol, benzene, and 
dichloromethane, besides PEG also has a low toxic 
content. PEG has an –OH group on the surface of the 
nanoparticles making the nanoparticles hydrophilic and 
negatively charged, it makes the nanoparticles have a 
longer residence time in the bloodstream (high 
bioavailability) because they correspond to the nature of 
plasma proteins which are also hydrophilic and negatively 
charged. Phagocytosis will occur in non-polar 
(hydrophobic) particles and positively charged [10]. 

The nanomagnetite formed was characterized by 
black precipitate that can interact with magnetic fields. At 
temperature 210 °C, the concentration 0.05 M, 3.5 h of 
synthesis the precipitate began to form. Precipitate 
dispersed in water can interact and were attracted to the 
magnet. Products of nanomagnetite synthesis at reaction 
times of 3.5, 5, 7, 9 and 12 h have a blackish brown in the 
form of fine powder that can interact with external 
magnets. Visually the synthesized product at a reaction 
time of 3.5, 5, 7, 9, and 12 h would see a change of color 
from brownish yellow and will be darker. 

Nanomagnetite Properties 

Based on the diffractogram form of XRD analysis, it 
was identified that precipitate at 210 °C and a reaction 
time of 3.5 h had formed nanomagnetite, and the intensity 
would increase with increasing synthesis time. In Fig. 3, it 
can be seen that the diffractogram pattern for each 
synthesis has the same pattern as the ICSD standard 
diffractogram No. 01-076-7168 and the highest intensity 
at 2θ of 35.54, 57.0564, and 62.66°. It also can be seen that 
nanoparticles consist of the pure compound, without the 
presence of other iron oxide compounds or the reactants 
used in the synthesis process. This indicates that the 
hydrothermal method carried out in this experiment has 
good performance and selectivity in synthesizing one type 
of nanoparticles. 

Mass produced (yield) the products will increase 
with increasing the synthesis time, at 3.5, 5, 7 and 9 h of 
synthesis time the yield was 39.18, 71.84, 78.37, 98.6% and 

 
Fig 3. XRD diffractogram of nanomagnetite at 3.5, 5, 7, 
9 and 12 h, temperature of 210 °C and concentration of 
0.05 M 

Table 1. Nanomagnetite crystal diameter at different 
synthesis time 
Synthesis time (h) Nanomagnetite crystal diameter (nm) 

3.5 9.44 
5 12.82 
7 16.71 
9 20.31 

12 27.50 

then decreased slightly after 12 h of synthesis, which was 
only 97.96%. 

Using the Scherrer’s equation, the crystal diameter 
of obtained magnetite at 3.5, 5, 7, 9, and 12 h were 9.44, 
12.82, 16.71, 20.71, and 27.50 nm respectively. 

To find out the magnetic properties, 
characterization was carried out using the vibrating 
sample magnetometer (VSM) method at 300 K with the 
application of an external magnetic field in the range of  
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-1 T to 1 T. Fig. 4 shows a hysteresis curve of 
nanomagnetite synthesized at 210 °C for 12 h with 
characteristic curves in the form of a symmetrical return 
sequence and a narrow curve. Based on the hysteresis loop 
curve, the saturation magnetic (Ms), coercivity field (Hc) 
and remnant magnetization (Mr) can be determined. The 
saturation magnetization value, also known as saturated 
magnetization, shows the ability of nanomagnetite 
particles to maintain the alignment of their magnetic 
domains when there are external magnets. The coercivity 
field is the amount of field needed to make the 
magnetization zero. The higher the coercivity field value, 
the stronger the magnetic properties of the material was. 
Meanwhile, the remnant magnetic shows the magnitude 
of the remaining magnetic field. 

Narrow hysteresis loop shows small energy loss and 
ease of magnetization. This makes magnetite synthesis 
not only good to be applied as drug delivery but also very 
promising as recording media, data storage, and 
supercapacitor media. Nanomagnetite particles were soft 
magnetic; it can be seen from the hysteresis curve that has 
a symmetrical return sequence when there was a magnetic 
field. Soft magnetite needs very small energy for 
magnetization process. The superparamagnetic 
properties of magnetite are due to the electron transfer 
between Fe3+ and Fe2+ in octahedral lattice [11] and the 
presence of an unbalanced antiparallel spin pair on the 
crystal lattice [12]. Size is also an important factor that 
determines the paramagnetic properties. Nanomagnetite 
particles with a diameter of less than 30 nm and 
paramagnetic properties are obtained [4,12]. 

The diameter of nanomagnetite particles is related 
to their magnetic properties. At room temperature, a 
particle with a size of 5 nm is superparamagnetite without 
interaction between particles, 19 nm is ferrimagnetite and  
 

11 nm iron oxide nanoparticles are superparamagnetite 
with several interactions between particles [13]. The 
saturation magnetization (Ms) is perpendicular to the 
degree of crystallinity of the nanoparticles. The increase 
of particle crystallinity also increases the saturation 
magnetization [14]. Due to the high crystallinity, 
nanomagnetite structure is almost close to the crystal 
structure of bulk material [15]. At synthesis time of 12 h 
with 0.05 M concentration, the Ms of nanomagnetite 
was 81 (Emu/g). The decrease in crystal diameter 
increased the susceptibility to the magnet because of the 
formation of a single electron spin domain [16-17]. The 
value of nanomagnetite saturation magnetization is 
smaller than the bulk material due to incomplete 
coordination between atoms on the surface and the 
presence of superexchange (SE) interactions between Fe 
ions connected by O2– ions which cause the spin disorder 
on the particle surface [18]. 

Morphology characterization of nanoparticles was 
analyzed using  JEM-1400 with TEM image. Based on  

 
Fig 4. Magnetite loop hysteresis curve at the synthesis of 
12 h 210 °C concentration of 0.05 M 

 
Fig 5. TEM images of synthesized samples at the time of (a) 3.5 h, (b) 5 h, and (c) 12 h 
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TEM images at 80,000 times magnification, the crystal 
morphology of nanomagnetite can be seen. Nanoparticles 
with 3.5 h of synthesis time were seen in TEM images as 
black and dark crystal. 

At synthesis time of 3.5 h, it was generally seen that 
the particles formed were nano-sized with uniform size 
distribution and no agglomeration. Nanoparticles were 
spherical-form with a diameter of about 20 nm. Whereas 
the nanomagnetite synthesized with 7 h of synthesis time, 
the shape was close to the core-shell shape with a dark 
core and brighter part of the shell with a diameter less 
than 50 nm. At the synthesis time of 12 h, a perfect 
formation of nanomagnetite was formed with dense core-
shell and diameter about 100 nm. This core-shell 
structure consists of small particles with a size of about 20 
nm, which were agglomerated with high crystallinity in 
the core and amorphous in the shell. 

Nanomagnetite Crystal Growth by Oriented 
Attachment (OA) Model 

Based on experimental data obtained from XRD, the 
k value obtained from the concentration of 0.05 M with 
various reaction times is shown in Fig. 6. From the value 
of k, the diameter of the model was determined by 
substituting D0 and t parameters, so the diameter of the 
model for certain time was obtained. Nanomagnetite 
crystal diameter from the calculation of the 0.05 M 
reactant concentration has a k value of –2.18. From the 
value of k, the diameter of nanomagnetite crystal could be 
calculated used the OA model. 

The diameter of the model is still close to the 
experimental results with a small percent error, as seen in 
Fig. 7. At a temperature of 210 °C, the diameter of the 
model (D) for 3.5, 5, 7, 9, and 12 h of the reaction was 9.44, 
11.69, 16.05, 20.41, and 26.72 nm, respectively whereas 
the experimental results of the particle diameter were 
9.44, 12.82, 16.71, 20.31, and 27.50 nm. 

The crystal diameter of the experimental and 
calculation results in the increase of reaction time will 
approach the model point where the elevation point will 
decrease from the reaction time of 5, 7, 9, and 12 h. The 
diameter of the model calculation approximates the 
experimental results with  small percent errors. At 5 h of 

 
Fig 6. Graph value of k at 0.05 M 210 °C 

 
Fig 7. Diameter of magnetite crystal particle from 
experiment and modeling result 

reaction time and 0.05 M concentration, the percentage 
error obtained was 9.6%. The increasing of reaction 
time, the growth of magnetite crystals will be more 
perfect with increasing reaction time and modeling of 
Oriented Attachment (OA). 

■ CONCLUSION 

Nanomagnetite can be synthesized using a 
hydrothermal method with a synthesis time of 3.5, 5, 7, 
9, and 12 h at 210 °C. The reaction time affects the 
growth of magnetite crystal. The crystal diameter 
magnetite increases from 9.44 to 27.50 nm with 
increasing synthesis time from 3.5 to 12 h. The 
morphology of nanomagnetite is core-shell shape 
without agglomeration with size particles approximately 
100 nm. The saturation magnetization (Ms) of 
nanomagnetite at 12 h synthesis time is 81 (Emu/g) with 
superparamagnetic properties, showing that the 
obtained nanomagnetite is suitable for drug delivery 
system (DDS) application. Model of Oriented 
Attachment (OA) is appropriate for crystal growth of the 
magnetite with k value of –2.18. 
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 Abstract: Halogenated organic compounds are extensively and widely used as 
pesticides, herbicides, and antibiotics that contribute to the pollution. This research was 
aimed to further analyze and characterize a bacterium that has the ability to utilize 2,2-
dichloropropionic acid (2,2-DCP) as a model to study dehalogenase enzyme production.  
Microscopic observation, biochemical tests and PCR technique were carried out in order 
to characterize the isolated bacterium. Strain MF2 showed its ability to grow on 10 mM 
2,2-DCP liquid minimal medium with doubling time of 13 h with maximum chloride ion 
released of 19.8 𝜇𝜇molCl–/mL. The 16S rDNA analysis suggested that strain MF2 belongs 
to the genus Burkholderia. This was supported by the microscopic observation and 
biochemical tests. Dehalogenase gene was observed when using only primers dehIfor1 and 
dehIrev2 derived from group I deh PCR primer sequences, whereas no amplification using 
dhlB-314-forward and dhlB-637-reverse (group II dehalogenase) and haloacetate 
dehalogenase (H2-1157-forward and H2-1662-reverse) PCR primer sequences. The 
results suggested that, possibly, dehalogenase from MF2 was related to group I deh. In 
conclusion, strain MF2 showed the ability to utilize 2,2-DCP as sole source of carbon and 
energy. Further analysis revealed the MF2 strain consisted of dehalogenase gene that 
could be used for degradation of man-made halogenated compounds present in the 
environment. Using existing dehalogenase PCR primers, it was possible to amplify the 
dehalogenase genes sequence. 

Keywords: Burkholderia pseudomallei; 2,2-dichloropropionate; biodegradation; 
dehalogenase gene; 16S rDNA gene 

 
■ INTRODUCTION 

Environmental contamination from industrial 
chemicals, herbicide or pesticide from agricultural 
activities is an ongoing dilemma to the society. 2,2-
dichloropropionate (abbreviation known as 2,2-DCP) or 
Dalapon® is a synthetic halogenated compound used in 
herbicides. The demand for herbicide in agriculture is 
increasing and its use is inevitable to improve crop yields 

in many developing countries. In some areas like in the 
Pineapple Plantation, Pekan Nenas Johor, Malaysia, it is 
believed that herbicide use will solve all weed problems. 
Xenobiotic compounds, mostly man-made chemicals 
when present in high concentrations in the environment 
can be very hazardous to the ecosystem and some 
resistant to degradation [1]. Among these xenobiotics, 
halogenated compounds are considered very toxic and 
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may cause enormous problems to human health and the 
environment. However, the answer to such predicament 
perhaps lie in the very ground we stand on. It is believed 
that microorganisms are capable of degrading xenobiotics 
[2-3]. 

Soil microorganisms such as Rhizobium sp., 
Methylobacterium sp. HJ1 and Arthrobacter sp. have been 
reported to be capable of utilizing such compounds as 
their sole carbon source for growth while liberating the 
organically bound chlorine as chloride ions at the same 
time [4-6]. The molecular structure of the 2,2-DCP 
consists of three carbons with the molecular formula 
CH3CCl2CO2H (Fig. 1). The first carbon is a carboxylic 
functional group (-COOH) and followed by two chloride 
substituents at C-2 of α carbon position. From chemistry 
point of view, the α-chlorination is particularly important 
within the halogenated propionic series because it results 
in herbicidal activity. Acids chlorinated in other positions 
do not possess phytotoxic properties unless they are also 
α-chlorinated. Similarly, increasing chain length reduces 
the herbicidal activity of the α-chloroacids, for instance 
2,2-dichlorohexanoic acid being completely inactive. It 
has been reported that substitution of other halogens for 
chloride generally decreases herbicidal activity of these 
acids [7]. 

Biodegradation using microorganisms is one of the 
main and natural processes that help remove xenobiotic 
chemicals such as chloroaliphatic compounds from the 
environment [8-9]. Also, microorganisms can benefit 
from the use of the contaminant as an electron donor and 
carbon source to support growth. Hydrolytic dehalogenases 
represent the key position in the degradation of 
haloaliphatic compounds. These enzymes catalyze the 
cleavage of carbon-halogen bonds by nucleophilic 
substitution, replacing the halogen ion by a hydroxyl group 
derived from water [10]. Dehalogenase enzymes metabolize 
chlorinated substituents and the halogens are enzymatically 
removed to form non-halogenated compounds. In cases 
where biodegradation of halogenated compounds are 
lacking, it is often due to the inability of microorganisms 
to effectively metabolize such compounds with chemical 
structures to which these microbes have yet to be exposed 
during the course of evolution. In other words, recalcitrance 

C C C
O

-

O
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H

H

H
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Fig 1. Basic structure of 2,2-DCP 

of certain halogenated compounds generally is the result 
of a lack of efficient metabolic pathways. Nevertheless, 
there are reports of many microorganisms that have the 
ability to metabolize xenobiotic organohalogens [8]. 
This led to the idea that such microorganisms must have 
evolved their catabolic pathways during the past few 
decades and is thus suited to study the natural assembly 
of catabolic routes. 

According to Slater et al. [11], dehalogenases can 
be classified based on substrate specificities. On the 
other hand, Hill et al. [12] classified dehalogenases based 
on genetic approach by investigating the diversity and 
molecular ecology of the dehalogenase genes. Using 
phylogenetic classification, dehalogenase is divided into 
group I and group II. These two families are 
evolutionarily unrelated and together represent almost 
all of α-halocarboxylic acid (αHA) deh genes as described. 
Group I is a non-stereospecific dehalogenase which act 
on C2-halogenated short chain aliphatic acids including 
D-isomer and L-isomer. For example, group I 
dehalogenases are able to act on D-2-chloropropionic 
acid (D-2-CP), L-2-chloropropionic acid (L-2-CP), D,L-
2-chloropropionic acid (D,L-2-CP) and 2,2-DCP. 
Meanwhile, dehalogenases of group II is stereospecific 
that acts only on L-2-CP but not D-2-CP and 2,2-DCP 
[12]. Other kinds of dehalogenases, termed haloacetate 
dehalogenase (EC 3.8.1.3) that acts specifically on 
halogenated acetates to yield glycolate, are also in group 
II [13]. To understand how these dehalogenases function, 
in silico studies on enzyme-substrate binding need to be 
carried out provided that full dehalogenase sequence can 
be obtained in gene isolation by PCR [14-15]. 

Previous investigations have described that the 
molecular approach could be used to uncover 
genus/species and gene of interest like dehalogenase 
genes of the newly isolated microorganisms [16]. 
Therefore, the current study is focused on characterizing 
a bacterium isolated from mud soil from pineapple  
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plantation that can degrade 2,2-DCP and amplification of 
the putative dehalogenase gene using dehalogenase 
degenerate primers. In the current investigation, strain 
MF2 was further characterized and its putative 
dehalogenase classification was then determined. 

■ EXPERIMENTAL SECTION 

Isolation 

The minimal growth media for growing bacteria was 
prepared as described by Hamid et al. [17]. Mud soil taken 
from a Pineapple agricultural area in Johor (10 g) was 
added into 250 mL conical flask containing 100 mL of 
minimal media with 10 mM of 2,2-DCP as the sole carbon 
and energy source. The bacterial culture was incubated in 
an incubator shaker for 3−7 days at 30 °C. For solid 
medium, Oxoid bacteriological agar No.1 (1.5% w/v) was 
added prior to sterilization. Bacterial culture was streaked 
onto the agar plate containing the same ingredients as the 
liquid minimal media. One pure colony was obtained 
after several subcultures by streaking on solid minimal 
media. The bacterial strain was characterized via 
morphological/biochemical tests as described in Bergey’s 
Manual of Systematic Bacteriology [18]. 

Determination of Bacterial Growth 

The extent of growth was determined by measuring 
the absorbance at A680nm and the release of chloride ions 
was measured at A460nm [19]. Measurement of the free  
 

halide released during the dehalogenation reaction was 
carried out by an adaptation of the method of Bergmann 
and Sanik [20]. The chloride ion released was defined  
1 mM chloride is equivalent to 1 µmol Cl–/mL. 

PCR Amplification of 16S rDNA Gene 

The chromosomal DNA was extracted using 
Qiagen DNA extraction kit as described by the 
manufacturer. PCR amplification was carried out using 
universal primers to amplify the 16S rDNA gene as 
described by Fulton and Cooper [21]. 

Partial Biochemical Tests 

Different types of biochemical tests were carried to 
ascertain the identity of the bacteria by carrying out 
spore staining, catalase test, urease test, oxidase test, 
lactose utilization test, indole test, gelatin hydrolysis, 
motility test and nitrate reduction test. 

PCR Amplification for Putative Dehalogenase 
Gene 

The source of the primers were obtained from 
group I deh PCR primer sequences dehIfor1 and dehIrev2 
[12], Xanthobacter autotrophicus (dhlB314 and dhlB 
637) belonging to group II deh PCR primer sequences 
and Moraxella sp. for primers dehH2-1157 and dehH2-
1662 of the haloacetate dehalogenase [22]. The PCR 
primers and PCR cycles are summarized in Table 1 and 
2, respectively. 

Table 1. Dehalogenase oligonucleotide primers 
Organisms Genes Primer sequences Reference 
 
 
 
 
Xanthobacter 
autotrophicus 
 
 

Group I 
Various sources 
 
Group II 
dehalogenase 

dehIfor1 (Forward): 
5’-ACGCTGCGCGTGCCATGGGT-3’ 
dehIrev2 (Reverse): 
5’-CGCAATCACATGGAAGTCACT-3’ 
dhlB-314 (Forward): 
5’-TCTGGCGGCAGAAGCAGCTGG-3’ 
dhlB-637 (Reverse): 
5’-CGCGCTTGGCATCGACGCTGATG-3’ 

Hill et al. [12] 
 
 
van Der Ploeg et al. 
[22] 
 

Moroxella sp. 
 
 
 

Haloacetate 
dehalogenase H-2 

dehH2-1157 (Forward): 
5’-CGGCACCCTCTACGATGTGCATTCGG-3’ 
dehH2-1662 (Reverse): 
5’-CATCCCATGGATTCGACGATACAAAGA-3’ 

Kawasaki et al. [13] 
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Table 2. PCR cycles for amplification of putative 
dehalogenase gene 

Segments Cycles Temperature (°C) Duration 
1 
2 
 
 

3 
4 

1 
35 

 
 

1 
1 

94 
94 
55 
72 
72 
4 

2 min 30 sec 
30 sec 
30 sec 
4 min 

10 min 
∞ 

DNA Sequencing and Molecular Analysis 

The PCR products were purified using Promega 
Wizard® SV Gel and PCR Cleanup system. After 
purification, all PCR products were sent for sequencing at 
SOYGEN BIOTECHNOLOGY, Istanbul (Turkey). 

Scanning Electron Microscopy (SEM) 

Colonies of bacterial strain MF2 grown on solid 
media supplemented with 2,2-DCP for 24 h were excised 
as small agar blocks of 0.5 cm3. The colonies were pre-fixed 
with 25% glutaraldehyde in 100 mM phosphate buffer 
(pH 7.2) for 2 h and then post fixed with 1% osmium 
tetroxide in the same buffer. The fixed cells were dehydrated 
in a series of increasing ethanol concentrations (30–95%) 
for 15 min and then in 100% ethanol for 20 min. The cells 
were substituted with absolute isoamyl acetate for 15 min 
and air-dried. The cells were coated with gold by using a 
gold sputter coater and examined with a Hitachi S.2500C 
(Hitachi Co., Japan) scanning electron microscopy. 

■ RESULTS AND DISCUSSION 

Analysis of Growth on 2,2-DCP Minimal Medium 
and Chloride Ion Released 

The bacteria were screened on solid media 
containing 10 mM 2,2-DCP as a carbon source. After 7 
days incubation, a pure colony was observed on 10 mM 
2,2-DCP solid minimal medium. This colony was then 
grown in 10 mM 2,2-DCP liquid minimal medium. The 
bacterium showed the ability to utilize 2,2-DCP as sole 
source of carbon under aerobic conditions with doubling 
time of approximately 13 h (Fig. 2). Analysis of the chloride 
ions released was also determined with the maximum 
chloride released estimated at 19.8 µmol Cl–/mL. 

16S rDNA Gene Sequence Analysis 

The 16S rDNA PCR product showed that 
approximately 1500 bp DNA band was amplified. All the 
1544 bp 16S rDNA gene sequences were analyzed using 
BLASTn option (http:www.ncbi.nlm.nih.gov/BLAST/). 
The sequence matched with maximum identity of 99% 
to the bacterium Burkholderia pseudomallei (data not 
shown). Therefore, the current organism was designated 
as Burkholderia pseudomallei strain MF2. 

Characterization based on biochemical properties 
and scanning electron microscopy (SEM) (Fig. 3) 
revealed the basic cellular morphology of the bacteria on  

 
Fig 2. Maximum growth curve of Burkholderia sp. MF2 
on 10 mM 2,2-DCP minimal medium. Control (E. coli) 
showing no growth in 10 mM 2,2-DCP minimal medium 

 
Fig 3. Electron microscopy analysis of strain MF2 appear 
as short rods with approximate length of 1.6–1.7 µm; 
width 0.55 µm (549 nm) 
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Table 3. Morphological and biochemical characterization of strain MF2 
Properties Details 
Cell shape 
Size 

rod  
length of 1.6~1.7 µm; width 0.55 µm 

Colony morphology Smooth, mucoid and somewhat elevated 
Gram staining Gram Negative 
Spore staining - 
Oxygen requirement Aerobic 
Catalase + 
Oxidase + 
Urease + 
Gelatin hydrolysis + 
Citrate + 
Lactose utilization - 
Motility test + 
Nitrate reduction - 
Identity Burkholderia sp. 
+: positive, - : negative 

 
solid minimal medium after 5 days incubation period at 
30 °C. The bacteria were rod-shaped with colonies 
showing smooth, mucoid and somewhat elevated edges. 
Gram staining confirmed that strain MF2 was rod-
shaped, Gram negative bacteria. Details of the 
physiological and biochemical properties of strain MF2 
are depicted in Table 3. 

Amplification of Putative Dehalogenase Gene 

The PCR reaction was carried out as previously 
described and the PCR product was observed using gel 
electrophoresis. The result showed a single band of 
approximately 396 bp was amplified using primers related 
to group I dehalogenase. On the other hand, no 

amplification of DNA band was detected for the group 
II dehalogenase and haloacetate dehalogenase H-2. 

Sequencing and Analysis of Putative Dehalogenase 
Gene 

The partial sequence of putative dehalogenase was 
successfully sequenced and analyzed showing 360 bp 
DNA sequence (Fig. 4). The DNA Open Reading Frame 
(ORF) is a graphical analysis tool that can be used to find 
possible functional structural genes. The ORF Finder 
encodes for 120 amino acids only. The deduced 
sequence was short without start and stop codon. In 
order to check the identity of the current amino acids, 
multiple sequence analysis was carried out among both  

 
Fig 4. Partial sequence of nucleotide and deduced amino acid of putative dehalogenase from strain MF2 
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groups I and II dehalogenases. The results showed there 
were no sequence identities with the known 
dehalogenases either group I or II, suggesting current 
isolate might be of a different kind of dehalogenase group. 
However, further analysis is needed to re-confirm this. 

Burkholderia sp. can be found in the natural 
environment, such as soils, rhizospheres, water and from 
infected humans by melioidosis [23-26]. Very few 
halogenated aliphatic acids supported growth of the 
organisms. According to Watanabe et al. [27], there are 
differences between the bacteria isolated in the laboratory 
by enrichment and the bacteria performing the 
biodegradation in situ. The bacteria involved in 
biodegradation tend to be neglected more often when 
investigating pure culture isolates, since they are not 
always enriched in the process [28]. 

Burkholderia pseudomallei strain MF2 that was 
isolated from mud soil could grow on 2,2-DCP as sole 
source of carbon and energy. To allow growth on 2,2-
DCP, there are some basic criteria to be fulfilled. First, the 
organism must either possess or synthesize dehalogenase 
which is capable of removing the substituent halogen(s) 
from halogenated compounds. Next, the dehalogenation 
product should be non-toxic and easily converted to an 
intermediate via the organism’s central metabolic 
pathway. The halogenated compound should be able to 
enter cells either passively or by active transport in order 
to reach the site of dehalogenase activity. Last but not 
least, the halogenated compound should be non-toxic to 
the organism at normal intracellular concentrations [11]. 

This study sequenced the 1.5-kb 16S rDNA gene. 
The results of the sequence was analyzed by sequence 
comparisons to the sequence in the NCBI database. The 
phylogenetic analysis of 16S rDNA nucleotide sequence 
suggests the identity of the current isolate. Morphological 
and biochemical tests showed that MF2 is a rod-shaped 
Gram-negative bacteria. Based on the Bergey’s manual of 
determinative bacteriology [18], the biochemical test 
supported the 16S rDNA indicating that strain MF2 
belongs to the genus Burkholderia sp. 

Cells doubling time of MF2 was calculated to be 13 
h in 10 mM 2,2-DCP with concomitant release of chloride 
ions in the growth medium. The growth was relatively 

slower than that of Serratia sp [29], and more or less 
similar to the growth of Rhizobium sp. [30]. MF2 utilized 
2,2-DCP as sole carbon source and it was believed to 
have eliminated the chlorine atom from the halogenated 
compound and produced pyruvate as a main product 
similar to what has been reported earlier by Slater et al. 
[11]. The maximum chloride ion released was  
19.8 µmol Cl–/mL, with almost all carbon source 
consumed after 42 h growth. It can be said that the MF2 
strain exhibit a rather slow rate of 2,2-DCP utilization 
which could be attributed to a poor uptake system and/or 
low expression of the dehalogenase enzyme [31-35]. 

PCR amplification was used to detect partial 
dehalogenase genes. Group I deh genes, are specific 
towards both D and L forms of the substrate while group 
II deh genes are only active on the L form. Successful 
amplification of the putative dehalogenase gene was 
obtained using primers from group I suggesting the 
dehalogenase from MF2 might fall in the same category. 
In contrast, Bagherbaigi et al. [36] reported that strain S1 
grew well on α/β–haloalkanoic acids (α/β-HA) and only 
group II primers [22] from Xanthobacter autotrophicus 
- dhlB314 and dhlB637 showed amplification. This 
observation was possibly due to L-2-haloacid 
dehalogenases being more common than group I 
dehalogenases. On the other hand, two possible reasons 
why using group I primers could not amplify the S1 
gene: (1) the primers might not be universal for some 
bacteria, and (2) only a single dehalogenase gene may be 
present that acts on both αHA and βHA. 

Rhizobium sp. RC1 was reported to contain more 
than one dehalogenase [34-35]. DehE or D,L-haloacid 
dehalogenase from Rhizobiumsp. RC1 is unique because 
it can act on chiral carbons of both enantiomers. It is 
curious why Rhizobium sp. RC1 has more than one 
dehalogenases, when DehE alone can act on all of the 
substrates that DehD and DehL can also act on. Our 
current findings suggested that only a single 
dehalogenase may be present based on an in silico study 
by docking simulation [16,37-39]. Based on these 
findings, it can be inferred that some key catalytic 
residues of DehE is similar to that of dehalogenase of S1 
that can grow on 3CP. However, more work involving 
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gene cloning and protein analysis are required for further 
characterization. 

■ CONCLUSION 

In conclusion, a molecular approach can be used to 
screen new genes of interest provided that the specific 
universal primers has no limitation. This study is the first 
study to investigate the presence of a putative 
dehalogenase gene in Burkholderia pseudomallei strain 
MF2 isolated from mud soil, associated with growth on 
2,2-DCP or αHA. Using molecular tools, primers 
belonging to group I or II dehalogenases are possibly able 
to probe dehalogenase gene(s) present in the newly 
isolated microorganisms in the soil community. 
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 Abstract: The phenomenon of phosphate release in sediments into water bodies under 
oxic environment has been investigated using the Diffusive Gradient in Thin Film (DGT) 
technique. This research consists of several stages: polymer synthesis and DGT probe 
assembly, sediment sampling, DGT deployment in oxic conditions, and phosphate 
analysis from DGT adsorption results. Acrylamide polymer was successfully synthesized 
with a composition of 15% acrylamide; N-N'-methylenebisacrylamide 0.1% and 
ferrihydrite as binding gels. DGT probes were assembled by placing a 16 x 3.2 cm 
polyacrylamide gel, binding gels and filter membranes on the DGT probes. The sediment 
sample was taken from the Bogor Botanical Gardens at the coordinates 6°36’00.6” S; 
106°47’51.0” E. The DGT probe was placed in sediment samples for 1, 3 and 7 days in 
oxic conditions. After the prescribed time, the binding gel was removed and cut every 1 cm 
depth, then eluted using 0.25 M H2SO4 and the phosphate concentration was measured 
using spectrophotometry method. The results showed that the phosphate concentration 
tends to be higher with the increasing incubation time and depth. Maximum CDGT phosphate 
released on day 1, day 3 and day 7 were 1.00 µg/L at a depth of 14 cm, 6.61 µg/L at a 
depth of 14 cm, and 20.92 µg/L at a depth of 11 cm, respectively. This ensures that the 
phosphate in water bodies comes from biogeochemical processes that occur in sediments 
and is successfully measured through DGT techniques. 

Keywords: DGT; oxic; phosphate release; sediment 

 
■ INTRODUCTION 

Eutrophication is one of the problems of the aquatic 
environment caused by the emergence of excessive 
nutrients export from catchment soils into the water 
ecosystem, due to urbanization [1]. Eutrophication can 
cause a very rapid growth process of plants compared to 
their normal growth, known as blooming. 

The blooming of aquatic plants such as algae can 
cause problems in aquatic ecosystems such as the down 
turn of dissolved oxygen concentration that can affect 
aquatic living organisms like fish and other species, 
causing them to not grow properly, leading to dwindling 
of its population. The loss of fish and other animals in the 
water ecosystem chain may even harm the entire ecological 

system [2-3]. On the other hand, there are types of algae 
known as cyanobacteria (blue-green algae). These algae 
can act as an indicator of pollution [4], in which they 
contain toxins that can adversely affect the health of 
humans and other living organisms [5-6]. Eutrophication 
occurs as a result of the raise of nutrients quantity in the 
water. 

In most lakes, phosphorus is a limiting factor [7-8] 
in the process of algae photosynthesis because its 
availability is relatively insufficient compared to the 
number of aquatic organisms that need it. 
Eutrophication in inland and coastal waters is caused by 
increased application of nitrogen (N) and phosphorus 
(P) fertilizers [9]. 
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Although phosphate concentration in a water body 
is reduced, eutrophication can still occur due to the 
accumulation of large quantities of land-sourced 
pollutants from various sources through water flow and 
sediment deposition, through physical, chemical and 
biochemical processes [10-11]. It is clearly seen that 
sediment plays an important role in the availability of 
phosphates in the water because they act as phosphate 
sources and reservoirs. Therefore, the examination of 
phosphate distribution in sediment and how it interacts 
with the water body must be included in the monitoring 
of phosphate contamination in the water. 

Organic phosphate can undergo species change into 
inorganic phosphate through mineralization. Organic 
phosphate mineralization in sediment occurs in anoxic 
conditions [12]. The process of phosphate mineralization 
in sediment causes phosphate migration from sediment to 
the water body. Phosphate migration from sediment is 
influenced by the reduction and oxidation reaction of 
metal iron (Fe) ions [13]. 

Accurate phosphorous measurement is difficult to 
do because during the long sample storage, phosphorus 
species can change due to dynamic interactions of 
phosphorus species in the natural system. Therefore, in 
situ techniques for measuring phosphorous needs to 
developed. Diffusive Gradient in Thin Film (DGT) 
technique has been developed for in situ measurements of 
vanadate, arsenate, antimonate, and molybdate in water 
[14], methyl mercury in rice plants [15], reactive 
phosphorus species in natural water, sediment and soil 
[16] and others. The principle of phosphate measurement 
using the DGT technique is based on the diffusion of 
phosphate species through the polyacrylamide gel layer 
and then bound by the ferrihydrite layer embedded in the 
next gel layer [17]. Phosphate mass bound by ferrihydrite 
in a given dispersion time is measured colorimetrically 
after going through acid elution treatment. The 
concentration of analyte species bound by DGT is 
considered to be the same as the concentration that might 
diffuse into aquatic biota. 

DGT is a device consisting of membrane filter, 
diffusive gel, and adsorbent packed in a plastic device. The 
diffusive gel used is an acrylamide polymer in the form of 

a hydrogel. In the manufacture of acrylamide polymers, 
DGT Crosslinker is commonly used as a crosslinker. 
N,N'-methylenebisacrylamide can be used as a 
crosslinking agent in the manufacture of polyacrylamide 
gel [18-19]. 

In this study, the authors utilize the DGT 
technique with ferrihydrite as a binding gel and N-N'-
methylenebisacrylamide as a crosslinking agent for 
measuring phosphate released from sediment to water 
body in oxic condition. Measurement of released 
phosphate from sediment was carried out at different 
depths, 1–15 cm. 

■ EXPERIMENTAL SECTION 

The research consisted of several stages: (1) 
polymer synthesis and DGT sediment probe assembly, 
(2) sediment sampling, (3) DGT deployment in oxic 
condition, and (4) phosphate analysis from DGT 
adsorption results. 

Materials 

The materials used were 40% Acrylamide from 
Sigma Aldrich, N,N'-methylenebisacrylamide from Sigma 
Aldrich, Ammonium persulfate from Sigma Aldrich, 
N,N,N'N'-Tetramethylethylenediamine (TEMED) 99% 
from Sigma Aldrich, cellulose nitrate membrane filter 
from Whatman, Aquademineralization, KH2PO4, Sodium 
hydroxide from Merck, Sodium Nitrate/NaNO3 (Merck), 
H2SO4 (p), Ammonium molybdate from Merck), 
Potassium antimonyl tartrate from Merck, Ascorbic 
Acid from Merck, Fe(NO3)3·9H2O from Merck, 
Acetonitrile from Merck. 

Instrumentation 

The tools used were the Peterson Grab, ice box, pH 
meter, and thermometer QIS F-390, Portable DO meter 
Martini MI 605, label sticker, gloves, glassware, furnace, 
UV-Vis spectrophotometer Shimadzu with accuracy for 
phosphate analysis about 99.63–100.18%, AAS Shimadzu 
6300 with accuracy for Fe analysis about 99.63–100.18% 
and for Mn about 99.80–105.89%, FTIR Bruker, 
Millipore water purifier, Agilent pH meter, Thermo 
science shaker, Thermo science hot plate, analytic 
balance, Memmert oven, Thermo science stirring hot 
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plate, Iwaki glassware, DGT probe, ultrasonic, and 
centrifuge. 

Procedure 

The preparation of diffusive gel and ferrihydrite was 
conducted using the procedure reported by Zhang and 
Davison [16]. Available phosphate species was measured 
using a DGT technique with ferrihydrite as a diffusive gel. 
The gel solution was made with a composition of 15% 
acrylamide and 0.1% crosslinker. The crosslinker used in 
this study was N,N-methylenebisacrylamide (MBA). For 
binding gel, ferrihydrite was added into the gel solution. 
The thickness of the prepared gels was 0.23 cm. 

Sediment samples were taken from the lake of the 
Bogor Botanical Garden, precisely in the Lake in front of 
Bogor Palace at the coordinates 6°36’00.6” S; 106°47’51.0” 
E. The sediment were collected and filtered used a 200 
mesh size filter, then stored in a reservoir. DGT probe was 
deployed for 7 days in oxic condition with the bubbling of 
oxygen. For initial data, DGT probe was deployed for 2 h 
without bubbling of oxygen. At each retrieval time, the 
binding gel was removed from the probe and then cut 
every 1 cm. The binding gel eluted by 0.25 M H2SO4 
solution and the concentration of phosphate was 
measured by spectrophotometer UV-Visible with blue 
molybdenum method. Phosphate concentration absorbed 
by ferrihydrite binding (CDGT) was calculated using the 
following formula: 

gM
C

D t A

×∆
=

× ×
  

where, M is mass of phosphate accumulated in the resin 
gel layer, Δg is the thickness of the diffusive gel plus the 
thickness of the filter membrane (typically 0.123 cm), D is 
the diffusion coefficient of phosphate in the gel (1.63 ×  
10–6 cm2/s), t is deployment time and A is exposure area 
(A = 44.8 cm2). 

■ RESULTS AND DISCUSSION 

Polymer Synthesis and DGT Probe Assembly 

DGT is a device consisting of a membrane filter, 
diffusive gel and binding gel, packed in a plastic device. In 
this study, the diffusive gel used was an acrylamide 
polymer in the form of a hydrogel, while the binding gel 

was a diffusive gel added by an adsorbent to bind with 
the analyte to be analyzed, and ferrihydrite was used as 
an adsorbent to bind with phosphate. The first step in 
the synthesis of the diffusive gel was the preparation of a 
gel solution consisting of acrylamide, crosslinker, and 
water. 

The crosslinker used in this study was N,N-
methylenebisacrylamide (MBA). After a homogeneous 
gel solution was formed, ammonium persulfate was 
added as an initiator which would trigger the occurrence 
of acrylamide free radical and TEMED as a catalyst. The 
binding gel was made in the same way as making a 
diffusive gel, but before adding the initiator and TEMED 
catalyst, ferrihydrite slurry was added first until the 
solution was homogeneous. The DGT probe assembly 
process was done as shown in Fig. 1. 

This DGT device consists of a cellulose nitrate filter 
membrane with a pore size of 0.45 nm. The function of 
this membrane filter is to filter the analyte that will enter 
the DGT device. The phosphate species that passes the 
filter with a 0.45 nm pore size is a dissolved phosphate 
species. Dissolved phosphate is divided into organic 
phosphate (dissolved organic phosphate, DOP) and 
inorganic phosphate (dissolved inorganic phosphate, DIP) 
[20]. Both of these species are selected in the next DGT 
layer, the diffusive gel layer which is an analytic diffusion 
medium. Phosphate species which can diffuse into this 
diffusive gel is inorganic phosphate (dissolved inorganic 
phosphate, DIP), which consists of orthophosphate and 
polyphosphate. This inorganic phosphate species bound 
by ferrihydrite binding gel is an available form and 
needed by plants. Phosphate concentration measured 
through this DGT device can be utilized to measure 
phosphate bioavailability. 

 
Fig 1. Sediment probe DGT assembly process 
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FTIR Characterization of Synthesized Polymer 

FTIR characterization was carried out to confirm 
that acrylamide polymer was successfully synthesized. The 
results of the FTIR spectrum can be seen in Fig. 2. There 
were two peaks at wave number of 3337 and 3188 cm–1 for 
the samples of diffusive gel, while for ferrihydrite gel 
samples, there were also two peaks at wave numbers of 
3338 and 3181 cm–1. Meanwhile, typical uptake of primary 
amines (–NH2) were at wave numbers of 3300–3600 cm–1 
with moderate intensity form. The peak at the wave 
number of 1648 cm–1 for the diffusive gel sample and  
1649 cm–1 for the ferrihydrite sample revealed the 
absorption of amide carbonyl (–CONH–), usually found 
at wave number of 1690–1650 cm–1 with strong intensity 
form. The peak at wave number of 1186 cm–1 for diffusive 
gel sample and 1187 cm–1 for ferrihydrite sample showed 
aliphatic amine uptake (C–N) usually found at wave 
number of 1250–1020 cm–1 with moderate intensity form. 
The functional group appearing was the main functional 
group of the acrylamide polymer, so it can be concluded that 
the acrylamide polymer has been successfully synthesized. 

The functional group appearing in diffusive gel and 
binding gel were not significantly different, so it can be 
concluded that there is no change in polymer structure in 
the presence of ferrihydrite. The data also shows that the 
interaction between ferrihydrite and acrylamide polymer 
is physical interaction. 

Sediment Sampling and In Situ Water Analysis 

Sediment sampling was performed in the lake of the 
Bogor Botanical Garden, precisely in the lake in front of 
Bogor Palace at the coordinates 6°36’00.6” S; 106°47’51.0” 
E. Sediment samples were taken using a grab sampler at 
several adjacent points with a distance of not more than 5 
meters. Measurement of some physico-chemical water 
parameters including temperature, pH and dissolved 
oxygen values was done simultaneously at the time of 
sediment collection and the results are shown in Table 1. 

Lake water temperatures ranging from 28.0–30.0 °C 
are considered as good enough for the growth and life of 
organisms in the water. Temperature is one parameter to 
determine the quality of lake water. Water pH values 
ranging in the interval of 7.12–7.13 indicates that the pH  

 
Fig 2. Spectrum FTIR     diffusive gel     ferrihydrite gel 

Table 1. Measurement of temperature, pH and dissolved 
oxygen of the lake in front of Bogor Palace 

No Parameter Result 
1. 
2. 
3. 

Temperature 
pH 
Dissolved oxygen 

28.0–30.0 °C 
7.12–7.13 
7.43–7.61 mg/L 

of the water is normal. Similar to temperature, the pH of 
water can also affect the process and balance of chemical 
reactions that occur in the water. At a low pH value, 
dissolved oxygen content will decrease, which can 
directly affect the life of aquatic biota. At high pH values, 
the solubility of metal compounds decreases, followed 
by the development of decomposition rate, which has an 
impact on the decline of dissolved oxygen value [21]. 

DO values can show biological changes by aerobic 
or anaerobic organisms, therefore DO measurements are 
very important in monitoring water quality. The optimum 
value for good water conditions is when DO values are 
4–6 mg/L [22]. Dissolved oxygen values ranging from 
7.43 to 7.61 mg/L are still considered good. The value of 
dissolved oxygen is one of the parameters that can be 
used as an indicator of pollution. Dissolved oxygen is 
needed by aquatic biota for the respiratory process and 
metabolism, and can induce energy production for its 
growth and breeding process. 

Sediment Characterization 

In this study, sediment samples were taken from 
the lake and filtered using a 200 mesh size filter, then 
stored in a reservoir. Before the DGT was deployed, 
sediment characterization was conducted. Sediment 
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characterization measurements were performed in 6 
points with 3 different depths on the reservoir like the 
simulation shown in Fig. 3. The characteristics of sediment 
measured involved water content, Lost of Ignition, Organic 
C, total Mn, and total Fe content. 

Sediment characterization was done to determine 
the initial conditions of the sediment before being treated. 
The results of the sediment characterization measurements 
are presented in Table 2. 

From the data in Table 2, the level of Lost of Ignition 
(LOI) is 20.01 ± 0.82% (b/b). The LOI level was 
determined to see how much organic compounds are in 
the sediment. Fe and Mn levels were determined because 
both of these metals have an effect on the process of 
releasing phosphate from sediment to the body of water 
through the redox process of the two metals. 

In the sediment characterization for phosphate 
measurements, total phosphate measurements were done, 
phosphate fraction from gradual extraction process was 
inorganic phosphate, and organic phosphate was 
calculated by substracting total phosphate with inorganic 
phosphate. The results of sediment characterization 
measurement are presented in Table 3. 

Total phosphate determination was done with 
destruction process by using the persulfate method. The  
 

gradual extraction of the phosphate fraction was 
performed according to the method proposed by 
Hieltjes and Lijklema (extraction ‘H & L’). Based on this 
stepwise extraction "H & L" method, the first fraction is 
extracted using NH4Cl solution. At this stage, the easily 
released phosphorus compound is extracted. The types 
of chemical compounds in this fraction are not clearly 
known yet but are thought to be orthophosphate 
compounds found on the surface of the water. 
Afterwards, the second fraction is extracted using 0.1 M 
NaOH solution. At this stage, the phosphate compound 
bound by Fe (Fe(OOH) ≈ P) is released. The third 
fraction is extracted using a 0.5 M HCl solution to 
extract phosphorus bound by calcium carbonate 
(CaCO3 ≈ P). The fourth fraction is inorganic phosphate 
residue. Organic phosphate levels are obtained from the 
difference in total P levels to the sum of the levels of each 
fraction [23]. 

 
Fig 3. Sediment sampling simulation for sediment 
characterization 

Table 2. Characterization result of sediment of Bogor Botanical Garden Lake 

Parameter Analysis 
Result 

Top Middle Bottom 
Total Fe (%) 1.09 ± 0.24 1.14 ± 0.22  1.11 ± 0.34  
Total Mn (mg/kg) 265.24 ± 16.15 287.12 ± 21.74 292.74 ± 33.64 
Water content (%) 70.53 ± 1.00 68.86 ± 1.76 66.92 ± 1.20 
LOI content (%) 20.28 ± 1.96 19.96 ± 1.10 20.01 ± 0.82 
Organic C (%) 0.57 ± 0.26 0.58 ± 0.16 0.61 ± 0.16 

Table 3. Determination of total P and P fraction level in sediment samples 

Parameter 
Conc. P (mg/kg) 

Top Middle Bottom 
Total P 363.04 ± 56.68 381.40 ± 25.20 370.42 ± 40.84 
Fraction 1 2.27 ± 2.04 3.01 ± 1.70 1.55 ± 0.62 
Fraction 2 15.52 ± 4.54 13.52 ± 2.34 13.56 ± 3.14 
Fraction 3 0.52 ± 0.85 0.61 ± 0.54 0.62 ± 0.48 
Residual P 1.98 ± 8.12 2.81 ± 8.70 4.34 ± 6.78 
Organic P 342.76 ± 60.26 361.45 ± 27.09 350.36 ± 43.60 
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From the data in Table 3, it is shown that the largest 
phosphorus fraction in the sediments of Bogor Botanical 
Garden Lake was organic phosphorus and the second 
largest fraction was phosphorus bound by Fe. 

DGT Deployment in Oxic Conditions 

DGT deployment in artificial sediment samples was 
conducted by weighing 1200 g of sediment into a test tube 
with a tube diameter of 9 cm and a tube height of 28 cm. 
200 mL of distilled water was added, then the DGT probe 
was placed until it touched the sediment. The spread of 
DGT in the sediment sample was performed in oxic 
condition by bubbling oxygen through an aerator flow. 
During the operation, dissolved oxygen values, 
temperature and pH of water on the surface of the 
sediment was monitored. After seven days of monitoring, 
we obtained some results. The temperature value range 
was 24.8–25.7 °C, dissolved oxygen content range was 
5.91–7.91 and pH value range was 6.95–7.36. The 
deployment time was varied from day 1, 3 and 7. 

Phosphate Analysis from DGT Adsorption Results 

After the specific time of deployment, the DGT 
probe was removed from the system and then rinsed with 
double distilled water. The DGT device was removed and 
the rollout gel was cut every 1 cm in height, then the 
phosphate level was measured by spectrophotometry 
method after performing the acid elution process. The 
phosphate absorbed into the binding gel are thought to be 
the phosphate which escapes from the sediment to the 
pore water. Data of phosphate concentration absorbed by 
ferrihydrite binding (CDGT) during the deployment time 
in oxic condition can be seen in Table 4. 

The concentration of analyte species bound by DGT 
is considered as similar to the concentration of analytes 
that may diffuse into aquatic biota, so this DGT device can 
be used to measure bioavailability of several analytes in 
the aquatic environment [17,24]. In this study, phosphate 
measurement using DGT devices was carried out to 
determine the phosphate concentration which might 
diffuse into aquatic biota. 

Based on the data in Table 4, there is a tendency for 
CDGT to increase along with the increase in deployment 
time. The maximum phosphate CDGT that was obtained 

when the device was released on day 1, day 3 and day 7 
were 1.00 µg/L at a depth of 14 cm, 6.61 µg/L at depth of 
14 cm, and 20.92 µg/L at a depth of 11 cm, respectively. 
The CDGT phosphate profile absorbed by the DGT device 
at different depths during the deployment time is shown 
in Fig. 4. Based on the CDGT profile in Fig. 4, there is a 
tendency that as the depth increases, phosphate CDGT 
from the sediment decreases. This is because, as the level 
of sediment becomes deeper the oxygen concentration is  

Table 4. Phosphate CDGT absorbed by binding gel during 
deployment time in oxic condition 

Depth 
(cm) 

CDGT PO4 in oxic condition (µg/L) 
Day 1 Day 3 Day 7 

1 0.00 ± 0.00 1.34 ± 1.67 10.12 ± 4.39 
2 0.00 ± 0.00 0.00 ± 0.00 20.47 ± 5.34 
3 0.00 ± 0.00 3.12 ± 5.40 16.52 ± 5.54 
4 0.00 ± 0.00 4.79 ± 6.27 12.83 ± 9.21 
5 0.00 ± 0.00 0.00 ± 0.00 15.58 ± 5.03 
6 0.00 ± 0.00 0.00 ± 0.00 16.01 ± 2.41 
7 0.00 ± 0.00 0.00 ± 0.00 19.49 ± 2.24 
8 0.00 ± 0.00 0.56 ± 0.96 17.52 ± 4.16 
9 0.00 ± 0.00 5.01 ± 8.68 14.86 ± 4.02 

10 0.00 ± 0.00 0.22 ± 0.39 18.62 ± 5.52 
11 0.00 ± 0.00 6.03 ± 5.74 20.92 ± 5.71 
12 0.00 ± 0.00 0.00 ± 0.00 17.40 ± 6.64 
13 0.00 ± 0.00 0.00 ± 0.01 19.37 ± 3.15 
14 1.00 ± 1.74 6.61 ± 11.45 16.86 ± 4.34 
15 0.73 ± 1.27 0.42 ± 0.73 17.78 ± 3.88 

 
Fig 4. CDGT Phosphate profile for 1 day, 3 days and 7 days 
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decreased so that the sediment is in anoxic condition. On 
the sediment interface layer with a water body, the oxygen 
level will be higher due to the diffusion process between 
water and free air. The surface layer exposed to sunlight 
allows photosynthesis to produce oxygen. With the 
increase of the depth, the dissolved oxygen level became 
smaller, caused by the decreasing sunlight intensity that 
penetrates to the water which leads to photosynthesis 
inhibition. In addition, the availability of oxygen used for 
respiratory by water organisms and the oxidation of 
organic and inorganic materials is limited. 

When phosphate in the water body is excessive, it 
can be deposited back into the sediment through various 
ways including precipitation, adsorption, and microbial 
activity [1]. In anoxic condition, sediment will release 
phosphate bound by iron hydroxide which causes the 
increase of phosphate level in the water. Where as in oxic 
condition, the presence of iron(III) will bind with 
phosphate, resulting in phosphate deposition in the 
sediment [25]. This causes phosphate concentrations at 
the anoxic condition to be higher than in oxic condition. 
In addition, in anoxic condition, phosphorus bound by 
the organic phase is released from microbial activity 
during degradation of organic matter [26]. This ensures 
that the phosphate in pore water comes from 
biogeochemical processes that occur in sediments. 

■ CONCLUSION 

Acrylamide polymers have been successfully 
synthesized with the composition of 15% acrylamide; 
0.1% N,N’-methylenebisacrylamide and ferrihydrite as a 
binding gel. The DGT probe assembly was carried out 
using 16 × 3.2 cm polyacrylamide gel sheets assembled on 
DGT probes with bindings facing upwards, followed by 
placing diffusive gel and filter membrane. The results of 
characterization of the lake sediment in Bogor Botanical 
Gardens at coordinates 6°36'00.6 "S; 106°47’51.0 "E 
showed that the largest phosphorus fraction in the 
sediments of the Bogor Botanical Garden Lake was 
organic phosphorus and the second largest fraction was 
the phosphorus bound by Fe. The result of DGT spread in 
sediments for 1, 3 and 7 days in oxic conditions with 
dissolved oxygen content about 5.91–7.91, revealed that 

the release of phosphate from the sediment to the water 
body was influenced by incubation time and depth. The 
released phosphate concentration tends to be higher 
with the increasing depth and incubation time. 
Maximum CDGT phosphate released on day 1, day 3 and 
day 7 were 1.00 µg/L at a depth of 14 cm, 6.61 µg/L at a 
depth of 14 cm, and 20.92 µg/L at a depth of 11 cm, 
respectively. This ensures that the phosphate in pore 
water comes from biogeochemical processes that occur 
in sediments. In this work, we already showed the 
success of the use of DGT as a probe to examine the 
released phosphate from the sediment to the water body. 
And we believe that the examination of phosphate 
distribution in sediments and how it interacts with the 
water body must be included in the monitoring of 
phosphate contamination in the water. 
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 Abstract: In this work, a new mixed-ligand binuclear Co(II) complex of Schiff base was 
prepared. Moreover, the characterization of this prepared complex was performed by 
measurement of melting points, UV-Vis spectra, FT-IR spectra, and magnetic 
susceptibility measurements, and later compared with metal and ligand solutions. It has 
been discovered that the Schiff bases with Co(II) ion forms a binuclear complex with a 
stoichiometry of molar ratio 1:2 from “metal:ligand”. The photodecolorization of this 
complex was done under UV light for ZnO's suspension solution. The results of this 
photodecolorization showed that the greatest efficiency was obtained with the use of ZnO 
dose of 300 mg/100 mL and at an initial pH of 7. The decolorization activation energy for 
this complex is a small value of 11.289 kJ mol–1. Additionally, the thermodynamic study 
for this reaction is non-spontaneous, endothermic and less random. 

Keywords: Schiff base; binuclear Co(II) complex; photodecolorization; ZnO; UV-A light 

 
■ INTRODUCTION 

In reality, the metal complexes of Schiff bases play a 
crucial role in the development of coordination 
chemistry, which has generated an enormous number of 
publications, ranging from pure synthetic projects to 
physicochemical studies [1]. They are important chelating 
ligands with a variety of active applications [2-3]. These 
Schiff bases can be employed in catalytic, photochemical 
biological activities such as antiviral, anticancer and 
antifungal activities [4], electrochemical processes such as 
oxidation reactions [5] and agriculture applications [6]. 
As a result, they are also used as ligands to obtain metal 
complexes because they have high stability of the 
coordinating compounds and good solubility in common 
solvents [7]. The produced metal complexes of Schiff 
bases can serve as models in the understanding of 
biological systems [8-9]. The reaction medium affects the 
kinetics and mechanism of chemical transformations, 
which is considered one of the key problems of modern 
physical chemistry. In addition, the polarity of the 
medium as a solvent effect [10] and the temperature 
change [11] were extensively researched for organic 

compounds under photolysis. However, the photo 
reaction is helpful in the presence of light for the 
degradation of the color of organic molecules. 

Direct photochemical transformation occurs 
closely when the energy of light attacks the bonds within 
an organic compound [12] that absorbs the light and 
leads to the treatment of effluent water. This process 
indicates the occurrence of chemical change and leads to 
the formation of carbon dioxide and treated water [13]. 
The purpose of this manuscript is to prepare a new 
mixed-ligand binuclear Co(II) complex of Schiff base 
and then investigate the characteristics of the 
components of these compounds by using UV-Vis. 
spectrometry, FT-IR spectrometry, magnetic 
measurements, and melting points. Moreover, the 
photodecolorization of this prepared complex is 
conducted under distinct circumstances such as ZnO 
dose, initial pH and the effect of temperature. 

■ EXPERIMENTAL SECTION 

Materials 

All the used chemicals and solvents such as ethanol,  
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glacial acetic acid, DMSO, ethanol, DMF and other solvents 
were used in high purity. Benzedrine, salicylaldehyde, 
cobalt chloride hexa-hydrates [CoCl2·6H2O], ethanol, DMF, 
DMSO, potassium hydroxide and o-phenylenediamine 
were supplied by BDH and Sigma-Aldrich companies. 
Commercial ZnO was purchased from Fluka Company in 
99.5% purity. 

Instrumentation 

The melting point was measured by melting point 
apparatus (Stuart-England). FT-IR spectra were recorded 
in the range of 4000–400 cm–1 as KBr disc with a FT-IR-
8000 S-Shimadzu spectrophotometer (Japan). Electronic 
spectra with methyl formamide (DMF) as a solvent in 
concentration 1 × 10–3 M at room temperature and the 
concentrations of binuclear Co(II) complex after 
irradiation were recorded by using a Shimadzu UV-240 
UV-visible spectrophotometer (Japan). The magnetic 
measurements for samples were detected using auto 
Magnetic susceptibility balance-MSBMKI-USA. 

Procedure 

Synthesis of binuclear Co(II) complex 
In a round  bottom flask  with a capacity  of 100 mL,  

0.5 g (0.00058 mmol) of 2,2-(([1,1'-biphyneyl]-4,4'-
diylbis (azanylylidene)) bis (methanylylidene)) dipheno 
ligand (H2L) was dissolved in potassium hydroxide-
ethanol solution. This solution was mixed with 0.2 g 
(0.00116 mmol) of o-phenylenediamine, and 25 mL of 
Co(II) ethanol-solution containing 0.0137g (0.00116 mol) 
[CoCl2·6H2O] to produce the mole ratio of H2L:o-
phenylene diamine:metal of 1:2:2. The mixture was 
refluxed with heating at 55 °C for 2–3 h. The final 
product (greenish brown) was filtered and washed using 
hot ethanol and lastly dried for 24 h. The melting point 
for this complex was recorded at 296 °C with the yield 
75%, as shown in Scheme 1. 

Method of photodecolorization 
The photocatalytic decolorization reactions of the 

binuclear Co(II) complex with ZnO were made by using 
a homemade photoreactor shown in Fig. 1. This photo 
reactor consists of a wooden box. This wooden box 
contains a magnetic stirrer, a fan, a beaker for the 
reaction and a High pressure mercury lamp-250 Watts 
(Radium-Germany) as the radiation source, which has a 
light intensity equal to 1.458 × 10–7 Ens s–1 by using a 
chemical actinometric solution [14]. In this work, an  
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refluxed for 2 h
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Scheme 1. Schematic diagram for the preparation of the ligand and cobalt complex 
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Fig 1. The photo reaction system for the decolorization of the binuclear Co(II) complex 

 
appropriate amount of commercial ZnO was added to 50 
mL of binuclear Co(II) complex solution with continuous 
mixing by a magnetic stirrer. 

In the beginning, the dark reaction was carried out 
for 30 min, when UV-A light illuminated the generated 
suspension solution. At steady time periods, 
approximately 3 mL of the formed suspension solution 
was taken away and centrifuged twice to guarantee the 
removal of all the fine ZnO catalyst particles at 4000 rpm 
for 10 min. The absorbance of the residue complex in the 
solution was recorded by using a UV-Vis 
spectrophotometer (Shimadzu-UV-240) at 417 nm. 

At the low concentration of the studied complex, the 
rate constant (kapp) was explained by Eq. (1), which is based 
on the Langmuir-Hinshelwood kinetic expression [15]. 

0
app

t

C
ln k .t

C
 

= 
 

  (1) 

where C0 is an initial concentration of binuclear Co(II) 
complex without light (dark reaction) or 0 min of 
irradiation. Ct is the concentration of the same studied 
complex at the time of irradiation. 

The photodecolorization efficiency (PDE) of 
binuclear Co(II) complex from aqueous solution is 
expressed by Eq. (2) [16]. 

0 t

0

C C
PDE

C
100 −

=  
 

×   (2) 

■ RESULTS AND DISCUSSION 

Physical Properties 

Some physical features for H2L and its complex are  

explained in Table 1, including the change in the color 
and the melting points. The color of the ligand is altered 
from bright yellow to greenish brown when it is reacting 
with cobalt ion. In addition, the elevated melting point 
of the complex compared with the melting point of the 
ligand indicates the high stability of the complex towards 
air and light. 

FT-IR Spectra 

The IR absorption spectrum of the Schiff base for 
the H2L in Fig. 2 shows the absence of two absorption 
bands at 3412 and 3295 cm–1 which belongs to –NH2 
stretching of benzidine, and C=O absorption band at 
1700 cm–1 of salicylaldehyde, and the appearance of C=N 
absorption band at 1618 cm–1. The infrared spectrum of 
the H2L ligand appeared as a broad band at (3465 cm–1), 
which indicated the –OH group [17]. The ν (O–H) band 
is absent in the IR spectrum of the Co-complex 
confirmed by the absence of the O–H bending band for 
H2L in the complex of the mixed ligand. Meanwhile, the 
appearance of the band in the range of 3330–3340 cm–1 
indicated the presence of the –NH2 group. The 
absorption band of the C=N group in H2L appeared at 
1618 cm–1 [18]. The band of the C=N group was shifted to 

Table 1. Physical properties for the ligand H2L and the 
binuclear Co(II) complex 

Compounds Color 
Melting 

points (°C) 
Yield 

H2L Bright Yellow 209 90.01% 
[Co2(OPD)2L)]Cl2 Greenish Brown 296 75% 
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Fig 2. FT-IR spectra of H2L and [Co2(OPD)2(L)]Cl2 
complex 

lower frequencies because of the coordination with metal 
ions through the nitrogen atom shown in Fig. 2. The new 
bands that appeared in the regions, 468.72–542.02 cm–1, 
may be due to the generation of M–O, and M–N bands [19]. 

UV–Vis Spectra 

Two absorption peaks were displayed in the UV-Vis 
spectrum of the ligand H2L as shown in Fig. 3. The first 
peak at 279 nm (35842 cm–1) was assigned to π–π* 
electronic transition of the benzene rings. The second peak 
at 370 nm (27027 cm–1) was attributed to n–π* electronic 
transition of the non-bonding electrons (i.e. free electron 
pair) that is found on the nitrogen in the Schiff base part 
of the ligand as the transition of the molecular orbital of 
C=N chromophore [20-21]. Meanwhile the UV-Vis 
spectrum of the binuclear Co(II) complex shown in Fig. 3 
displayed three absorption peaks. The first peak at 272 nm 
(36764 cm–1) was assigned to the ligand field, while the 
second peak at 363 nm (27548 cm–1) refers to the charge 
transfer electronic transition. The third peak was attributed 
to d-d electronic transition tetrahedral geometry around 
the central ion Co(II) at 979 nm (10214 cm–1), which mostly 
observes as a new weak and much broader peak [20]. 

Magnetic Susceptibility Measurements of 
Complexes 

The magnetic moment of this complex was 5.089 B.M. 

This indicates that the generated complexes has 
tetrahedral form [20], as observed in Table 2. 

Photodecolorization Reaction of [Co2(OPD)2(L)]Cl2 
Complex 

Effect of ZnO dose on the decolorization of 
[Co2(OPD)2(L)]Cl2 complex 

The effect of ZnO doses in the range of 0.1–0.5 
g/100 mL is depicted in Fig. 4 and 5. This study is 
essential to eschew the excess of the catalyst used, which 
reduces the efficiency of the photoreaction. The 
apparent rate constants for the decolorization of 
binuclear Co(II) complex were raised with increased 
dose of ZnO with a maximum value of 0.3 g/100 mL, due 
to the sufficient amount of active sites on the catalyst 
surface to raise the chance of radical formation [22-23]. 
On the other hand, the high amount of ZnO induced the 
decrease of the rate of this reaction due to the reduction 
of the penetration ability of light into this solution which 
acts as a screen [24-25]. In Fig. 5, the maximum PDE% 
was reached at 99.129% after 70 min. 

Effect of the initial pH on the decolorization of 
[Co2(OPD)2(L)]Cl2 complex 

The study of the initial pH of the aqueous solution 

Table 2. Magnetic susceptibility measurements of 
binuclear Co(II) complex 

Complex Xg 
× 10–6 

XM 
× 10–6 

XA 
× 10–6 

μeff 
B.M 

[Co2(OPD)2(L)]Cl2 13.5 10731.15 11128.15 5.089 

 
Fig 3. UV-Vis spectra for H2L ligand, Metal (Co(II) and 
complex [Co2(OPD)2(L)]Cl2 
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Fig 4. Effect of ZnO dosage on the apparent rate constant of 
reaction. At conditions: ZnO dosage 0.1–0.5 g/100 mL, 
binuclear Co(II) complex conc. 25 ppm, initial pH of 
solution 7.00 and T 311.15 K 

 
Fig 5. PDE % of binuclear Co(II) complex solution at 
different ZnO dosage. At conditions: ZnO dosage 0.1–
0.5 g/100 mL, binuclear Co(II) complex conc. 25 ppm, 
initial pH of solution 7.00 and T 311.15 K 

 
for this complex was monitored at a pH range of 3–11, as 
explained in Fig. 6 and 7. The pH is considered to be a 
vital factor in increasing the decolorization of this 
complex because it affects the nature of the complex, and 
also the nature and surface properties of ZnO, thus 
affecting the hydroxyl radical generated [26-27]. The 
maximum decolorization for the binuclear Co(II) 
complex occurred at pH 7 with maximum PDE% equal to 
99.128% at 70 min. In fact, the results demonstrated that 
when the pH was more or less than pH 7, the rate of 
decolorization and the PDE% declined, based on the 
following two causes [27]: At elevated acidic medium,  
 

ZnO may have undergone photocorrosion and altered to 
Zn(II) ion [23,28]. 

2
2

1ZnO 2h Zn O (acidic pH)
2

+ ++ → +   (3) 

or 

2
2ZnO 2H Zn H O (acidic pH)+ ++ → +   (4) 

Inversely, in high basic pH, ZnO can be negatively 
charged and lead to the decrease in the photocatalytic 
activity [23,25]. 

2Zn OH OH Zn O H O (basic  pH)− −− + → − +   (5) 
or 

( ) 2
2 4ZnO H O 2OH Zn OH (basic  pH)

−−  + + →     (6) 

 

 
Fig 6. Effect of initial pH of binuclear Co(II) complex 
solution on the apparent rate constant of reaction. 
Conditions: ZnO dose 0.3 g/100 mL, binuclear Co(II) 
complex conc. 25 ppm, initial pH of solution 3–11 and T 
311.15 K 

 
Fig 7. PDE % of binuclear Co(II) complex solution at 
different ZnO dosage. Conditions: ZnO dose  
0.3 g/100 mL, binuclear Co(II) complex conc. 25 ppm, 
initial pH of solution 3–11 and T 311.15 K. 
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Effect of temperature on the decolorization of 
[Co2(OPD)2(L)]Cl2 complex 

At temperatures in the range of 288.15–303.15 K, 
the results in Fig. 8 and 9 show that the decolorization 
process for the binuclear Co(II) complex is elevated with 
raised temperature. The plotted Arrhenius equation (Eq. 
(7)) [29,23], and Eyring-Polanyi equation (Eq. (8)) [25,30] 
were demonstrated. 

a
app

E
ln k   lnA

RT
−

= +   (7) 

where Ea is activation energy, k is rate constant, R is gas 
constant, T is the temperature of reaction and A is a 
frequency constant. 

ΔH# and ΔS# were calculated based on the Eyring-
Polanyi equation [25,30-31] 

# #app. Bk   kH Sln( )     ln( )  
T RT h R

 −∆ ∆
= + +  

 
  (8) 

where kB is a Boltzmann's constant, h is a Plank's constant, 
R is a gas constant and T is the temperature of the 
reaction. 

The activation energy for the decolorization of the 
binuclear Co(II) complex is small and equals to  
11.289 kJ/mol, which proves this photoreaction is fast 
speed [32-33] and the reaction is endothermic where the 
change in enthalpy equals to 8.832 kJ/mol as listed in 
Table 2. ΔG# of the photo reaction was calculated using 
the Gibbs equation (Eq. (9)) based on the fitting results of 
the Eyring-Polanyi equation [29-31]. 

# # #G H T S∆ = ∆ − ∆   (9) 
All fitted factors of the thermodynamics functions 

and the activation energy are listed in Table 3. 
The positive ΔH# (endothermic) and positive 

ΔG#
303.15 (non-spontaneous) for the decolorization of the 

binuclear Co(II) complex demonstrated that the 
transition state between the complex molecules and 
intermediates (hydroxyl radicals) is a well solvated 
structure. The negative values of ΔS# for the 
decolorization of the binuclear Co(II) complex species 
formed is less random than the reactants. These results 
have similar behavior with other photo reactions 
observed by several researchers [25,31,34]. 

Mechanism of the Photodecolorization of 
[Co2(OPD)2(L)]Cl2 Complex 

The series of redox processes can take place via the 
presence of ZnO as a suspension in an aqueous solution 
of [Co2(OPD)2(L)]Cl2 complex. The best species [16,35] 
which can decolorize the [Co2(OPD)2(L)]Cl2 complex 
are HO and HOO under irradiation by UV-A light, as 
explained in Fig. 10. 

 
Fig 8. Arrhenius equation plotted at varying 
temperatures, at 288.15–303.15 K. Conditions: ZnO dose 
0.3 g/100 mL, binuclear Co(II) complex conc. 25 ppm, 
initial pH of solution 7 

 
Fig 9. Eyring plot of (ln (k./T)) vs. 1/T. Conditions: ZnO 
dose 0.3 g/100 mL, binuclear Co(II) complex conc.  
25 ppm, initial pH of solution 7 

Table 3. The activation energy and thermodynamic 
parameters of the decolorization of the binuclear Co(II) 
complex under UV-A light 
Type of lamp 

(UV-A) 
Ea 

kJ mol–1 
ΔH# 

kJ mol–1 
ΔS# 

J mol–1 K–1 

ΔG#
303.15 

kJ mol–1 
250 Watt 11.289 8.832 -3.666 9.945 
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Fig10. Schematic diagram of the suggested mechanism of 
the photodecolorization of [Co2(OPD)2L)]Cl2 complex 
with photocatalyst ZnO 

■ CONCLUSION 

The main conclusions are referred to the forming of 
[Co2(OPD)2L)]Cl2 complex in the mole ratio of 1:2 
“metal:ligand” stoichiometry and with greenish brown 
color. From FTIR analysis, new bands appeared in the 
regions, 469–542 cm–1 which may be due to the formation 
of M-O and M-N bands. The increased melting point is 
proven to be a binuclear Co(II) complex. In the UV-
Visible spectrum, the appearance of the new weak and 
much broader peak at 979 nm were attributed to d-d 
electronic transition tetrahedral geometry around the 
Co(II) central ion. The optimum conditions for 
photodecolorization of the binuclear Co(II) complex were 
observed at 300 mg of ZnO/100 mL from binuclear Co(II) 
complex solution, initial pH of 7, with low activation 

energy, endothermic, less random and non-spontaneous 
reaction. 
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 Abstract: In this work, we determined the influence of reaction time in the synthesis of 
gold nanoparticles (AuNPs) by p-aminosalicylic acid and p-aminobenzoic acid as 
reducing agents. Besides working as a reducing agent, the p-aminobenzoic acid and p-
aminosalicylic acid also simultaneously played a role as a capping agent/stabilizing agent. 
Gold ions were first mixed with the pH adjusted p-aminobenzoic acid and p-
aminosalicylic acid. The mixture was then heated in boiling water at 86 °C. The 
formation of AuNPs was indicated by the appearance of red color and analyzed with 
UV/Vis spectrophotometry to evaluate their surface plasmon resonance (SPR) absorption 
in the wavelength range of 400–800 nm. The reducing ability of the reducing agents was 
affected by its structure. Gold nanoparticles that were synthesized with p-aminosalicylic 
acid were more stable, formed faster and had a smaller size than its counterpart that were 
synthesized with p-aminobenzoic acid. The stability test over a period of 5 months showed 
that the AuNPs were relatively stable. 

Keywords: gold nanoparticles; p-aminosalicylic acid; p-aminobenzoic acid 

 
■ INTRODUCTION 

Metal nanoparticles have become an incessant part 
of the current research in nanotechnology. They exhibit 
unusual physical and chemical properties which are quite 
different from their bulk counterparts [1]. When particles 
are reduced to their nano level, their physical and chemical 
properties (e.g., melting point, fluorescence, electrical 
conductivity, magnetic permeability, and chemical 
reactivity) can drastically change. The changes in these 
properties are highly influenced by their size, shape, and 
nature of the surrounding environment [2]. Application 
of nanomaterial follows its unique properties including 
high surface to volume ratio, high surface energy, and 
unique mechanical, thermal, electrical, magnetic and 
optical behaviors [3]. 

Gold nanoparticles are the most compatible 
nanomaterial for preparation of engineered nanoplatforms 
in smart sensing devices. Surface plasmon resonance 
property of gold nanoparticles makes them most suitable 
engineered nanomaterial for bioimaging, biomedical 
therapeutics, and biodiagnostic tools. Gold nanoparticles 

colloids have attracted increasing attention due to their 
unique properties in multi-disciplinary research fields [4]. 

A gold nanoparticle is generally synthesized through 
the reduction of the HAuCl4 solution with NaBH4 in high 
temperature [5]. However, the synthesized AuNPs tend 
to aggregate as soon as it is formed. The use of other 
reducing agents, such as citric acid, polyols, sugars, 
hydrazine, formaldehyde, hydrogen peroxide, and 
ascorbic acid still could not solve the aggregation problem 
of gold nanoparticles. To protect the particles from 
aggregation and reduce the collision possibility between 
particles of gold, in order to make AuNPs become stable, 
the researchers use stabilizers [6]. The most common 
capping agents used in previous studies were SDS [7], 
PVA [8], cysteamine [9], and surfactant [10]. The 
stabilizing agent was added after the reduction process 
to maintain the size of gold nanoparticles. The formation 
of AuNPs are indicated by the colloid formation with red 
or purple color and has strong adsorption of visible light 
at the wavelengths between 520–550 nm [11]. Nguyen et 
al. synthesized AuNPs by capping Au3+ ion using a CTAB 
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and then reducing with NaBH4 [12]. NaBH4 was also used 
as a reducing agent for gold nanoparticles. Wu et al. [13] 
added trisodium citrate as a stabilizing agent and used it 
for pesticides detection. However, the use of two different 
compounds was less effective. 

Previous studies have been conducted by using the 
same chemicals as reducing agent and stabilizer. In 2004, 
Aslam et al. synthesized gold nanoparticles using 
oleylamine as both a reducing agent and stabilizing agent. 
The particle size of the gold nanoparticles that were 
synthesized with this method was 8–12 nm [14]. In 2016, 
Gusrizal et al. had synthesized AgNPs using p-hydroxy 
benzoic acid and m-hydroxybenzoic acid as both a reducing 
agent and capping agent [15]. The reduction process occurs 
by the presence of hydroxyl group (–OH) and the amino 
group that can reduce Au3+ to Au0 and the presence of the 
carboxylic group (–COOH) that can facilitate electrostatic 
interactions with Au3+ ions in solution. This interaction can 
prevent the aggregation of Au3+ ions so it will not precipitate. 

In previous work, we reported the optimalization 
condition of gold nanoparticles that were synthesized 
with the double function of p-aminobenzoic acid and p-
aminosalicylic acid as reducing and capping agents in the 
formation of AuNPs. Several parameters, such as pH, the 
concentration of reducing agent and precursor 
concentration have been reported [16]. In this work, we 
studied the effect of reaction time in the synthesis of gold 
nanoparticles using p-aminobenzoic acid and p-
aminosalicylic acid as a reducing agent and stabilizing 
agent. In addition, we reported the advanced study of the 
stability properties of gold nanoparticles that were 
formed. Effect of reaction time in the formation of gold 
nanoparticles was studied using UV-visible spectroscopy 
to monitor the appearance of surface plasmon resonance 
absorption. Stability properties of the gold nanoparticles 
were determined by UV-visible spectroscopy, 
transmission electron microscopy (TEM), zeta potential 
data and dynamic light scattering (DLS). 

■ EXPERIMENTAL SECTION 

Materials 

The materials that were used in this research were 
gold(III) chloride acid solution (HAuCl4 100 ppm),  

p-aminobenzoic acid (C7H7NO2, Merck), p-aminosalicylic 
acid (C7H7NO3, Merck), and sodium hydroxide (NaOH, 
Merck). For the preparation of the mixture solution, 
double distilled water was used in all experiments. 

Instrumentation 

SPR spectra of gold nanoparticles were obtained by 
measurement using a UV-visible spectrophotometer 
(Shimadzu UV-1700 PharmaSpec instrument). 
Transmission electron microscope (JEOL JEM-1400) 
was used to determine the size and morphology of gold 
nanoparticles. Fourier transmission infrared 
spectrophotometer (Shimadzu FTIR Prestige-21) was 
used to identify functional groups present in the gold 
nanoparticles and to investigate the interaction of the 
AuNPs surface with the reducing agents. Zeta potential 
data was determined using Horiba SZ-100. 

Procedure 

Sample preparation 
AuNPs were synthesized by reducing HAuCl4 

solution with p-aminobenzoic acid and p-aminosalicylic 
acid as reducing agents at pH 12 and 13, respectively, by 
adding a solution of NaOH. Ten mL of 20 mM reducing 
agents were put into a beaker glass and added with 10 mL 
of 100 ppm HAuCl4 solution. The mixture was stirred 
vigorously and heated at temperature of 86 °C. The 
reaction time was varied from 0–100 min to obtain the 
optimum reaction time. Formation of gold nanoparticles 
was visually identified by observing the color change of the 
reaction from light yellow to pink or light red. All solutions 
were also monitored by UV/Vis Spectrophotometer at a 
wavelength of 300–800 nm. The presence of maximum 
absorption at the wavelength range of 520–550 nm 
showed that AuNPs are formed [16]. 

Characterization of gold nanoparticles 
The UV-visible spectra of the samples were 

recorded in the wavelength range of 300–800 nm at 
room temperature. All UV-Visible measurements were 
performed using 1 cm optical path length quartz cuvette. 
To obtain the stability of gold nanoparticles, UV-visible 
measurements were performed periodically for a period 
of 5 months. 
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The solid sample for FTIR analysis was prepared 
using gold nanoparticles recovered from colloidal via 
centrifugation at 12000 rpm and then were dried at 60 °C 
in an oven. Approximately, a sample of 5 mg was mixed 
with KBr and condensed into pellet using a hydraulic 
press. This method was used for all FTIR spectra analysis. 

The sample for TEM analysis was prepared by 
dropping the samples and depositing them in TEM 
carbon covered copper grids, and letting it evaporate at 
room temperature. The TEM image was recorded with a 
120 kV acceleration voltage. The size of the particles was 
calculated using ImageJ software. 

■ RESULTS AND DISCUSSION 

Synthesis of Gold Nanoparticles 

Several synthesis parameters of gold nanoparticles 
using p-aminobenzoic acid and p-aminosalicylic acids, such 
as pH condition, precursor concentration, and reducing 
agent concentration were reported in previous work [16]. 
Based on previous work, in this study, the formation of 
gold nanoparticles was performed by mixing HAuCl4 
solution with p-aminobenzoic acid and p-aminosalicylic 
acid as reducing agents at pH 12 and 13, respectively, by 
adding a solution of NaOH. When p-aminobenzoic acid 
and p-aminosalicylic acid reduced the gold ions, the color 
of the solution changed to pink or red color indicating the 
formation of gold nanoparticles. The change in color of 
the reaction medium indicated the formation of gold 
nanoparticles due to surface plasmon resonance 
phenomenon. To prove the formation of gold 
nanoparticles, the solutions were analyzed by UV-Vis 
spectrophotometer at the wavelength range of 300–800 nm. 
The formation of gold nanoparticles was indicated by the 
maximum absorbance which happened in the wavelength 
range of 520–550 nm [17]. The result in Fig. 1 showed that 
the gold nanoparticles were formed. The narrow SPR 
peak of the gold nanoparticles that were synthesized by  
p-aminosalicylic acid indicated that the size of the AuNPs 
were uniform. On the other hand, the broadening SPR 
peak of the gold nanoparticles that were synthesized by  
p-aminobenzoic acid indicated that the size of the AuNPs 
were non-uniform. The SPR peak showed only one 
plasmon band centered at about 520 nm, indicating that  

 
Fig 1. UV-visible spectra of gold nanoparticles made 
from 100 ppm HAuCl4 and 20 mM reducing agent 

the shape of the AuNPs were spherical with the size of 
2–50 nm. Meanwhile, two SPR bands usually appear 
when the symmetry is reduced from spherical to 
cylindrical, i.e., in gold nanorods [18]. Fig. 1 showed that 
p-aminosalicylic acid as a reducing agent produced more 
gold nanoparticles than p-aminobenzoic acid on equal 
synthesis conditions. This data indicated that the structure 
of the reducing agents influenced the reducing ability. 

Effect of Reaction Time on the Formation of Gold 
Nanoparticles 

Another factor that is very important in the synthesis 
of gold nanoparticles using p-aminobenzoic acid and  
p-aminosalicylic acid is reaction time. Kumari et al. 
demonstrated in their study the evolution of the 
morphology of gold nanoparticles from nanospheres to 
triangular nanoprisms with an increase in time in T. 
asperellum [19]. The difference in reaction time using the 
same method could induce different sizes of gold 
nanoparticles that could be synthesized. The spherical 
nanoparticles can be produced in a relatively short 
reaction time. The reduction of Au3+ ions to Au0 mediated 
by p-aminobenzoic acid and p-aminosalicylic acid at 
optimum conditions was examined spectroscopically at 
different reaction times and the stacked spectra are 
displayed in Fig. 2. All reactions showed the formation 
of gold nanoparticles. Although the intensity of peaks 
was different at different reaction times, all peaks were 
centered at 520–530 nm. 
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Fig 2. UV/Vis spectra of gold nanoparticles with various reaction times with (a) p-aminosalicylic acid at pH 12 and (b) 
p-aminobenzoic acid at pH 13 
 

Fig. 2 shows that the formation of gold nanoparticles 
with p-aminosalicylic acid as the reducing agent was faster 
than with p-aminobenzoic acid. Using 20 mM p-amino 
salicylic acid and 100 ppm HAuCl4 solution, the optimum 
reaction time was 30 min. Increase in absorbance during 
10 min to 30 min of reaction time was attributed to the 
reduction of gold precursors and an increase in the 
population of AuNPs. The absorbance value became 
constant and slightly decreased after 30 min of reaction 
time due to the complete reduction of available gold ions. 
The synthesis was found to be completed within 30 min 
because no further rise in the intensity of the SPR band 
was detected. In addition, the optimum reaction time 
using 20 mM p-aminobenzoic acid and 100 ppm HAuCl4 
solution took 60 min. As the reaction continues, the 
intensity of this band increased together with a little blue 

shift attributed to the creation of small sized spherical 
nanoparticles. The synthesis was found to be completed 
within 60 min and no further rise in the intensity of the 
SPR band was detected. 

After the reaction, the colloidal gold nanoparticles 
was stored for 7 days and its absorbance was re-measured. 
This is done to evaluate the influence of heating time on 
the stabilization performance of AuNPs that was 
synthesized by p-aminobenzoic acid and p-aminosalicylic 
acid. Based on the data in Fig. 3, it can be explained that 
the gold nanoparticles that were formed by p-amino 
salicylic acid at less than 30 min of heating time were not 
stable because its absorbance still increased after 7 days. 
This data showed that the formation of gold nanoparticles 
still continued when the reaction was stopped. The gold 
nanoparticles formed by p-aminosalicylic acid at 30 min 

 
Fig 3. UV/Vis absorbance of fresh-synthesized and 7 days-stored of AuNPs with various reaction times with (a) p-
aminosalicylic acid at pH 12 and (b) p-aminobenzoic acid at pH 13 
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reaction time was most stable, shown by the unchanged 
value of absorbance after 7 days. Meanwhile, the gold 
nanoparticles formed by p-aminosalicylic acid at more 
than 30 min reaction time was less stable because its 
absorbance slightly decreased after 7 days. The gold 
nanoparticles formed by p-aminobenzoic acid at 60 min 
reaction time was most stable shown by the unchanged 
value of absorbance after 7 days. After 7 days stored, the 
gold nanoparticles formed by p-aminobenzoic acid had 
the same pattern with the gold nanoparticles formed by  
p-aminosalicylic acid. The gold nanoparticles that were 
formed by p-aminobenzoic acid at less than 60 min 
reaction time was not stable because its absorbance still 
increased after 7 days. On the other hand, the gold 
nanoparticles formed by p-aminobenzoic acid at more 
than 60 min reaction time was less stable because its 
absorbance slightly decreased after 7 days. It is predicted 
that the longer the solution is heated, the molecules in the 
solution would still be active, even when the heating 
process has stopped. The active molecules will react further 
so the reduction process would still occur even when the 
heating has been stopped [20]. 

The best reducing and stabilizing performance of  
p-aminosalicylic was obtained at the reaction time of  
30 min. This optimum reaction time was faster than using 
p-aminobenzoic acid as a reducing and stabilizing agent, 
which needed 60 min to reach the optimum reaction time. 
In p-aminosalicylic, the hydrogen atom at the hydroxyl 
group and the oxygen atom at the carboxyl group could 
produce intramolecular hydrogen bonding. Intramolecular 
hydrogen bonding in the p-aminosalicylic acid structure 

causes the reduction reaction to be more effective [21]. 
Therefore, the performance of p-aminosalicylic acid as a 
reducing agent and capping agent was better than  
p-aminobenzoic acid. 

p-Aminobenzoic Acid and p-Aminosalicylic Acid as 
a Capping Agent 

The stability test was performed to gold 
nanoparticles produced by the reaction of 100 ppm 
HAuCl4 solution with 20 mM reducing agent to describe 
the role of p-aminobenzoic acid and p-aminosalicylic 
acid as a capping agent. The gold nanoparticles were 
stored in a capped bottle at room temperature condition 
for 5 months. After 5 months of observation, all gold 
nanoparticles that was resulted did not give significant 
decrease in absorbance value (Fig. 4), only 0.126 
(15.47%) for p-aminosalicylic acid and 0.210 (29.13%) 
for p-aminobenzoic acid. This data described that all 
resulted gold nanoparticles were relatively stable until 5 
months. 

Other than the absorbance decrease, the stability of 
gold nanoparticles can also be studied from the 
maximum wavelength shift. The maximum wavelength 
shift happened after 5 months as far as 3 nm for  
p-aminosalicylic acid and 6.5 nm for p-aminobenzoic 
acid. The longer storage will decrease the gold 
nanoparticles stability because the particles are 
suspended by agglomeration (Fig. 5). However, after 
the shift, the maximum wavelength was still located 
around 520 nm. It means that the gold nanoparticles 
were relatively stable over a period of 5 months. 

 
Fig 4. UV/Vis spectra of fresh and after 5 months stored of AuNPs at room temperature (a) AuNPs produced from p-
aminosalicylic acid (b) AuNPs produced from p-aminobenzoic acid 
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Fig 5. DLS spectra of fresh and after 5 months stored of AuNPs at room temperature (a) AuNPs produced from p-
aminosalicylic acid (b) AuNPs produced from p-aminobenzoic acid 
 

For comparison, the gold nanoparticles that were 
synthesized by p-aminosalicylic acid was more stable than 
the gold nanoparticles that resulted from p-aminobenzoic 
acid. This fact may indicate that the existence of the 
hydroxyl group in p-aminosalicylic acid can increase the 
stability of gold nanoparticles. In p-aminosalicylic, the 
hydrogen atom at the hydroxyl group and the oxygen 
atom at the carboxyl group could produce intramolecular 
hydrogen bonding. Intramolecular hydrogen bonding in 
the p-aminosalicylic acid structure can cause the 
reduction reaction to be more effective and increase the 
stability of the AuNPs. 

The size and morphology of the resulted gold 
nanoparticles were observed using DLS data and TEM, 
shown in Fig. 6. The TEM results showed that both 
reducing agents gave the same shape but different size of 
gold nanoparticles. The p-aminosalicylic acid reducing 
agent (Fig. 5(a)) gave a round shape and smaller particle 
size than gold nanoparticles that were reduced by  
p-aminobenzoic acid. The p-aminobenzoic acid reducing 
agent (Fig. 6(b)) gave a round shape and less uniform size 
of gold nanoparticles. The aggregation did not happen 
with both p-aminobenzoic acid and p-aminosalicylic acid 
reducing agent, which showed that the reducing agents 
can also act as stabilizers. 

The stability of the colloidal gold nanoparticles is 
often described by their zeta potential value [22]. The 
higher zeta potential value indicates the smaller size and 

higher stability of gold nanoparticles. In this work, gold 
nanoparticles that were synthesized by p-aminosalicylic 
acid had a higher zeta potential value than gold 
nanoparticles that were synthesized by p-aminobenzoic 
acid. The zeta potential value of the AuNPs that were 
synthesized by p-aminosalicylic acid and by  
p-aminobenzoic acid was -42.8 mV and -32.4 mV, 
respectively. Particles with zeta potentials of more than 
+30 mV and more negative than -30 mV are normally 
considered stable. The greater the zeta potential value 
causes higher repulsion between the particles, so 
aggregation could be prevented [23]. Therefore, the size 
of gold nanoparticles that were synthesized by  
p-aminosalicylic acid was smaller and more stable than 
the ones synthesized by p-aminobenzoic acid. The 
negative value in this data indicates the presence of 
negative charge at the surface of the gold nanoparticles 
[24]. This zeta potential value is in agreement with the 
size data from the TEM image and the stability data that 
was determined from the UV/Vis spectra of the gold 
nanoparticles. 

The presence of p-aminosalicylic acid and p-
aminobenzoic acid as a capping agent should be a result 
from the interaction of gold nanoparticles with the 
functional groups of the reducing agent. FTIR analysis 
was performed to characterize any chemical changes 
that occurred during the synthesis of gold nanoparticles 
with p-aminosalicylic  acid and  p-aminobenzoic acid as a  
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Fig 6. The TEM image and particle size distribution of gold nanoparticles synthesized by a reducing agent (a) p-
aminosalicylic acid at pH 12 (b) p-aminobenzoic acid at pH 13 
 
capping agent (Fig. 7). Because no additional capping 
agent was used in this experiment, it is clear that the 
reducing agents not only acted as a reducing agent but 
also as a capping agent. 

FTIR spectra of p-aminobenzoic acid showed two 
strong absorption bands at 3476 and 3383 cm–1, while  
p-aminosalicylic acid showed two strong absorption 
bands at 3490 and 3381 cm–1 which are due to the 
asymmetric and symmetric N–H stretching vibrations of 
the –NH2 group. The band of valence vibrations of the 
C=O group in the carboxyl acid was observed at 1638 cm–1 
for p-aminobenzoic acid and 1609 cm–1 for  
p-aminosalicylic acid. The absorption bands at 1604, 1575 
and 1524 cm–1 correspond to the valence vibrations of 

C=C bonds in the benzene ring. The absorption band of 
the valence vibrations of the C–N bond in the amino 
group connected with the benzene ring was observed at 
1314 cm–1 for p-aminobenzoic acid and 1317 cm–1 for  
p-aminosalicylic acid. It can be observed that the 
characteristic spectral bands of p-aminobenzoic acid and 
p-aminosalicylic were completely shifted or changed by 
the functionalization of the AuNPs. Additionally, the 
characteristic features of stretching modes of benzene 
were observed at 1597, 1512 and 1442 cm–1 and –COOH 
and –NH2 stretching modes were observed at 1635 and 
3425 cm–1, respectively. The results indicate that  
p-aminobenzoic acid and p-aminosalicylic molecules 
were successfully assembled on the surfaces of the AuNPs. 
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Fig 7. FTIR spectra of gold nanoparticle that synthesized by 
p-aminosalicylic acid at pH 12 (AuNPs/pASA) and  
p-aminobenzoic acid at pH 13 (AuNPs/pABA) 

Furthermore, the spectral changes give clear evidence of 
amine groups interactions on the surfaces of the AuNPs, 
which was well agreed with the reported methods on the 
functionalization of metal NPs with two organic molecules 
including amino group containing ligand [25]. 

■ CONCLUSION 

p-Aminosalicylic acid and p-aminobenzoic acid 
have been successfully used as reducing agents and also 
stabilizing agents in the synthesis process of gold 
nanoparticles. This reaction process was highly 
influenced by reaction time. AuNPs that were synthesized 
by p-aminosalicylic acid was produced faster than the 
AuNPs that were synthesized by p-aminobenzoic acid. 
The stability of the AuNPs that were synthesized by  
p-aminosalicylic acid was better than the AuNPs that were 
synthesized by p-aminobenzoic acid until 5 months of 
observation. In addition, the p-aminosalicylic acid reducing 
agent can produce smaller gold nanoparticles than the 
ones by p-aminobenzoic acid. Results from UV/vis spectra, 
TEM, Zeta potential and FTIR proved that p-aminosalicylic 
acid as a reducing agent and also a stabilizing agent had 
better performance than p-aminobenzoic acid. 
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 Abstract: The preparation, characterization, and catalytic activity test of sulfated 
zirconia (SZ) modified with chromium for the hydrocracking of LDPE-based plastic waste 
have been investigated. SZ was prepared by wet impregnation method using zirconia 
nanopowder (ZrO2) and H2SO4 solution. SZ was further modified with chromium (0.5, 
1.0, and 1.5% wt.%) by refluxing in aqueous solution of Cr(NO3)3·9H2O, followed by 
calcination and reduction processes. The prepared catalysts were characterized by SEM-
Mapping and TEM. Hydrocracking of LDPE-based plastic waste was conducted at 
various temperatures and various catalysts. In addition, the optimum catalyst was 
repeatedly used for the reaction to demonstrate the stability of the catalyst. Liquid 
products obtained by hydrocracking were characterized by GCMS. The results showed 
that the morphology of the prepared catalysts had different sizes and disordered shapes 
after the addition of sulfate and Cr. The effective temperature for hydrocracking was  
250 °C. The highest selectivity to liquid product and gasoline fraction were 40.99 and 
93.42 wt.%, respectively, and were obtained over Cr/SZ with 1.0 wt.% Cr. Hydrocracking 
of plastic waste over the used Cr/SZ catalyst with 1.0 wt.% Cr showed that the Cr/SZ 
catalyst was stable and reusable up to three repetitions. 

Keywords: sulfated zirconia; chromium; catalyst; LDPE plastic; fuel 

 
■ INTRODUCTION 

Hydrocracking is a method that can be used to 
overcome plastic waste-related problems [1]. It is well-
known that plastic wastes require a very long time to be 
naturally degraded [2]. In addition, burning plastic wastes 
has a dangerous impact because it can produce 
compounds that are potentially carcinogenic [3]. 
Hydrocracking can be carried out by thermal and catalytic 
methods. Thermal hydrocracking requires very high 
temperatures while catalytic hydrocracking is carried out 
using a catalyst at a relatively lower temperature. Recently, 
the catalyst which is widely developed for hydrocracking 
process is in the form of a metal oxide such as zirconia 
(ZrO2) [4-6]. 

ZrO2 is a material that is often used as a catalyst in 
many studies. This material is very attractive due to its 
high thermal stability, low thermal conductivity, and its 
resistance to corrosion [7-10]. ZrO2 can be modified with 

sulfuric acid to increase its acidity. This modified product 
is called sulfated zirconia (SZ). Some applications such 
as hydrocracking, isomerization, and esterification usually 
require catalysts that have high acidity and, in this term, 
SZ is widely reported to be used as a catalyst [11-14]. The 
high acidity of SZ is caused by the presence of Brønsted 
and Lewis acid sites [15]. Catalytic properties of SZ can 
be determined from the modification method, sulfate 
agent, temperature of thermal treatment, and ZrO2 
precursor [16]. The crystalline phase of SZ depends on 
the crystalline phase of the initial ZrO2 precursor used. 
It is known that ZrO2 has three crystalline phases namely 
monoclinic, tetragonal, and cubic phases. These phases 
are influenced by calcination temperature [17]. But in 
the SZ case, very high temperatures can remove the sulfate 
groups from the catalyst [18]. In morphology, the particle 
shape of SZ can be affected by some factors such as pH 
of solution, the applied precursor, and the calcination 
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temperature. The increase of calcination temperature can 
also increase the particle separation and decrease the size 
of the SZ particles. This factor tends to make SZ form 
particle agglomeration [9]. The presence of metal on SZ 
can promote particle agglomeration as reported by Aboul-
Gheit et al. [25]. However, it depends on the treatment 
process and the precursor used in the catalyst preparation. 

Modification of SZ with metals can increase its 
catalytic activity and reduce coke formation [19]. Having 
high acidity, however, can cause SZ to suffer from 
deactivation due to the coke formation at high 
temperatures [20]. This deactivation can be overcome by 
modifying SZ with metals. Promotion of SZ with 
platinum has been widely reported as a catalyst that 
exhibits better catalytic activity [21]. However, platinum 
is very expensive. Alternatively, researchers use other 
transition metals to be impregnated to SZ. Amin et al. 
reported that the presence of Ni on SZ can diminish coke 
formation and enhance the catalytic activity in 
hydrocracking of plastic waste [22]. In addition, this 
enhancement gives high liquid product in the 
hydrocracking reaction. Thus, we expected that transition 
metals other than Ni would also have a positive impact on 
the catalytic performance for hydrocracking reactions. In 
this research, Cr was doped to SZ as a promoter. Since 
there are only a few reports on the application of Cr/SZ 
for the hydrocracking of plastic waste, this research is 
expected to provide useful information about the catalyst 
activity and selectivity in the hydrocracking process. 

■ EXPERIMENTAL SECTION 

Materials 

ZrO2 nanopowder was purchased from Hongwu 
International Group Ltd. H2SO4 (98%) and 
Cr(NO3)3·9H2O were purchased from Merck. Low-
density polyethylene (LDPE) waste materials were 
collected from the final disposal site in Yogyakarta. H2 gas 
was supplied by PT. Samator Gas Industri. 

Procedure 

Catalyst preparation and characterization 
Sulfated zirconia was obtained by wet impregnation 

method from 10 g ZrO2 nanopowder material and 150 mL 

of 0.8 M H2SO4 solution. The sample was stirred for 24 h, 
dried in an oven at 100 °C for 24 h, and calcined at 600 °C 
for 4 h, sequentially. The catalyst produced was labeled 
as SZ [23]. 

Chromium (0.5, 1.0, and 1.5 wt.%) was added by 
reflux technique to the calcined SZ support using 
aqueous solution of Cr(NO3)3∙9H2O at 90 °C for 4 h. The 
obtained samples were dried in the oven at 100 °C for  
24 h, calcined at 600 °C for 4 h, and then reduced at 400 °C 
for 3 h in H2 gas stream (10 mL/min) [24]. The obtained 
catalysts were labeled as Cr1/SZ, Cr2/SZ, and Cr3/SZ 
which correspond to SZ with 0.5, 1.0, and 1.5 wt.% Cr, 
respectively. Surface morphology of the catalysts was 
characterized by SEM-Mapping (JEOL, JSM-6510). The 
morphology of catalysts was also characterized by TEM 
(JEOL JEM-1400). 

Hydrocracking experiment 
Plastic pyrolysis was conducted at 300–400 °C for 

4 h using a pyrolysis reactor (Fig. 1). The plastic was 
washed, dried, and cut into small pieces before being put 
into the reactor. The obtained liquid was hydrocracked 
by using a hydrocracking microreactor (Fig. 2). The 
catalyst sample was placed in the catalyst container while 
the pyrolysis product was in the feed container of the 
hydrocracking microreactor then the reaction was 
observed for 1 h with the feed/catalyst ratio of 100 in H2 
gas stream (10 mL/min). The catalytic activity and 
selectivity tests were done at various temperatures (250, 
300, and 350 °C), using various catalysts (ZrO2, SZ, 
Cr1/SZ, Cr2/SZ, and Cr3/SZ), and over the reuse of the 
optimum catalyst. The type of plastic was investigated by 
FTIR (Shimadzu Prestige-21). The obtained liquid from 

 
Fig 1. The schematic diagram of the plastic pyrolysis 
apparatus 
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Fig 2. The schematic diagram of the hydrocracking 
microreactor 

the  hydrocracking  process  was  characterized  by  GCMS  

(Shimadzu QP 2010S). The conversion yield was 
calculated by using the following equations: 

weight of  liquid productLiquid product (wt.%) 1  00%
weight of  feed 

= ×   (1) 

Coke product (wt.%)
weight gain of  catalyst hydrocracking                 1  00%

weight of  feed 

=

×   (2) 

( )Gas product (wt.%) 100% wt.% liquid coke= − +   (3) 

■ RESULTS AND DISCUSSION 

Catalyst Characterization 

The SEM images of ZrO2, SZ, Cr1/SZ, Cr2/SZ, and 
Cr3/SZ  catalysts  are  presented  in  Fig. 3.  SEM  results  

 
Fig 3. SEM images of (a) ZrO2, (b) SZ, (c) Cr1/SZ, (d) Cr2/SZ, and (e) Cr3/SZ 

 
Fig 4. Mapping of (a) SZ, (b) Cr1/SZ, (c) Cr2/SZ, (d) Cr3/SZ 
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Fig 5. TEM images of (a) ZrO2, (b) SZ, (c) Cr1/SZ, (d) Cr2/SZ, (e) Cr3/SZ 

 
showed the particle agglomeration with different sizes 
and disordered shapes on the ZrO2 surface after the 
addition of sulfate and Cr [20]. This agglomeration was 
possible due to sulfate and Cr dispersion on the ZrO2 
surface. The presence and distribution of sulfate and Cr 
could be detected by Mapping as shown in Fig. 4. Mapping 
results presented that sulfate on ZrO2 and Cr on SZ could 
be distributed evenly on the surface. It indicated that 
sulfate and Cr were successfully impregnated on ZrO2. 

TEM images of ZrO2, SZ, Cr1/SZ, Cr2/SZ, and 
Cr3/SZ catalysts are presented in Fig. 5. TEM results also 
showed the presence of particle agglomeration after the 
addition of sulfate and Cr which could be caused by heat 
treatment [10]. It also showed that there were no visible 
metallic Cr aggregates. The black areas might represent 
groups of the accumulated particles [25]. However, this 
observation also exhibited the morphology of the catalysts 
with different sizes and disordered shapes for each catalyst. 

Catalyst Activity and Selectivity 

Fig. 6 shows an IR spectrum of the plastic waste used 
in this study. IR spectrum was taken in the range of 4000–
500 cm–1. The results show that the absorption bands at 
2924 and 2855 cm–1 were attributed to the stretching 
vibration of the C–H bond. The absorption band at  
1458 cm–1 corresponds to the bending vibration of CH2 [26]. 
The absorption band at 1373 cm–1 was assignable to the 
bending vibration of CH3, exhibiting the characteristic of 
LDPE [27]. The absorption bands at around 730–717 cm–1 

were attributed to the rocking vibration of CH2. The result 
of this characterization strengthened the type of plastic 
used in this study. 

The effect of temperature in the hydrocracking 
process over Cr2/SZ catalyst is shown in Table 1. It can be 
seen that the higher temperature used in the hydrocracking  

 
Fig 6. IR spectrum of LDPE-based plastic waste 

Table 1. Products for hydrocracking of LDPE-based 
plastic waste over Cr2/SZ 

Temperature (°C) 
Yield (wt.%) 

Liquid Coke Gas 
250 40.99 0.01 59.00 
300 30.13 0.55 69.32 
350 11.43 0.93 87.65 
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process the fewer the liquid product. The higher 
temperature caused the higher formation of the coke and 
gas produced. This can be proven by seeing the yield of 
the coke and gas at the highest temperature level, which 
were 0.93 and 87.65%, respectively. It can be assumed that 
the coke that was produced covered the active sites of the 
catalyst thus it lowered the formation of the liquid 
product [31]. Based on the results, it was concluded that 
the effective temperature for the hydrocracking of LDPE 
was 250 °C. The selectivity in liquid products at various 
temperatures is presented in Fig. 7. It shows that the 
higher temperature used in the hydrocracking process 
could decrease the selectivity for gasoline fractions and 
instead increase that of diesel. 

The hydrocracking of LDPE-based plastic waste was 
conducted in the presence of ZrO2, SZ, Cr1/SZ, Cr2/SZ, 
and Cr3/SZ as catalyst. The yields of products for various 
catalysts are summarized in Table 2. It can be seen from 
the table that the presence of sulfate and Cr on ZrO2 could 
increase the yields of the liquid products. The high yield 
of the liquid products can be brought by the catalyst 
acidity. The impregnation of sulfate on ZrO2 and that of 
Cr on SZ can increase the acidity because of the 
contribution of Brønsted and Lewis acid sites. Variations 
in metal concentrations in the SZ catalyst also gave the 
difference in the liquid products in which the highest 
metal concentration could reduce the liquid product. As 
reported in a previous research [24], the acidity of catalysts 
is also decreased by the modification of excess metal to SZ. 
The acidity values of the catalysts was the smallest with 
the highest metal concentration. This factor certainly 
could influence the decreasing catalytic activity in the 
highest metal concentration. The highest liquid product 
was obtained by Cr2/SZ catalyst, being 40.99%. The table 
also shows the decrease of solid products by the presence 
of Cr on SZ. Modification of SZ with Cr has been proven 
to reduce coke formation, preventing the deactivation of 
the catalyst as discussed before. Catalytic hydrocracking 
proceeds through a carbonium ions mechanism [28]. 
Carbonium ions could be formed by the interaction of 
olefins with acidic sites. This stage was stated as the 
initiation stage. This stage could also occur for paraffin 
compounds that lost a hydride ion [29]. Sie reported a new 

 
Fig 7. Selectivity in liquid products over Cr2/SZ at 
various temperatures 

Table 2. Products for hydrocracking of LDPE-based 
plastic waste over various catalysts at 250 °C 

Catalyst 
Yield (wt.%) 

Liquid Coke Gas 
ZrO2 17.39 0.36 82.25 
SZ 28.72 0.34 70.94 
Cr1/SZ 33.48 0.01 66.51 
Cr2/SZ 40.99 0.01 59.00 
Cr3/SZ 37.51 0.01 62.48 

mechanism for paraffin cracking over acid catalysts [30]. 
Such activated paraffin hydrocarbons undergo 
rearrangement to produce protonated cyclopropane ions 
(with a more stable state than their linear form). The 
carbonium intermediates were protonated with hydrogen 
and broken down into short chains of branched 
hydrocarbons (gasoline fraction) and long chains of 
straight hydrocarbons (diesel fractions). Carbonium 
intermediate with an increasing number of carbon atoms 
would crack more easily. 

The selectivity values in the liquid product for the 
hydrocracking of LDPE waste over all catalysts are shown 
in Fig. 8. All of the catalysts showed that the selectivity 
for the gasoline fraction was higher than that of diesel. 
However, the presence of sulfate and Cr on ZrO2 could 
increase the selectivity towards the gasoline fraction (C5-
C12) and decrease that of the diesel fraction (C13-C20), 
representing the desired result. The highest selectivity for 
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Fig 8. Selectivity in liquid products over various catalysts 

 
Fig 9. Selectivity in liquid products over reused Cr2/SZ 

 
Table 3. Products of LDPE waste hydrocracking over 
reused Cr2/SZ 

Catalyst 
Yield (wt.%) 

Liquid Coke Gas 
Fresh 40.99 0.01 59.00 
1st reuse 32.71 0.02 67.28 
2nd reuse 32.54 0.11 67.35 
3rd reuse 30.93 0.17 68.90 

the gasoline fraction, which was 93.42%, was obtained 
over the Cr2/SZ catalyst. 

The results of the repeated use of Cr2/SZ for the 
hydrocracking of LDPE are given in Table 3. The results 
show that the liquid products decreased gradually with 
the repeated use, but the Cr2/SZ catalyst was still active 
even after three repetitions. The yield of the solid products 
were also getting higher as a result of the reuse. The 
selectivity values are presented in Fig. 9. The used Cr2/SZ 
catalyst for hydrocracking was also able to decrease the 
selectivity to gasoline fraction and increase that of the 
diesel fraction, because of the formation of high yields of 
solid products due to the non optimal condition of the 
plastic cracking process. 

■ CONCLUSION 

The morphology of the prepared catalysts with the 
addition of sulfate and Cr showed the different sizes and 
disordered shapes of the catalysts. The effective 
temperature for hydrocracking was demonstrated to be 

250 °C and the result also showed that the higher 
temperature in the hydrocracking process could 
decrease the selectivity for the gasoline fractions and 
instead increase that of diesel. The highest liquid 
product and gasoline fraction selectivity were obtained 
over Cr2/SZ, being 40.99 and 93.42 wt.%, respectively. 
Cr2/SZ catalyst was stable and reusable up to three 
repetitions. 
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 Abstract: This study is devoted to the synthesis of King Orange peel essential oil in water 
nanoemulsions combined with nanosilver by ultrasonic method supported by mechanical 
stirring for antibacterial application. The samples were characterized by Gas 
chromatography-mass spectrometry (GC-MS), Ultraviolet–visible (UV-Vis), 
Transmission electron microscopy (TEM), and Dynamic light scattering (DLS) methods. 
According to the above-experimental results, it was found that the emulsions based on 
orange essential oil (without nanosilver) and the ones combined with nanosilver have the 
average particle size from 66.2 nm and 42.9 nm, respectively. The obtained 
nanoemulsions were also tested to examine their antibacterial ability against Escherichia 
coli (E. coli) by the disc diffusion method. It has been also found that nanoemulsions 
based on orange essential oil supported by nanosilver have the superior antibacterial 
ability, compared with individual components of the materials. 

Keywords: nanoemulsions; orange peel essential oil; nanosilver; antibacterial 
application 

 
■ INTRODUCTION 

In recent years, nanoemulsions based on plant 
essential oils are paid great attention because of their 
unique properties such as small droplet size (about 20–
500 nm), good stability, transparent appearance, and 
tunable rheology [1-4]. Therefore, they have been used 
widely in the cosmetic, pharmaceutical industries, food, 
and drug delivery, and antimicrobial applications [5-8]. 

Among high value plant essential oils, orange 
essential oil - scientific name of Citrus sinensis Osbeck, 
belonging to the family Rutaceae, has been one of the 
most widely used oils in the world, mainly extracted from 
cells in the orange peel, a few in the leaves and flowers. 
The main sweet aroma of the orange essential oil that can 
bring pleasant feeling, pleasant mood, and make people 
happy and cheerful is D-Limonene (90%) [9]. Orange 
essential oil is also a natural antibacterial agent, which can 

inhibit the growth and eradication of E. coli, a very 
dangerous bacteria that causes kidney disease and might 
lead to death. In addition, the orange essential oil can 
inhibit the spread and development of Salmonella 
bacteria because it contains strong antimicrobial 
components, especially terpenes. In 2017, Lou et al. 
detailly reported the antimicrobial resistance of essential 
oils from citrus trees and indicated that citrus essential 
oil could inhibit the growth of S. aureus and E. coli [10]. 

Orange essential oil reveals less dissolve property 
in water. To enhance its solubility and stability 
properties of the oil, emulsion technology is one of the 
essential processes widely used for this purpose [11]. In 
the past decade, there has been a number of studies on 
nanomaterials based on essential oil form that showed 
their high effectiveness in food and health-protecting 
products applications. Li et al., in 2018, combined the 
citrus orange essential oil with chitosan to form 
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microcapsules thanks to a variety of surfactants by gel 
ionic emulsion method to produce nanoemulsion 
particles larger than 289.3 nm [12]. Zhang et al., in 2016, 
reported the synthesis of nano clove essential oil and nano 
cinnamon essential oil with a particle size of 8.69 nm 
effective in antimicrobial resistance for Escherichia coli, 
Bacillus subtilis, Salmonella Typhimurium and 
Staphylococcus aureus [13]. Shahavi et al., in 2015, 
reported the optimal method of ultrasound for the 
synthesis of clove nano essential oil. This method gave the 
emulsion nanoparticles of size smaller than 50 nm, stably 
distributed in the water environment [14]. Mehmood et 
al., in 2017, reported the optimum method to synthesis 
olive nano essential oil that produced the essential oil 
nanoparticles with a particle size of 151.68 nm [15]. 
Amrutha et al., in 2017, reported the synthesis of nano 
essential oil from Cuminum cynium and Pepper (Piper 
nirgrum). These essential oils were used in ultrasound to 
inhibit the activity of E. coli and S. enteria [16]. 

However, researches have been focused mainly on 
the efficient production of essential oils, the biological and 
chemical properties of essential oils extracting from 
nature, as well as the conversion of essential oils to 
nanoemulsion form. Nanoemulsions, supported by metal 
nanoparticles, namely, nanosilver for antibacterial 
applications, have not been widely reported. Only one 
article was found, in which Najafi-Taher et al. in 2018 
reported a combination method of silver nanoparticle-
loaded tea tree oil nanoemulsion that showed a good 
antibacterial effect against E. coli and S. aureus [17]. 
Meanwhile, nanosilver is a material with a very large 
surface area, has the following unique characteristics such 
as disinfection, anti-fungus, deodorization, unharmful to 
human health at relatively high doses, ability to disperse 
stably in various solvents, high chemical stability, almost 
unchanged under the action of light and conventional 
oxidation-reduction agents [18]. 

Nanoemulsions are usually produced using high-
energy emulsions, such as high-pressure homogenization, 
microfluidic diffusion, and high-intensity ultrasound 
[19]. Of these, the use of ultrasound to produce 
nanoemulsions becomes a recent trend [20]. Lower 
energy and surface stabilizer consumption, smaller 

particle size, higher dispersion, and higher stability of 
nanoemulsions are one of the main advantages of this 
technique over other methods [21]. To the best of our 
knowledge, nanosilver-loaded nanoemulsion based on 
King Orange essential oil from peel has not been 
reported yet. Therefore, the purpose of this work is 
devoted to synthesizing nanoemulsion based on 
essential oil from King Orange peel and combine it with 
silver nanoparticles by ultrasonic method for 
antimicrobial application. 

■ EXPERIMENTAL SECTION 

Materials 

The chemicals used for the synthesis of 
nanoemulsion are silver nitrate (AgNO3, 99.8%), 
trisodium citrate (Na3C6H5O7·2H2O, 99%), tween 80 
(C64H124O26, 99%), span 80 (C24H44O6, 99%) of chemical 
reagent grade purchased from Shanghai Shenglong 
Chemical Co., China. Fresh orange peels were collected 
from King Orange (Citrus reticulata × Citrus sinensis) 
planted in southern Vietnam. Bidistilled water was used 
as a solvent for the preparation of all necessary solutions. 
The direct steam distillation method was used to extract 
the orange essential oil from orange peel. 

Procedure 

Synthesis of nanoemulsion based on orange 
essential oil 

In this method, tween 80 and span 80 were selected 
as effective emulsifiers for the emulsion system; 
meanwhile, the dispersion process was conducted by the 
ultrasonic method supported by mechanical stirring 
according to the following procedure. A certain volume 
ratio of Tween 80 and Span 80 stabilizers (0:1; 0.25:0.75; 
0.5:0.5; 0.75:0.25; 1:0) were firstly taken into beakers, 
then different volume of orange essential oil ranging 
from 0.5 to 3 mL was added. The mixture was 
preliminarily stirred; after that, an appropriate amount 
of distilled water was poured slowly with a rate of 5 
mL/min into the mixture to get the total liquid volume 
of 50 mL. The mixture was then homogenized by a 
mechanical stirrer for 10 min at a speed of 2100 rpm and 
put under ultrasonic vibration in an ultrasonic 
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Homogenizer Q500 Sonicator (Qsonica, USA) with an 
amplitude of 25% for 10 min. The obtained emulsions 
were examined by the DLS method for particle size 
distribution on a Horiba SZ-100 analyzer (Horiba, Japan). 

Synthesis of nanosilver suspension 
In the past decades, there are many methods for the 

synthesis of nanosilver, in which chemical reduction is 
most commonly used. In this method, trisodium citrate 
was used as a reducing agent for the synthesis of silver 
nanoparticles because of low cost, simple synthesis, and 
easy to get silver nanoparticles with particle size in the 
range of 30–50 nm [22-23]. The synthesis procedure is as 
follows. 50 mL of 0.002 M AgNO3 solution was prepared 
in a flask that was wrapped totally by aluminum paper to 
protect from light, and 40 mL of Na3C6H5O7 0.005 M 
solution was also prepared in a 100 mL beaker. Both 
solutions were heated in a thermobath at the same time to 
get the temperature up to about 75–80 °C. The 0.005 M 
Na3C6H5O7 solution was then added slowly into 0.002 M 
AgNO3 solution under stirring at 350 rpm. The mixture 
was then heated and kept at 85 °C until the mixture turned 
to light yellow, stop heating, and cool down the mixture 
to room temperature. After synthesis, the suspension was 
stored in the dark to avoid the decomposition of silver 
nanoparticles by light. 

Method of combining nano essential oil with 
nanosilver 50 ppm suspension 

Orange peel essential oil nanoemulsions supported 
by nanosilver was synthesized similarly to orange peel 
essential oil nanoemulsion, in which the solution of  
100 ppm silver nanoparticles served as stock solution was 
diluted by distilled water and used as dispersion media 
instead of pure water for combining nano essential oil 
with nanosilver, so that the final concentration of silver 
nanoparticles was unchanged and reached 50 ppm. 

Modern physico-chemical methods for studying 
composition, morphology and particle size of samples 

Gas chromatography–mass spectrometry (GC-MS) 
method was employed on an Agilent 7890a Series 
(Agilent, USA) for the examination of orange essential oil 
composition with evaporation temperatures for essential 
oil prior to analysis at 320 and 600 °C. The particle size 

distribution and zeta potential were examined by 
dynamic light scattering (DLS) method using a Horiba 
SZ-100 nanoscale particle size analyzer (Horiba, Japan). 
The size of silver nanoparticles was determined by the 
transmission electron microscopy (TEM) method using 
a Jeol JEM-1400, Japan (Jeol, Japan). The Ultraviolet–
visible (UV-Vis) spectra of silver nanoparticles were 
determined on a UV-2450 (Shimadzu, Japan). 

Methods of antibacterial studies 
The antibacterial ability of samples was examined 

by the disc diffusion method for determining the 
susceptibility of Escherichia coli (E. coli) to orange peel 
essential oil nano-emulsions supported by nanosilver. 
Test procedure: the mentioned above bacteria were 
placed in a petri dish containing Luria Bertani agar; then, 
the bacteria were spread out of the agar surface. Six 
millimeters sterile paper disc was placed on the surface 
of the agar and then impregnated by 10 μL of the test 
sample. A sample of antibiotics – ampicillin as positive 
evidence was also placed on the surface of the agar. The 
petri dish was covered by a sterile paper and kept at 
room temperature for 1–2 days. The rings surrounding 
antibacterial plates were observed for evaluating the 
antibacterial activity of the obtained samples. Orange 
essential oil, emulsion based on orange essential oil and 
silver nanoparticles suspension were used as blank 
samples for comparing their antibacterial activity with 
orange peel essential oil nanoemulsions supported by 
nanosilver. The antibacterial ability of all samples was 
tested at the Institute of Food and Biotechnology – 
Industrial University of Ho Chi Minh City, Vietnam. 

■ RESULTS AND DISCUSSION 

Chemical Composition Analysis of Orange Peel 
Essential Oil by GC-MS Method 

The chemical composition of orange peel essential 
oil at two evaporation temperatures of 320 and 600 °C 
was presented in Table 1. 

From Table 1, it can be obviously seen that the 
main components of the King Orange peel essential oil 
are terpenium compounds (61–95%), especially 
Limonene as major constituent of citrus fruits' essential 
oils [24]. Next is alcohol compounds (0.3–5%), while the  
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Table 1. The chemical composition of evaporated orange 
essential oil at 320 and 600 °C 

Compounds 320 °C 600 °C 
Constituent content (%) 

α-Pinene 0.54 0.45 
β-Myricene 0.24 - 
(+)-Limonene 75.79 61.64 
Limonene oxide 8.88 17.00 
Cis-Carveol 4.17 4.54 
Carvone 6.42 5.46 
Cyclopentenone 0.32 - 
1,4-Pentadiene 0.24 - 
1,2-Cyclononadiene 0.61 - 
1,9-Decadiyne 1.85 - 
E-p-Mentha-2,8-dienol 0.94 - 
Carhydrine - 3.67 
Hexadenol - 0.34 
Alloocimene - 0.67 
1,2-Pentadien - 1.97 
1,9-Decadiyne - 0.41 
Ocimene - 0.41 

Total 100 99.98 
“-”: not detected 

compounds of sesquiterpenes group occupy a very small 
part in the obtained oil (1 to 2.5%). Espina et al., in 2013, 
described the good inactivation of E. coli by (+)-limonene 
(97% purum) in detail and showed its potential in food 

preservation, either acting alone or in combination with 
other techniques [24]. 

Analysis of Silver Nanoparticles Suspension 

Silver nanoparticles suspension obtained by the 
given method gets a light-yellow color, the higher the 
silver nanoparticles concentration, the darker the color 
of the solution. 

An interesting phenomenon of nano metal particles 
called surface plasmon resonance is that each metal in 
nanosize absorbs electromagnetic radiation at a certain 
wavelength. The characteristics of this absorption vary 
depending on the size, shape, and structure of the 
particles and can be determined by UV-Vis spectra. For 
silver nanoparticles, the characteristic absorption peaks 
in the wavelength range around 425 nm. UV-Vis spectrum 
of the 50-ppm silver concentration sample (Fig. 1) 
showed the peak absorption at 424.50 nm, indicated the 
presence of silver nanoparticles in suspension [25]. 

TEM image analysis showed that silver 
nanoparticles in the obtained suspension were spherical 
with an average size of 40–50 nm (Fig. 2(a)). The DLS 
results of the silver nanoparticles suspension also 
confirmed the average nanosilver size of 42 nm (Fig. 2(b)).  

 
Fig 1. UV-Vis spectrum of 50 ppm nanosilver suspension 

 
Fig 2. (a) TEM image of 50 ppm nanosilver suspension; (b) Size distribution of silver nanoparticles in 50 ppm silver 
nanoparticles suspension 
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The similar results about the average size with 36–39 nm 
of nanosilver, synthesized by using trisodium citrate 
dihydrate as reductant were also found in [26]. 

The Study of Emulsifier Selection 

The suitable emulsifiers can be selected based on 
their amphiphilic character characterized by the 
hydrophilic–lipophilic balance (HLB), firstly described by 
Griffin in 1949. The optimal stability of each nanoemulsion 
required a precise HLB value that could be given by 
mixing some surfactants, according to Griffin formula [27]. 
In this work, different mixtures of Span 80 with HLB = 4.3 
and Tween 80 with HLB = 15 were applied to find out the 
appropriate HLB value for stabilization of nanoemulsion 
based on King Orange essential oil as follows. Various 
volume ratios of Tween 80 and Span 80 (0:1; 0.25:0.75; 
0.5:0.5; 0.75:0.25; 1:0) corresponded with HLB values of 
4.24; 6.38; 9.63; 12.31; 15.00 were mixed with 1 mL of 
orange oil and distilled water to get 50 mL suspension 
according to the described above procedure. The particle 
size distribution of 5 obtained samples after synthesis 
named B6-B10 was determined by the DLS method and 
presented in Table 2. The stability of the obtained samples 
had also been observed for 20 days (Fig. 3). 

It has been found that all the samples of emulsion 
based on orange essential oil are nano-sized (Table 3). 
However, after 20 days, the lower part of sample B6 and 
sample B7 are lighter than the upper part of the bottle, 
indicating that the two samples are less stable due to the 
oil is lighter than the water, leading to floating up. The 
remaining three samples get better stability and have not 
yet been separated after 20 days (Fig. 3(b)). The 
experiment results also indicated that Tween 80 with the 

HLB value of 15 is the best surface stabilizer for 
nanoemulsion based on orange essential oil production, 
as it retains the aroma of orange essential oil, high 
transparency, high stability and it gives the 
nanoemulsion with smallest particle size about 66 nm 
(Fig. 4). The obtained results are consistent with 
previous studies that emulsifiers with a small range of 
HLB values (4–6) generally stabilize water in oil 
nanoemulsions whereas higher HLB values above 8 
would stabilize oil in water nanoemulsions [28-29]. 

Combination of Nanoemulsion Based on Essential 
Oil with Nanosilver 50 ppm Suspension 

Orange essential oil with different volume from 0.5 
to 3 mL was emulsified by Tween 80 (with a volume 
oil/emulsifier ratio of 2:3), 25 mL 100 ppm nanosilver 
suspension, and an appropriate volume of distilled water 
to  get  50 mL  nanoemulsion   with   unchanged   silver  

 
Fig 3. Nanoemulsions based on orange essential oil 
sample: (a) on first day, (b) after 20 days synthesis 

Table 2. Particle size distribution of nanoemulsions based on orange essential oil with different ratio between tween 
80 and span 80 

Sample 
Tween:Span  

[mL:mL) 
Average size 

[nm] 
Observation 

B6 0:1 78.4 White opaque, heavy smell of Span 
B7 0.25:0.75 94.7 White opaque, heavy smell of Span 
B8 0.5:0.5 85.4 White and slightly in clear, light orange smell 
B9 0.75:0.25 106.1 White opaque, light orange smell 

B10 1:0 66.2 Transparent, orange aromatic smell 
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nanoparticles concentration of 50 ppm. The obtained 
samples were named by D1 to D6, respectively. 50 ppm 
nanosilver solution sample, which is named NB, plays the 
role of a blank sample for antibacterial test. 

DLS results showed that the emulsion synthesis 
method of combination with nanosilver could be used to 

produce nanoemulsions with average particle size 
ranging from 42.9 to 135.5 nm. The diagram indicated 
proportion of particle size distribution in the sample, in 
which the wider diagram, the lower the uniformity is. 
Compared to other works [30], the obtained DLS 
diagrams have narrow widths (Fig. 5); therefore, all the  

 
Fig 4. Particle size distribution of nanoemulsions based on orange essential oil only (without nanosilver) 

Table 3. Particle size distribution of nanoemulsions based on orange essential oil combined with silver nanoparticles 

Sample  
Orange essential 

oil (mL) 
Silver nanoparticles 

solution 100 ppm mL 
H2O (mL) Particle size (nm) 

D1 0.5 25 23.75 135.5 
D2 1 25 22.50 69.3 
D3 1.5 25 21.25 60.4 
D4 2 25 20.00 58.3 
D5 2.5 25 18.75 42.9 
D6 3 25 17.50 115.8 
NB - 25 25.00 42.7 

“-”: the component was not added 
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Fig 5. Nanoemulsions based on orange essential oil supported by silver nanoparticles with their particle size 
distribution 
 
nanoemulsion samples have relatively high homogeneity, 
in which the D5 sample with 2.5 mL essential oil and 3.75 
mL tween 80 as stabilizer has the smallest average particle 
size of 42.9 nm. It has been found that the size of 
nanoemulsion particles tends to decrease with the 
addition of nanosilver. It could be explained that in the 

case without nanosilver, surfactant and oil together form 
a complex film at the oil water interface and thus 
generate emulsion droplets with hydrophobic tails 
bunched up, hydrophilic heads pointing towards the 
water [31]. In addition of nanosilver, nanosilver might 
be played the role of a hydrophobic core of emulsion 
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droplet and attracted monolayer hydrophobic tails to 
form smaller nanoemulsion particles. 

Antibacterial Test for Nanoemulsions Based on 
Orange Essential Oil Combining with Silver 
Nanoparticles 

In the antibacterial test, 10 μL of each sample was 
put onto a paper plate placed on the surface of the LB 
medium that contained E. coli bacteria. B6 to B10 samples 
are nanoemulsions based on orange essential oil 
combined with nanosilver 100 ppm suspension. For 
comparison purposes, 50 ppm nanosilver suspension 
sample, named NB and the nanoemulsions samples with 
different volumes of orange essential oils (without 
nanosilver), named D1 to D6, respectively - were also 
tested (Fig. 6). 

It was observed that all the nanoemulsion samples 
based on orange essential oils are able to against E. coli 
bacteria, regardless of very low oil content. As combining 
with nanosilver, the antibacterial ability of the samples 
significantly increased, in which D3 sample with the 
average size of 60.4 nm and 1.5 mL orange oil has the 
greatest antibacterial ability, better than its individual 
components, although it is not the smallest particle size 
sample. It has been found that antibacterial ability of 
nanoemulsions  based on orange  essential  oil  combining  

 
Fig 6. Antibacterial test against E. coli 

with silver nanoparticles depends on both particle size 
and the volume ratio between the oil and emulsifier. The 
addictive antibacterial mechanism of nanosilver-loaded 
nanoemulsion based on orange essential oil could be 
proposed as follows. Firstly, the essential oil layer with 
the main component consisted of limonene inactivated 
bacteria action by causing sub-lethal damages to the 
cytoplasmic or the outer membrane of bacteria [24]. 
Secondly, nanosilver acted with bacteria by linking 
disulfide (S-S) bridges in the enzyme structure of 
bacteria, disable this enzyme or break down bacterial cell 
membranes with oxidation reactions, resulting in 
bacteria destruction [32]. 

■ CONCLUSION 

Orange peel essential oil nanoemulsions combined 
with nanosilver was successfully synthesized by ultrasonic 
method supported by mechanical stirring, using tween 
80 as an effective emulsifier. All the obtained samples are 
nanosized and revealed a good antibacterial capacity 
against E. coli. It has been also found that the 
antibacterial ability of nanoemulsions based on orange 
essential oil combining with silver nanoparticles 
depends not only on the particle size of individual 
components but also on the volume ratio between them. 
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 Abstract: A computational Petra/Osiris/Molinspiration/DFT(POM/DFT) based 
model has been developed for the identification of physico-chemical parameters 
governing the bioactivity of series of oxazaphosphinanes derivatives 1a-1f containing 
potential antifungal O,N-pharmacophore. A molecular docking study was performed 
in order to evaluate synthesized compounds, their possible antifungal properties, and 
their interactions in the binding site. Molecular docking studies revealed that the 
compounds 1a-1f have the potential to become lead molecules in the drug discovery 
process. The six compounds 1a–1f analyzed here were previously synthesized by our 
group. 

Keywords: oxazaphosphinane; DFT; Petra/Osiris/Molinspiration (POM) analyses; 
molecular docking 

 
■ INTRODUCTION 

The 6-membered P-heterocycles have attracted 
considerable attention from the scientific community 
because of their wide biological activities spectrum [1]. 
Examples cited in the literature include oxazaphosphinanes 
1 with antiproliferative properties [2-3], azaphosphinane 
2, which has been shown to be effective as a biodegradable 
insecticide [4], and antitumoral [5-6] as alkylating agent 
drugs such as cyclophosphamide and ifosfamide 5, 6. 

Research teams have described the synthesis of a 
series of oxazaphosphinane 3, an analog of 
hydroxybupropion, which has been evaluated as an 
antidepressant agent [7]. In the past 20 years, significant 
effort has been devoted to the synthesis of a particular family 
of organophosphorus compounds: such as 4 [8] and (±)-
2-aryl-3,3,5,5-tetramethyl-[1,4,2]-oxazaphosphinanes 7 [6]. 

Among methods used of quantum mechanics, 
density functional theory (DFT) methods that have been 

widely used in many studies because of the smaller 
computational resources needed to describe very large 
systems. Specially, they have been found to be efficient 
in the description of systems dominated by hydrogen 
bonding interactions [9]. 

O
P

H
N

O
N

Cl

Cl

O
P

N
O H

N

Cl

Cl

O
P

OBn

X

OBn
BnO

OHO

N
P

PhO
Bn

N O
PR2

NHR1O

HN
O

P
OMeO

321

N
H

PO

Me

O
Cl

Me Me
Me

4

5 6 7
Fig 1. Examples of important bioactive 
oxazaphosphinanes and their derivatives 



Indones. J. Chem., 2020, 20 (2), 440 - 450   
        
                                                                                                                                                                                                                                             

 

 

Khadidja Otmane Rachedi et al.   
 

441 

P

N
H

OO

EtO P

N
H

OO

EtO
P

N
H

OO

EtO

P

N
H

O
O

EtO
P

N
H

OO

EtO
P

N
H

OO

EtO
NH

1a 1b 1c

1d 1e 1f  
Fig 2. Chemical structure of studied compounds 

 
Recently, DFT has been accepted by the quantum 

chemistry community as a cost-effective approach for the 
computation of molecular structure, vibration 
frequencies, and energies of chemical reactions. Many 
studies have shown that molecular modeling has had a 
profound effect on procedure modeling through a better 
understanding of the fundamental physical and chemical 
interactions, through forming the basis for predicting 
physico-chemical properties of molecules that are 
difficult to calculate using experimental procedures [10]. 

The most important orbitals in determining 
chemical reactivity are the highest occupied molecular 
orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO). The energy difference between the 
HOMO and LUMO, means the band gap, can sometimes 
be useful to measure of the molecule excitability, the smaller 
energy, the more easily it will be excited [11-14]. In the 
past few years, there have been some theoretical studies of 
oxazaphosphinane using molecular modeling [15-16]. 

The aim of our work is the theoretical study of 
reactivity and to determine energies, dipole moments and 
vibrational study of six novel oxazaphosphinanes [17] 
(Fig. 2), using the density functional theory method 
(DFT). POM (Petra/Osiris/Molinspiration) analyses have 
been executed with the aim of evaluating the performance 
of physic-chemical properties of tested compounds. As a 
result, an antifungal O,N-pharmacophore site is 
identified. A docking study was carried out to achieve the 
interaction on the active site. 

■ COMPUTATIONAL METHODS 

The studied compounds were optimized with DFT 
by program package GAUSSIAN 09 using the B3LYP/6-

31G(d) method. The B3LYP density functional method 
is one of the most commonly Hybrid functional used, 
which stands for Becke, 3 parameters, Lee-Yang-Parr 
[18]. We employed well established in silico tools POM 
Osiris, Petra, and Molinspiration, validated with about 
7000 drug molecules available in databases [19]. 

The inaugural molecular docking program, DOCK, 
developed by Kuntz and co-workers, has a long history 
of new advances and accomplishments in the field of 
structure-based design. We briefly present methods for 
preparing the system and performing pose reproduction 
experiments in the program DOCK. First, the molecular 
surface of the receptor absent hydrogen atoms and the 
ligand was determined using the DMS [20] program, 
then, the DOCK accessory programs sphgen [21] and 
show box were used to generate spheres and box within 
the ligand binding site. The DOCK accessory program 
GRID [22] was used to precompute energy interactions 
between a dummy probe atom and all receptor atoms on 
a 0.3 A° resolution grid within the box. Finally, for pose 
reproduction experiments, the ligands were treated as 
flexible based on the FLX protocol (standard flexible 
docking) by Mukherjee et al. [23]. 

■ RESULTS AND DISCUSSION 

DFT Studies 

The molecular geometry of oxazaphosphinanes 
and the nature of their substituents are often correlated 
with their stability and their reactivity. In order to 
specify the relationship between the experimental results 
of the activities with the structure of the molecules and 
to evaluate this relationship, theoretical studies were 
carried out by molecular modeling. Thus, modeling 
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gives some important and necessary information on the 
structure and reactivity of oxazaphosphinane. 

Geometry optimization 
The optimization of different structures has been 

obtained by Gaussian 09 [24] using the B3LYP/6-31G(d) 
[25-26] method. The optimized geometries were used to 
calculate the level of energy HOMO, LUMO, and gap. The 
structures of the six compounds obtained after geometric 
optimizations in the DMSO solvent are shown in Fig. 3. 

The values of hydrophobicity coefficient (log P) thus 
energetic levels of the (HOMO, LUMO), gap energies, 
total energy, dipolar moment (µ) and linear polarizability 

(αTot) calculated by DFT method using B3LYP/6-31G(d) in 
the gas phase and DMSO solvent are presented in Table 1. 

The compound 1e has the highest gap energy in 
both gas phase and DMSO; it is more stable and less 
active. In the gas phase, 1a is the more active compound, 
while in the DMSO solvent, the more active compound 
is 1f. The results in Table 1 show that the gap energy (ΔE 
gap) is inversely proportional to the dipolar moment. 

Chemical reactivity 
In order to understand the activities of titled 

compounds, the conceptual density functional theory 
(DFT) was employed to obtain the chemical reactivity 

 
Fig 3.Optimized structures of titled compounds obtained at B3LYP/6-31G(d) level in DMSO 

Table 1. The calculated parameters of compounds 1a-1f obtained by the B3LYP/6-31G(d) method in the gas phase 
and DMSO solvent 

Descriptors 
Molecule 

Gas phase 
1a 1b 1c 1d 1e 1f 

Log p 1.87 2.29 3.16 3.84 3.97 3.28 
αTot (Bohr3) 141.33 151.78 173.78 185.18 211.95 239.34 
µ (D) 4.0263 3.9571 3.9546 3.9755 2.7887 6.9136 
EHOMO (eV) -6.41399 -6.42216 -6.40964 -6.40175 -6.54788 -6.23957 
ELUMO (eV) -1.37717 -1.34179 -1.32792 -1.33227 -0.69688 -0.86342 
ΔEgap (eV) 5.03683 5.08037 5.08173 5.06948 5.85099 5.37615 
E (u.a) -1050.634 -1089.9483 -1168.573 -1207.884 -1320.994 -1452.557 
Descriptors 
Molecule 

DMSO 
1a 1b 1c 1d 1e 1f 

αTot (Bohr3) 182.41 196.09 224.11 237.84 272.91 313.01 
µ (D) 5.8327 5.8691 5.7702 5.8942 4.5032 10.0717 
EHOMO (eV) -6.64230 -6.64067 -6.64012 -6.64203 -6.59033 -6.27278 
ELUMO (eV) -1.59704 -1.57799 -1.57173 -1.57363 -1.30506 -3.10917 
ΔEgap (eV) 5.04526 5.06268 5.06839 5.06839 5.28527 3.16360 
E (u.a) -1050.648 -1089.962   -1168.587 -1207.898 -1321.008 -1452.577 
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descriptors, using the HOMO's and the LUMO's energy 
level (Fig. 4). 

Electronegativity, noted χ, is a chemical property 
that describes the ability of an atom to attract a shared pair 
of electrons (or electron density) towards itself [27]. 
Chemical hardness [28], noted η, is a measure of the 
resistance to change the electron cloud density of the 
chemical system, its reciprocal softness, noted S. The  
 

electrophilicity index, noted ω, is used to measure the 
stabilization in energy when the system acquires an 
additional electronic charge from the environment [29]. 
These different values are illustrated in Table 2. 

Table 2 shows the reactivities of the new molecules. 
According to this, the compound 1e has the highest 
chemical hardness and is more stable. In addition, the 
most active  compound is 1a in the gas  phase and 1f in 

 
Fig 4. HOMO, LUMO orbitals and their energy gap (ΔEgap) for 1a-1f obtained at the B3LYP/6-31G(d) level using a 
contour threshold of 0.02 a.u in the gas phase and DMSO solvent 
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Table 2. Calculated values of chemical hardness, electronegativity, Electronic chemical potential, and global values 
electrophilicity index for the compounds studied by B3LYP/6-31G(d) 

 Gas phase DMSO 
 η s μ χ ω η s μ χ ω 
1a 2.5198 0.3969 -3.8967 3.8967 3.0123 2.5226 0.3964 -4.1198 4.1198 3.3633 
1b 2.5415 0.3935 -3.8831 3.8831 2.9660 2.5306 0.3952 -4.1089 4.1089 3.3361 
1c 2.5415 0.3934 -3.8695 3.8695 2.9443 2.5334 0.3947 -4.1062 4.1062 3.3252 
1d 2.5361 0.3943 -3.8667 3.8667 2.9497 2.5334 0.3947 -4.1089 4.1089 3.3307 
1e 2.9252 0.3419 -3.6218 3.6218 2.2422 2.6422 0.3785 -3.9483 3.9484 2.9497 
1f 2.6885 0.3720 -3.5511 3.5511 2.3456 1.5810 0.6325 -4.6912 4.6912 6.9552 

 
DMSO. In the gas phase, the compound 1a has the highest 
ω and μ values, so it is the most susceptible molecule to 
nucleophilic attack. 

Molecular electrostatic potential surface 
The electrostatic potential maps are the energy of 

interaction of a positive charge (an electrophile) with the 
nuclei and electrons of a molecule. Negative electrostatic 
potentials indicate probable initial sites for the 
electrophilic attack. Enough small value of the electron 
density gives overall molecular size and shape. The 
electrostatic potential can be mapped onto a particular 
value of the total electron density by using color to 
represent the value of the potential. The regions of the 
molecule with negative values of the electrostatic potential 
are indicated by red color, while color blue indicates 
positive values of the potential. The green color 
corresponds to an intermediate potential situated 
between the two extremes (red and dark blue). The yellow 
and light blue color split the difference between the 
medium color (green) and the extremes (red/dark blue). 

Based on these considerations, oxygen would be 
related with the red region of the diagram, and nitrogen 
would be found with the blue region; the phosphorus, 
carbon, and hydrogen situated between these two 
extremes, phosphorus in the yellow region and the green 
region for carbon and hydrogen (Fig. 5). 

The molecular electrostatic potential’s representation 
of title compounds that the oxygen atom (red region) 
presents the electrophilic attack site with high electron 
density; furthermore, analysis of the NBO charge in DMSO 
shows that phosphonyl oxygen atoms have an average 
charge of -0.871 in all compounds except in 1e -0.864 and 

 
Fig 5. Molecular electrostatic potential MESP for titled 
compounds on total density (Isovalue = 0.0004 a.u) 

-0.869 in 1f, as well as nitrogen amide, carried a charge 
of -0.699 in 1a, -0.704 in 1b, -0.703 in 1c, -0.702 in 1d, -
0.702 in 1e and an average charge of -0.629 in 1f. On the 
other hand, MESPs shows one major nucleophilic active 
centers at the proximity of hydrogens atoms related to 
nitrogen atom, with a NBO charge of 0.399 in 1a, 0.401 
in 1b, 0.403 in 1c, 0.401 in 1d, 0.409 in 1e and an average 
charge of 0.428 in 1f, and another nucleophilic center in 
all compounds due to the presence of ethoxy group. 

POM Analyses of Compounds (1a-1f) 

For a molecule to be a potential drug, besides 
having a good biological activity, it must have good 
pharmacokinetic properties in human biological systems. 
To access the pharmacokinetic profile of the tested 
compounds, we employed Petra/Osiris/Molinspiration 
(POM) analyses. The results of theoretical toxicity risks 
of compounds 1a-1f, which are calculated with the aid 
of the Petra/Osiris/Molinspiration (POM) program are 
shown in Table 3 [30-32]. Our findings reveal that all 
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synthesized compounds 1a-1f, are not toxic and can be 
utilized as therapeutic agents. 

Interestingly 1b deserves pharmacomodulation (DS 
= 47%). The hydrophilicity character of each compound 
has been calculated. All of the compounds (1a-1f) have 
accepted cLogP values (cLogP<3). The geometrical 
conformation of pharmacophore site is taken into 
consideration (Fig. 6). This is because it is flexible for all 
compounds (1a-1f). The absorption, distribution, 
characteristics, and bioactivity were proved to be 
dependent on the geometrical parameter and the aqueous 
solubility of each compound. 

On the other hand, drug-likeness (DL) of (1a-1f) is 
not in the comparable zone with the used standard drug. 
The compounds (1a-1f) showed a high capacity to 
excellent DS as compared with Ifosfamide (Table 3). 

Topological polar surface area (TPSA), i.e., surface 
belonging to polar atoms and molecular weight, is the 
descriptors that correlate with passive molecular 
transport through membranes that allow prediction of the 
route of transport of drugs through the barrier 
membranes the intestine and blood-brain barrier (BBB). 
All tested compounds have no violation of Lipinski rules 
(NV = 0). Prediction results of compounds (1a-1f) with 
molecular properties (GPCRL, ICM and enzyme 
inhibitors) are recorded in Table 4. 

Molecular Docking Study 

From the previous results of the POM program, and 
with the aim of achieving the interaction on the active site, 
a docking study was carried out. Computer-based 

molecular docking can facilitate the early stages of drug 
discovery through systematic prescreening of ligands 
(i.e., small molecules) for shape and energetic 
compatibility with a receptor (i.e., protein) prior to 
experimental evaluation [33-35]. Recently, small 
chemical ligands have been reported to inhibit 
cytochrome P450 sterol 14α-demethylase in a wide 
spectrum of fungal species [36-38]. To understand the 
mechanism of action and antifungal activity of our 
synthesized analogues, molecular docking studies were 
employed using the crystal structure of human 
cytochrome P450 2E1 that was picked from the Protein 
Data Bank (CYP2E1; pdb code: 3e4e) 
(http://www.rcsb.org/pdb). The protein was processed, 
optimized, and minimized by using the protein 
preparation wizard of Schrodinger Suite by applying 
OPLS3 force field [39]. 

 
Fig 6. Identification antifungal O, N-pharmacophore 
site of compound 1f 

Table 3. Osiris calculations of toxicity risks of compounds (1a-1f) 

Compounds MW 
Toxicity Risks[a] Osiris calculations[b] 

MUT TUM IRRI REP cLogP cLogS DL DS 
1a 241     1.01 -1.93 -30.92 0.47 
1b 255     1.34 -2.31 -29.71 0.47 
1c 283     2.01 -2.74 -31.38 0.45 
1d 297     2.46 -3.01 -30.71 0.43 
1e 331     2.78 -3.44 -30.32 0.41 
1f 370     2.82 -3.98 -29.06 0.38 
Ifosfamide(Holoxan®) 260     1.06 -1,89 -10,7 0.1 
Highly toxic      :    , Slightly toxic       :   , Not toxic ;  
[a]MUT: Mutagenic, TUM: Tumorigenic, IRRIT: Irritant, RE: Reproductive effective. [b]Sol: Solubility, DL: Druglikness, DS: Drug-Score 
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Table 4. Molinspiration calculations of compounds (1a-1f) 

Compounds 
Molinspiration calculations [a] Drug-likeness [b] 

TPSA NONH NV VOL GPCRL ICM KI NRL PI EI 
1a 48 1 0 216 -0.62 0.39 -0.64 -0.90 0.04 0.26 
1b 48 1 0 232 -0.52 0.25 -0.69 -0.86 0.06 0.27 
1c 48 1 0 266 -0.34 0.18 0.50 -0.68 0.34 0.32 
1d 48 1 0 282 -0.22 0.21 -0.44 -0.43 0.46 0.37 
1e 48 1 0 304 -0.04 0.31 -0.19 -0.39 0.45 0.36 
1f 63 1 0 333 0.15 0.37 0.04 -0.35 0.45 0.41 
Ifosfamide(Holoxan®) 42 1 0 209 -0.71 -0.45 -0.65 -1.02 -0.29 0.55 

[a]TPSA: Total molecular polar surface area; NONH: number of OH---N or O---NH interaction, NV: number of violation of five Lipinsky 
rules; VOL: volume. [b]GPCRL: GPCR ligand; ICM: Ion channel modulator; KI: Kinase inhibitor; NRL: Nuclear receptor ligand; PI: Protease 
inhibitor; EI: Enzyme inhibitor 

 
In the docking study, the 6 compounds mentioned 

above were prepared using open babel [40] software and 
docked into the catalytic site of the human cytochrome 
P450 (Fig. 7). Docking studies revealed that 
oxazaphosphinanes derivatives prove interesting stability 
inside the cavity, with remarkable superimposition (Fig. 
8). All compounds were ranked by the total energy of 
predicted pose in the binding site (Table 5). Otherwise, 
the 6 derivatives interact with active site residues mainly 
through hydrogen bonds, as well as hydrophobic 
interactions. 

Compound 1f, which has the least binding total 
energy (-41.319 kcal/mol) is most favorable, with the most 
interesting interaction inside the pocket. Fig. 10 shows 
that compound 1f was docked to the pocket of human 
cytochrome P450. Compound 1f formed 4 hydrogen bonds 

 
Fig 7. The active site of the human cytochrome P450 
(Green spheres) 

with the residues of Cys437 and Thr303, 2 hydrogen 
bonds as a donor with the nitrogen atom, and 2 others 
as an acceptor with the oxygen atom. Otherwise, 3 
hydrophobics interactions occur with the residues of 
Phe430, Phe298, and Ile115, which makes it the most 
stable ligand. 

Table 5. Ranking of the six oxazaphosphinanes 
derivatives after docking study 
Compounds Total energy (kcal/mol) Docking score 
1a -22.892 -4.728 
1b -28.506 -4.457 
1c -32.58 -5.112 
1d -33.413 -4.271 
1e -38.496 -6.219 
1f -41.319 -9.949 
Ref ligand (4PZ) -37.21 7.123 

 
Fig 8. Super imposition of the six oxazaphosphinanes 
derivatives in the cavity after docking calculation 
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Fig 9. Conserved active site architecture after self-docking 
for the co-crystallized ligand (4PZ). Hydrogen bonding 
interactions are shown in black 

 
Fig 10. Binding model of compound 1f in the binding 
pocket of human cytochrome P450. The amino acid 
residues and compound 1f are shown as stick models, H-
bonds are shown as black dashed lines 

Prior to the docking analysis, a self-docking 
evaluation of the main cytochrome-inhibitor X-ray 
complexes has been carried out using the Dock v6.9 
program [41]. The use of this program resulted to be the 
most reliable as it showed the lower average root-mean-
square deviation (RMSD) (Fig. 9). 

■ CONCLUSION 

This work reports the computational analysis of a 
new series of oxazaphosphinane derivatives. The 
geometry of all synthesized compounds was optimized 
with DFT/B3LYP methods using 6-31G(d) basis to 

determine tasks that coordinate electron density with 
energy. Our findings reveal that all synthesized 
compounds, 1a-1f, are not toxic and can be utilized as 
therapeutic agents. All oxazaphosphinane derivatives 
represent an important antifungal O,N-pharmacophore 
site, which needs a separated supplementary antifungal 
screening. The nature of the pharmacophore site 
assignment of the oxazaphosphinane compounds was 
based on their docking and Petra/Osiris/Molinspiration 
(POM) analyses. 
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 Abstract: Three trivalent manganese complexes have been synthesized, isolated, and 
characterized, namely, [MnCl(OH2)(Lx)].nH2O (I-III). Lx is a tetradentate Shiff base 
ligand, where Lx = LI, 2,2'-{1,2-phenylenebis [nitrilomethylylidene]}bis(phenolate), LII, 
2,2'-{1,2-phenylenebis[nitrilomethylylidene]}bis(5-methoxyphenolate), and LIII, 2,2'-
{1,2-phenylenebis[nitrilomethylylidene]}bis(4-methoxyphenolate), n = 1, 1.5 and 0 for I, 
II and III, respectively. These complexes were characterized using IR, elemental analysis 
and UV-Vis spectroscopy. In addition, the fluorescence, photoluminescence (PL), 
electrochemistry and thermal stability of these complexes were studied. 

Keywords: manganese; Schiff base; electrochemistry; photoluminescence 

 
■ INTRODUCTION 

Schiff base ligands attracted the attention of 
researchers for many decades because of their unique 
properties and their ease of synthesis and tailoring [1-5]. 
The coordination of Schiff base ligands with transition 
metals results in complexes with better properties in term 
of solubility, biological and catalytic activity [1-7]. Thus, 
organic-metal chelate complexes, in particular, have 
attracted a lot of attention. Manganese-Schiff base 
complexes are actively used as catalysts due to their ability 
to epoxidize unfunctionalized alkenes with high 
stereoselectivity [8]. The structural characterization of the 
manganese-Schiff base complexes used to improve 
enantioselectivity has been reported [9-10]. The Mn-
Schiff base compounds exhibit the subtle changes to its 
property due to the nature of the axial ligands. Therefore, 
solvents used for crystallization give a significant impact 
to the crystal structure of the complex [11-12]. Organic-
metal complexes of salicylaldehyde Schiff base ligands are 
expected to show good luminescent properties because its 
hydroxyl group and a coordinating nitrogen atom and a 
delocalized π-system [13-14]. 

In this paper, three ligands formed from the reaction 
of salicylaldehyde and its alkoxy substituents with  
o-phenylenediamine namely LI, 2,2'-{1,2-phenylenebis[ni 
trilomethylylidene]}bis(phenolate), LII, 2,2'-{1,2-pheny 

lenebis[nitrilomethylylidene]}bis(6-methoxyphenolate), 
LIII, 2,2'-{1,2-phenylenebis[nitrilomethylylidene]}bis(5- 
methoxyphenolate), and their respective complexes with 
Mn(III) ion as well as their electrochemical and 
photoluminescent properties are presented. 

■ EXPERIMENTAL SECTION 

Materials 

All the chemicals and solvents used for the 
synthesis were reagent grade. Manganese chloride 
tetrahydrate, [MnCl2·4H2O] (Acros), Salicylaldehyde 
(Acros), o-phenylenediamine (Merck), Triethylamine 
(Merck), 4-methoxysalicylaldehyde (Acros), and 5-
methoxysalicylaldehyde (Acros) were used as received. 

Procedure 

Physical measurements 
Microanalyses (CHN) were performed on a 

Perkin-Elmer 2400II elemental analyzer. Electronic 
spectra were obtained using a JASCO V-500 
spectrophotometer for UV/VIS in solution and Perkin-
Elmer lambda 35 for solid state. FT-IR spectra were 
recorded on Perkin-Elmer 2000 FT-IR with samples 
were prepared as KBr pellets. Electrochemical 
experiments were carried out using an Epsilon 
potentiostat with three-electrode configuration 
consisting of a platinum working electrode, a Pt wire as 
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auxiliary electrode and Ag/AgCl as the reference electrode 
and 0.1 mol dm–3 tetrabutylammonium tetrafluoroborate 
as supporting electrolyte in DMF solution under dry 
nitrogen atmosphere with a scan rate of 0.1 V s–1. Data were 
collected using Epsilon EC-V160 software supplied by 
Bioanalytical. Fluorescence spectra were obtained using 
JASCO spectrofluorometer FP-750. Photoluminescence 
(PL) spectra were executed at room temperature by using 
Jobin Yvon HR800UV system. Thermal investigations 
(TGA/DGA) were carried out on a Perkin Elmer 
thermogravimetric analyzer TGA7 under nitrogen 
environment on heating rate 10 °C min–1. 

Synthesis 
General method: using our previous method [15-

16], the complexes I-III were prepared by refluxing a 
mixture of the corresponding aldehyde (4 mmol) [I, 
salicylaldehyde; II, 4-methoxysalicylaldehyde and III, 5-
methoxysalicylaldehyde], and o-phenylenediamine  
(2 mmol), in ethanol (20 mL) in a 50 mL round-bottom 
flask equipped with a magnetic stir bar and a water-cooled 
reflux condenser for 30 min. Then MnCl2·4H2O (2 mmol) 
in 10 of mL ethanol was added, followed by the addition 
of 0.5 mL triethylamine. The mixture was stirred for three 
hours at room temperature. The brown precipitate 
obtained by filtration was washed with ethanol about 5 mL, 
then washed by copious amount of diethyl ether, and 
dried at room temperature. The general scheme of 
chemical equations is illustrated in Fig. 1. 
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Fig 1. General scheme of synthesis of complexes I, II and 
III 

Synthesis of aquachloro-2,2'-{1,2-phenylenebis[ni 
trilomethylylidene]}bis(phenolate)manganese(III)]
H2O, I. The complex was prepared by the general method, 
using salicylaldehyde, (yield: 0.519 g, 58.87%, m.p. >  
300 °C). IR spectroscopy (KBr, cm–1): ν(O-H) H2O 3413, 
ν(C-H) aromatic 3016 , ν(C=N) 1604, ν(C=C) 1578, 1537, 
1494. UV/Vis spectroscopy (in acetonitrile, λmax nm, ε 
(dm3 mol–1 cm–1)): 246 (41.9 × 103), 336 (27.6 × 103), 434 
(10.2 × 103). UV/Vis spectroscopy (solid, λmax nm): 214, 
245, 327. Anal. Calc. For C20H16ClMnN2O3·H2O: C, 54.50; 
H, 4.12; N, 6.36, Mn, 12.46%. Found: C, 54.27; H, 3.65; 
N, 6.53; Mn, 12.94%. 
Synthesis of aquachloro-2,2'-{1,2-phenylenebis 
[nitrilomethylylidene]}bis(5-methoxyphenolate) 
manganese(III)]·1.5H2O, II. The complex was prepared 
by the general method, using 4-methoxysalicylaldehyde, 
(yield: 0.773 g, 75.81%, m.p. > 300 °C). IR spectroscopy 
(KBr, cm–1): ν(O-H) H2O 3411, ν(C-H) aromatic 3007, 
ν(C-H) CH3 2938, 2837, ν(C=N) 1619, ν(C=C) 1598, 
1573, 1522. UV/Vis spectroscopy (in acetonitrile, λmax 
nm, ε (dm3 mol–1 cm–1)): 254 (30.58 × 103), 347 (28.43 × 
103), 436 (14.70 × 103). UV/Vis spectroscopy (solid, λmax 
nm):238, 252, 318, 361, 401. Anal. Calc. For 
C22H20ClMnN2O5·1.5H2O: C, 51.83; H, 3.53; N, 5.49, Mn, 
10.78%. Found: C, 52.04; H, 3.64; N, 5.46; Mn, 11.11%. 
Synthesis of aquachloro-2,2'-{1,2-phenylenebis 
[nitrilomethylylidene]}bis(4-methoxyphenol)ma 
nganese(III)], III. The complex was prepared by the 
general method, using 5-methoxysalicylaldehyde (yield: 
0.517 g, 53.54%, m.p. > 300 °C). IR spectroscopy (KBr, 
cm–1): ν(O-H) H2O 3475, 3412, ν(C-H) aromatic 3023, 
ν(C-H) CH3 2939, 2833, ν(C=N) 1618, ν(C=C) 1601, 
1580, 1534. UV/Vis spectroscopy (in acetonitrile, λmax nm, 
ε (dm3 mol–1 cm–1)): 249 (39.91 × 103), 299 (22.26 × 103), 
335 (23.10 × 103), 460 (8.82 × 103). UV/Vis spectroscopy 
(solid, λmax nm): 236, 253, 311, 359, 402, 480. Anal. Calc. 
For C22H20ClMnN2O5: C, 54.73; H, 4.18; N, 5.80, Mn, 
11.38%. Found: C, 54.75; H, 3.63; N, 5.76; Mn, 10.91%. 

■ RESULTS AND DISCUSSION 

Infrared Spectrum 

All the complexes show a broad band between 
3424–3411 cm–1 in their infrared spectra, attributed to 
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O-H stretching of coordinate/lattice water. Aromatic C-
H band appears between 3058–3007 cm–1, C=N band 
appears between 1640–1604 cm–1 [17], and for all 
complexes, the C=N band was shifted to higher 
wavenumbers than in free ligands, except I which may be 
due to the alkoxy substituent effect. Aromatic C=C bands 
appear at their normal position between 1601–1494 cm–1

, 
as shown in Fig. 2. 

Electronic Spectrum 

The electronic spectra of Mn(III) complexes in 
acetonitrile have mostly similar features, consisting of an 
intense band at 204–250 nm (49019.6–40000.0 cm–1), 
bands of moderate-intensity at ca. 300–360 nm (33333.3–
27777.8 cm–1) and one band or shoulder at 430–460 nm 
(23255.8–21739.1 cm–1) (Fig. 2). The first two bands can 
be assigned as π to π* azomethane intraligand transition, 
while the third one can be assigned to phenolate O (pπ) to 
Mn (dπ*) ligand to metal charge transfer [18]. No d-d 
bands observed due to the presence of strong tail of the 
charge transfer band at lower energy. Electronic spectra of 
all the Mn(III) complexes in solid state show similar 
spectra to those obtained in acetonitrile except that the 
shoulder appearing in the region of 525–644 nm 

(19047.62–15528.0 cm–1), is either reduced or shifted to 
lower wavelength in acetonitrile (Fig. 3). 

Electrochemical Properties 

The electrochemical properties of I-III investigated 
by cyclic voltammetry (CV) in DMF solution, containing 
0.1 M tetrabutylammonium tetrafluoroborate as 
supporting electrolyte, using an Ag/AgCl reference 
electrode under a dry nitrogen  atmosphere with a scan  

 
Fig 3. Electronic spectra of I, II and III (in acetonitrile, 
1.0 × 10–6 M) 

 
Fig 2. IR spectra of complexes I, II and III 
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rate of 0.1 V s–1. Compounds I-III exhibit quasi-reversible 
reduction-oxidation wave, all the reduction peaks are 
observed at negative potentials (I -0.217, II -0.353 and III 
-0.325,), and all the oxidation peaks are observed at 
positive potential (I 0.061, II 0.096 and III 0.066) (Fig. 4 
and Table 1). The quasi-reversible reduction-oxidation 
due to Mn3+/Mn2+ couple has been observed for 
previously reported complexes with similar ligand 
environment [18-20]. 

Fluorescence Properties 

The fluorescence and photoluminescence spectra of  
 

compounds I-III, and their ligands LI-LIII are 
characterized by broad bands, in the region between 
400–600 nm, typical of the intramolecular charge-transfer 
bands [21]. The photophysical data of the present systems 
in DMF are listed in Table 2 and showed in Fig. 5. The 
general feature, the blue shift in the range (18–65 nm) is 
observed in the fluorescence spectra in DMF compared 
with the photoluminescence spectra in the solid state, 
attributable to the DMF dielectric constant [22]. The 
other feature observed is the blue shift in the range 13–
20 nm in compounds I, and II, in the fluorescence 
spectra, compare with their ligands.  This blue shift may 

Table 1. The electrochemical properties of I-III were investigated by cyclic voltammetry in acetonitrile 
Compound Ered (V) Eox (V) E1/2 (V) ΔEox-red 

I -0.217 0.061 -0.078 0.278 
II -0.353 0.096 -0.128 0.449 
III -0.325 0.066 -0.129 0.391 

Note: E1/2= (Eox+ Ered)/2 
ΔEox-red= Epa-Epc, V, where Epa and Epc are anodic and cathodic peak potentials, respectively 

Table 2. The fluorescence and photoluminescence (PL) of compounds I-III and their respective ligands LI-LIII 
Compound λmax excitation λmax fluorescence λmax PL* 

I 330 480 529 
LI 396 500 534 
II 330 472 537 

LII 383 485 537 
III 346 518 528 

LIII 342 520 553 
Note: * all photoluminescence was obtained by excitation at 325 nm 

 

 
Fig 4. Cyclic voltammetry of compound I, in DMF with 
0.1 mol dm–1 tetrabutylammonium tetrafluoroborate as 
supporting electrolyte (working electrode, platinum; 
reference electrode, Ag/AgCl; Scan rate 100 mV s–1) 

 
Fig 5. Fluorescence emission spectra of manganese 
complexes in solution 
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be due to the effect of the coordination of Mn(III) with 
the ligands. This shift was not observed in the rest of the 
complexes because of high emission intensity of their 
ligands and its broaden band. 

Thermogravimetric Analysis 

The thermogravimetric analyses (TGA) of compounds 
 

I-III were performed in the temperature range of 30–
900 °C and under N2 atmosphere. All the complexes 
exhibited remarkable thermal stability and had an onset 
temperature for decomposition at about 260 °C, after 
release of solvated and coordinated water. The results 
indicate that these complexes are thermally stable, and 
the details can be seen in Fig. 6. 

 
Fig 6. Thermogram of complexes I-III under nitrogen environment on heating rate 10 °C/min 
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■ CONCLUSION 

In this paper, three tetradentate Schiff base ligands 
and their Mn(III) complexes, namely, I, II and III, were 
successfully prepared through the coordination of 
Mn(III) to NONO in the ligand center. These complexes 
have been isolated and characterized using infrared 
spectroscopy (IR), elemental analysis (CHN), atomic 
absorption spectroscopy (AAS), and UV-Vis spectroscopy. 
In addition, the fluorescence, photoluminescence (PL), 
electrochemistry and thermal stability of these complexes 
were studied. The results showed that these complexes 
display fluorescence emission, reversible redox 
properties, and good thermal stability. From these studies, 
it can be concluded that the substitution position of the 
methoxy group affects the properties of these complexes 
and can be used to tune the optical properties of these 
complexes. 
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 Abstract: Reactive extraction is gaining higher attention due its wide application in 
various solute separation processes. Here, a mathematical model of reactive extraction in 
slab has been proposed. The model was developed by considering simultaneous processes 
of active compound intra particle diffusion, second order elemental reaction of solute-
active compound, and intra-particle product diffusion. The obtained partial differential 
equations (PDEs) were solved using Finite Difference Approximation (FDA) method by 
using realistic parameters. Concentration profile as well as product yield were evaluated 
as a function of time. As a result, the model proposed here may serve as a basis design for 
reactive extraction unit. Sensitivity analyses was conducted to inspect the influence of slab 
thickness, diffusivity and reaction rate constant to the product yield. Eventually, model 
validation was conducted by comparing the simulation results with analytical solutions 
for special cases. Validation results showed that the model gave good agreement with the 
analytical solution. 

Keywords: mathematical modeling; reactive extraction; separation; slab; simulation 

 
■ INTRODUCTION 

In recent years, reactive extraction has been shown 
as an attractive and promising technique for separation of 
various valuable solutes and for synthesis of various 
products. Its attractiveness is due to the combination of 
physical and chemical processes which may enhance the 
extraction yield of valuable solutes and products [1]. The 
combination of two processes leads to a higher solute 
distribution coefficient, a higher extraction efficiency, and 
allowing transport processes intensification by increasing 
mass transfer and chemical reactions rates [1-2]. Reactive 
extraction is also prized for its simplicity, technical 
accessibility, novelty, moderate conditions and possibility 
of utilization of green, cheap and efficient chemicals [3-4]. 

Reactive extraction has been studied and applied in 
various systems, either in liquid-liquid system [4], solid-
fluid system [5] and gas-liquid-liquid system [6]. In 
practical terms, reactive extraction is commercially 

applied in separation of metals [7-8], separation of 
intermediates [9-10], separation of organic acids [11-
12], separation of vitamins [13], separation of lignin [14-
16], synthesis of biodiesel [17] and preparation of green 
oxidants such as hydrogen peroxide [6]. 

There have been numerous extensive fundamental 
studies focused on process optimization, kinetics, 
equilibrium and modeling of liquid-liquid reactive 
extraction processes[18-20]. Meanwhile, Lu et al. [6] 
investigated the kinetics aspects of gas-liquid-liquid 
reactive extraction process for hydrogen peroxide 
production. Moreover, in the case of solid-liquid 
reactive extraction processes, available literature that 
mainly focus on the development of a mathematical 
model for solid liquid reactive extraction is still limited. 
Hence, the aim of this paper was to develop a 
mathematical model of solid liquid reactive extraction to 
extract valuable solute from a slab solid material. 
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■ MODELING METHOD 

By using chemical engineering principles, a 
mathematical model could be developed to improve 
scientific understanding related to the reactive extraction 
system behavior and to support the design of reactive 
extraction system for commercial purposes. 

Model Development 

The mathematical model of reactive extraction of 
solute from a slab material was developed based on mass 
balance equations, rate process and equilibrium concepts. 
The model was constructed by applying the following 
mechanisms and assumptions: 
(i) The solid-liquid extraction of solute from slab 

material consists of the following consecutive steps: 
(a) A(bulk liquid) → A(surface): the active compound (A) is 

transferred from the bulk of liquid to the solid 
surface 

(b) A(surface) → A(interior): the active compound in solid 
surface diffuses to the inner part of the solid 
particle 

(c) A + B → C: the active compound reacts with the 
targeted solute B producing a soluble product C 

(d) C(interior) → C(surface): the product C diffuses from the 
interior part to the solid surface 

(e) C(surface) →C(bulk liquid): the product C is transferred to 
the bulk of the liquid. 

The concentration profile of A, B and C can be 
schematically illustrated as shown in Fig. 1. 

(ii) Step (a) and (e) are fast enough, so they do not control 
the overall rate of the process and the solute 
concentrations in the liquid  in contact with the slab  

 
Fig 1. Schematic diagram of the concentration profile of 
the active compound (A), solute (B) and product (C) 

surface and the one in the bulk are equal. 
(iii) Diffusion of the active compound (A) and of the 

soluble product (C) in the solid particle follows 

Fick’s type equation: A
A eA

C
N D .

x
∂

= −
∂

 and 

C
C eC

C
N D .

x
∂

= −
∂

, respectively 

(iv) The rate of chemical reaction can be approximated 
by an elemental kinetics: -rA = -rB =rC = kr.CA.CB 

(v) The unreacted solute, B, is immobile in the solid. 
The volume element in one dimensional 

simultaneous diffusion and chemical reaction simplified 
as shown in Fig. 2. 

The unsteady state mole balance in axial direction 
of the active compound (A) in the solid volume element 
with the thickness of Δx and cross section area of S can 
be written as:  
Rate of mass input – Rate of mass output = Rate of mass 
accumulation 

A A
eA eA r A B

x x x

A

C C
D S D S S x k C C

x x
C

S x
t

+∆

   ∂ ∂
− ⋅ ⋅ − − ⋅ ⋅ − ⋅∆ ⋅ ⋅   

∂ ∂   
∂

= ⋅∆ ⋅ε ⋅
∂

  (1) 

In this case, the advection term is to be neglected 
because inside the particle, the liquid is practically 
stationary. After algebraic arrangement, it is obtained: 

A A

x x x A
eA r A Bx 0

C C
x x C

lim D k C C
x t

+∆

∆ →

∂ ∂
−

∂ ∂ ∂
− = ε

∆ ∂
  (2) 

If Δx is taken to be infinitely small, the following 
differential equation is formed: 

2
A r A B A

2
eA eA

C k C C C
D D tx

∂ ⋅ ∂ε
− =

∂∂
  (3) 

The mole balance of solute (B) in solid volume 
element was developed by assuming that the solute reacted 

 
Fig 2. Schematic diagram of reactive extraction 
modeling in various scales 
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with the active compound (A) and produces a soluble 
product (C). In addition, the remaining solute is immobile 
thus the mass balance was arranged without considering 
the diffusion of B in the slab. Derivation of mass balance 
of B gives: 

B r A BC k C C
t

∂ ⋅
= −

∂ ε
  (4) 

Construction of mole balance of product C was 
based on simultaneous internal diffusion and reaction in 
the solid. Similar to the mole balance of A, the mass 
balance for component C results in: 

2
C Cr A B

2
eC eC

C Ck C C
D D tx

∂ ∂⋅ ε
+ =

∂∂
  (5) 

The initial conditions for Eq. (3-5) are: 
A B B0 CC (t 0,x) 0;C (t 0,x) C ;C (t 0,x) 0= = = = = =   (6) 

The boundary conditions for Eq. (3-5), in which 
comprised of the boundary conditions at the outer surface 
of the slab (Eq. (7)) and the ones at the center of the slab 
(Eq. (8)) are: 

A Af C CfC (t,x L/ 2) C ;C (t,x L/ 2) C= ± = = ± =   (7) 

cA B CC C
(t,x 0) 0; (t,x 0) 0; (t,x 0) 0

x x x
∂∂ ∂

= = = = = =
∂ ∂ ∂

  (8) 

The mass balance of A in the liquid phase produces: 

eAAf A

L L/2

DC C
2S Nb

t V x
∂ ∂

= − ⋅ ⋅ ⋅
∂ ∂

  (9) 

Similarly, it is obtained by the mass balance of component 
C that: 

Cf eC C

L L/2

C D C
2S Nb

t V x
∂ ∂

= − ⋅ ⋅ ⋅
∂ ∂

  (10) 

Eq. (9-10) were solved based on the following initial 
conditions: 

A A0 CC (t 0) C ;C (t 0) 0= = = =   (11) 

Simulation Method: Finite Difference Approximation 
and Method of Lines 

The set of equations which represents the reactive 
extraction system was numerically solved using the FDA 
method. Due to the symmetrical system, Eq. (3-5) were 
solved only from x = 0 (at the center of the slab) to x = L/2 
at the outer surface of the slab. For FDA computation, 
central finite difference approach was used to discretize 
the first and second order differential equation in axial 
direction. The results were displayed in a surface plot with 

color map showing the concentration in axial position 
and time. 

Evaluation of the Conversion of B (XB) and Yield of C 

The concentration profile of B in the slab interior 
facilitates the evaluation of the conversion of B as a 
function of time. The overall conversion of B (XB) was 
evaluated via integration of the total mass of B 
remaining in the solid. Similarly, the extraction yield of 
product C can also be computed as the ratio of the 
amount of C released into the liquid and the initial 
amount of B in the slab. 

■ RESULTS AND DISCUSSION 

Simulation Result of Base Case 

One example of solid-liquid reactive extraction 
system is the separation of lignin from various biomass 
using sulfuric acid as the active compound. Hence, the 
proposed model was constructed and simulated by 
assuming that sulfuric acid acted as the active compound 
(A), lignin as the solute (B) and soluble lignin product as 
the reactive extraction product (C). In the case of lignin 
separation from lignocellulosic biomass, lignin is strongly 
bonded to the other two components that exist in the 
biomass, namely cellulose and hemicellulose, thus the 
unreacted lignin was assumed to be immobile. 

The parameters for base case simulation of reactive 
extraction mathematical model are tabulated in Table 1, 
and the background for the parameters value set for the 
simulation are presented in this section. The dimension 
parameters of the slab material applied for the base case 
simulation were based on the dimension of the 
lignocellulose material, i.e. sugarcane bagasse, which is 
frequently   utilized   as raw   material   for  the   reactive  

Table 1. Parameters for base case simulation of reactive 
extraction mathematical model 

Parameter Unit Parameter Unit 
L = 0.4 cm DeC = 1.10–4 cm2/min 
nx = 20 - DeA = 2.10–4 cm2/min 
dx = L/(2.nx) Cm kr = 2.10–1 cm3/(mol.min) 
S = 4 cm2 CA0 = 0.1 mol/cm3 
VL = 1.103 cm3 CB0 = 0.2 mol/cm3 
Nb = 1.102 - ε = 0.4 - 
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extraction of lignin. Zhao et al. [21] stated that 
lignocellulose generally denotes to the secondary cell wall 
tissue of plants and that the shape of the sugarcane 
bagasse cell is simplified as a 3D cuboid with a slab shape 
cell wall. Sugarcane bagasse fiber length is reported to vary 
from 120 to 160 µm [22-23]. The thickness of the slab 
material in this simulation was set to 4 mm and the cross 
sectional area of the slab, perpendicular to the x-axis 
(cm2), was 4 cm2. The length of the slab was assumed to 
be equal to the width of the slab, hence the length of the 
slab was 2 cm. It is logical since the milling process usually 
produces bigger and longer dimensions of biomass 
compared to the fiber dimension. The aspect ratio (AR), 
which is defined as the dimensionless ratio between the 
length and the thickness of the particle [24], was 5. This is 
also a realistic assumption since according to particle 
classification based on its shape factors, particles are 
classified into several classes, in which one of the classes is 
rectangle fibrous which has AR higher than 3.3 [24]. The 
effective diffusivity of the active compound (DeA) and the 
soluble product of reactive extraction (DeC) used in the base 
case simulation were 2.10–4 cm2/min and 1.10–4 cm2/min, 
respectively. The effective diffusivity of the active 
compound value taken in this simulation was reasonable 
since it was smaller than the molecular diffusivity of the 
active compound in the liquid system commonly utilized 
in the reactive extraction [21]. In the case of lignin 
separation, sulphuric acid is one of the commercially 
active compounds commonly used in the reactive extraction 
of lignin. Since Pirogov et al. [25] mentioned that the 
effective diffusivity of sulphuric acid in aqueous solution 
is 2.04 × 10–2 cm2/min and Zhao et al. [21] stated that the 
effective diffusivity of chemical compounds in solid 
systems are smaller than the one in the liquid system, then 
for this simulation, the effective diffusivity of the active 
compound DeA which was set smaller than the effective 
diffusivity of sulphuric acid in aqueous system was realistic. 
Moreover, the effective diffusivity of the soluble product, 
DeC, was set smaller than the effective diffusivity of the 
active compound. Li et al. [26] found that diffusivity of 
linear and globular molecules decrease with increasing 
molecular weight, in which the linear molecules decreasing 
rate is faster than the one of the globular molecules. In the 

case of the reactive extraction of lignin, the soluble product 
has high molecular weight and larger size than the active 
compound such as sulphuric acid. Lignin is reported to 
have molecular weight ranging from 2,330–21,500 g mol–1 
depending on the biomass sources and the separation 
processes applied [27], while molecular weight of 
sulphuric acid is 98.08 g mol–1. Furthermore, the 
reaction rate constant for the simulation of the reactive 
extraction of lignin using sulphuric acid as the active 
compound was set to 2 × 10–1 cm3/(mol-min), six orders 
of magnitudes bigger than the reaction rate constant for 
lignin extraction reported by Zhao et al. in [21] which 
utilized acetic acid for the reactive extraction of lignin. It 
was reported that the reaction rate constant in the early 
stage of sugarcane bagasse lignin reactive extraction in 
acetic acid medium ranged from 2.64 × 10–6–2.46 × 10–7 
cm3/(mol.min) for reactive extraction conducted at 
temperatures that ranged from 90 °C–100 °C and acetic 
acid concentration ranging from 70%–90% [21]. The 
high reaction rate constant applied in this work was 
logical since sulphuric acid is stronger than acetic acid. 

The simulation results for the base case presented 
in Fig. 3 shows the color maps concentration of A, B, C 
as a function of the axial position (x-axis) and extraction 
time (y-axis). It should be noted that x = 0 and 0.2 denoted 
the center and the surface of the slab, respectively. Fig. 
3(a) shows penetration of the active compound A from 
the exterior to the interior part of the slab along with 
extraction time. The presence of A in the slab caused 
reaction with solute B. As a result, the amount of B in the 
slab was depleted (Fig. 3(b)). In addition, the production 
of C can be seen clearly occurring simultaneously which 
showed ‘hot spots’ of concentration of C at the center of 
the slab within the interval of 50–150 min (Fig. 3(c)). 
With the increase of extraction time, product C would 
gradually release to the bulk liquid and cause the 
removal of compound C from the slab. 

Evaluation of Conversion of B (XB) and Yield C 

Fig. 4 displays the results of XB and Yield C as a 
function of time. As seen here, both XB and Yield C 
increased with extraction time. However, the increase of 
XB was faster than the Yield C. The slow increase of Yield C  
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Fig 3. Concentration profile of A (a), B (b), C (c) in the slab interior as a function of time and position 

 

 
Fig 4. The evolution of XB and Yield C as a function of 
extraction time 

was conceivable due to internal mass transport resistance 
for product C in the slab. The effective diffusivity of the 

soluble product was smaller than the one of the active 
compound, hence some of the soluble products 
produced were entrapped in the pores of the slab particle 
and resulted in the slower rate of the increase of Yield C 
than the increase of XB. Conversion of B as high as 99% 
was achieved at 207 min while the highest Yield of C was 
33.7% at the end of 240 min. 

Sensitivity Analyses 

Sensitivity analyses, one of the essential aspect in 
good modeling practice, were performed to investigate 
how variations in the observable outcome of the 
mathematical model proposed can be attributed to 
variations in its input factors [28]. The sensitivity analysis 
was conducted to study the influence of slab thickness, 
effective diffusivity of A and the reaction rate constant 
to the yield of C in the liquid phase. The influence of each 
parameter was evaluated by systematically changing their  
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Fig 5. The influence of slab thickness (a), DeA (b) and kr (c) to the yield of C in the liquid phase 

 
values using one of the local sensitivity analysis, One 
Factor at a Time (OFAT) method. 

Fig. 5(a) shows the influence of slab thickness to the 
Yield C. As seen here, reducing the slab half from the base 
case would give an increase of Yield. On the contrary, a 
thicker slab would give lower yield. This is conceivable as 
the thicker the slab the higher the internal mass transfer 
resistance in the slab. The influence of DeA was evaluated 
(Fig. 5(b)) to the yield of C. It appeared that higher DeA 
gave higher Yield. However, increasing the DeA from 2DeA 
base to 4DeA base gave marginal increase of the Yield. It 
could be inferred that when DeA is high, the Thiele Module, 
a measure for the ratio of the reaction rate to the rate of 
diffusion, would be smaller [29]. Fogler [30] and Sulaiman 
et al. [17] mentioned that the small value of the Thiele 
Module indicates that the chemical reaction is rate-limiting, 
and as a result, the Yield of C would largely be controlled 

by the chemical reaction. Sensitivity of Yield to the 
reaction rate constant (kr) is shown in Fig. 5(c). It is 
logical that increasing the kr would give higher reaction 
rate and thus an increase of Yield C which was confirmed 
by the model. 

Model Validation 

The validation of the model was conducted by 
comparing the results of the proposed model to the 
analytical solution for special cases in which their 
analytical solutions are available. 

Scenario 1: The case of very slow reaction and 
constant active compound concentration in the liquid 

In the case of very slow reaction and constant 
active compound concentration in the liquid (by setting 
the volume of the liquid to be very large), the model 
proposed would exhibit similar phenomena as in the 
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pure absorption in a slab in which its analytical solution 
is widely available from literature. The differential 
equation of pure absorption is: 

2
A A

2
eA

C C
D tx

∂ ∂ε
=

∂∂
  (12) 

The initial condition and the boundary conditions 
of the problem are: 

AC 0 for t 0 at all x= =   (13) 

A A0C C ,at x L,  all t= =   (14a) 

AC
0,  at x 0,  all t

x
∂

= =
∂

  (14b) 

A AfC C ,at t ,  all x= = ∞   (14c) 
Solution method for Eq. (12) with the initial and 

boundary conditions of Eq.(13) and Eq. (14a-c) was found 
in a previous research [31], and the solution is as follows: 

( ) ( ) ( ) ( )n 2 2

eA
A,anal Af 0 2

n 0

1 2n 1 x 2n 1 D t4
C C 1 cos exp

2n 1 2L 4 L

∼

=

− + π + π
= − −

π + ε

   
          

∑  (15) 

For simulations of the pure absorption of A, we set 
a number of parameters as follows: half slab thickness of 
0.4 cm, diffusivity of active compound in the solid particle 
(DeA) of 2.10–4 cm2/min, reaction rate constant of 1.10–6 
cm3/min-mol, time of extraction of 30 min by keeping 
other parameters the same as in the base case. The 
comparison of the numerical simulation using the 
reactive extraction model and the analytical solutions are 
presented in Fig. 6. It is clear that the model results are 
very close to the analytical solutions. This result shows 
that the model proposed for this special case is consistent. 

Scenario 2: The case of very slow diffusivity or thick 
slab 

For very thick slab or very slow diffusivity in the 
solid slab, which occurs at relatively short time, the 
penetration of the active compound will be limited to the 
vicinity of the slab surface. The analytical solution for this 
case is also available. The differential equation is similar to 
Eq. (12). Meanwhile the initial and boundary conditions 
are: 

AC 0 for t 0 at x= =   (16) 

A Af AC C  at x 0 all t;  C 0 at x  all t= = = = ∞   (17) 
in which x is the distance from the surface of the slab. The 
solution of Eq. (12) with boundary conditions of Eq. (16-17) 
is as follows [32]: 

 
Fig 6. Comparison of analytical solutions and the ones 
from the model proposed for very slow reaction 

 
Fig 7. Comparison of analytical solutions and the ones 
from the model proposed for very slow diffusion and no 
reaction 

A,anal Af 0
eA

xC C 1 erf
4D t

  
  = −

    

ε   (18) 

Fig. 6 illustrates the comparison of the numerical 
simulation using the reactive extraction model and the 
analytical solutions for the simulations of short 
penetration of the active compound from the liquid to 
slab with half slab thickness of 0.4 cm, diffusivity of active 
compound in the solid particle (DeA) of 1.10–6 cm2/min, 
reaction rate constant of 1.10–6 cm3/min/mol, time of 
extraction of 150 min, and the other model parameters 
were in accordance to the base case. The comparison of the 
results is presented in Fig. 7. It can be observed that the 
model results are very close to the analytical solutions. 
Hence, the consistency of the model is again confirmed. 
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■ CONCLUSION 

Modeling of reactive extraction in a slab was 
presented in this study. Simultaneous PDEs were solved 
with the FDA method by using realistic parameters. The 
simulation results gave a concentration profile as well as 
product yield as a function of extraction time. It is 
expected that the model may give better understanding on 
the mechanism of reactive extraction and it may serve as 
a basis design for reactive extraction unit as well. 
Sensitivity analyses were conducted to inspect the 
influence of slab thickness, diffusivity and reaction rate 
constant to the product yield. Model validation was 
conducted by comparing numerical and analytical 
solutions for simple cases. The validation shows that the 
results of the proposed model are in good agreement with 
the analytical solutions for special cases. 
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■ Nomenclature 

CA concentration of active compound in the liquid in 
the pore of the solid (mol/cm3) 

CAf concentration of the active compound in the bulk of 
the liquid (mol/cm3) 

CB concentration of unreacted solute in the liquid in 
the pore of the solid (mol/cm3) 

CC concentration of reaction product in the liquid in 
the pore of the solid (mol/cm3) 

CCf concentration of soluble product in the bulk of the 
liquid (mol/cm3) 

DeA, DeC effective diffusivity of A and C, respectively 
(cm2/min) 

ε slab porosity  
kr reaction rate constant (cm3/(mol-min)) 
L slab thickness (cm) 
Nb the number of thin slabs  
S cross sectional of slab, perpendicular to x axis (cm2) 
VL volume of liquid (cm3) 
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APPENDIX. Example of Items and Their Contexts of MC-CLTI 

READINGS MATERIAL FOR PROBLEMS NUMBER 1 - 8: BREAD DOUGH FERMENTATION 

Bread dough is made from flour (starch), salt, yeast, butter, oil and water. To make it, all ingredients are mixed together 
and stirred to make it homogeneous. The dough is then put into a container and stored in a room at 25 oC for two 
hours. In this phase, yeast (fungi) converts some carbohydrates of flour (starch), such as glucose, into alcohol and 
carbon dioxide. This process is called alcoholic fermentation. The simplified of alcoholic fermentation reactions can 
be symbolized by the equation: 

C6H12O6(s) → 2 CO2(g) + 2 CH3CH2OH(l) 
 Glucose  carbon dioxide  alcohol 

25. Bread dough is made from flour, salt, yeast, butter, oil and water. Explain, what makes the volume of the mixture 
expand? 

A. Fermentation produces gases whose particles volume are greater than the particles volume of solids and 
liquids 

B. Fermentation produces ethanol so that the mass of the dough increases 
C. Fermentation produces gas which causes a hollow dough 
D. Fermentation causes the ingredients of the dough to be arranged so that the volume expands 
E. Yeast binds substances in the air so that the size of the dough expands 

5. Glucose (C6H12O6) can be obtained from the hydrolysis of sugar sucrose (C12H22O11) using a hydrochloric acid 
catalyst. In simple terms, the reaction equation can be written: 

C12H22O11(aq) + H2O(l) 
𝐻𝐻𝐻𝐻𝐻𝐻
�� 2 C6H12O6(aq)  

Glucose water  sugar 

An experiment on the relationship between the initial concentration of the reactants and the initial rate of the 
reaction provides the following data: 

Experiment 
Number 

Initial Concentration (M) Initial Rate 
(M s-1) [HCl] [C12H22O11] 

1 
2 
3 

0,010 
0,010 
0,020 

0,010 
0,015 
0,010 

0,024 
0,036 
0,048 

According to the data, what is the law of the rate of sucrose sugar hydrolysis? 

A. r = k [C12H22O11][HCl] 
B. r = k [C12H22O11]2[HCl] 
C. r = k [C12H22O11][HCl]2 
D. r = k [C12H22O11][H2O] 
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E. r = k [HCl][H2O]  

8. To find out the effect of HCl concentration on the rate of sugar hydrolysis, a group of students made the 
concentration of sugar [C12H22O11] as a control variable. Why do they make concentration [C12H22O11] as a 
control variable? Explain! 

A. The sugar concentration also influences the concentration of HCl added to the reaction mixture 
B. The sugar concentration also affects the reaction rate 
C. The sugar concentration does not affect the concentration of HCl added to the reaction mixture 
D. The sugar concentration does not affect the reaction rate 
E. The sugar concentration also affects the concentration of HCl added to the reaction mixture and reaction 

rate 

READINGS MATERIAL FOR PROBLEMS NUMBER 9 – 15: CARBON DIOXIDE IN LIFE 

Carbon dioxide (CO2) is a colorless gas whose density is 53% higher than dry air. At low concentrations this gas is 
odorless, while at high concentrations smells sharp and sour. Carbon dioxide is widely used as an inert gas in fire 
engine, supercritical solvents in the manufacture of low caffeine coffee, chemical process raw materials, carbonated 
beverage making materials, and as a refrigerant. The main source of carbon dioxide is combustion, organism 
respiration, fermentation, and acidification of limestone. Limestone reacts with hydrochloric acid according to the 
equation: 

CaCO3(s) + 2 HCl(aq) → CaCl2(aq) + H2O(l) + CO2(g) 

 

9. A group of students intends to conduct research on the effect of surface area on the rate of reaction CaCO3 and 
HCl (see the equation of reaction in the reading material). If the research is carried out at a fixed pressure, which 
variable must be controlled? 

A. Mass of CaCO3 
B. Volume of H2O and CO2  
C. Volume of CO2 
D. Volume of H2O 
E. Size of granules of CaCO3  

10. Note the equation of CaCO3 and HCl reaction in the text above. You are asked to do research with the question, 
"How does the reactant surface area affect the reaction rate?" 

Which component do you choose as an independent variable? 

A. Concentration of HCl 
B. Particle size of CaCO3 granules 
C. Volume of CO2 
D. Concentration of CaCl2 
E. Mass of CaCO3  
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11. For reaction:  CaCO3(s) + 2 HCl(aq) → CaCl2(aq) + H2O(l) + CO2(g) 
What magnitude should be measured to answer the question, "How does the effect of the reactant surface area on 
the reaction rate?"  

A. Concentration of HCl 
B. Mass of CaCO3 
C. Volume of CO2 
D. Volume of H2O and CO2  
E. Time of reaction 

12. The results of a research showed that the higher concentration of reactants was the higher rate of reaction. How 
is the claim explained? 

A. The higher concentration of reactants, the greater volume of reaction, the faster rate of reaction 
B. The higher concentration of reactants, the wider touch area of the reaction, the faster rate of reaction 
C. The higher concentration of reactants, the higher temperature of reaction, the higher frequency of collision, 

the faster rate of reaction 
D. The higher concentration of reactants, the greater particle size of HCl, the easier the particles collide, the 

faster rate of reaction 
E. The higher concentration of reactants, the greater frequency of collision, the higher rate of reaction 

13. Based on the findings of an investigation "the higher temperature of reaction the higher rate of the reaction", a 
group of students explained:  

"The increase of reaction temperature increases the frequency of collisions of reactant particles so that the 
reaction rate also increases."  

Evaluate the explanation! 

A. True, the higher the temperature, the particles of reactants having similar properties are close to each other, 
the higher frequency of collision 

B. True, the higher temperature, the higher kinetic energy of the particle, the higher the effective collision 
frequency producing reaction 

C. True, the higher temperature, the higher activation energy of reaction, the higher frequency of collisions of 
reactant particles, the higher rate of reaction 

D. False, even though the reaction temperature is increased but if it does not reach the activation energy, the 
reaction rate will also not increase 

E. False, even though the reaction temperature is increased but if the collision frequency does not rise, the 
reaction rate will also not increase 

15. Based on literature search, a student found a graph of carbon dioxide emissions into the atmosphere and changes 
in atmospheric temperature in the period 1860 s.d. 1990 as follows: 
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Based on the two graphs above a student confidently concluded that the increase in the average temperature of 
the Earth's atmosphere was caused by an increase in carbon dioxide gas emissions.  

Is the conclusion in accordance with the available data? Explain! 
A. It is appropriate, because the average carbon dioxide emissions into and the average temperature of 

atmosphere in 1990 are higher than in 1860B.  
B. It is appropriate, because the average carbon dioxide emissions into and the average temperature of 

atmosphere are measured in the same timeframes 
C. It is appropriate, because the both of data describe the atmospheric conditions, namely the mass of carbon 

dioxide gas emitted into the atmosphere and atmospheric temperature 
D. It is not appropriate, the increase in carbon dioxide emissions into the atmosphere is not always followed by 

an increase in atmospheric temperature 
E. It is not appropriate, because the related variables are not similar, carbon dioxide is a chemical in the form of 

gases while the atmosphere temperature reflects the kinetic energy of air 

READING MATERIAL FOR PROBLEMS NUMBER 16 – 23: H2O2 AND ASEPTIC TECHNOLOGY  

Through decades of observation and investigation, scientists finally found a food packaging technology involving no 
preservatives. The technology was known as aseptic technology. This technology can preserve food and drinks more 
than 6 months without damage. The principle of this technology is the manufacture of sterile packaged foods (free 
from destructive microbes), both the food, the packaging, and the packaging processes. 

The packaging sterilization process involves a solution of 30% of hydrogen peroxide (H2O2) 30%. At 70 °C, H2O2 
sterilizes material in six seconds. This compound kills microbes by oxidizing the materials composing of the microbial 
tissue.  

Mammalian bodies also contain H2O2 as a byproduct of metabolism. This compound is toxic but easily decomposes 
according to the equation: 

2 H2O2(aq) → 2 H2O(l) + O2(g) 

In the body this decomposition is catalyzed by the catalase enzyme, whereas in the laboratory is carried out by iodide 
(I-) ion. 

16. You are asked to find out the answer of the question: 

"What is the effect of the reactant concentration on the rate of hydrogen peroxide decomposition carried out 
using iodide ions as catalyst?" 
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How do you make a design of the investigation? 
A. Putting [H2O2] and [I-] as independent variables 
B. Placing [H2O2] and [I-] as independent variables, and [H2O] and [O2] as dependent variables 
C. Putting [H2O2] and [I-] as independent variables and the rate of reaction as the dependent variable 
D. Placing [I-] as a control variable 
E. Placing [I-], temperature and pressure as control variables 

17. What data are needed to answer the question "What is the effect of reactant concentration on rate of hydrogen 
peroxide decomposition catalyzed by iodide ions"? 

A. Variation in concentration of [H2O2] and [I-] 
B. Variation in concentration of [H2O] and volume of O2 
C. Variation in concentration of [H2O2] and volume of O2 
D. Variation in concentration of [H2O2] and time of reaction 
E. Variation in concentration of [H2O] and time of reaction  

18. If all control variables are controlled, what data do you need to answer the question: 

"What is the effect of catalyst concentration of [I-] on the rate of hydrogen peroxide decomposition?" 

A. Concentration of H2O2 and time of reaction 
B. Concentration of H2O2 and the rate of reaction 
C. Concentration of I- and time of reaction 
D. Concentration of I- and the rate of reaction 
E. Concentration of H2O2 and I- and the rate of reaction 

19. The results showed that the higher the concentration of the I- catalyst the shorter the time of decomposition of 
H2O2.  

What does the conclusion mean? 

A. The higher concentration of catalyst, the higher rate of reaction, regardless of the concentration of reactants 
and the conditions of reaction 

B. The higher the concentration of catalyst, the higher the rate of reaction, regardless of the concentration of 
reactants and the conditions of reaction  

C. At a certain reactant concentration, the higher concentration of catalyst the higher rate of reaction  
D. Under a certain reaction conditions, the higher concentration of catalyst the higher rate of reaction  
E. At a certain concentration of reactants and the conditions of reaction, the higher concentration of catalyst 

the higher rate of reaction  

20. The decomposition of hydrogen peroxide is estimated to occur in two stages following to the mechanism of: 

Stage I (fast) : H2O2 + I– → H2O + IO–  
Stage II (slow) : H2O2 + IO– → H2O + O2 + I– 

Based on the mechanism, what is the rate of the reaction law? 

A. r = k[H2O2]2 
B. r = k[H2O2][I–] 
C. r = k[H2O2][IO–] 
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D. r = k[I–][IO–] 
E. r = k[H2O2]2[I–][IO–]  

21. According to the hydrogen peroxide decomposition mechanism (see problem number 20), which of the 
following species acts as an intermediate? 

A. H2O2  D. I–  
B. H2O  E. IO–  
C. I– and IO–  

22. A company promotes the benefits of hydrogen peroxide for food products as follows: 

– sterilizes packaging 
– cleans food products from sulfur dioxide and chlorine residues 
– can be used as food bleaching 
– can be used as microbial activating compounds in cheese making 
– can be used as an oxidizer in drying of egg whites 

Which of these scientific evidences below supports the claim that hydrogen peroxide is a useful compound? 

A. decomposes at room temperature 
B. available in the market 
C. a strong reducing agent 
D. decomposes into environmentally friendly water and oxygen 
E. killing bacteria 

23. Which of the following statements is a theory? 

A. The higher temperature of reaction, the higher decomposition rate of hydrogen peroxide 
B. Reactions only occur when the reacting particles collide with one another with sufficient energy and 

appropriate orientation 
C. The higher the concentration of reactants, the lower the rate of reaction 
D. Chemical reaction can be observed from the formation of gas, changes in color, formation of sediments and 

changes in temperature 
E. Reactions of gases can be observed from changes in pressure 

READING MATERIAL FOR PROBLEMS NUMBER 24 – 30: CATALYTIC CONVERTER CONTROLS EMISSION OF CAR 
EXHAUST POLLUTANT  

Air pollution has become a global problem. About 92% of the world's population lives in areas with air pollution above 
the threshold determined by the WHO. Some air pollutants such as SO2, NOx, and CO come from burning fossil fuels 
that occur inside motor car engines. To reduce exhaust emissions of air pollutants, scientists construct a catalytic 
converter, a device that is installed between the engine and the exhaust of motor cars. This device contains a catalyst 
for catalytic reaction of the toxic exhaust gases to non-toxic compounds. In air, nitrogen oxide (NO, N2O5) reacts 
according to the equation: 

2 NO(g) + O2(g) → 2 NO2(g); 2 N2O5(g) → 4 NO2(g) + O2(g) 

Whereas carbon monoxide (CO) follows the equation: 



Suppl. 

Muntholib et al.   
 
 

7 Indones. J. Chem., 2020, 20 (2), 468 - 482   
        
                                                                                                                                                                                                                                             

2 CO(g) + O2(g) → 2 CO2(g) 

24. The following three submicroscopic representations represent the mixture of reaction between NO gas (black 
marbles) and O2 gas (gray marbles). 

 
If the ratio of reaction rate of mixture (A):(B):(C) is 1:2:4, what is the total reaction order of NO2 formation from 
NO and O2?  

A. 1 D. 2 
B. 3 E. 4 
C. 5  

25. In accordance with the submicroscopic representation of NO and O2 gases (see problem number 24), what 
factors influence the rate of that reaction? 

A. Pressure  D. Temperature 
B. Catalyst  E. Surface area 
C. Kind of substances 

26. Investigations about the effect of using the "Catalytic Converter" inside of motor car exhausts on CO gas 
emissions carried out in various engine speed provide the following data: 

 
Which does of the following claims correspond to those data? 

A. The higher the engine speed, the higher the CO concentration in the exhaust gas 
B. The higher the engine speed, the lower the CO concentration in the exhaust gas 
C. Catalytic converters are not effective in reducing CO concentrations in the flue gas 
D. Catalytic converters reduce CO concentration in the flue gas 
E. The catalytic converter does not affect the CO gas concentration in the exhaust gas  

28. You are asked to answer the question: "Which is more effective in reducing pollutants contained in the exhaust 
gas of motor vehicles, platinum converter or rhodium converter?" 

Which of the following research designs do you choose? 

(A) (B) (C) 
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A. Take three different types of cars; the first type was installed with a platinum converter, the second type was 
installed with a rhodium converter, and the third type was not installed with a catalytic converter. 
Measurement of exhaust emissions is carried out at the same engine speed. 

B. Take three different types of cars; the first type was installed with a platinum converter, the second type was 
installed with a rhodium converter, and the third type was not installed with a catalytic converter. The 
measurement of exhaust emissions is carried out at different engine speed. 

C. Take the same three cars; The first is a platinum converter, the second is a rhodium converter, and the third 
is not installed with a catalytic converter. The measurement of exhaust emissions is carried out at the same 
engine speed. 

D. Take the same three cars; The first is a platinum converter, the second is a rhodium converter, and the third 
is not installed with a catalytic converter. The measurement of exhaust emissions is carried out at different 
engine speed. 

E. Take the same three cars; The first is a platinum converter, the second is a rhodium converter, and the third 
is not installed with a catalytic converter. The measurement of exhaust emissions is carried out for three 
different types of fuel.  

29. N2O5 can be broken down according to the equation: 

2 N2O5(g) → 4 NO2(g) + O2(g) 

A student found that the rate of N2O5 decomposition can be determined by two ways, i.e., the initial rate of reaction 
way and the concentration as a function of time way. Both of the ways can be used to determine the reaction order. 

Based on this information, what do you think about the scientific method? 

A. The scientific method actually does not exist. Always can be used to find knowledge 
B. There is only one scientific method that can be used to find scientific knowledge 
C. The scientific method is diverse, all the ways that can be used to find scientific knowledge are scientific 

methods 
D. The same scientific knowledge can be obtained using different scientific methods 
E. Determination of the order of N2O5 gas decomposition reaction can be done using two methods 

30. Pay your attention to the equation of decomposition reaction of N2O5 gas as shown in number 29. If the initial 
concentration of N2O5 is 0.620 M, what is its concentration after 3 half-life periods? 

A. 0,0825 M D. 0,0775 M 
B. 0,3100 M E. 0,2070 M 
C. 0,1030 M  


