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Abstract: This study is concerned with synthesizing ethylenediamine-folate (EDA-
Folate), which will then be used as a precursor in synthesizing Gd-PEG-DOTA-Folate, a
novel targeted-contrast agent for the diagnosis of cancer, employing the Magnetic
Resonance Imaging method. This study aims to determine all the parameters affecting the
synthesis of EDA-Folate using the Plackett Burman design. The synthesis method
included activation of folic acid using dicyclohexylcarbodiimide and N-
Hydroxysuccinimide to result in NHS-Folate, followed by conjugation of ethylenediamine
with NHS-Folate to produce EDA-Folate. Analysis of the reaction product confirmed that
the reaction product was EDA-Folate. From the resulted data, it can also be concluded
that there were four significant parameters (out of the ten parameters studied) in the
synthesis of EDA-Folate (with its value presented in the bracket), i.e., time inactivation
of NHS-Folate (24 h), stirring rate inactivation of NHS-Folate (300 rpm), the mole of
EDA (12 moles), and time of EDA-Folate (12 h). Moreover, the value or desirability of
the experimental design was found to be 0.875 (which is < 1.0), meaning that the design
will produce optimal conditions and thus the optimal yield of the reaction.

Keywords: ethylenediamine-folate; Plackett-Burman design; yield; contrast agent; Gd-

PEG-DOTA-Folate

= INTRODUCTION

Ethylenediamine-folate (EDA-Folate) is one of the
precursors required in the synthesis of a few targeted
contrast agents, including Gd-PEG-DOTA-Folate [Gado
linium-(Hexaglycerol Octaaminopropyl Polyoxy
ethylene)-(1,4,7,10-Tetraazacyclodecane-1,4,7,10-Tetraace
tic acid)-Folate], which is one of the topics of our research
program. Contrast agents are, in general, chemical
compounds used in the diagnosis of diseases employing
the Magnetic Resonance Imaging (MRI) method. And
Gd-PEG-DOTA-Folate is a targeted contrast agent and
will be used to diagnose cancer. Magnetic Resonance
Imaging (MRI) is the most flexible and powerful imaging
modality available for clinical use in recent times. For
almost five decades, the technology turned into improved,
extended, and maintains to evolve, nonetheless no longer

accomplishing the physical limits. Technical and

physiological obstacles hamper the advancement and
constrain physically feasible developments, making it an
increasing number of challenges to innovate [1]. In the
MRI method, contrast agents function to increase the
difference between the image of sick body tissue and
those of healthy one in a human body, so the diagnosis
of the disease will be much more accurate [2].

Folic acid is a ligand that has a high affinity to folic
receptors (Kd = 107'%) found on the surface of various
types of cancer. So, folic acid can be used as a carrier to
bring about a contrasting compound directly to the
target molecule, a folate receptor produced by cancer
cells, to result in a clear enough imaging. Folate receptor
is a glycosylphosphatidylinositol (GPI), a protein with
an MW of 38-40 kDa, found on the surface of cancer cell
membranes [3]. While their expression in normal cells is
very limited, folate receptors are overexpressed in
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epithelial, ovarian, breast, lung, kidney, and brain tumor
tissues. When expressed in normal tissues, folate
receptors are not located in the lungs, heart, and choroids
because, in these tissues, folate receptors are limited to the
surface of the apical membrane in epithelial tissue [4].
Folic acid is a type of B vitamin involved in the synthesis
of purines. Most cells get folic acid needed through the
anion channel or so-called reduced folate carrier, which
has a low affinity to folate receptors. So, there is little or
almost no expression of folate receptors in normal cells.
However, cells that require a lot of folates, such as cancer
cells and cells involved in embryonic development, will
instead use a high affinity against these folate receptors.
Therefore, folate receptors are overexpressed in cancer
cells. Due to folate receptor differences between most
normal cells and cancer cells, folate receptors are used to
selectively target cancer cells for therapy or on
compounds for imaging diagnosis [5].

To provide the need for contrast agents in all the
hospitals in the country (Indonesia), the number of which
is continuously increasing, contrast agents are still being
tulfilled through import. In this way, the price is high, the
continuity of availability is uncertain, and health service
in hospitals is not ensured. Thus, research and
development of contrast agents in the country have
become a concern.

Synthesis of a targeted contrast agent, i.e., Gd-
DTPA-Folate [6] and Gd-DOTA-Poliamidoamine
Generation 3-Trastuzumab [7], have recently been done.
As a continuation of our research program, its PEG
derivative - Gd-PEG-DOTA-Folate - is being studied to
get a novel targeted contrast agent by conjugating Gd-
DOTA-Folate  with
polyethyleneglycol. Using the novel targeted contrast

branch-structured  derivative

agent, diagnosis with MRI will theoretically be better than
using Gd-DOTA-Folate because the relaxivity and
luminance of branch-structured PEG-Gd are higher than
those of linear-structured PEG-Gd. Although the
terminal Gd conjugation is different, it did not affect the
longitudinal relaxivity and luminance in branch-
structured PEG-Gds (the eight-arm PEG-Gd). The
branch-structured PEG-Gds (eight-arm PEG-Gd) show
the highest contrast efficiency and is even higher than that

of commercially available contrast agents [8].

The synthesis of Gd-PEG-DOTA-Folate will be
carried out through four reaction steps. The first step is
the synthesis of EDA-Folate as a precursor. Synthesis of
EDA-Folate can be done using one of the two synthesis
methods, namely the direct- and indirect methods [9].
In the direct method, the synthesis is accomplished
through two reaction steps: (1) Activation of folic acid

using dicyclohexylcarbodiimide (DCC) and N-
Hydroxysuccinimide (NHS) to produce
ethylenediamine-Folate (EDA-Folate) [2-6], and (2)

Conjugation of NHS-folate with ethylenediamine
(EDA) to form EDA-Folate. Meanwhile, in the indirect
method, the synthesis of EDA-Folate is carried out
through five reaction steps, i.e., formations of: (1).
pyrophoric acid, (2) petrol hydrazide, (3) petrol acid, (4)
methyl ester of folic acid, and (5) EDA-Folate, as the
final product [10].

In this study, the direct method has been chosen
because it is simpler than the indirect method, in that the
direct method consists of only two reaction steps. But
the problem was that the yield of the reaction synthesis
was low, and thus attempts should be made to increase
the yield.

To obtain optimal rendement of the EDA-Folate
product, a screening design is required to provide
information on parameters that have significant effects
in the synthesis process. The Plackett-Burman design is
the most commonly used screening design because, with
the design, estimation of all major effects with the same
precision can be done. Another advantage of this
fractional factorial design is that it minimizes the
experimental process from a large number of variables
to a smaller number of most significant factors to save
time, cost, and chemicals [11]. The last three mentioned
aspects are also important, especially if the experiment
will be done later on a bigger scale. The Plackett-Burman
design can only be used for experiments that are
multiples of 4 with 8 as the starting point (N = 8, 12, 16,
20, 24, 28, 32, 36). A minimum of 4n experiments is
needed for estimating the main effects for 4n-1 factors.
For example, 4, 5, 6, or 7 factors would require 8
experimental runs, 8, 9, 10, or 11 would require 12 runs,

Erianti Siska Purnamasari et al.



Indones. J. Chem., 2022, 22 (3), 599 - 608

and so on [12]. In this study, the selection parameters of
EDA-Folate were carried out, with 10 parameters being
selected.

It has been reported that many parameters that
affect the synthesis EDA-Folate parameters are lighting
intensity, the addition of an organic base, ratio mole of
folic acid and DCC, time inactivation of NHS-folate,
temperature inactivation of NHS-Folate, stirring rate of
NHS-Folate, ratio mole of EDA, and addition of pyridine
[13-16]. This study aims to determine parameters that
have significant effects in the synthesis of EDA-Folate
through the direct method with Plackett Burman’s design
using the software Design Expert 10.0.1. The parameters
studied included lighting intensity (dark/light), the
addition of an organic base (DIPEA), the mole of DCC,
NHS-Folate,
inactivation of NHS-Folate, stirring rate of NHS-Folate,
the mole of EDA, the addition of pyridine, time of EDA-
Folate, and stirring rate of EDA-Folate. Experiments in

time inactivation of temperature

this study consisted of activation of folic acid using DCC
and NHS, followed by conjugation of EDA with NHS-
Folate to produce EDA-Folate. Characterization of the
reaction product, i.e., EDA Folate, has been done using
the mass spectrometric method, and determination of
significant parameters has been done using Plackett
Burman’s design.

m EXPERIMENTAL SECTION
Materials

Chemicals used were of analytical grade, purchased
from Sigma Aldrich. They included dicyclohexyl
carbodiimide (DCC), dimethylsulfoxide (DMSO),
ethylenediamine (EDA), N-Hydroxysuccinimide (NHS),
N,N-Diisopropyletnylamine (DIPEA), and pyridine.

Instrumentation

The equipment used in this study included glass
apparatus, a magnetic stirrer (Heidolph MR 3002), a Mass
Spectrometer (Waters Xevo Q-TOF MS), and the
10.0.1.
condition of Mass Spectrometry was Capillary 3 kV,

software Design Expert The measurement

Sampling cone 40, Extraction cone 4.0, Sorce temp 100 °C,
Desolvation temp 250 °C, and Desolvation gas 600 L/h.
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Inlet system was LC or Direct Probe, Ion Souce was ESI,
Mass Analyzer was Quadrupole and Tof, and Detector
type was Micro Chanel Plates (MCPs).

Procedure

Synthesis of ethylenediamine-folate

Folic acid (0.0882 g), DCC (0.418 g), and NHS
(0.0460 g) were dissolved in 10 mL of DMSO, followed
by the addition of DIPEA into the mixture, which was
stirred overnight. A white precipitate (dicyclohexyl urea,
as a side product) was formed and was removed by
filtration. Into the filtrate containing NHS-Folate,
ethylenediamine and pyridine were added. The mixture
was then stirred using a magnetic stirrer until
ethylenediamine-folate (EDA-Folate) as a final product
of the reaction was formed. The product was then
characterized by Mass Spectrometry. The resulted data
were analyzed using the software Design Expert 10.0.1 to
determine significant parameters.

Selection parameters of synthesis ethylenediamine-
folate using Plackett Burman design

Table 1 shows the parameters (10) and a dummy
(one), the upper level (+1), and the lower level (-1),
which were determined by the Plackett-Burman design.

m  RESULTS AND DISCUSSION

The synthesis reactions of ethylenediamine-folate
are shown in Fig. 1. As is shown in Fig. 1, the synthesis
of ethylenediamine-folate was initiated with the
activation of folic acid with dicyclohexylcarbodiimide
(DCC) and N-Hydroxysuccinimide (NHS), followed by
the conjugation of ethylenediamine with the activated
folic acid (NHS-Folate), to produce ethylenediamine-
folate (EDA-Folate). The mass spectrum of EDA-Folate
produced is shown in Fig. 2.

Fig. 2. shows the spectrum of EDA-Folate
(C21H25NsO:5) theoretically has a molecular mass (m/z) of
483.4760. The molecular mass of the EDA-Folate
compound resulting from the HR-TOFMS ES+
spectrum was 484.2191; the peak shows that the EDA-
Folate with the addition of a proton. In all these
experiments, EDA-Folate were successfully synthesized
by using the direct method.
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Table 1. Parameters and their levels to be determined using the Plackett Burman’s design

Level
No. Parameter Code  Unit
Lower (-1) Upper (+1)

1 Lighting intensity A - dark light

2 Addition of an organic base DIPEA B mL without DIPEA  With DIPEA
3 Mole of DCC C mmol 1 2,25

4  Time inactivation of NHS-Folate D hours 12 24

5 Temperature inactivation of NHS-Folate E (°C) room temp. 50

6  Stirring rate of NHS-Folate F rpm 100 300

7 Mole of EDA G mmol 8 12

8 addition of pyridine H (uL) 300 700

9  Stirring rate of EDA-Folate I rpm 100 300
10 Time of EDA-Folate ] hours 6 12
11 Dummy K - -1 +1
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Fig 1. (a) Activation reaction of folic acid and (b) Conjugation reaction of NHS-Folate with ethylenediamine

Table 2 shows the resulted data on the responses K= N-1, where N is a multiplication of 4, so the formula
determined in the synthesis of ethylenediamine-folate. = becomes K= 4n-1, where K is the parameter and n is
The fractional factorial formula for the Plackett Burman is runs. In this study, n = 3, and the number of parameters
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Fig 2. Mass spectrum of EDA-Folate

Table 2. Matrix of the
ethylenediamine-folate

Placket-Burman design containing resulted data on the

responses in the synthesis of

A B C D E F G H 1 ] K R
Mole of Time of  Temp. of Stirring Mole of addition  Stirring  Time of
std Run Lighting DIPEA DCC NHS- NHS- rate of (.)f . rate EDA-  EDA- Peak
. . Folate Folate NHS-Folate pyridine Folate Folate Dummy .
intensity (addition Intensity
of 0.1 mL) (mmol) (h) (°C) (rpm) (mmol) (uL) (rpm) (h)
2 1 dark with 2.25 12 50 300 12 300 100 6 +1 3290
10 2 dark with 2.25 24 room temp 100 8 700 300 6 +1 4378
7 3 light without 1 12 50 100 12 700 300 6 +1 775
8 4 light with 1 12 room temp 300 8 700 100 12 +1 7321
6 5 dark without 1 24 room temp 300 12 300 300 12 +1 43261
4 6 dark with 1 24 50 100 12 700 100 12 -1 2973
9 7 light with 2.25 12 room temp 100 12 300 300 12 -1 2939
12 8 dark without 1 12 room temp 100 8 300 100 6 -1 1776
11 9 light without 2.25 24 50 100 8 300 100 12 -1 4292
3 10 light without 2.25 24 room temp 300 12 700 100 6 -1 27043
1 11 light with 1 24 50 300 8 300 300 6 -1 3849
5 12 dark without 2.25 12 50 300 8 700 300 12 -1 14055
to be selected were ten. It was necessary to have the  the Plackett-Burman design matrix with encoding for 12

dummy meet the formula, with the number of
experiments (4n) being 12 (see Table 2).

In the Plackett-Burman design, the upper level (+1)
and lower level (-1) were determined to evaluate which
parameters significantly impacted the experiment. As can
be seen in Table 1, the upper and the lower values for each
parameter were selected based on secondary data [13-16].

Furthermore, these parameters were incorporated, and

experiments to be conducted along with the peak
intensity mass spectrometry shown in Table 2.

The equation derived from the Plackett-Burman
design is presented in Eq. (1)
Y=9662.67 - 1959.50X, — 5537.67X, - 329.83X; + 4636.67X,
- 4790.33X;5 + 6807.17Xs + 3717.50X; — 238.50Xs + 1880.17X,
+2810.83X,0 + 890.17X1, (1)
where: X, (lighting intensity); X, (addition of an organic
base DIPEA); X; (mole of DCC); X, (time in activation
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of NHS-Folate) X5 (temperature in activation of NHS-
Folate); Xs (stirring rate of NHS-Folate); X; (mole of
EDA); Xs (addition of pyridine); Xo (stirring rate of EDA-
Folate); X, (time of EDA-Folate); X;; (Dummy).

Calculation of the response or acquisition of

intensity (R;) can statistically be done by using Eq (2).
Y =Bo+ PiXs + BoXo + BsXs + PuaXs + BsXs + PeXs + PrX7 + PsXs +
BoXo + BroXio + PuXn (2)
where Y is a response, P is a constant, and f; and {3, are
coefficient of response values.

Using Eq. (1), parameters having positive and
negative influences on the response have been
determined. The parameters with positive or negative
effects were determined using coefficient calculations ({)
for each parameter in the experimental data. The eleventh
coefficient of parameters (Bi, P Ps..., Pu) can be
calculated from the multiplication of each result with the
value of each parameter (+1/-1) for each experiment. The
results of the coefficient of parameters were then divided
by the number of experiments. For example, for
parameter 1, which is exposure, the value of the coefficient
was:

B1=(+2939-2973 - 1776 — 43261 +775 — 14055 - 4378 + 27043
+4292 +7321+ 24.073 + 3849 - 3290)/12= -1959.5

The result of coefficient ; was negative, which
means that from the average of 12 experiments
conducted, the acquisition of EDA-Folate intensity will
decrease if this synthesis is made in a bright place. It is
because folic acid undergoes decomposition [13,16]. The
negative value of a parameter coefficient (f) indicates that
increasing the value of the parameter coefficient will
decrease the peak intensity of the EDA-Folate. In contrast,
a positive value of parameter coefficient () indicates that
increasing the value will increase the peak intensity of
EDA-Folate.

Fig. 3 is a Normal Plot Distribution and Pareto chart
of the relevant parameters being studied. As is shown in
the figure, six parameters were significant to the normal
percent probability and T-value. The six parameters were
parameter B (addition of the organic base DIPEA),
inactivation of NHS-Folate),
parameter E (temperature of NHS-Folate), parameter F

parameter D (time

(stirring rate of NHS-Folate), parameter G (mole of

Indones. J. Chem., 2022, 22 (3), 599 - 608

EDA), parameter ] (time of EDA-Folate). Of the six
significant parameters, four parameters, i.e., parameter
D (time inactivation of NHS-Folate), parameter F
(stirring rate inactivation of folic acid), parameter G
(mole of EDA), and parameter J (time of EDA-Folate),
showed positive effects. Meanwhile, two parameters, i.e.,
parameter B (addition of the organic base DIPEA) and
parameter E (temperature of NHS-Folate), showed
negative effects on normal percent probability and T-
values.

From the normal plot distribution (Fig. 3(a)), the
stirring rate of NHS-Folate was farthest from the
response line. At the same time, the addition of organic
base (DIPEA) had the highest negative effect on the
intensity of synthesis EDA-Folate because it was at the
lowest from the response line. As shown in the Pareto
chart (Fig. 3(b)), it can also be seen that the stirring rate
of NHS-Folate had the highest positive effect on the
intensity of EDA-Folate synthesis.

The graphs shown in Fig. 3 indicate that only four
parameters' responses can be used for the next stage of
optimization. They are stirring time inactivation of
NHS-Folate (24 h.), stirring rate activation of NHS-
Folate (300 rpm), a mole of EDA (12 mmol), and stirring
time of EDA-Folate (12 h). With these four parameters,
a desirability value of 0.875 and a minimum intensity of
EDA-Folate of 37962.8 could be obtained.

Desirability value is a function of optimization
value that demonstrates the ability of programs to desire
based on criteria set on the final product. The range of
the value of desirability is from 0.0 to 1.0. A desirability
value getting closer to 1.0 indicates that the design or
program can produce an optimal product. An
optimization goal is not to get a desirability value of 1.0
but to find the best condition that brings all optimal
objective functions [17]. Fig 4. Represents the graphs of
the parameter of optimum response based on the
Plackett-Burman design. The addition of DIPEA and
temperature during stirring is zero. It was due to the pH
value at the time of addition of DIPEA was not achieved
or even exceeding the pH in the process of activation of
folic acid (i.e., 4.5-7.5) [18]. It will be noted that
activation of folic acid is better to be conducted in a room
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Fig 4. Graphs of the parameter of optimum response based on the Plackett-Burman design

temperature (without heating) because folic acid is
undergoing decomposition at high temperatures.

Fig. 5 is the linear regression curve between actual
responses and those predicted using the Plackett Burman
design. Analysis of this design using ANOVA (Table 3)
has resulted in a value of R? (coefficient of determination)
of 0.9450 that close to one. So, the design was acceptable.
This value indicates a match between the predicted value

and the actual value. A slight difference between the
measured and calculated values indicates the higher
suitability of the model [19-20].

The reliability level of a model is acceptable if the
value of P is less than 0.05 (significant). In this
experiment, the value of P calculated from the Plackett
Burman design was found to be 0.0052. This value of P
is therefore acceptable. This design also produces Adeq
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Table 3. ANOVA table for the selected factorial model
ANOVA for the Selected Factorial Model
Analysis of Variance Table [Partial sum of squares-Type III]
Source Sum of squares  df =~ Mean square F value p-value
Prob >F
Model 1.718 E + 09 6 2863E+08 14.32 0.0052 (significant)
B-DIPEA 3.680 E + 08 1 3.680E +08 18.40 0.0078
D-Stirring time 2.580 E + 08 1 2580E+08 12.90 0.0157
E-Stirring temp 2.754 E + 08 1 2754E+08 13.77 0.0138
F-Stirring rate 5.561 E + 08 1 5561E+08 27.80 0.0033
G-Mole EDA 1.658 E + 08 1 1.658E +08 8.29 0.0346
J-Stirring time EDA-NHS Folate 9.481 E + 07 1 9.481E+07 4.74 0.0814
Residual 9.999 E + 07 5 2.000E+07
Cor Total 1.818 E + 09 11
Standard Deviation 4471.98 R-Squared 0.9450
Mean 9662.67 Adj. R-Squared 0.8790
CV.% 46.28 Pred. R-Squared 0.6832
PRESS 5.76 E+ 08 Adeq Precision 11.1520
-2 Log Likelihood 225.28 BIC 242.6773
AlCc 267.2830
50000 [ synthesized by using the direct method. The method
consisted of two reaction steps, i.e., inactivation of folic
40000 o acid using DCC (dicyclohexylcarbodiimide) and NHS
- (N-Hydroxysuccinimide) to result in NHS-Folate,
30000 followed by conjugation of EDA (ethylenediamine) with
¥ ot00n NHS-Folate to produce EDA-Folate. Based on the
::.ﬁ Plackett-Burman experimental design, it can also be
T 40000 ./ concluded that there were four significant parameters in
" the synthesis of EDA-Folate, which were time
0 an inactivation of NHS-Folate, stirring rate inactivation of
NHS-Folate, a mole of EDA, and time of EDA-Folate.
“10008 - | Moreover, the value or desirability of the experimental
_10060 é 10050 200—00 30600 40500 50600 design was calculated to be 0.875, a value getting closer

Actual
Fig 5. Linear regression curve between actual response

and prediction of Plackett Burman

Precision which measures the signal-to-noise ratio (S/N).
The ratio is expected to be greater than 4. In this study,
the resulting S/N was 11.152.

m CONCLUSION

Based on the mass spectrum of the reaction product,
it can be concluded that EDA-Folate has been successfully

to 1.0, indicating that the resulting design will be able to
produce optimal reaction conditions and, accordingly,
optimal reaction products, both qualitatively and
quantitatively. EDA-Folate will be used as a precursor in
synthesizing the Gd-PEG-DOTA-Folate targeted
contrast agent.
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Abstract: Epoxidized castor oil (ECO) has shown high potential for industrial
applications as value-added products such as polymer coating, plasticizer, and
biolubricant. Epoxidized ricinoleic acid recovered from ECO has potential for industrial
usage. In this work, epoxidized ricinoleic acid (ERA) was synthesized through in situ
generated performic acid epoxidation of ricinoleic acid (RA). The epoxidation process was
optimized by several reaction parameters, such as the molar ratio of formic acid to
ethylenic unsaturation, the molar ratio of hydrogen peroxide to ethylenic unsaturation,
and reaction temperature. The response reaction parameters of oxirane oxygen content
(OOC) and iodine value (IV) were then evaluated. The results showed the optimal
condition for the epoxidation of RA was obtained at 50 °C, the molar ratio of formic acid
and hydrogen peroxide to ethylenic unsaturation of 1:8:1 for 4 h reaction time. A high
yield of ERA of 86% with relative conversion into oxirane of 85.3% was achieved at the
optimum condition. The optimum ERA showed a high OOC value of 4.00% and a low IV
value of 2.24 mg/g. It is plausible that ERA can be used as an intermediate starting
material to prepare value-added products such as biosurfactants, biopolymer additives,
or biolubricants.

Keywords: in situ epoxidation; oxirane oxygen content; performic acid; ricinoleic acid

= INTRODUCTION

Plant oils are extensively converted through mild

sulfonated, and nitrogen functional groups. Due to the
interesting chemical versatility of such functionalized

chemical reactions or less extensive oleochemical
processing to produce value-added products such as
biosurfactants, biopolymer additives, biolubricants, and
bio-resin [1-3]. These value-added products are produced
based on the reactive headgroup and functional groups
present in their fatty acids, and methyl esters of fatty
alcohols as intermediates. These compounds are ready for
chemical derivatization and modification to create
products in industrial applications [4]. Therefore,
naturally occurring specialized and functionalized fatty
acid groups such as sulfonated fatty acids, oxygenated
fatty acids, fatty acids with acetylenic bonds are in high
demand due to their importance as industrial feedstocks.
These fatty acid groups are also known as unusual fatty
acid groups. Some known unusual fatty acid groups are

epoxy, hydroxyl (mono- to poly-), keto, oxygenated,

fatty acids [5], researchers worldwide are studying new
oilseed species that may be added as oleochemical
industry raw materials. However, productions of these
natural oils are limited to specific plant and animals
species. Oilseed crops that supply hydroxylated fatty
acids such as Ricinus cummunis (castor bean oil),
Lesquerella spp. (lesquerella oil) [6], Dimorphotheca
spp.» Vernonia spp, Euphorbia lagascae (vernonia oil) [7]
are of industrial interest. In fact, to date, the only
commercially available naturally occurring
functionalized fatty acid is ricinoleic acid, which is
obtained from castor bean oil. Ricinoleic acid, cis-12-
(9¢c, 120H-18:1),

contains monohydroxy monounsaturated fatty acid.

hydroxyoctadeca-9-enoic  acid

The industrial usage of castor bean oil and its
derivatives, such as epoxidized castor oil, has long been
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reported as biolubricants, plasticizers, bioplastic, and bio
coating [2,8-9].

Lesquerolic acid, 14-hydroxy-cis-11-eicosenoic
(11c, 140H-20:1), is another hydroxy fatty acid similar to
castor oil’s ricinoleic acid. Dehydration converts
nondrying lesquerella oil into a drying oil with a drying
velocity equivalent to that of commercial dehydrogenated
castor oil. Vernonia oil has been proposed as precursors
for adhesives, varnishes and paints, plasticizers, and
industrial coatings [2]. Therefore, researchers began
turning to oleochemistry and the potential use of
uncommon functionalized fatty acids of vernolic acid
(12,13-epoxyoctadecenoic acid or cis-12-epoxyoctadeca-
cis-9-enoic acid or 12-epoxy-cis-9-octadecenoic acid) and
dimorphecolic acid (9-hydroxyoctadecadienoic acid or 9-
hydroxyoctadeca-10,12-dienoic acid) in a variety of high-
value products [7,10]. Vernolic acid is a monounsaturated
fatty acid that contains an epoxide in its fatty acyl chain.
It is produced in abundance by the genera Vernonia, and
Euphorbia spp., natural vernonia oil and is a potentially
useful biofeedstock. However, in reality, the revolution of
anew oilseed crop from trial plant species to an industrial
commodity would be greatly challenging.

However, due to the limited availability of
oxygenated, hydroxyl, epoxide functionalized fatty acids
in the fatty acyl chain, reactions to modify unsaturated
fatty acids become pertinent. For example, the feasibility
of a mild chemical modification process such as an
epoxidation reaction is worth to be utilized to produce a
functionalized epoxide-fatty acid. Plant oils or fatty acids
epoxidation can be economically accomplished by
reacting the unsaturated double bonds of the fatty acid
with a peracid reagent such as peracetic [11] or performic
acid [1,12]. Currently, epoxides plant oils [13-16] or fatty
acids are prepared on an industrial scale through in situ
generated peracids [14]. The epoxidations of ricinoleic
acid, for example, have been reported elsewhere [8-9,17-
22]. Epoxidized ricinoleic acid received great attention
due to the wide range of feasible further chemical
modification reactions that can be involved. The epoxide
oxirane ring's high reactivity makes it easily opened by
moderate reaction conditions to produce a variety of

value-added intermediates [23]. For instance, different
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nucleophiles group attacks on epoxide rings could
diols,
hydroxyesters as intermediates for the production of

produce  mono-alcohols, alkoxylalcohols,
value-added products such as biolubricants [8-9], bio
plasticizer [24], biopolymer additives, or biosurfactants
[25-26].

Our work has focused on the production of
epoxidized ricinoleic acid (ERA), "vernolic acid-like
acid,” which contains an epoxy ring in combination with
a hydroxy group, as shown in Fig. 1. This uniqueness
makes ERA such an interesting building block for
unique high-value-added products. The literature
survey showed no reports about detailed optimization of
the epoxidation of ricinoleic acid and its
physicochemical properties. In this paper, the ERA was
prepared through the epoxidation process of ricinoleic
acid (RA) using in situ formed performic acid catalyst,
and the epoxidation process was optimized. The
parameters of the epoxidation process were optimized
for the

acid:hydrogen peroxide, amount of catalyst, reaction

molar ratio of ricinoleic acid:formic
temperature, and reaction time. In addition, the ERA
product's reaction responses of oxirane oxygen content

(OOC) and iodine value (IV) were evaluated.

m EXPERIMENTAL SECTION
Materials

Castor bean seeds were collected from various
places in Selangor and Kedah, Malaysia. Solvents of n-
hexane, ethyl alcohol (95%), and chemicals of glacial
acetic acid, sodium sulfate anhydrous, sodium chloride,
potassium hydroxide, hydrochloric acid, formic acid
(Fisher Scientific (USA), aqueous hydrogen peroxide (30
wt.%

carbonate were purchased from Systerm (UK). Wijs

Merck, Germany), and sodium hydrogen
solution (QReC), hydrogen bromide, potassium iodide
(Fluka), sodium thiosulphate, sodium chloride, and
saturated sodium bicarbonate were purchased from
Sigma Aldrich (UK), and crystal violet was from BDH
Laboratory Supplies. All the chemicals used in this study
were either analytical grade or high-performance liquid
chromatography (HPLC) grade and were used without
further purification.
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Instrumentation

The molecule structure of epoxidized ricinoleic acid
was analyzed by using Fourier Transform Infrared
spectroscopy (FTIR), Nuclear Magnetic Resonance
spectroscopy. FTIR spectra were recorded on a Perkin
Elmer Infrared Spectrophotometer in 400-4000 cm™. In
addition, the 'H (16 scans) and *C-NMR (3000 scans)
spectra were recorded on JEOL-ECP 400 spectrometer
(400 MHz 'H/100.61 MHz "*C) using CDCl; as a solvent.

Procedure

Extraction of castor bean oil

Castor bean oil extraction was carried out using a
Soxhlet extractor. About 100 g of dry ground seeds were
first oven-dried at 105 °C for 1 h. Next, the oil was
extracted by refluxing (55-60 °C) the samples in n-hexane
for 6 h in a Soxhlet extractor. The solvent was then
evaporated using a rotary evaporator. The extracted
castor bean oil was kept in an oven at 60 °C for 30 min
before being accurately weighed. Finally, the extracted
castor bean oil was kept in a closed container and stored
in a desiccator.

Hydrolysis of castor bean oil

The castor bean oil (50 g) was hydrolyzed using
200 mL 1 M ethanolic KOH solution (95% v/v) in a reflux
apparatus for 2 h. The hydrolysis product and fatty acid
mixture were then neutralized with 200 mL 1 M HCl and
washed with 200 mL distilled water before extracting with
100 mL ethyl acetate. The organic layer was dried with
anhydrous sodium sulfate overnight. Finally, the solvent
was evaporated to yield a light-yellow liquid containing a
mixture of fatty acids mixture.

Oxirane oxygen content (00C%) determination
Around 0.3 g of sample was weighed in a 50 mL
Erlenmeyer flask and dissolved in 10 mL benzene. Five
drops of 0.1 g of the crystal violet indicator in 100 mL
glacial acetic acid were gradually added into the sample
solution [27]. A rubber stopper was placed to cover the
titration flask and magnetically stirred at room
temperature for 5 min. The sample solution was gradually
stirred and titrated rapidly with 0.1 M HBr solution
(prepared in acetic acid) to a bluish-green endpoint that

persisted for 30 s. The experiments were done in triplicate.

The Equations 1, 2 and 3 were used to calculate the
experimental oxirane oxygen content (OOC.,) value,
theoretical OOC (OOCue,), and the relative percentage
of conversion to oxirane (RCO), respectively.
X X1.
00C,,, =~ X190 l\fN 160 (1)
where: V = volume (mL) of the HBr titrant solution,
M = molarity of the titrant, W = weight (g) of the sample,
1.6 = Atomic weight of oxygen divided by ten.
IV, /24,

100+(IV, /24 ) A,

00C e = A, x100 (2)

where: IV, = initial iodine value, A; = atomic weight of
iodine (g mol™), A, = atomic weight of oxygen (g mol™).
O0Cey %100 (3)
OOCtheo

where: OOC., = experimental OOC, OOCue =
theoretical OOC (max).

RCO=

lodine value (1V) determination
The sample's iodine value (IV) was calculated
according to the AOCS Official Method Cd 1-25. About
0.4 g of sample was placed in a 500 mL flask. The sample
was dissolved in an aliquot of 15 mL carbon
tetrachloride (CCL). A Wijs solution (25 mL) was added
to the flask and covered with a rubber cork stopper. The
mixture in the flask was vigorously shaken and then left
in the dark for 60 min. After 1 h incubation, 150 mL of
distilled water and 20 mL of 10% KI solution were added
to the mixture. The titrant 0.1 N sodium thiosulphate
solution was used to titrate the mixture until the liquid
turned yellow and reached the endpoint. Then, 1 mL of
1% starch indicator solution was added. The titration
was continued while the solution mixture was vigorously
shaken until the blue color completely vanished at the
titration endpoint. According to Yildiz et al. [28], the
experiments were done in triplicate. The blank solution
was treated under the same conditions. The IV value was
calculated using Eq. (4):
V:12.69><N(Vb—VS) @)

W

where: N = exact normality of Na,S,0; solution (eq/L),

Vi, = volume (mL) of Na,S,0; solution used for blank
titration, V, = volume (mL) of Na,S,0; solution used for
sample titration, W = weight (gram) of sample, 12.69 =
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equivalent thiosulphate weight to gram iodine (relative
molecular mass of iodine = 126.9).

Synthesis of epoxidized ricinoleic acid

The epoxidation reaction of ricinoleic acid (RA) was
carried out according to Salimon et al. [9]. The
optimization of the epoxidation process was set at a molar
ratio of RA:HCOOH:H,O; (1:1:X), reaction temperature
range of 30-70 °C, and reaction time range of 1-5 h. At
first, variable X was set to 1-10 mol of H,O,. After variable
X was obtained, the following optimization process was
then set at a molar ratio of RA:HCOOH:H,0, (1:Y:X).
Next, variable Y was set at 0.4-1.2 mol of HCOOH. The
important reaction response parameters involved to
produce a high yield with significant reaction responses of
high OOC and low IV values were examined. The
epoxidation process was carried out in a round bottom
flask equipped with a reflux condenser, thermometer, and
for the
optimization, a solution of 1-mol hydrogen peroxide

magnetic stirrer. At selected parameters
solution was slowly added to a stirred mixture solution of
ricinoleic acid:formic acid in 1:1 mol ratio at 4 °C (ice
bath). Then the reaction proceeded at a selected
temperature (30-70 °C) with vigorous stirring (900 rpm)
until a powdery solid formed in the reaction vessel at the
selected reaction time (1-5 h). After the reaction
complete, the catalyst and remaining unreacted RA were
neutralized by adding saturated sodium chloride,
saturated sodium bicarbonate, and 1 M NaOH solutions.
The solid was collected via vacuum filtration, washed with
H,O (chilled, 3x10 mL), and dried for 12 h under high
vacuum to provide epoxidized ricinoleic acid (ERA) as a
white, powdery solid. Every experiment was repeated in
triplicate. The same procedure was repeated for different
optimization reaction parameters, and the results were
presented as mean + standard deviation.

m RESULTS AND DISCUSSION
Synthesis of Epoxidized Ricinoleic Acid

In this study, the results showed that Malaysia's
castor bean seeds contain a relatively high percentage,
45% of oil content, well in agreement with the previous
report. The hydrolysis of extracted castor oil produced a
dominant ricinoleic acid (RA) content at 86% and was
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used as a representative of the mixture of castor oil fatty
acids. RA was converted into epoxidized ricinoleic acid
(ERA) through the in situ generated performic acid as
the epoxidation catalyst. Hydrogen peroxide solution
was slowly added to a reaction solution containing RA
and formic acid to avoid the sudden exothermic
conditions where it could lead to the reopening of the
epoxide ring at a high temperature of the acidic reaction
medium. Fig. 1 shows the epoxidation reaction of RA
producing ERA.

The Optimization of the Epoxidation Process

The optimization process for the epoxidation of
RA was performed to produce the optimum values or
higher yields and OOC reaction responses. The
interaction between all variable parameters and criteria
chosen for all the reaction responses affected the
optimum reaction conditions. The effect of the reaction
temperature, reaction time, substrate molar ratio (molar
ratio of hydrogen peroxide and formic acid for the
double bond in RA), and the amount of in situ catalysts
(performic acid) were selected as parameters to
determine the most optimum reaction condition. The
optimization process was first set at a molar ratio of
RA:HCOOH:H,O, (1:1:X), the reaction temperature in
the range of 30-70 °C, and the reaction time range of 1-
5 h. The important reaction response parameters
involved to produce high reaction yield with significant-
high reaction responses of OOC and significant low IV
values were examined.

The Effect of Hydrogen Peroxide Molar Ratio

The optimization process was first set at the molar

OH

Ricinoleic acid (RA}

HO Formic acid/ H202
50°C, 4h
0 0 OH

HOJ\/\/\/\/L\/K/\/\/

Epouidized ricincleic acid (ERA)
Fig 1. The chemical reaction synthesis of ERA
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ratio for RA: HCOOH:H,O; at 1:1:X and fixed reaction
temperature of 40 °C and reaction time of 5 h. Variable X
was set from 1 to 10 mol of H,O,. Hydrogen peroxide acts
as an oxygen donor in the epoxidation process. The
influence of the H,O, amount at selected reaction
conditions on the ERA yield, IV, and OOC values is
shown in Fig. 2. The results have shown that increasing
the moles of H,O, increased the ERA yield and OOC.
Higher values of yield and OOC were obtained at 8 mol of
H,0.. Increasing H,O, moles up to 8 increased the OOC
value to 4% with 85.3% RCO and 85% ERA yield due to
effective performic acid catalyst formation. However, a
high amount of H,O, must be avoided because it raised
the additional agitation problem and decreased the mass
transfer rate, thereby decreasing the OOC [18]. A high
concentration of H,O, also causes the epoxy-functional
group to become unstable [29]. Higher H,O, causes the
stability of the oxirane ring to reduce and leads to an
accelerated rate of oxirane ring decomposition or
degradation [18], which is in agreement with the report
for the stability of epoxide sunflower and soybean oil
degraded at 30 wt.% H,O, [30]. Others reported that the
cleavage of oxirane rings of epoxide oleic acid-based palm
oil was affected the most by hydrogen peroxide, followed
by formic acid, which leads to the formation of diol and
a-glycol as side products [31].

The Effect of the Formic Acid Molar Ratio

Formic acid, HCOOH, can act as an oxygen carrier
and be regenerated once the epoxidation reaction occurs
[32]. HCOOH also takes part in the overall reaction as a
catalyst (performic acid) in the formation of the oxirane
ring. At the same time in an acidic medium, HCOOH
serves as a reactant in the hydrolysis or degradation of the
oxirane ring and should be avoided. The next
optimization process was set at the molar ratio for
RA:HCOOH:H,O0:; at 1:X:8,fixed reaction temperature of
40 °C and reaction time of 5 h. Variable X was set at 0.4 to
1.2 mol of HCOOH. The results showed that an
increasing amount of HCOOH increased the ERA yield
and OOC value, as reflected by its RCO percentage (Fig.
3). High yield percentage and OOC were observed at high
HCOOH amount range of 0.8-1.2 mol. Increasing the
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mole of HCOOH up to 1.0 mol had increased OOC
value to 4.0%. However, further increment of HCOOH
amount led to a decline in the OOC. When the HCOOH
mole was higher than 1.0 there was a decrease in ERA
yield (90%) and OOC (reduced to 3.71%). The
maximum OOC value was attained using the optimum
level of formic acid where it acts as an oxygen carrier for
the formation of the required peracid catalyst and the
epoxy ring hydrolysis are equibalanced[33]. High
concentrations of HCOOH may cause the epoxy ring to
degrade, thus this condition needs to be avoided [29].
HCOOH
detrimental effect on the epoxide ring due to the epoxide

Increasing  the concentration had a
ring being unstable in an acidic medium and hence
easier to be degraded [30]. Therefore, the epoxide ring's
hydrolysis was promoted and reduced the final OOC
value [31], which agrees with the report that stated that
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the epoxide ring degraded faster at the molar ratio of
epoxidized oleic acid-based palm oil to HCOOH of 1:1
[31].

The Effect of Reaction Temperature

The next optimization process was set at a molar
ratio of RA:HCOOH:H,O; at 1:1:8, a reaction time of 5 h,
and a reaction temperature in the range of 30-70 °C. The
results showed that high values of yield and OOC were
achieved at reaction temperatures between 40-60°C (Fig.
4). Increasing the reaction temperature increased the ERA
OOC value (shown by its RCO) as the peroxy acid catalyst
(performic acid) increased. However, further increment
of reaction temperature led to a decline in OOC value.
Reaction temperatures of higher than 50 °C decreased
ERA yields to less than 78.3% and OOC down to 1.18%.
The higher concentration of performic acid must be
controlled to avoid extreme exothermic epoxidation
conditions, leading to low oxirane ring stability [30].

The Effect of Reaction Time

The final optimization process was set at a molar
ratio of RA: HCOOH: H,O, (1:1:8), reaction temperature
of 50 °C, and reaction time range of 1-5 h. As mentioned
earlier, a high concentration of performic acid (as the
reaction time is prolonged) must be avoided due to the
exothermic epoxidation process, which leads to the low
stability of the oxirane ring formed [29]. The reaction
time increment up to 4 h increased the ERA yield up to
91.1% and RCO to 85.3 % (Fig. 5). Further increase in
reaction time caused a decrease in the epoxide yield. Due
to the degradation of the oxirane ring, more by-products
are formed, and the undesirable oxirane ring-opening
reaction occurs [34]. The results have shown that the
optimal RA epoxidation reaction conditions were
achieved at a molar ratio of RA:-HCOOH:H,O, at 1:1:8,
reaction temperature of 50 °C, and reaction time of 4 h.

The final triplicate confirmation experiments have
shown that at the optimal RA epoxidation reaction
condition, the white powdery solid of ERA was produced
at 86% yield with an OOC value of 4.0 (85.3% RCO) and
IV value of 2.33 mg/g. In this study, OOC for the ERA was
4.69%, equivalent to 0.29 mol of oxygen/100 g of
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epoxidized RA or ERA. This value is lower than 0.34 mol
of oxygen/100 g of epoxidized sunflower oil [30]. The
theoretical IV value of ERA is 77.63 mg/g RA. Therefore,
the theoretical relative conversion to oxirane ring
oxygen (RCOuwe) is 97%. Thus, it indicates that about
11.7% of the oxirane ring in ERA had been degraded or
hydrolyzed during the epoxidation process at the
optimal condition. Nevertheless, this is an acceptable
value in an adequate reaction control condition because
the epoxidation process requires an acidic medium.

Product Characterization

FTIR peaks of RA indicate an unsaturation
functional group at 3010 cm™ (Csp>-H) 3010 cm™
(C=C). After the epoxidation of RA, the unsaturation
peak disappeared, and an additional new peak appeared
in the 823-843 cm™' range. The appearance of an epoxy
peak at 825 cm™ provided evidence that epoxidation
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reaction took place using in situ performic acids as a
catalyst. The change of functionality in this range
indicates that all
transformed into epoxide products (Fig. 6). Salimon et al.
[9] described that the characteristic signals in the FTIR
spectrum of RA at 823-843 cm™ represent the tertiary

the unsaturation content was

carbons of the oxirane ring. The complete disappearance
of C=C bonds in the ERA epoxide spectra further
indicates the almost complete conversion of double bonds
to oxirane (i.e., 85.3%). In this study, FTIR spectra
exhibited the ~OH absorption peak at approximately
3400-3500 cm™, representing the hydroxyl groups
belonging to the RA.

The epoxidized compound was synthesized to
produce an intermediate compound such as ERA to
produce a value-added product such as bio lubricant base
stock. The '"H-NMR spectra of RA and its epoxide, ERA,
are shown in Fig. 7. During the epoxidation of RA, the
unsaturation group was converted into an oxirane ring.
The chemical shift, § of the unsaturation in RA, was
shown at 5.3 to 5.6 ppm (Fig. 7). The epoxidized product,
ERA, was confirmed by the disappearance of the double
bonds of the unsaturation and the appearance of a new
chemical shift of the epoxy group (oxirane ring) at § 1.45
and 2.47 ppm (Fig. 7). Similar observations were observed
by Salimon et al. [9] during their study on ricinoleic acid
epoxidation and Borugadda and Goud [18] for the

OH

3450 cm! /

30 Csp™-H
3010 cm

a I I I

epoxidation of castor oil.

Furthermore, the presence of unsaturated acyl
carbon groups in RA was determined by identifying the
alkene group (C=C). The alkene group (C=C) in RA was
detected at the chemical shift of 132.30 ppm [35] as
shown in Fig. 8. The disappearance of this unsaturation
peak of RA was replaced by the appearance of a new
carbon epoxy group of ERA that proved the success of
the epoxidation process. Significant signals of new
chemical shifts were observed at 56.82 and 56.86 ppm for
a doublet corresponding to the oxirane ring's carbons
and a chemical shift at 32.84 ppm for carbon adjacent to
the oxirane ring (Fig. 8). The same observation was
reported by Salimon et al. [9].

NMR spectra multiplet reports for RA and ERA are
as follows:

RA - "H-NMR (400 MHz, CDCl;): § ppm 0.76-0.86
(m, 3H), 1.30-1.32 (d, J = 13.73 Hz, 22H), 1.40-1.43 (m,
2H), 1.59-1.60 (m, 2H), 2.00-2.02 (m, 2H), 2.22-2.26
(m, 2H), 2.29-2.30 (m, 2H), 3.62-4.05 (s, 1H), 5.40-5.50
(m, 1H), 5.51-5.55 (m, 1H), 6.50-6.52 (br. s., 1H); *C-
NMR (101 MHz, CDCL): § ppm 14.12 (s, 1C), 22.71 (s,
1C), 24.71 (s, 1C), 25.19 (s, 1C), 27.24 (s, 1C), 29.15 (s,
1C), 29.20 (s, 1C), 29.37 (s, 1C), 29.57 (s, 1C), 29.73 (s,
1C), 31.40 (s, 1C), 34.17 (s, 1C), 35.50 (s, 1C), 37.12 (s,
1C), 71.30 (s, 1C), 123.21 (s, 1C), 132.30 (s, 1C), 179.50
(s, 1C).
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Fig 6. FTIR spectra of RA and ERA
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Table 1. Physicochemical properties of epoxidized plants oil and epoxidized ricinoleic acid

Property ESO* ECO® ERA
Refractive index (@ 25 °C) 1.470 1.412 1.274
Epoxy/Oxirane Oxygen Content value, (%) 6.6 min 4.84 4.0
Acid value, (KOH mg/g) 0.5 max 1.32 128
Iodine value, (g 1,/100 g) 2.8 max 6.34 2.24
Flash point, (°C) 280 min 285 250
Pour point (°C) 10 -11 30

Note: ESO = Epoxidized soybean oil [34], ECO = Epoxidized castor bean oil [22], ERA = Epoxodized

ricinoleic acid (this study)

ERA - 'H-NMR (400 MHz, CDCL): 8 ppm 0.76-
0.86 (m, 3H), 1.30-1.32 (d, J = 13.73 Hz, 22H), 1.40-1.43
(m, 2H), 1.45-1.47 (m, 2H), 1.59-1.60 (d, ] = 7.48 Hz, 2H),
2.29-2.30 (m, 2H), 2.47-2.49 (m, 2H), 3.62-4.05 (s, 1H),
6.50-6.52 (br. s., 1H); *C-NMR (101 MHz, CDCL): §
ppm 14.12 (s, 1C), 22.71 (s, 1C), 29.15 (s, 1C), 29.20 (s,
1C), 29.37 (s, 1C), 31.11 (s, 1C), 31.11 (s, 1C), 31.11 (s,
1C), 31.11 (s, 1C), 31.11 (s, 1C), 31.40 (s, 1C), 31.41 (s,
1C), 32.84 (s, 1C), 34.17 (s, 1C), 56.82 (s, 1C), 56.90 (s,
1C), 71.50 (s, 1C), 179.6 (s, 1C).

Physicochemical Properties

In this study, the resulting ERA showed relatively
high epoxy value or OOC content compared to
epoxidized castor bean oil (ECO) and commercial
epoxidized soya bean oil (ESO). Table 1 shows the
comparative physicochemical properties of ESO, ECO,
and ERA. Most of the epoxidized plant oils showed
relatively high OOC and low IV values. ESO has been
commercialized and shown to enhance soft PVC's
softness and shine due to it being a good plasticizer and
stabilizer for PVC. The enhancement of the modified
PVC includes good sunlight-resistance, heat-resistance,
and low volatility. Soy-based polyurethane (PU) made
from soybean oil through preliminary epoxidation,
followed by methanolysis of the ESOresulting in soy-
methanol polyol with suitable resultant soy-methanol
polyol diisocyanates has been reported [36]. Most
epoxidized plant oils are used as components of
(35,
stabilizers of polymers [36]. The same range of industrial
application has been shown by ECO [4,18,21-22]. This
study showed that the obtained ERA had simmilar

polyurethane compositions plasticizers, and

properties to ESO and ECO. This indicates that it is
plausible for ERA to be used in the same industrial
ESO and ECO, particularly for
biolubricants application [8-9].

application as

m CONCLUSION

The epoxidation process of RA was successfully
optimized. The optimum reaction conditions were
obtained at a molar ratio of RA:HCOOH:H,O, of 1:1:8,
reaction temperature of 50 °C, and reaction time of 4 h.
At this optimum condition, the yields of RCO and ERA
were 85.3% and 86%, respectively. The resulting ERA
showed a high OOC value of 4.0 % and a low IV value of
2.24 mg/g. The results showed that all reaction variables
significantly affected the reaction responses and strong
interactions between reaction variables on the
epoxidation process. The optimized conditions had
successfully produced a high epoxide product (ERA)
with high OOC value and are plausible to be used as an
intermediate compound for further production of high-

end and value-added products such as biolubricants.
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Abstract: In this research, silver nanoparticles (AgNP) impregnated on natural
magnetic material/chitosan composite (NMP/Chi) have been conducted with different
AgNP concentrations (0.5, 1.0, 1.5 mM). Their antibacterial activity was examined
against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). The AgNP
samples were characterized with UV-Vis spectrophotometer and TEM. The
NMP/Chi/AgNP samples were identified with FTIR and XRD, while NMP/Chi/AgNP1.0
(with the highest antibacterial activity) were analyzed with TEM and SEM-EDX. The
antibacterial test with a well-diffusion method showed that NMP/Chi/AgNP was
categorized as a strong antibacterial agent. The composite showing the largest inhibition
zone diameters was NMP/Chi/AgNP prepared using 1.0 M AgNO;, namely 14.39 and
16.8 mm against E. coli and S. aureus, respectively. Characterization of AgNP1.0 showed
a spherical shape with an average particle diameter of 17.9 nm in suspension and 32.4 nm
in NMP/Chi. The presence of 1000 mg/kg NMP/Chi/AgNP1.0 composite in water was
able to reduce the growth of E. coli and S. aureus bacteria by 60.4% (from 5.3 to
2.1 CFU/mL) and 71.6% (from 6.34 to 1.86 CFU/mL), respectively, within 5 h. The
NMP/Chi/AgNP1.0 showed an effective antibacterial agent against both bacteria (E. coli

and S. aureus) and could be applied potentially in aquatic environments.

Keywords: silver nanoparticle; antibacterial; composite; natural magnet; chitosan

= INTRODUCTION

Chlorination, ozonation, uv irradiation,
photocatalytic degradation, and silver (Ag) metal have
been widely used to deactivate wastewater’s bacteria.
Chlorination is a disinfection method using chlorine,
acid, and hypochlorite ions. This process is effective but
generates Cl, gas, which is mutagenic and carcinogenic to
human health [1]. Ag metal has been known as an
excellent antibacterial agent that inhibits growth and even
kills bacteria, but its usage is required in large quantities
and fancy. So, this can be overcome by producing Ag
metal on a nanometer scale (ranging 1-10 nm) or
embedded on the surface of the matrix materials [2]. In
this way, only a small amount of Ag metal is used but
more beneficial because Ag nanoparticles (AgNP) are

more toxic for bacteria, especially Escherichia coli (E. coli)

and Staphylococcus aureus (S. aureus) [3]. In addition,
there is no evidence that the microbes are resistant when
exposed to silver nanoparticles.

The application of AgNP as antibacterial agents for
aquatic environments possesses weakness. Namely, it
cannot be re-usable since the agent is not easily separated
from the media. Therefore, the impregnation of the
AgNP on matrix materials is currently being developed.
A natural matrix, like chitosan, revealed that antibacterial
property is considerably capable of forming composites
to produce a better antibacterial property. Chitosan, a
polysaccharide obtained from the deacetylation of chitin,
is used as an antibacterial agent due to its ability to
interact with a negatively charged surface of a bacterial
cell, disrupting the growth of bacterial growth colonies
[4]. It can inhibit the pathogenic bacteria and spoilage
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microorganisms, fungi, and gram-positive and -negative
bacteria. Previous reports of the isolation and the
excellent antibacterial property of chitosan from natural
sources have been carried out [5]. In acidic conditions
(pH < 6.5), a free amine group (-NH,) of chitosan is
protonated into a cationic amine group (-NH;") and can
combine with various negatively charged materials, such as
the surface of bacterial cells [6]. Chitosan attached to the
magnetic materials causes to quickly separate it from the
liquid medium after application using an external magnetic
field. Chitosan coated on Fe;O, surfaces aims to keep
Fe;O, stable, not readily oxidized, and not form aggregates.
Chitosan is also known as toxic chelating metal. In
addition, magnetite with nanometer size tends to aggregate
to form bulk materials or form agglomerations caused by
a decrease in surface energy. Aggregation can be prevented
by coating the magnetite surface with a surfactant [7].
Besides synthetic, magnetic materials isolated from
natural materials such as iron sand are currently applied
[8], since material contains magnetic minerals such as
magnetite (FesO,), hematite (a-Fe,Os), and maghemite
(y-Fe;0s) [9]. Iron sand is used as a source of Fe cation in
the cobalt ferrite synthesis, which is less than 30 nm and
is superparamagnetic. These sizes and properties make
the resulting nanoparticles very good to be applied as an
antibacterial agent. The magnetic property of iron sand
can create a reused effect on the composite. Further, Fe;O,
magnetic material tends to be unstable and easily
oxidized, so the composite formation is needed to
overcome it. One of the composites used is chitosan.
Chitosan is a natural polymer with charged sites due to
[10]. The of hybrid
nanoparticles consisting of several components with a

electrolyte groups synthesis
fine structure and excellent antibacterial properties has a
high potential to be developed [11].

Magnetite nanoparticles mixed with polyaniline can
be used as metal adsorbents, dyestufts, or microwave
absorbers [12]. Materials can be used as microwave
absorbers due to their electrical and magnetic properties
[13]. Several previous studies have shown that the
antibacterial effectiveness of silver is higher when bound
with Fe;O4. The Ag/Fe;O4 core-type nanoparticles showed
antibacterial properties against bacterial strains such as E.

coli, Staphylococcus epidermis, and Bacillus subtilis.
Their paramagnetic properties cause nanoparticles to be
easily separated from liquids, recycled and reused, and
possibly widely applied as a disinfectant in the water
[13]. However, due to the chemically unstable property
of Fe;Os, the nanoparticles are easily broken down in
aquatic media, particularly in acidic conditions. Coating
Fe;O4 with polymers such as silica and chitosan is an
alternative technique to prevent the dissolution of the
Fe;0, in the media. Substitution of synthetic magnetite
with natural magnetic particles is expected to produce
more stable magnetic material and is prospective for the
future due to low cost.

This study reports the application of impregnated
AgNP  on
(NMP/Chi) composites as antibacterial agents. The

natural magnetic  particles/chitosan
antibacterial activity tests of E. coli and S. aureus were
performed with a well-diffusion method and in aqueous
media. The magnetic particles provide easy separation of

the agent from the aqueous media.
m EXPERIMENTAL SECTION
Materials

The materials used were natural magnetic particles
(NMP) isolated from iron sand collected from Glagah
Kulon Progo beach, Yogyakarta, using a procedure
reported by Nuryono et al. [14]. The chemicals used
included hydrochloric acid (HCI 37%), sodium citrate
(Na;CsH;505, p.a), acetic acid (CH;COOH 96%), silver
nitrate (AgNOs; 99.98%), and ammonia (NH; 25%)
purchased from Merck, technical chitosan from CV. Chi
Multiguna. Other materials such as distilled water were
obtained from CV. Progo. The antibacterial test using
bacterial cultures, E. coli, S. Aureus, nutrient agar, and
nutrient broth (NB) were conducted at the Faculty of
Biology, Universitas Gadjah Mada.

Instrumentation

The non-analytical instruments used included
Iwaki),
completed with a magnetic stirrer, mortar, oven
(Memmert UN 55 53L), 200 mesh sieve. Analytical
instruments used were an analytical balance (Mettler

laboratory glassware (Pyrex, a hotplate
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Toledo; Shimadzu AUW120), and universal pH (Merck).
Characterization of all composite samples was performed
with Fourier Transform Infrared spectrophotometer
(FTIR; Shimadzu Prestige-21) and X-ray diffractometer
(XRD; PANalytical X'Pert Pro series 2318 using Cu
source). The AgNP in suspension was measured their
absorbance  with  UV-Visible
(Shimadzu UV-1700) and Transmission Electron
Microscope (TEM; JEOL series JEM-1400). The Scanning
Electron Microscope-Energy Dispersive X-ray (SEM-
EDX; Hitachi SU 3500) was used to identify the
morphology  and
NMP/Chi/AgNP1.0.

spectrophotometer

elemental  composition  of

Procedure

Synthesis of silver nanoparticles

AgNP samples were synthesized by reducing Ag(I)
using sodium citrate, referring to the procedure reported
by Fosso-Kankeu et al. [15]. A total of 50 mL of (0.5; 1.0;
and 1.5 mM) AgNO:s in an Erlenmeyer flask was heated at
100 °C for 1 h, then 5 mL of 1% sodium citrate was added
dropwise. The mixture was stirred with a magnetic stirrer
during heating until it turned pale yellow, indicating
AgNP in suspension had been formed. AgNP samples
were characterized with a UV-Visible spectrophotometer.
The analysis with a UV-Visible spectrophotometer was
carried out by measuring the absorbance at a 300-800 nm
wavelength. The suspensions of AgNP obtained from 0.5,
1.0, and 1.5 mM AgNO; were called AgNP0.5, AgNP1.0,
and AgNP1.5, respectively.

Preparation of HCl-activated NMP

Ten grams of iron sand was washed repeatedly and
dried under sunlight for 48 h. Then, iron sand was
separated using an external magnet. The separated iron
sand was mashed and sieved with 200-mesh size. Iron
sand (lower than 200 mesh) was rewashed using distilled
water and dried in an oven for 18 h at 95 °C. Subsequently,
0.5 g of the sample was added with 1 mL of HCl 1 M,
soaked for 15 min, and dried in an oven for 24 h at 95 °C.

Synthesis of composite NMP/Chi/AgNP

Typically, 0.15 g of chitosan was dissolved in a
beaker glass in 30 mL of 1% acetic acid solution. Chitosan
solution (30 mL) was added with 0.5 g of HCl-activated
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NMP then stirred for 5 h at room temperature (25 °C).
The mixture was added with 0.5 M NH4OH until pH of
7 (neutral) has achieved. Then the mixture was poured
with 52 mL of AgNP suspensions which were prepared
from all concentrations of AgNOs solution. The mixture
was dried in an oven at a temperature of 60 °C for 24 h.
All NMP/Chi/AgNP prepared were characterized
with FTIR and XRD. SEM-EDX and TEM were used to
characterize NMP/Chi/AgNP1.0. For TEM analyses, the
sample was prepared by dipping the copper grid into
colloidal AgNP, then dried at room temperature. AGNP
images were obtained at an accelerated voltage of
120 kV. FTIR characterization was performed to
determine the functional groups of composites, and
XRD was used to identify the electro-oxidation product
of the sample phase according to the standard peak
patterns of the ICDD card. SEM-EDX data was collected
to identify the morphology and elemental composition.

Antibacterial activity test with well-diffusion
method

After the equipment and material sterilizations,
1 mL of E. coli bacteria was taken using a micropipette
and put in a liquid medium. Then, the bacteria were
incubated for 24 h at 37 °C. The base media was poured
into a petri dish, cooled, and stored until hardened for
1 h. Subsequently, the bacteria were evenly spread on the
base media using a cotton swab. For the antibacterial test
of NMP, NMP/Chi, and all prepared NMP/Chi/AgNP
samples, one well was made in the agar medium with a
diameter of + 6 mm, which was put in the tested samples.
After adding the tested samples, the petri dish was then
incubated at 37 °C for 24 h. Antibacterial activity was
calculated by their inhibition zone (in mm diameter).
Similar work was also performed for S. aureus.

Antibacterial activity test in water

Antibacterial activity test in water was performed
for NMP/Chi/AgNP1.0 composite with a shake flask
turbidimetry method. The absorbance (turbidity/optical
density) in aqueous media was measured with a UV-Vis
(turbidity/optical
density) shows the number of bacteria contained in the

spectrophotometer.  Absorbance

media. Liquid media (150 mL) containing nutrient broth

(1.3 g/100 mL) was mixed with 150 mg of
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NMP/Chi/AgNP1.0 composite and was stirred for 1 min.
At each particular interval time, the absorbance of the
mixture was measured with a UV-vis spectrophotometer.

m  RESULTS AND DISCUSSION
Silver Nanoparticles (AgNP)

The concentration of silver nitrate (AgNO;) as a
precursor affects the number of AgNP formed. The
investigation was conducted over the varied AgNO;
concentrations (0.5, 1.0, and 1.5 mM). At the same
condition, with a higher concentration of precursors, the
reduction of silver nanoparticles occurs faster. In
addition, the color change to darker at higher AgNO;
AgNO; highest
concentration (1.5 mM) produced the most concentrated

concentration. solution with the
color of AgNP suspension.

As shown in Fig. 1, the resulted AgNP could be
identified by the wavelength profile of surface plasmon
resonance (SPR). The maximum wavelength of SPR
ranges from 400 up to 450 nm [16]. The absorbance at a
wavelength of 416, 424, and 425 nm can be observed at the
samples of 0.5, 1.0, and 1.5 mM, respectively. It means
that the AgNP in suspension has been formed.

Based on Fig. 1, the increase in AgNOs concentration
enhances the sample’s absorbance gradually. The highest

1.0 +
08 9
Abs 0.5
806 = Abs 1
c
8 —Abs 15
a
(2]
204
0.2 +
0.0 - v ¥ . N
300 400 500 600 700 800

Wavelength (nm)
Fig 1. Absorbance at UV-Vis region of AgNP suspensions
prepared from various concentrations of AgNOj; solutions

absorbance was observed in the sample of 1.5 mM.
However, the sample of 0.5 mM showed the lowest
absorbance profile, which appeared at the wavelengths
of 300 to 500 nm. It might be caused by a low
concentration of AgNO; addition, thus producing a
small AgNP quantity. Mulfinger et al. [17] stated that the
low and high profile of the sample’s absorbance reveals
the amount of AgNP produced and the increase of the
reaction rate. Herein, the resulted AgNP (sample
0.5 mM) could not be easily detected by using the
spectrophotometer instrument.

Characteristics of NMP/Chi/AgNP

Functional groups

Composites of NMP/Chi/AgNP, including NMP
and NMP/Chi, were characterized with FTIR to identify
their functional groups in the samples and displayed in
Fig. 2.

The O-H stretching vibrations of chitosan are
observed at around 3000-3500 cm ™', and C-H stretching
appears at 2924 cm', whereas O-H bending is at
1620 cm™. The N-H angular deformation on the CO-
NH plane is observed at a wavenumber of 1543 cm™, and
the C-O stretching at 1080 cm™. These results were
similar to the previous data reported [18]. The sharp
characteristic absorption peaks at wavenumbers 574 and
455 cm™ correspond to the Fe-O bond of Fe;O, in the
NMP/Chi composite impregnated with AgNP (Fig. 2(c-
e)), revealing that the composite is formed via in situ
pathway [16].
with  the addition of various
concentrations show the changes in their intensity, peak

Samples

width, and wavenumber of some specific peaks of
chitosan (Fig. 2(c-e)). The peak of —-OH stretching
moves to the small wavenumbers. Bonds between O-Ag
and N-Ag are probably weakening the O-H and N-H
hydrogen bonds. In contrast, at a wavenumber of
1080 cm™', the intensity of C-O stretching of C-OH
chitosan increases. The large quantity of the acetyl group
of chitin substituted by hydrogen atom into amine (-
NHs,) leads to lower vibration energy and thus causes
significant changes; a shift to the lower wavenumber of
the amine group (-NH,) is observed.
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Fig 2. FTIR spectra of (a) NMP, (b) NMP/Chi, (c) NMP/Chi/AgNP0.5, (d) NMP/Chi/AgNP1.0, and (e)

NMP/Chi/AgNP1.5, respectively

The absorption around 2924 cm™ corresponds to
the doubled C-H stretching, yet the presence of AgNP
reduced single C-H stretching. It may be caused by the
interaction between Ag nanoparticles with the groups of
-OH and -NH, and then creating a stiffer chitosan
structure, and the absorption intensity at 2924 cm™
become much lower.

Structure of NMP/Chi/AgNP

The second characterization of the NMP/Chi/AgNP
composite was carried out with X-ray diffraction. It is
generally performed to identify the crystallinity and the
present minerals. Additionally, it is performed to identify
the phase of an electro-oxidation product by comparing it
to the XRD pattern of NMP. The results obtained are
presented in Fig. 3. As can be seen in Fig. 3, there are seven
typical peaks of magnetite in NMP as the main content,
which corresponds to an angle of 25° to 65° between the
experimental XRD pattern of Fe;O, in NMP and the
standard XRD pattern of Fe;04 (ICDD card no. 01-073-
2273), namely at the angles 30°, 35°, 43°, 56°, and 62°. It
indicates that Fe;O4 dominates the NMP component. The
XRD pattern of NMP/Chi shows that the decreased peaks
are observed at 30°, 35° and 56°. In addition, new peaks
at 27°, 29° 31° appear and a peak at 35° decreases.

According to the Miller ICDD card no. 00-039-1894,
those peaks belong to chitosan. The intensity of the
prominent peak of chitosan is proportional to the
quantity or amount and degree of crystallinity. Chitosan
crystallinity is strongly influenced by the strength of
chitosan polymer’s intramolecular and intermolecular
hydrogen bonds [19-20]. The chitosan crystallinity
increases after being modified into NMP, probably due
to the
intermolecular hydrogen bonds.

The XRD patterns of NMP/Chi/AgNP with
different AgNO; concentrations affect the composite

increased number of intramolecular and

crystallinity. It can be seen that the characteristic peak
and intensity are broader and lower, respectively, with
the increase in AgGNP concentration. The broader peak
indicates the heterogeneity of the polymer chains [21].
In addition, the increase in the AgNP concentration also
causes an increase in the primary peak intensity of
chitosan. Chitosan is a polymer with low crystallinity
due to the loss of existing intramolecular and
intermolecular hydrogen bonds. The AgNP at low
concentrations can be involved in intramolecular and
intermolecular hydrogen bonds, causing an increase in
the crystallinity of NMP/Chi/AgNP composites. The
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Fig 3. XRD patterns of (a) NMP, (b) NMP/Chi, (c) NMP/Chi/AgNP0.5, (d) NMP/Chi/AgNP1.0, (e)

NMP/Chi/AgNP1.5, respectively

linking model of hydrogen bonding of chitosan and
AgNP can be illustrated in Fig. 4.

Intermolecular interactions lead to regularity
between polymer units, while intramolecular interactions
lead to plane order of chitosan polymer units [18]. The
AgNP impregnation causes to increase in the regularity of
the chitosan crystal plane. The amount of AgNP used to
replace intramolecular hydrogen bonds is more
significant than that of intermolecular hydrogen bonds.
The XRD pattern of NMP/Chi/AgNP shows that a peak
intensity of 20 about 31° is lower than NMP/Chi (before
AgNP impregnation). The peak at 26 31° may be
influenced more by intramolecular hydrogen bond
interactions. Meanwhile, the peak intensity increase of 20
around 27°, 30° and 35° is probably due to the
intermolecular interaction of hydrogen bonds of chitosan
and NMP. The appearance of new peaks around 44° and
64° indicates AgNP peaks. As mentioned in the Miller
ICDD card No. 01-089-3722, Ag metal has the hkl value
of (111), (200), (220), (311) and (222) with 26 of 38°, 44°,
64°, and 77°, respectively. It is reported that with the
increasing number of metal ions bound by chitosan in the
composite, the crystallinity index of chitosan decreased

[22]. It is caused by the breakdown of intramolecular and

OH

NH,

i “",-\gm""'o\
H
Fig 4. Substitution Model of intramolecular hydrogen
bonds with AgNP

intermolecular hydrogen bonds, chitosan tends to form

complexes, and Ag metal is not involved in

intramolecular and intermolecular bonds.

Morphology of NMP/Chi/AgNP1.0

The  morphology of NMP/Chi/AgNP1.0
characterized by Transmission Electron Microscope
(TEM) is  presented by  AgNP1.0  and
NMP/Chi/AgNP1.0, and the images can be seen in Fig.
5. From the image, the size distribution of each particle
has been measured with Image], and the average size is
calculated. The result shows that the average size of
AgNP in suspension and in the composite is 17.9 and
32.44 nm, respectively. The particle size of NMP is
47.02 nm, and the chitosan layering the NMP reaches
81.06 nm.
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@ (5)

Fig 5. TEM images of (a) AgNP1.0 and (b) NMP/Chi/AgNP1.0

Scanning Electron Microscope (SEM) is used to
NMP/Chi/AgNP
composites. The SEM images of samples are presented in
Fig. 6. The morphology of NMP/Chi/AgNP1.0 shows an
uneven surface; there are rough bumps on the surface,

observe the morphology of the

whereas NMP/Chi (before AgNP impregnation) appears
to have a smooth surface even when viewed up to 5000
times magnification. Additionally, there are no spots on
the NMP/Chi surface, while NMP/Chi/AgNP shows
white spots. The spots indicate AgNP in the sample.

The elemental composition in the samples
investigated was analyzed with SEM-EDX, and the result
is summarized in Table 1. This analysis may provide semi-
quantitative data on elements in samples [23]. It can be
seen that NMP/Chi/AgNP1.0 contains silver with an
atomic percentage of 0.1%. The SEM-EDX data also show
the presence of carbon, nitrogen, oxygen, and iron. The
carbon and nitrogen contents come from chitosan, while
the iron appears from iron oxide magnetite (Fe;O.) or
hematite (a-Fe,O;). The percentage of C and N elements
is higher in NMP/Chi/AgNP than in NMP.

Indones. J. Chem., 2022, 22 (3), 620 - 629

NMP 47.02 nm

NMP /Chi 81.06 nm

AGNP 32.44 nm

R

Antibacterial Activity

The antibacterial activity of NMP/Chi/AgNP was
carried out referring to the well-diffusion method.
When the inhibition zone diameter of 5 mm or less, the
activity can be categorized as weak, an inhibition zone of
5-10 mm as moderate, 10-20 mm is categorized as
strong, and an inhibition zone of 20 mm or more is
categorized as very strong [24]. The qualitative test
results of the antibacterial activity of the samples can be
seen in Fig. 7, and the activity based on the inhibition

Table 1. The results of EDX analysis on the composite of
NMP/Chi/AgNP1.0

Element =~ NMP NMP/Chi  NMP/Chi/AgNP1.0
C 4.54 15.99 22.14
N 0.41 6.42 8.43
@) 51.73 30.30 32.42
Fe 15.44 3.99 3.28
Al 4.84 1.29 0.97
Si 14.65 5.36 4.52
Ag 0.10

Ay S = ¢ . 10 115k 5,00k SE L o [l unson 10 0uy 116 15100 SE o L e
Fig 6. SEM images of composite (a) NMP, (b) NMP/Chi, and (¢) NMP/Chi/AgNP1.0, with a magnification of 5000x
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(a)

Negative control NMP NMP/Chi NMP/Chi/AgNP.0.5 NMP/Chi/AgNP.1.0  NMP/ChifAgNP.1.5

Fig 7. Images of antibacterial testing results for (a) E. coli and (b) S. aureus by measuring the diameter of the inhibition

zone

Table 2. Measurements result of the inhibition zone diameter of bacteria

Inhibition zone diameter (mm)

Antibacterial sample - Category
E. Coli S. Aureus

Negative control 0 0 Weak
NMP 0 0 Weak
NMP/Chi 7.56 9.62 Moderate
NMP/Chi/AgNP0.5 11.49 14.00 Strong
NMP/Chi/AgNP1.0 14.39 16.18 Strong
NMP/Chi/AgNP1.5 12.66 16.79 Strong
Positive control (betadine) 2451 28.41 Very strong

zone measurement is summarized in Table 2. In Fig. 7, the
colloidal AgNP indicates inhibitory activity against E. coli
and S. aureus bacteria. The results showed that NMP/Chi/
AgNP gives an antibacterial activity stronger than other
tested samples. The highest inhibition zone diameter
occurs in NMP/Chi/AgNP1.0, from AgNO; 1.0 mM,
(14.39 mm) for E. coli and NMP/Chi/AgNP1.5, from
AgNO; 1.5 mM for S. aureus (16.79 mm). NMP/Chi/
AgNP composites tested are less active than the positive
control (betadine), giving the zone diameter of 24.51 mm
and 29.41 mm for E. Coli and S. aureus, respectively. The
antibacterial activity of NMP/Chi/AgNP1.0 and
NMP/Chi/AgNP1.5 is not significantly different for S.
aureus; hence, the characterization is conducted only for
NMP/Chi/AgNP1.0.

The lower activity of the AgNP impregnated is
probably caused by the low distribution of the particles in
the media. AgNP bound to chitosan resulted in the
breakdown of intermolecular and intramolecular hydrogen

bonds so that chitosan tends to form chelates with
AgNP. The intermolecular and intramolecular hydrogen
bonds that are no longer formed can reduce the
interaction of the entry of the composite surface, namely
the AgNP active site, with the bacterial cell surface,
thereby reducing antibacterial activity. From Table 2, it
can be seen that chitosan alone gives inhibitory activity
even though it is lower than AgNP. The factor
responsible for the lowest activity of NMP/Chi/AgNP1.5
is unclear. However, the higher concentration leads to
the aggregation of the particles and reduces the activity.
It agrees with previous research that silver with
nanoparticle size has a higher bacterial inhibitory power
[25]. Silver nanoparticles are chemically more reactive
and more easily ionized than silver particles in large
materials. Therefore, nanoparticles are indicated to have
high antibacterial abilities. Silver ions interact with cells
to prevent protein synthesis, decrease surface
permeability, and ultimately cause cell death.
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Table 3. The bacterial growth in water without and with antibacterial agent NMP/Chi/AgNP1.0

Time Number of E. coli produced (CFU/mL) Number of S. aureus produced (CFU/mL)
(h) Without composite With composite Without composite With composite
0 24 2.1 0.8 0.8
1 24 2.0 0.8 0.7
2 2.3 2.3 1.9 1.9
3 2.3 2.3 1.9 2.1
4 3.8 2.1 3.2 2.1
5 5.3 2.1 6.3 1.8
50 4.9 2.4 21.3 4.5

Antibacterial
Water

Activity of NMP/Chi/AgNP1.0 in

The antibacterial activity of NMP/Chi/AgNP in
aqueous media was tested by comparing the growth of
bacteria in water with and without the addition of
composites. The bacteria’s presence resulted in the
media’s turbidity, which could be measured by the
turbidimetric method and presented in CFU/mL. The
results of the calculation of the number of bacteria
expressed in CFU/mL are shown in Table 3.

From Table 3, it appears that the bacteria grew after
incubation lasted for 3 h. The effect of the composite as
antibacterial inhibition was only visible starting at 4 h. For
E. coli bacteria, growth is prolonged, and the addition of
composites practically prevents bacteria from growing.
Up to 50 h, the inhibition rate reaches 51%. In contrast to
E. coli, S. aureus can grow well up to 50 h. The addition of
NMP/Chi/AgNP in the inhibited growth
significantly, namely 80%.

m CONCLUSION

It can be concluded that the NMP/Chi composite
powder has been successfully made with black color and

media

an irregular shape on the surface. AgNP1.0 impregnation
on the NMP/Chi increased the average particle diameter
from 17.88 to 32.44 nm. Antibacterial test with the well-
diffusion method showed that NMP/Chi/AgNP1.0
effectively inhibits the growth of bacteria for both E. coli
and S. aureus. In water media, the composite indicated
similar antibacterial properties, and S. aureus growth
revealed more significance to be inhibited than E. Coli.
Therefore, a separable and effective antibacterial
composite, NMP/Chi/AgNP is prospective to be applied

in aquatic environments.
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24 x 2 matrix display screen, where samples were prepared via absorption using wool

thread. With a linear range of 1-20 mg/L, our proposed colorimetric sensor had recoveries
0f 96.25-110.3%, which was better compared to that was obtained from the UV-vis (81.8-
100.6%) method. The detection and quantification limits of the sensor were 2.766 and
8.383 mg/L, respectively. The syrup samples used in this study were purchased from the
local stores in Banda Aceh. Based on the proposed TCS3200 color sensor, the highest
rhodamine B concentration from the syrup sample was 16.74 mg/L. The t-test analysis in
this study revealed that the Rhodamine B levels quantified using the newly developed
TCS3200 color sensor were not statistically or significantly different from the UV-Vis
spectrophotometer method.

Keywords: color sensor; TCS3200; rhodamine B; Arduino Uno; Zn(CNS),; IDE software

= INTRODUCTION Additionally, the synthetic dye may give a brighter color

. he fi .
As a form of consumer protection efforts, sensor to the food or beverage product [6]

As one of 30 synthetic dyes available, Rhodamine

technology for food or beverage products has been
developed intensely [1-3]. For example, Fourier Transform
Infrared (FTIR) spectroscopy has been employed to
separate halal and non-halal meatballs [4]. The color
spectroscopy method has also reported the detection and
analysis of synthetic dye rhodamine B in chili powder [5].
Dyes used in food products are derived from natural and
artificial chemicals. Synthetic dyes are widely used
cost-efficient and available.

because it is more

B is considered as a dangerous dye, where its use in food
or beverage products has been prohibited. Nevertheless,
Rhodamine B is often used in processing industries,
papers, [7-8]. Moreover, it could be
employed as a ligand to bind metal ions [9]. However, in

and fabrics

Indonesia, rhodamine B is still very popular as a food
coloring agent, including in iced syrup. The syrup is
intentionally added with rhodamine B, so the products
obtain a more attractive appearance [10].
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Methods that have been previously developed to
identify rhodamine B in food ingredients include thin-
layer chromatography (TLC) [11], voltammetry [12], and
the standard method using UV-Vis spectrophotometer
(the best option for identifying compounds with color).
UV-Vis
drawbacks; not portable, complicated, and expensive [13].

However, spectrophotometry has several
Hence, this study tried to overcome the stated drawbacks
by developing a simple measurement method using a
portable sensor.

The sensor system developed in the present work
was based on the TCS3200 color sensor constructed by the
console to overcome external noise and program library
modification [14]. The TCS3200 color sensor has been
widely reported for different applications, including
measuring levels of cyanide [14], nitrogen [15], and heavy
metals [16]. In the case of colorimetric sensors, analytes
should first be reacted with a complexing agent to cause a
color change [17-18]. In this study, the sensor detects
color degradation from tissue paper that has been spiked
with reagents, so its sensitivity is specifically improved for
rhodamine B analysis. The reagent used was Zn(CNS),,
which can cause a color change from red to purple due to
the formation of the rhodamine B-Zn-thiocyanate ((RhB)
complex 2Zn(CNS),) [19].

The color intensity contributed by the presence of
rhodamine B was converted through the sensor output
pin in the form of a square signal in which its frequency
depends on the concentration. The box's signal with
varied frequency was then processed using a
microcontroller on Arduino Uno. In this processing, four
filters were used, namely green, blue, red, and no filter. In
this case, no filter was excluded because the three
parameters were sufficient to represent the color
degradation of rhodamine B in the sample [20]. Filter
settings were performed by providing low and high logic
in the Arduino IDE program, following the reported
study [21].

The distance between the sample and the 8 x 8 diode
array was set at 3 cm, following the sensor system's
geometry. The console's color was made black so the color
could be absorbed fully, and influence from the
degradation of colors that enter the diode array could be

avoided. After obtaining the concentration of
rhodamine B using the Arduino Uno-based TCS3200
color sensor, the results were compared with the
standard UV-Vis spectrophotometric method. Finally,
the analysis results were compared to obtain the data on
sensitivity and accuracy of the newly developed sensor
[22].

m EXPERIMENTAL SECTION

Materials

The UV-Vis
spectrophotometer (Thermo Fisher Scientific, Selangor
Malaysia), a color sensor TCS3200 (ICTAOS/AMS), a
console, and an Arduino Uno (wavgat). Syrup samples

materials used were a

tested for rhodamine B levels were procured from local
stores in Banda Aceh. The standard rhodamine B was
purchased from The National Agency of Drug and Food
Control of Indonesia (BPOM RI). All other chemicals
used, i.e. NH,OH, NaOH, HCI, C;HsOH, CH;CO:Na,
ZnCl,, CH;CO:H, and KCNS, were obtained from
Merck (Selangor, Malaysia) in analytical grade.

Hardware Design

The hardware design was initiated by developing a
console for the TCS3200 color sensor, then connecting
the output port of the color sensor via a jumper cable to
the Arduino Uno microcomputer to process frequency
data and convert it into 8-bit RGB digital data. There
were 256 color digit variations for each RGB color
component that was sortable and distinguishable by the
processing. These color digit variations were displayed
on the computer screen and converted to reduce color
variations. These color variations were also recorded in
xls format (MS Excel) (Fig. 1).

Development of the TCS3200 Sensor Console

The TCS3200 console sensor was designed in black
to absorb all color wavelengths. The distance between
the diode array and the color object was 3 cm. The
console was arranged in such a way that light from
outside could not enter. The TCS3200 sensor was
positioned opposite the color sample, which was
absorbed into a filter paper. Four LED units with white

Muhammad Syukri Surbakti et al.



632 Indones. J. Chem., 2022, 22 (3), 630 - 640

Processing

TCS3200 color

SeRa0F Arduino Uno

Output

PC/Laptop

Fig 1. Schematic diagram of hardware design

wavelengths would hit the filter paper, and the intensity
light reflected the diode array following the color intensity
of the sample.

Software Design

Construction of the software design was initiated
with a blink test on the Arduino Uno system to determine
the response and performance of the microcomputer. The
software used was Arduino IDE with available open-
source libraries - C programming language. The program
library was modified to enable the required color filters,
Arduino Uno pins, the required display format, and data
storage mode (Fig. 2).

Rhodamine Analysis Using TCS3200 Color Sensor

Construction of the calibration curve for rhodamine B

Briefly, the rhodamine B solution was added with
3.0 mL of Zn-thiocyanate. Then, the standard solution
(RhB),-Zn(CNS), with different concentrations measured
the RGB value with the TCS3200 color sensor and
absorbance with UV-Vis at the maximum wavelength
obtained. The solution was prepared with 100 mg/L
rhodamine B as the stock solution, which was then diluted
using distilled water into standard solutions with varying
concentrations ranging from 1 to 20 mg/L. These
solutions were prepared to determine the maximum
wavelength of rhodamine B and as a database for the
TCS3200 color sensor. Following that, a solution of 1 mL
ZnCl, 2 M and 2 mL KCNS 2 M as a reagent was made to
detect the presence of rhodamine B, as suggested by a
previous report [23].

© cba2 | Arduino 1.8.13
| File Edit Sketch Tools Help |

> BE K

Lf{LEDatate==0) { t Krite (LED, Wyr)
12 {LEDatate==1) { Tal e (LED, HIGH):)

lay{senzorDelay) :

readPulsespulsein (tacsOutPin, LOW, 25000)/2: |
17{ readfulse<.l){readPulse = 25000:) |

tacaMode (0) 5
eturn  readfulse:

1 tacaMode (int mode) (

1f (mode==0) {digitalWrite (LED, }rdigicalWrice (90, V) sdigita
e if(mode==1) {dig e (00, HIGH) 2 talWrice (al, 1))
(mode==2) {dig 1 ve (80, HIGH) ; talWz tol,LoW) ;)

lse if (mode==3) {digitalirice (20, i) ;digicalWrice (1, HIGH) 1)

Fig 2. Display of the Arduino IDE Software main menu

Determination of rhodamine B level using the
TCS$3200 color sensor

The standard curve of (RhB),-Zn(CNS), was
obtained by measuring the RGB values of the standard
solution (RhB),-Zn(CNS), using the TCS3200 sensor.
The concentration of rhodamine B used was 1 to 20
mg/L, which were priorly reacted with reagents.
Measurements were carried out three times, and the
concentration was averaged. Thereafter, RGB values
were converted into a color index, namely Hue,
Intensity, and Saturation (HIS). Conversion of RGB
values to HIS values was carried out using the following
Equations.

R

Red color index (Ip) =———— 1
) =3 767s L)
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G
Green color index (In)=—— 2
Ie) =2 7G+3 @
B
Blue color index (Ip) = ——— 3
x (1) R+G+B 3

The HIS color model was designed to resemble the
perception of human vision, while the RGB values
resembled the image of the display system [20]. The
results of the calculation of the HIS value were then
plotted as the dependent variable (y-axis) to the variation
of concentration (RhB),-Zn(CNS), (x-axis).

TCS3200 color sensor method validation

Method validation included accuracy, precision,
sensitivity, and linearity, which were conducted based on
the suggestion from a previous report [22].

Syrup sample preparation

Samples of commercial red syrup were purchased
from local stores in Banda Aceh. Each sample (10 mL) was
taken and put into an Erlenmeyer which was subsequently
mixed in 20 mL of 25% ammonia solution (dissolved in
70% ethanol) for 24 h and evaporated on a hot plate. The
evaporation residue was dissolved in 10 mL distilled water
containing acid (10 mL distilled water and 5 mL acetic
acid 10%). Wool thread (15 cm) was dipped into the acid
solution and simmered for 10 min until the dye colors
appeared on the wool thread, then lifted. The wool thread
was then washed with distilled water, and the wool thread
was dissolved in ethanol 70% and heated to a boil (Fig. 3).
This solution was used as the sample, per suggestion by a
published work [24]. The wool thread was used to extract

Fig 3. The extraction of rhodamine B from commercial

red syrups using wool thread. Wool thread was dipped
into the dissolved syrup residue for 10 min (a).
Rhodamine B-containing wool thread before re-
immersed to ethanol 70% and boiled (b)

rhodamine B-containing samples in an acidic
environment. A comparative study has reported that
wool thread has the highest dye adsorption as compared
with silk and nylon [25]. Adsorption of dye analyte in
wool thread is determined by its O- and N-containing
functional groups, which has been reported in many
published papers [26-28]. The dyed wool was then
immersed in ethanol 70% and boiled until its original
color returned. The obtained solution was analyzed for
its rhodamine B levels using the TCS3200 color sensor

and a reference method — UV-Vis spectrophotometry.
Quantitative Analysis

The prepared sample was added with Zn-
thiocyanate and then dipped in filter paper. Rhodamine
B levels were measured using the TCS3200 color sensor
[29]. The concentration was obtained based on the linear
equation obtained from the calibration curve.

Method Comparison using Two-Way t-Test

Results of the samples between the TCS3200 color
sensor and the UV-Vis spectrophotometry method were
compared [30]. In addition, a two-way ¢-test was carried
out to see the significance between the newly studied
TCS3200 color sensor method and the reference method
using UV-Vis spectroscopy by calculating the ¢ value for
each method and then comparing it with the ticoretical.

m RESULTS AND DISCUSSION
Maximum A of Rhodamine B Complex

The complex (RhB),-Zn(CNS); was produced to
give rhodamine B a specific color, allowing easier
analysis. The solution of rhodamine B, which was
initially red, turned to purple and was then measured
using a UV-Vis spectrophotometer at a wavelength
ranging from 574 to 600 nm. The UV-vis absorbance
(RhB),-Zn(CNS),
scanned from 574 to 600 nm is presented in Fig. 4.

corresponding to the complex

Based on the measurement results, the UV-Vis
spectrometer spectrum of (RhB),-Zn(CNS), showed a
maximum absorption (0.442 au) at a wavelength of
590 nm. The difference in wavelength between
rhodamine B and (RhB),-Zn(CNS), is due to a shift in
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Fig 4. UV-Vis spectrometer spectrum of (RhB),-Zn(CNS), showing a maximum wavelength at 590 nm

wavelength towards the bathochromic direction caused
by substitution, solvent effects, and the influence of the
chromophore group [31]. The successful formation of the
(RhB),-Zn(CNS)s complex was indicated by a color
change from red to purple and a shift in wavelength. The
equation for the reaction between rhodamine B and
Zn(CNS); can be seen in Fig. 5.

Based on the graph, we can see three regression
equations obtained from each RGB index value, namely Ir
y = 0.0028x + 0.3411; I y = 0.0032x + 0.3513 and Is y = -
0.0058x + 0.3059. The values of the determination
(R») 0.9792,0.9700, and 0.9729
respectively. The R index had the best determination
coefficient (R?) of 0.9792. Therefore, the regression

coefficient were

equation for the R index was used to determine the
concentration of rhodamine B in the sample.

Measurement using UV-Vis Spectrophotometer

The standard curve of (RhB),-Zn(CNS), was
measured at a wavelength of 590 nm by a UV-Vis
spectrophotometer. The concentration of rhodamine B
that was used ranged from 1 to 20 mg/L, which was
priorly reacted with reagents. Measurements were
carried out three times and averaged for each
concentration. The absorbance measurements can be
seen in Fig. 6. The regression equation y = 0.0023x +
0.0773 had a determination coefficient (R?) of 0.9927.
Hence, it can be concluded that the concentration was

0.45 1 y=0.0032x + 0.3513
R? = 0.9700
04 R i
......... B —
_ : -';_____._., o y =0.0028x + 0.3411
036 e R? = 0.9792
03
@
-
0.25 1
02
y = -0.0058x + 0.3059
0154 ——IB R*=0.9729
01 . . ' v S
0 5 10 15 20 25

[Rhodamine B] (mg/L)
Fig 5. Calibration curve for (RhB),-Zn(CNS),
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directly proportional to the absorbance, meaning that the
absorbance for the complex (RhB),-Zn(CNS), was
dependent on rhodamine B concentration.

Method Validation

Accuracy

The accuracy of the proposed sensor method was
based on the recovery (%), representing the value
proximity of the standard concentration solution to the
actual concentration. The concentrations of (RhB),-
Zn(CNS); used were 1, 10, and 20 mg/L for the analysis
with TCS3200 and UV-Vis color sensors. The actual
concentration values and the percent recovery values
from each method can be seen in Table 1. The recovery %
calculation for the TCS3200 color sensor was still within
the allowable error range of 90-110% [32]. However, at a
concentration of 1 mg/L, UV-Vis had a recovery value
below the permissible range (81.8%). Therefore, our
proposed method was suggested to have better accuracy
levels at a low

for determining rhodamine B

concentration (1 mg/L).

0.700 4

0.600 4

Absorbance (AU)
o ©o© o
(5 e w
8 8 8

g

Precision

The precision was determined to see the proximity
of the value changes in the repetition process. The
precision value was derived from the standard curve
with a respective concentration of (RhB),-Zn(CNS), (1,
10, and 20 mg/L), expressed by the variation coefficient
(VC). The precision values for both methods based on
intra-day and inter-day repetition are presented in Table
2. The variation coefficient value obtained by the two
measurements increased with the decrement in the
concentration of the standard solution. The method is
accurate if it provides a variation coefficient value of less
than 2% [32]. Nonetheless, inter-day repetition yielded
higher variation coefficient, especially when rhodamine
B concentration was 1 mg/L.

Linearity

Linearity is the functional area of sample
measurement. The linearity of measurements using the
TCS3200 color sensor and UV-Vis spectrophotometer
for a concentration range of 1-20 mg/L is depicted in
Fig. 5 and 6, respectively. Several studies used a

y =0.0253x + 0.0773
R?* = 0.9927

0 5 10

15 20 25

[Rhodamine B] (mg/L)
Fig 6. Calibration curve for (RhB),-Zn(CNS),

Table 1. Recovery percentages of TCS3200 sensor and UV-vis spectrophotometer

Actual concentration

Concentration (mg/L) (mg/L) Recovery (%)
TCS3200 UV-Vis TCS3200 UV-Vis
1 1.030 0.818 103.5 81.80
10 11.03 10.06 110.3 100.6
20 19.25 19.03 96.25 95.15
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Table 2. VC values of TCS3200 sensor and UV-vis spectrophotometer obtained from intra-day and inter-day repetition

[Rhodamine B] (mg/L)

Intra-day variation coefficient (%)

Inter-day variation coefficient (%)

TCS3200 UV-Vis TCS3200 UV-Vis
1 0.291 0.721 7.966 8.563
10 0.268 0.521 1.294 1.664
20 0.253 0.357 0.509 0.851

non-linear calibration curve because the sensor system
formed an exponential response [33]. However, in the
present study, the quantitative analysis was conducted
based on linear regression.

Sensitivity

The sensitivity value is shown from the slope of the
complex standard curve of (RhB),-Zn(CNS), for each
method. Based on the linear regression standard curve
equation, the slope value for the TCS3200 color sensor
measurement method was obtained from the regression
equation y = 0.0028x + 0.3411, which was 0.0028. While
the slope value for the UV-Vis spectrophotometer
measurement method was obtained from the regression
equation y = 0.0253x + 0.0773 is 0.0253. Based on the
constructed standard curve, we calculated the limit of
detection (LOD) by multiplying the standard deviation of
response by 3.3 and dividing with the slope. Meanwhile,
the limit of quantification (LOQ) could be obtained by
multiplying the standard deviation of response by 10 and
dividing it with the slope. The LOD obtained for the
TCS3200 color sensor and UV-Vis spectrophotometer
was 2.766 and 1.715 mg/L, respectively. These values
explain why the inter-day precision for the 1 mg/L
rhodamine B sample obtained for both methods exceeded
the acceptable maximum variation coefficient (< 2%). As
for the LOQ, the values reached 8.383 and 5.196 mg/L for
the TCS3200 sensor and UV-Vis spectrophotometer,
LOD and LOQ in UV-Vis
spectrophotometer suggest its superiority in comparison

respectively. Lower

to the TCS3200 color sensor, in terms of sensitivity.

Quantitative Analysis Using the TCS3200 Color
Sensor

Samples were measured using a series of tools that had
been readily connected to the TCS3200 color sensor. The
measurement was carried out by dipping the filter paper

into the sample solution to which 3 mL of Zn(CNS),
reagent had been added, then dried and measured using
the TCS3200
Measurements were carried out three times on each

color sensor in dark conditions.
sample with 3 cm-long distance between the sensor and
the sample. Such distance was given to allow even
distribution of the emitted light from four Light
Emitting Diodes (LEDs) to the sample and the
photodiode, in which the sample could emit a current
proportional to the basic color of received light.

Table 3 shows that the RGB value obtained from
each sample is a code to indicate a specific color. The
HIS value in the table was obtained using Eq. (1-3). The
Ir value was used to determine the concentration of
rhodamine B in the sample because it had the best R
(0.9792) among the others (Fig. 6). The total
concentration of rhodamine B obtained from the
measurement using the TCS3200 color sensor based on
the Ir value can be observed in Table 4, showing the
concentration of each sample with five repetitions. The
red index value obtained from Eq. (1) has the same
function as the absorbance value, the dependent variable
in determining the concentration. Therefore, the
concentration of rhodamine B in the sample was
calculated by substituting the red color index value of the
sample into the standard curve regression equation
(RhB),-Zn(CNS)4 R index.

Following the analysis, we found that samples A, B,
and C contained rhodamine B with an average of 1.74,
16.74, and 5.10 mg/L, respectively. However, sample A
had a rhodamine B concentration lower than the LOD
of both the TCS3200 and UV-Vis spectrophotometer
(2.766 and 1.715 mg/L, respectively). In this case, the
response generated from sample A could not be
differentiated from that of the blank standard. Hence,
the presence of rhodamine B in sample A could not be
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Table 3. RGB value samples
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. RGB Measurement HIS Value Measurement
Repetition Color
R G B Ir Is Iy
1 232 213 224 0.346 0.317 0.334
< 2 233 213 224 0.347 0.317 0.334
% 3 233 212 224 0.348 0.317 0.334
§ 4 231 211 222 0.343 0.312 0.330
< 5 230 210 223 0.346 0.316 0.336
A 231.8 211.8 2234 0.345 0.316 0.334
1 206 108 215 0.389 0.203 0.406
m 2 206 107 216 0.388 0.202 0.407
% 3 206 108 216 0.386 0.203 0.407
§ 4 205 106 215 0.389 0.201 0.408
e 5 206 107 215 0.388 0.203 0.407
D 205.2 107.2 2154 0.388 0.203 0.407
1 222 173 228 0.356 0.278 0.366
O 2 221 173 227 0.355 0.278 0.365
% 3 221 172 226 0.357 0.276 0.366
§ 4 220 171 227 0.355 0.276 0.367
@ 5 220 172 228 0.354 0.277 0.367
F 220.8 172.2 227.2 0.355 0.276 0.366
Table 4. Sample concentration value of TCS3200 color sensor
ition (mg/L —
Sample (X) 1 . Repetit 03 (mg/L) y : X (mg/L)
A 1.75 2.10 2.46 0.67 1.75 1.74
B 17.10 16.75 16.03 17.10 16.75 16.74
C 5.32 4.96 5.67 4.96 4.61 5.10

confirmed by either method. As for sample C, the
calculated concentration was lower than the LOQ of the
TCS3200. Although its presence was confirmed, its
quantitative concentration value was not reliable.
Therefore, for the following analysis of comparing
TCS3200 with UV-Vis spectrophotometer, samples A and
C were excluded.

Comparing Methods Between the TCS3200 Color
Sensor with UV-Vis Spectrophotometry Using the
Two-Way t-Test

Method comparisons were carried out to see whether
the TCS3200 color sensor had similar results to a UV-Vis
spectrophotometer. The prepared samples were measured
for five repetitions with UV-Vis at a wavelength of 590 nm
and TCS 3200. Concentrations of rhodamine B in sample
B were 16.74 and 17.26 mg/L for measurements using

TCS3200 and UV-Vis spectrophotometer, respectively.
T-test (a = 8.95%) performed on the obtained data
revealed that the tegperimental a0d tiheoretical Values were 1.21
and 2.31, respectively. Therefore, Hy is accepted because
the value of texperimental < tincoretical. Ho States that differences
of data obtained from TCS3200 and the UV-Vis
spectrophotometer are not meaningful or significant.
This analysis validates the high concentration of
rhodamine B in sample B, calculated using TCS3200. It
is worth mentioning that high concentrations of
rhodamine B exposed to the human body could cause
adverse health effects [34].

m CONCLUSION

The analytical performance of the newly developed
TCS3200 color sensor was satisfactory, considering that
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the analysis could be run in situ and available at an
affordable cost, and the components were free to access.
The results showed that the color gradation only occurred
in the R (Red) component, while the other components,
G (Green) and B (Blue), were not concentration-
depended. The t-test results showed that tegerimena <
tineoretical SUGEesting the absence of statistical significance
between the results obtained from the TCS3200 color
sensor and the UV-Vis spectrophotometric method. The
syrup samples procured from the local stores in Banda
Aceh were tested qualitatively and quantitatively and was
found to contain rhodamine B with high concentrations.
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Abstract: Besides others, textile industries are the primary sources of discharging a
massive amount of highly colored wastewater. Adsorption can be considered the most
economically favorable technology method for removing dyes from wastewater. This
paper reports the synthesis of Poly tetra (ethyleneglycol) dimethacrylate crosslinked with
2-hydroxypropyl methacrylate (Poly (TtEGDMA-cross-2-HPMA)) hydrogels and its
application as a novel sorbent to remove bemacid red (ET,) dye from aqueous solution
under various operating conditions. The equilibrium adsorption capacity was found
142.82-883.60 mg ET, g' of 1% TtEGDMA. The adsorbent was characterized using
Fourier transform infrared radiation (FTIR) and “carbon solid-state nuclear magnetic
resonance spectra (PC-NMR). The effects of the experimental parameters include dye
concentration and crosslinked agent concentration. The kinetic sorption uptake for ET,
by Poly (TtEGDMA-cross-2-HPMA) at various initial dye concentrations was analyzed
by pseudo-first and pseudo-second models. Two sorption isotherms, namely the Langmuir
and Freundlich isotherms, were applied to the sorption equilibrium data. The sorption
kinetics of ET, onto the hydrogels followed the pseudo-second-order kinetics model (R* =
0.999) and the adsorption equilibrium data obeyed the Langmuir isotherm model (R? =
0.999). It can be concluded that Poly (TtEGDMA-cross-2-HPMA) is an alternative
economic sorbent to more costly adsorbents used for dye removal in wastewater treatment
processes.

Keywords: tetra (ethylene glycol) dimethacrylate; 2-hydroxypropyl methacrylate;
bemacid red; pseudo-second model; Langmuir isotherm

= INTRODUCTION

More than 10,000 dyes have been widely used in
textile, paper, rubber, plastics, leather, cosmetics,
pharmaceutical, and food industries to color their

carcinogenic aromatic amines under anaerobic
conditions, which could cause serious health problems
to humans and animals [1]. Dyes prevent light from
penetrating water masses and suppress the
photosynthesis process. Thus, the biological energy flow

products, which generates a huge volume of wastewater
every year [1-2]. The disposal of dye wastewater without
proper treatment is a big challenge and has caused harm
to the aquatic environment, such as reducing light
penetration and photosynthesis [1]. Some of the dyes
contained in wastewater are decomposed into

in the water environment is affected. Due to the
carcinogenic and mutagenic properties of the dyes, they
also affect microbial and other living organisms in water
(3].

Due to the low biodegradability, conventional
biological wastewater treatment processes are not
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efficient in treating dyes wastewater [1]. Therefore, dye
wastewater is usually treated by physical, chemical, and
biological processes [3-4]. Due to its cost-effectiveness,
simple design, and ease of use, adsorption is the most
preferred method for physical-chemical wastewater
treatment [3,5-7]. Several adsorbents have been reported
in the literature, such as clay such as smectites [8-10],
zeolite [11-13], fly ash [10,14-15], silica gel [16-18],
[9,19], and algae [20-21]
adsorption of basic dyes from aqueous solution. Several

chitosan regarding the
methods were developed for wastewater treatment [21-
24].

Adsorption is the best

comprehensive technique [25], the most effective process

process, the most
of advanced wastewater treatment employed to reduce
hazardous pollutants present in the effluent [21,26-27],
the most economical and effective way to eliminate many
types of contaminants [21].

The major advantages of adsorption over
conventional treatment methods include; low operating
cost [21,28-32], simplicity of implementation [21,28-31],
affordability [28-31], ease of operation [32], high
efficiency [21,28-32], minimization of chemical or
biological sludge [32], no additional nutrient requirement
[32], regeneration of biosorbent [32], possibility of sorbate
recovery [32], and reusability of the adsorbent [28-31].

Hydrogels with three-dimensional crosslinking
networks can be used to treat printing and dyeing
wastewater with simple operations efficiently. Most
hydrogels are intelligently responsive to external stimuli,
such as light, electric field, temperature, pH, magnetism,
and so on [33]. These unique properties of hydrogel
endow it with broad application prospects and great
application values in printing and dyeing wastewater
Due to the

carbohydrate polymers, they have been used as the main

treatments. excellent properties of
materials to construct hydrogel skeletons [33].

In this study, we prepared Poly (TtEGDMA-cross-
2-HPMA) hydrogels as a novel sorbent to remove ET,
from aqueous solutions. Adsorption isotherm, the effect
of initial dye concentration, and crosslinked agent were

studied. The adsorption isotherms were fitted by
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Langmuir and Freundlich models. The adsorption was
examined by using pseudo-first-order and pseudo-
second-order kinetic models.

m EXPERIMENTAL SECTION
Materials

Sorbent

The crosslinked agent, tetraethylene glycol
dimethacrylate (TtEGDMA) (Ci6H2607) (MW = 330.38
g mol') was supplied by Fluka, the monomer, 2-
hydroxypropylmethancrylate (2-HPMA) (MW = 144.17
g mol™”) was supplied by Merck-Schuchardt and the
initiator, I'azobisisobutyronitrile (AIBN) was supplied
by Merck, Darmstad, Germany. All chemicals were used
as received. The mole number of 2-HPMA is 7 x 10~
mol, and the concentration of 1, 5, and 10% of
TtEGDMA are 7.1 x 107, 3.55 x 10, and 7.1 x 10~* mol,
respectively.

Sorbate
The basic cationic dye, bemacid red
(Ci4H17sNSOsCl) [34], was obtained from the silk

production (SOITEX) Tlemcen industry (Algeria). The
structure of this dye is displayed in Fig. 1. A 500 mg L~
stock solution was prepared by dissolving the required
amount of dye in distilled water. Working solutions of
desired concentrations were obtained with successive
dilutions.

Instrumentation

The samples were analyzed using FTIR
spectroscopy IFS66 in 4000-400 cm™'. Before the
measurement, the samples were dried under a vacuum
until reaching a constant weight. The dried samples were
pressed into the powder, mixed with 10 times as much
KBr powder, and then compressed to make a pellet for
FTIR characterization.

Kl o

+ i CHa
HaN 0—§—0 N
¢ I Y
0
0 HpC—SH
CHs

Fig 1. Chemical structure of bemacid red
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The "C solid-state nuclear magnetic resonance
spectra of Poly (TtEGDMA-cross-2-HPMA) were
measured at 400 MHz on a Bruker MSL 300 spectrometer,
using the cross-polarization/magic angle spinning
(CP/MAS) probe with 4 mm O.D. rotors, under high
power proton decoupling. The sample spinning was
performed at 7.5 kHz, to easily recognize the sidebands.
For each spectrum, 1000 scans were averaged using a
recycling time of 4 s. The “C chemical shifts were
calibrated in ppm relative to TMS by taking the “C
chemical shift of the methine carbon of solid adamantane
(29.5 ppm) as an external reference standard. All the
measurements were performed at room temperature.

Procedure

Preparation of analytical method TtEGDMA-cross-2-
HPMA

Poly (tetra (ethylene glycol) dimethacrylate-cross-2-
hydroxypropyl methacrylate) materials, henceforth
designated as Poly (TtEGDMA-cross-2-HPMA), were
prepared by solution polymerization with a total
concentration 10 wt.% (10.3 g of 2-HPMA). The
concentration of 0.1 wt.% (0.1 g) was the initiator shown
in Fig. 2. The free radical copolymerization was carried
out under a nitrogen atmosphere in a three-necked flask
equipped with a nitrogen inlet and a reflux condenser
immersed in a constant temperature oil bath (yellow,
+1°C). The reaction mixture was stirred using a magnetic
stirrer. A continuous supply of nitrogen was maintained

643

the
polymerization proceeded for 24 h at 60 °C. Three
various crosslinked Poly (TtEGDMA-cross-2-HPMA)
samples were prepared with nominal crosslinking ratios,
X, of 1, 5 and 10% mol TtEGDMA/mol 2-HPMA. Then,
the copolymers obtained were washed by CH,Cl, several
The solid
copolymer slab was cut into circular disks using

throughout reaction period. The solution

times to extract unreacted monomers.

punches.

Adsorption kinetics

Batch adsorption experiments were carried out at
25 °C by adding adsorbent (2.0 g) into several 300 mL
glass Erlenmeyer flasks containing 200 mL solution of
different initial concentrations (5, 10, 20, 30, 40, and
50 mg L") of dye. The flasks were placed on a rotary
shaker (120 rpm) in a thermostat. Agitation was
provided for 240 min, which was more than sufficient to
reach equilibrium. The samples (5 mL aliquot) were
taken at suitable time intervals and centrifuged for
10 min at 3000 rpm. The ET, concentration in the
supernatant solution was analyzed by measuring the
optical density at 505 nm, using a spectrophotometer
(Spectronic Genesys 5).

To investigate the kinetic mechanism, which
controls the adsorption process of ET, on the hydrogel,
the pseudo-first-order (PFO) [9,35] and pseudo-second-
order (PSO) models were used to test the experiment
data [9,35-37]. The pseudo-first-order kinetic model can

CH;
CH;
| | AIBN Hy Hy \Q |
HgC_C\ + HzC—C\ THF, 60 °C, 24 h —O1C ~C -0 C—C—CHs
— CH
c—0 ¢—0 i Ha | H
| | HyC-HC—C-0—C— (lz CH3 Hac—(lz—ﬁ—o—T—cn-|3
o}
C O CH CH
| + 20 | © OH
CH G2 i [HoH \Q
| 2 | ch—(|) C—0—C -C -0 C—(|)—CH3
— CH; 4
HO—CH | - N
o}
CH
K} .h‘|/
C—0
_/
HC—C
CH;

Fig 2. Chemical structure of Poly (TtEGDMA-cross-2-HPMA) hydrogel
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be as Eq. (1). The pseudo-second-order model is based on
the assumption of chemisorption of the adsorbate on the
adsorbents. This model is given as Eq. (2):

Ln(q, —q)=Lnq, — kl’s t (1)
€ ¢ 2303

St @

9 kg e

where, q. is equilibrium adsorption capacity (mg g™'), and
ki is the pseudo-first-order rate constant (min™). The q;
parameter is the amount of adsorption dye (mg g) at a
time (min) while k,; is the pseudo-second-order rate
constant (min g mg™).

m  RESULTS AND DISCUSSION
Characterization of Copolymer

The FTIR spectra of poly (TtEGDMA-cross-2-
HPMA) (a) 1% (b) 5% and (c) 10% TtEGDMA are shown
in Fig. 3(a-c). It is observed that poly (TtEGDMA-cross-
2-HPMA) spectra showed an absorption band typical at
1060 cm™, which is attributed to C-O [38-40], and the
O-H bending vibrations 1006 cm™ correspond to the
HPMA comonomer of the copolymer. The ester
stretching vibration (-C=0) of -COOR band at 1738 cm™,
the C-O stretching at 1255 cm™. The other strong bands
at 1450 correspond to the C-H bending (alkane, -CHs,
alkane, -CH,-) of the alkane [41]. The FTIR shows C-O-
C stretching peaks of the ester group of 1108 cm™ [2,42],
1385 cm™ due to the symmetrical deformation of its

methyl (CHs) [39] and deformation of the group CH-
OH [43]. The absorption peak at 976 cm™ corresponds
to its ~-CH,-CH,-O group vibration [2].

The "“C-NMR spectrum of Poly (TtEGDMA-
cross-2-HPMA) and its assignment are shown in Fig. 4.
The a-methyl of TtEGDMA and 2-HPMA appeared at
18.8 ppm, the methylene of TtEGDMA and 2-HPMA
appeared at 55.5 ppm. The signal due to the backbone
methylene carbon of TtEGDMA is observed at 65.1 and
75 ppm, while the ester carbonyl of TtEGDMA and 2-
HPMA appeared at 167 and 178.2 ppm, respectively.

Adsorption Studies

Fig. 5-6 shows experimental data, and the
predicted curves for the sorption of ET, by Poly
(TtEGDMA-cross-2-HPMA) using a linear method for
the three hydrogels used models pseudo-second-order.
Table 1 shows the pseudo-first and pseudo-second-
kinetic different
concentrations of ET, obtained by utilizing the linear

order parameters  for initial
regression analysis method.

According to experimental data, a straight-line
plot with a correlation coefficient of 0.995 suggests the
applicability of the pseudo-first-order kinetics model to
fit the experimental data (Table 1). The calculated value
of adsorption capacity for 1% TtEGDMA for 50 mg g',
Qeca (9.33 mg g') is higher than the value of
experimental adsorption capacity, Qeexp (9.25 mg g™').
Therefore, the theoretical q. values estimated from the

(c)
prborcaiesn Ny U WAL hean
W e { IL o e
tb) ) | ]
it M, - wl ] - “~ - An
e \ - N 1] ~ i _|' M
IL.J/ | '\: S ;- Vi W |: !l 1l .I
VIR
Wl
| { ¥
(a) | )
— —— — - | A o — R
i O o '_‘,,,." ~ .I.ﬁ:.‘\__ |H| If_,_ A/ :I:. /) l]l' "|I| ! "__L'.
i ! 7 1:;.".!\108 :I- \
17380 (§14s0 /
i 13831255 990
e i s g ke 1
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Fig 3. FTIR spectrum of Poly (TtEGDMA-cross-2-HPMA) hydrogels: (a) 1%, (b) 5% and (c)10% of TtEGDMA

Asmahane Fasla et al.



Indones. J. Chem., 2022, 22 (3), 641 - 652 645

| ] I |

c ” Hz Hz ” g
H,C—C—C—0—+-C —C —0+—C—C——CH,
tI d e £ e | :

CH, KCH,

a

[F5]
0o

5 4 Ha H
HyC —C—C—0—C —C—CH,

iICH; O OH
B 1% TtEGDMA
- 2.b
B 5% TEGDMA 39 |
B 10%TtEGDMA £

T T T T T T T T T T T
200 190 180 170 160 150 140 130 120 110 100 90 80 70 &0 50 40 3o 20 10 0 ppm

Fig 4. "C-NMR spectrum of Poly (TtEGDMA-cross-2-HPMA) hydrogels
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Fig 5. Pseudo-first order adsorption kinetics dyes of ET, by Poly (TtEGDMA-cross-2-HPMA) with (a) 1, (b) 5, and
(c) 10% of TtEGDMA for various initial dye concentrations
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Fig 6. Pseudo-second order adsorption kinetics dyes of ET, by Poly (TtEGDMA-cross-2-HPMA) with (a) 1, (b) 5, and
(c) 10% of TtEGDMA for various initial dye

Table 1. Calculated model parameters and regression coefficients for the pseudo-first-order and pseudo-second order
for all studied concentration

) Pseudo first order Pseudo second order
TtEGDMA Concentration 10 o 10°
(% mol) (mgL") s 1 oal R 2200 Geal Qe gy
(min')  (mgg") (gmg'min') (mgg') (mgg!)
5 3.76 1.81x107° 0.958 9.00 1.45 1.42 0.966
10 3.86 2.20%x107°  0.950 4.97 3.62 3.65 0.998
] 20 4.23 8.00x 10% 0.982 2.26 6.65 6.58 0.998
30 3.81 830x 1072 0.965 1.89 8.51 8.44 0.997
40 4.97 9.60x 102 0.978 2.72 8.94 8.84 0.999
50 1.99 559 x 107" 0.931 3.97 9.33 9.25 0.999
5 1.27 1.21x10* 0.963 2.03 0.65 0.65 0.997
10 1.24 5.72x10% 0.975 8.02 1.71 1.69 0.998
5 20 1.23 9.51x 1072 0.980 5.06 2.52 2.48 0.999
30 1.35 1.48 x 107 0.992 4.01 3.05 3.02 0.998
40 2.14 2.12x 107" 0.994 8.20 3.37 3.33 0.999
50 1.74 3.90x 107" 0.993 5.92 3.87 3.82 0.999
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Table 1. Calculated model parameters and regression coefficients for the pseudo-first-order and pseudo-second order

for all studied concentration (Continued)

Pseudo first order

Pseudo second order

TtEGDMA Concentration

(% mol) (mg L) kis 1?2 el 2 kz’j 10 _ el Qeew — po
(min')  (mgg") (gmg'min') (mgg') (mgg")

5 0.70  3.67x102 0.981 26.6 0.55 0.55  0.995

10 056 19.5x102 0.990 10.3 1.14 1.12  0.99

10 20 0.48  22.4x102 0.980 10.4 1.29 127  0.99
30 038  39.3x102 0.961 9.50 1.60 158  0.997

40 0.65 69.8x102% 0.952 6.30 2.04 199  0.997

50 0.19 664x102 0.949 13.2 2.09 207 0.999

first-order kinetic model gave significantly different
values compared to experimental values comparing
pseudo-second-order kinetic model, the correlation
coefficient (R*) of PSO model (0.996) is higher than that
of PFO kinetic model (0.949) for ET,, indicating that
chemisorptions dominate the removal mechanism and
due to the sharing or exchange of electrons of ET, [36,44-
45]. These results showed that the first-order kinetic
model did not describe these sorption systems. Thus, it
could be suggested that the adsorption of ET, on hydrogel
follows the pseudo-second-order better than the pseudo-
first-order model. The pseudo-second-order kinetic
model assumes that the rate-limiting step may be
chemical adsorption. The rate-determining step may be
chemical sorption involving valence forces through
sharing or exchange of electrons between adsorbent and
adsorbate. It may lead to the inference of a greater affinity
and rapid bonding of ET, molecules to the surface of poly
(TtEGDMA-cross-2-HPMA) [35,46].

Adsorption Isotherms

In this work, the most commonly used equilibrium
isothermal models, Langmuir and Freundlich models,
were adopted to simulate the adsorption isotherm of the
prepared foams. Langmuir model is based on the
assumption of a homogeneous adsorbent surface with

identical adsorption sites, which can be expressed in Eq.
(3) [36,47]:

_ 9o xbx Ce
 1+bx Ce

qe (3)

where, b is an equilibrium adsorption constant (L mg™),
and qo is the saturated monolayer adsorption capacity
(mg g™). A linearized plot of 1/q. against 1/c. gives a qo
and b.

Freundlich adsorption isotherm describes the
adsorption of adsorbates onto heterogeneous surfaces
with different functional groups or adsorbent-adsorbate
interactions as shown in Eq. (4) [36,48].

n
q =y xcl @
This expression can be linearized to give:
1
Lnq, =Lnk +—Lnc, (5)
n

where, k¢ and n are Freundlich constants, which
represent adsorption capacity and adsorption intensity,
respectively. Krand n can be calculated from a linear plot
of Lnq. against Lnc..

The calculated results of the Langmuir and
Freundlich isotherm constants are given in Table 2. The
R* of the Langmuir isothermal model for the ET, is
0.999, higher than those of the Freundlich isotherm
model 0.959, demonstrating that the cationic dyes are

Table 2. Langmuir and Freundlich isotherm model constants and correlation coefficients

TtEGDMA Langmuir model Freundlich model
Hydrogel
(% mol) b @ R K10° n R
1 953.16 0.13 0999 926 0.18 0.959
Poly (TtEGDMA-Cross-2-HPMA 5 329.31 025 0999 2533 039 0.981
10 48.39 0.85 0.999 208.88 1.03 0.959
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Table 3. Comparing the adsorption capacities of the various hydrogels adsorbents towards ET, dye adsorption

Quax (mg g')  Hydrogel adsorbent Ref.
0.7 Poly (methacrylic acid-cross-dodecyleacrylate ammonium bromide)  [34]
0.159 Poly (acrylamide-cross-hydroxyethylmethacrylate) [41]
0.85 Poly (TtEGDMA-cross-2-HPMA)
H-Bonding (a)
!
HaC——N SH

H

O
n--T interaction {c)

Yashida H-bonding (b)

Gl NH,
A

Bemacid red (ET2)

Hal- HC C -O—C—C—CHa

HaC— ~< o>»c —CHg

O CH CH
20 | 20 o
Il Hz Hz Q
HaC—C—C—0xC -C -Q5C—C—CH;
4|
CH, CH,

2-HPMA f TIEGDMA Hydrogel

Fig 7. Proposed adsorption mechanisms of ET; on poly (TtEGDMA-cross-2-HPMA)

adsorbed in (TtEGDMA-cross-2-HPMA) a

poly
monolayer mode [36].

The adsorption capacity of Poly (TtEGDMA-cross-
2-HPMA) towards ET, was compared with various types
of hydrogel adsorbents reported in the literature, as
recorded in Table 3. The results indicate a higher

adsorption capacity than those used by other researchers.
Adsorption Mechanism

The proposed mechanisms for the adsorption of ET>
dye onto poly (TtEGDMA-cross-2-HPMA) are illustrated
in Fig. 7. Poly (TtEGDMA-cross-2-HPMA) contains a
large number of hydroxyl functional groups, making it an
ideal adsorbent for removing basic pollutants from the
aqueous systems. Two types of hydrogen bonding
interactions can occur in the 2-H system: (1) between
hydroxyl groups (H-donor) on the poly (TtEGDMA-
cross-2-HPMA) surface and H-acceptor atoms (ie.,

nitrogen) in ET,, and (2) between hydroxyl groups on the

poly (TtEGDMA-cross-2-HPMA) surface and the
aromatic rings in ET,. The former is known as dipole-
dipole H-bonding (Fig. 7(a)) and the latter is known as
Yoshida H-bonding (Fig. 7(b)). The n-m interactions
(also
interactions) between oxygen groups on the poly
(TtEGDMA-cross-2-HPMA) surface act as electron
donors, while the aromatic rings of ET, act as electron
acceptors (Fig. 7(c)) [35,49-50].

known as n-m electron donor-acceptor

m CONCLUSION

The potential of poly tetra (ethylene glycol)
dimethacrylate-crosslinked-2-hyroxypropyl methacrylate)
for the sorption of ET, from an aqueous solution was
investigated. FTIR and "“C-NMR confirmed the
chemical structures. The effects of experimental
parameters such as initial dye and crosslinked agent

concentrations were studied. Initial dye concentration
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and crosslinked agent concentration were found to have
an influence on the sorption efficiency. Kinetic studies
showed that the adsorption followed a pseudo-second-
order kinetic model, indicating that chemical adsorption
was the rate-limiting step. According to the best
correlation results, the adsorption data of both hydrogels
are found to fit well with the Langmuir isotherm. The dye
adsorption mechanism onto hydrogels was electrostatic
attraction, dipole-dipole hydrogen bonding, and Yoshida
H-bonding. It can be concluded that Poly (TtEGDMA-
cross-2-HPMA) is an alternative economic sorbent to
more costly adsorbents used for dye removal in
wastewater treatment processes.
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Abstract: Exploiting waste materials to make cost-effective adsorbents and waste
management methods are gaining more attention. In the current study, rubber wastes

derived from dipping tank coagulum (DTC) in the glove manufacturing industry were
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converted into a novel polymeric-adsorbent via a simple sulfonation reaction with
concentrated sulphuric acid and was used for the adsorption of methylene blue (MB) dye
from aqueous solutions commonly found in contaminated waters. FT-IR, EDX, FESEM,

and BET techniques were used to characterize the