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Abstract

In the present study, natural rubber composites filled with sepiolite and silica were prepared. The effects of the two fillers by
loading (1-10 phr) on viscosities, stress relaxation, curing, and mechanical properties of the composites were investigated.
Viscosity of rubber usually increased with filler loading about 7—22% with sepiolite and about 3-37% with silica, depending on
filler content. Smaller rate of stress relaxation was found with sepiolite filler in comparison with silica filler. Furthermore,
shorter curing cycle with greater crosslink density and hot temperature reversion resistance were achieved through the use of
sepiolite filler in NR. Lorenz-Parks and Kraus models utilized for assessing rubber-filler interactions revealed stronger
interactions of sepiolite filler with the rubber matrix. As a result of the good interactions between sepiolite filler and rubber
matrix, larger reinforcement indexes and tensile strengths were achieved with sepiolite filler in comparison with silica filler. This
was due to the higher aspect ratio of sepiolite (~5.32) compared to that of silica (~1.09) as demonstrated by SEM analysis. The
highest tensile strength was achieved at 1 phr sepiolite loading which was about 17% improvement over unfilled sample.

Keywords: composites, fillers, rubber, sepiolite, silica

Abstrak
Komposit getah asli yang diisi dengan sepiolit dan silika telah disediakan dalam kajian ini. Kesan kedua-dua pengisi dengan
memuatkan (1-10 phr) pada kelikatan, kelonggaran tekanan, tempoh pematangan dan sifat mekanikal komposit telah disiasat.
Kelikatan getah biasanya meningkat dengan pengisi yang memuatkan dari 7-22% dengan sepiolite dan kira-kira 3-37% dengan
silika, bergantung kepada kandungan pengisi. Kadar kelonggaran tekanan yang lebih kecil didapati dengan sepiolit berbanding
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dengan pengisi silika. Juga, tempoh pematangan yang lebih pendek dengan ketumpatan sambung silang yang lebih tinggi dan
rintangan perkembalian suhu panas dicapai dengan menggunakan pengisi sepiolit dalam getah asli. Model Lorenz-Parks dan
Kraus yang digunakan untuk menilai interaksi pengisi getah mendedahkan interaksi yang lebih kuat dari pengisi sepiolit dengan
matriks getah. Indeks pengukuhan yang lebih tinggi dan kekuatan tegangan dicapai dengan pengisi sepiolit daripada pengisi
silika. Ini disebabkan oleh interaksi pengisi getah yang lebih baik yang timbul daripada nisbah aspek sepiolit yang lebih tinggi (~
5.32) daripada silika (~ 1.09) seperti yang kemudiannya didedahkan oleh analisis SEM. Kekuatan tegangan tertinggi dicapai
pada 1 phr pemuatan sepiolite iaitu kira-kira 17% peningkatan berbanding sampel yang tidak diisi.

Kata kunci: komposit, pengisi, getah, sepiolit, silika

Introduction

Generally, introducing one or more fillers is a strategy
for improving the properties of natural rubber (NR).
The use of a filler is convenient, effective, and
relatively cheap for enhancing the properties of rubber
[1, 2]. Among the different properties, modulus, tensile
strength, tear strength, abrasion resistance, and service
life of rubber can be improved, depending on size and
shape of filler particles as well as the filler-matrix
interactions [3, 4]. Various types of filler have been
applied in rubber composites, and carbon black and
silica are the most commonly used fillers in the rubber
industries [5, 6]. Several studies have tested sepiolite
filled rubber composites since sepiolite has unique
needle-like particle shape with tunnel-like micropore
channels, possibly improving the thermal, mechanical,
and barrier properties of the composites [7-11].

Sepiolite belongs to nontoxic phyllosilicates, is
abundant in the nature, and has a low cost. Regarding
its  chemical  structure,  sepiolite  comprises
microcrystalline-hydrated magnesium silicate with the
unit cell formula Si;2MgsOs0(OH,F)4].(H20)4-8H20
[11]. It is microfibrous with 2-10 um particle length
and tunnel-like micropore channels, providing efficient
adsorption and high specific surface area for strong
interaction with the rubber matrix. Comparative studies
of sepiolite with other fillers, assessing reinforcing
abilities, have been conducted recently [7, 9, 12-14].
Bokobza et al. [7, 9] investigated the relation of filler
shape (silica particles and sepiolite fibers) with the
mechanical properties of NR and styrene butadiene
rubber (SBR), prepared by sol-gel process. They
demonstrated that the sepiolite filler imparted more
reinforcement in comparison with the spherical silica
particles in NR. However, it had less interaction with
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SBR because the sepiolite interacts less with SBR than
NR, leading to poor interaction between the rubber and
filler and poor dispersion in the SBR matrix.
Bhattacharya et al. [12] investigated the impact of
various nanofillers, namely, montmorillonite clay,
sepiolite, hectorite, carbon nanofiber, and expanded
graphite, and their dispersion methods on the properties
of NR nanocomposites. They found that the
mechanical and physical properties, including modulus,
tear, and tensile strength, depended strongly on specific
surface area, aspect ratio, filler volume fraction, and
dispersion of filler. Lowe et al. [13] prepared NR
nanocomposites reinforced with unmodified and
modified clay and sepiolite. They observed that overall
better properties were obtained for nanocomposites
filled with clay. In case of sepiolite filler, the modified
sepiolite exhibited relatively small improvements (only
3%) compared to the neat sepiolite. Winya and
Hansupalak [14] compared the effects of sepiolite and
silica on mechanical properties and thermal stability of
NR/EPDM blend. They reported that both properties
were similar for the two fillers, in the loading range
investigated (0-12.5 phr), but the sepiolite was
preferred over silica, as a lower loading achieved
comparable mechanical and thermal properties.

Up to now, there is little work studying property
changes of sepiolite and silica filled NR composites in
the literature. The objective of the current study was to
understand the effects of the two types of filler (i.e.,
sepiolite and silica) by small loading level on
mechanical properties of NR composites. The study
results are discussed considering certain properties,
including viscosity, stress relaxation, curing, and
tensile properties. The rubber-filler interactions are
discussed based on Lorenz-Parks and Kraus models.
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Materials and Methods
Materials
Table 1 summarizes the details of the various chemical
ingredients utilized in compound preparation and their
quantities expressed in part(s) per hundred parts of
rubber (phr). All the ingredients were used as received.

Preparation of composites

The composites of NR with sepiolite or silica filler
were prepared on a laboratory-sized two-roll mill with
a 1.5 mm nip and a 12 cm guide. The chemical
ingredients were added in the sequence displayed in

Table 2. NR was firstly masticated for 2 min, followed
by incorporation of ZnO and stearic acid, and milled
for 1 min. The filler (sepiolite or silica) was then added
to the mix and milled for 9 min. Next, MBTS was fed
to the mix and milled for 2 min. Finally, sulfur was
added to the mix and milled for 1 min. After
completion of the mixing with total mixing time of 15
min, the rubber compounds were then vulcanized
through compression molding with a hydraulic press at
160 °C following their respective curing times (tgo) in
order to obtain 1 mm thick vulcanized sheets.

Table 1. Formulation of the NR compounds

Chemical Supplier

NR (Standard Thai Rubber graded 5L,
STR5L)

Zinc oxide (Zn0O)

Stearic acid
2,2'-Dithiobisbenzothiazole (MBTS)
Sulfur

Sepiolite clay

Chalong Concentrated Natural Rubber Latex Industry Company
Limited, Songkhla, Thailand

Imperial Chemical Company Limited, Pathumthani, Thailand
Global Chemical Company Limited, Samut Prakarn, Thailand
Shanghai Rokem Industrial Company Limited, Shanghai, China
Siam Chemical Company Limited, Samut Prakan, Thailand
Guangzhou Billion Peak Chemical Technology Company

Limited, Guangzhou, China

Precipitated silica (Ultrasil VN3)

Evonik Industries AG, Essen, Germany

Table 2. Formulation of the NR compounds

Chemicals Quantity (phr) Mixing time
NR/sepiolite NR/silica (min)

NR 100 100 2

Stearic acid 1

Zn0O 3 3 !

Sepiolite clay 0,1,3,5,and 10 - 9

Silica - 0,1,3,5,and 10

MBTS 15 1.5 2

Sulfur 15 1.5 1

Total mixing time (min) 15
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Mooney viscosity and Mooney stress relaxation
measurement

Mooney viscosity and Mooney stress relaxation of the
different rubber composite samples were investigated
through the use of a Mooney viscometer, MV 3000
Basic (MonTech, Germany), according to ASTM
D1646. The tests were carried out at 100 °C using the
large rotor. The stress relaxation was fit with the power
law model in equations 1 and 2:

M=kt )
logM=logk +alogt, (2)

where M refers to the torque during relaxation, Kk is a
constant, t is the relaxation time, and the relaxation rate
a denotes the slope visible in a log-log plot of M
versus t.

Curing characteristics

The curing characteristics of the NR compounds, in
terms of maximum torque (My), torque difference
(Mu-My), cure time (teo), and cure rate index (CRI),
were determined at 160 °C through the use of a moving
die rheometer (Montech MDR 3000 BASIC, Buchen,
Germany). The CRI was defined by equation 3.

100

CRI =

@)

too 151

Reversion resistance
The measurement of the reversion resistance of the
composites at elevated temperature was performed
using the percentage of reversion in the rubber
compound after 300s, from the time at maximum
torque (Rsoo), as shown in equation 4 [15, 16]:

My —Mgzg0
— X

H

where My is the maximum torque in the curing curve
and Msq is the torque at 300s after M.
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Rubber-filler interactions

The extent of these filler-matrix interactions was
estimated through the use of the Lorenz-Parks [17] and
Kraus models [18]. The Lorenz-Parks model is as
follows:

— =ae +b, (5)

where Q is the amount of solvent absorbed, f and g
indexes refer to filled and gum rubber vulcanizates, a
and b are constants (the model parameters tuned to fit
data), and z denotes the weight fraction of filler. The Q
can be obtained via equation 6 [19]:

Swollen wt. - Dried wt.

(6)

Original wt.

The Kraus equation is as follows:

Vﬂ =1-m (fj , (7)
Vrf 1-f

where Vi, and Vs refer to the volume fractions of
elastomer in the solvent swollen gum vulcanizate and
filled sample, f is the volume fraction of filler, and m is
the rubber-filler interaction parameter. V. is expressed
by the equation of Ellis and Welding [20], as follows:

(Wd *fWo)/Pr
Wy = fWo) I op + A1 pg

®)

Vl'f:

where Wy and W, are the deswollen and the initial
weights of the composite samples, f is the volume
fraction of filler in the composite, pr is the density of
rubber, As is the content of solvent absorbed, and ps is
the density of solvent. Vy, is given by equation 9:

Wy —=W¢ 1 pp)

Vio = ! ©
Wy —W¢ [ pp +Ws [ pg)

where Ws denotes the weight of filler in the composite
sample.
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Tensile properties

The tensile properties including tensile strength,
elongation at break, and reinforcement index (the
ratio of the moduli at 300 and 100% elongations, or
M300/M100, RI) of crosslinked NR composites were
studied through the use of a universal tensile testing
machine, LR5K Plus (LLOYD Instruments, UK) in
accordance with ISO 37. The averages of five
dumbbell-shaped specimens are reported, and the test
was conducted at ambient temperature with a
crosshead speed of 500 mm/min. The RI was defined
by equation 10 [21-23]:

M300
Reiforcement Index, Rl = —— (10)

M100

where M300 and M100 refer to the stresses at 100%
and 300% strains, respectively.

Morphological test

The dispersion of sepiolite and silica fillers
throughout the rubber matrix was investigated
through the use of a scanning electron microscope
(SEM; FEI Quanta 400 FEG, the Netherland). All
composite specimens were immersed in liquid
nitrogen and subsequently fractured before sputter-
coating with gold in order to eliminate electrostatic
charge buildup during examination. The SEM
photomicrographs of cut surfaces were taken at
magnification of 500x.

Results and Discussion

Mooney viscosity and Mooney stress relaxation
measurement

The Mooney viscosities of the NR composite
compounds filled with sepiolite or silica are shown in
Figure 1. It is observed that in general the Mooney
viscosity increased with filler loading. This is usually
attributed to hydrodynamic effects, following the
Guth and Gold equation [24].

n
Nrel = L 142.5¢ +14.1¢2 (11)
My

where nyel is the relative Mooney viscosity, 1 refers
to the Mooney viscosity of filled rubber composite,
nu denotes the Mooney viscosity of neat rubber
compound, and ¢ is the volume concentration of
filler. As the filler loading increases, the viscosity
should increase. However, a reduction of viscosity
after adding 5 phr silica was observed, which was
probably attributed to the formation of large silica
aggregation as will be discussed later.

Figure 2 illustrates the Mooney stress relaxation rates
of the composite compounds. The filler content had a
great effect on the rate of relaxation, and the
relaxation rates of sepiolite filled NR composites
were slower than those of the silica filled ones. It has
been reported that the choice of filler and its
interactions with the polymer matrix considerably
impacted the rate of stress relaxation. Interactions
between filler particles and rubber chains hindered
the molecular mobility, thus decreasing the relaxation
rate [25, 26]. Considering the type of filler,
composites filled with sepiolite relaxed slower than
the silica filled ones. Since stronger interactions
between filler and rubber matrix could better retard
the relaxation rate as mentioned earlier, it is assumed
that sepiolite gave stronger filler-matrix interactions
than silica. The stronger filler-rubber interaction of
sepiolite was attributed to the smaller size with
higher aspect ratio of sepiolite dispersion in the
rubber matrix as will be discussed later in the
morphological observation part. The higher aspect
ratio provided the higher surface area to interact with
the rubber through chain entanglement and physical
adsorption of rubber molecules onto the filler
surfaces. It is well accepted that surface area is a
major factor in the rubber composite structure. The
larger the surface area of the filler is, the higher the
possibility of filler-rubber contact takes place,
resulting in efficient retardation of rubber molecules
during relaxation.
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Figure 1. Mooney viscosities of NR compounds filled with sepiolite or silica
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Figure 2. Mooney stress relaxation rates of NR compounds filled with sepiolite or silica

Curing characteristics

Curing properties in terms of My, Mu-My, tgo, and CRI,
obtained from rheometric tests of the different rubber
compounds, are presented in Figure 3(a)—Figure 3(d). It
is noticed that the changes in curing properties were
more pronounced for the sepiolite filled compounds in
comparison with those for the silica filled ones. The
My and Muy-Mp (Figures 3(a) and 3(b)) tended to
increase with sepiolite loading, while they were
approximately constant when silica was incorporated to
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the NR compounds. It is well known that My and Mu-
M_ are related to molecular rigidity and crosslink
density, respectively, for rubber compounds. The
higher molecular rigidity and crosslink density were
achieved with sepiolite filler because of the larger
aspect ratio and surface area for contacting with the
rubber molecules. The adsorbed rubber chain
fragments on filler surfaces forming physical
interaction restrict the chain mobility in the rubbery
matrix and serving as additional crosslinks in the
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composites. Consequently, the rigidity and crosslink
density of the composites were improved. It has been
reported that large improvements in My and Mp-M for
composites with small filler loadings are attributed to
stronger rubber-filler interactions [27-29]. Therefore,
stronger interactions of rubber and filler can be
assumed for sepiolite compared to those for silica in
filled NR compounds.

Considering too of both sepiolite and silica filled
compounds (Figure 3(c)), different phenomena are
observed based on the filler type. Incorporation of
sepiolite in NR tended to reduce tg, while silica
slightly prolonged it. A reduction of the ty in sepiolite
filled composites can be explained by the magnesium
oxide (MgO) contained in the sepiolite structure. It is
generally accepted that MgO is an activator of
vulcanization reaction in rubber compounds, as it acts
as a cation activating the crosslinking process at the
diene backbone of the rubber [30]. On the contrary, the
slight increase in tgo noticed for the silica filled
compounds was probably a result of the highly polar
nature of silica, leading to the absorption of the curing
ingredients, including ZnO, stearic acid, and
accelerators, and thereby resulting in a delayed curing
process [31, 32].

The influence of metal oxide in sepiolite filled
compounds on vulcanization process was later
confirmed by increased CRI (Figure 3(d)), which
indicated that curing reactions occurred faster with
sepiolite filler than with silica filler. The CRI is a
measure of rate of wvulcanization based on the
difference between cure time and scorch time. The
higher the value of cure index, the faster the curing
process [30].

Reversion resistance

Reversion resistances, Raspo, for the composites with
sepiolite or silica filler in NR vulcanizates were
estimated by exposing the rubber composites to shear
at an elevated temperature for a certain period of
time. A larger Rsp indicates more reversion [15, 33].
Figure 4 illustrates the reversion resistances of NR
composites filled with sepiolite and silica. It is
observed that the filler type and loading had a

considerable effect on Rszp within the experimental
range probably because of relatively small filler
loading. However, a larger Rsgpo Was seen for the silica
filled NR composites, indicating that they had poorer
reversion resistance in comparison with sepiolite filler.
This can be because the greater sepiolite dispersion and
better rubber-filler interactions improved the crosslink
density of sepiolite filled NR composites. The better
filler dispersion to gather with the higher overall
crosslinking degree retarded the mobility of the rubber
chains, and this enhanced the thermal stability of the
rubber composites [8]. Furthermore, sepiolite itself
could contribute to thermal stabilization and flame
retardant properties of the filled polymer, as it served
as a heat quencher and an initiator for formation of
char on the polymer surface, inhibiting diffusion of
oxygen [10].

Rubber-filler interactions

In order to evaluate the extent of interactions between
rubber and filler, Lorenz-Parks and Kraus models were
employed. Figure 5 presents Lorentz-Parks plot for the
NR composites filled with sepiolite and silica. The
value of rubber-filler interaction (Q#Qg) generally
reduced with sepiolite content but remained almost
constant for the silica filled composites. Since the Q
ascribed to the amount of solvent absorbed by rubber
sample, the reduction of Q#/Qy was due to the better
restricted diffusion of solvent molecules through the
rubber matrix, resulting from greater extent of
interaction between rubber and filler. The smaller value
of Q#/Qq denotes stronger filler-matrix interactions [19,
28, 34, 35]. Since the Q#/Qq of sepiolite filled NR
composites was below that of the silica filled
composite at each loading level, the stronger rubber-
filler interactions were achieved in the sepiolite filled
composites. In contrast, the constant value of Q+/Qq in
the composites filled with silica implies less interaction
between silica and rubber matrix.

The rubber-filler interactions were further confirmed
through the use of the Kraus model (plot of volume
fraction ratio (Vyo/Vis ) versus volume ratio of filler
(f/1-f)), and the results are displayed in Figure 6. It was
observed that V,./Vs decreased with filler loading. The
negative slope in the plot of V./Vs versus f/1-f is an
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indication of a good reinforcing effect [19, 28]. The
negative slope was due to strong rubber-filler
interaction, resulting from a reduction of the solvent
uptake (solvent sorption) in the rubber composites.
Consequently, the Vs value decreases, resulting in a
reduction in V/Vy value (Vi is constant). More
negative slope is noticed for the composites with
sepiolite filler, implying that sepiolite was more
effective in reinforcing the composite than the silica.

Based on the Lorenz-Parks and Kraus models, it is
confirmed that sepiolite provided stronger rubber-filler

interactions of the two fillers, leading to greater
reinforcement within the range tested in the present
study. The good interactions between sepiolite and
rubber were attributed to the fact that the rubber chains
can easily interact with the narrow channels in the
sepiolite structure [9, 36]. Moreover, the larger specific
surface area of sepiolite (364 m?/g) [36] over silica
(175 m?qg) [37] may facilitate the rubber-filler
interactions.
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Figure 3. Curing properties in terms of (a) maximum torque, (b) torque difference, (c) cure time, and (d) cure rate
index for the NR composites filled with sepiolite or with silica
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Tensile properties

Figure 7 displays reinforcement index (M300/M100)
for the NR composites filled with the two tested fillers.
It is generally observed that the reinforcement index of
sepiolite filled NR composite was greater than that of
the silica filled composite. This was simply due to the
stronger interactions between rubber and sepiolite
filler, as previously discussed. The tubular-shaped with
high specific surface area of sepiolite may act as stress
transferring agent, which would increase the
reinforcing index. This finding is in agreement with
previous literature [5, 7, 9, 38], reporting that sepiolite
fibers provided more reinforcement than spherical
silica particles due to their high aspect ratio. The aspect
ratios of sepiolite and silica found in the current study
were approximately 5.32 and 1.09, respectively, which
are in line with the previous report [38].

Figure 8 displays the variation in tensile strength of NR
composites filled with sepiolite and silica. It can be
clearly noticed that incorporation of sepiolite provided
slightly higher tensile strength than silica, because of
the better rubber-filler interactions. The highest tensile
strength was about 17% improvement over unfilled
sample found at 1 phr sepiolite loading, probably due
to the greatest rubber-filler interactions as previously
suggested by the stress relaxation and filler-rubber
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interaction results (Figures 2, 5, and 6). As a result of
filler incorporation, the extensibility of rubber usually
decreases due to either good rubber-filler interactions,
restricting the movements of rubber chains, or poor
filler dispersion, with agglomerates serving as stress
concentration points. Thus, the elongation at break of
composites reduced with filler loading, as presented in
Figure 9. Similar observation was found in previous
report [30]. The better rubber-filler interactions of
sepiolite provided a slightly superior extension
capability, particularly at low filler loadings.

In case of NR composites filled with silica, the highest
tensile strength was found at 5 phr (about 12% over
neat NR) which was considered to be optimum. Further
increase in the silica incorporation slightly reduced the
tensile strength because of the increment of silica
aggregation, as will be discussed later in the
morphological part. The aggregation of silica served as
stress concentration point, resulting in a reduction of
elongation at break. It is also found that the tensile
strength of NR composites filled with sepiolite and
silica was not much different due to relatively small
filler loading. However, smaller loading of sepiolite
required to obtain maximum tensile strength than silica
would be benefited for preparation of rubber composite
containing small filler loading.
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Morphological property

Figure 10 presents the SEM micrographs of cryo-
fractured surfaces of sepiolite (Figures 10(a) and 10(b))
and silica (Figures 10(c) and 10(d)) filled NR
composites. It is noticed that the morphology of rubber
composites comprises different sizes and shapes of
filler dispersion, based on loading and type of filler. In
the composites filled with sepiolite (Figures 10(a) and
10(b)), small size of filler with tubular-shaped was
dispersed throughout the rubber matrix. The length (L)
and diameter (D) of sepiolite in NR/Sepiolite 1 were
about 1.34 - 3.15 um and 0.34 - 0.91 pm, respectively.
Meanwhile, they were about 2.45 - 5.50 pm and 0.45 -
1.12 pm, respectively, in NR/Sepiolite 5. Thus, the
average aspect ratios of rubber composites filled with 1
and 5 phr sepiolite were about 5.32 + 3.44 and 4.88 %
3.36, respectively. Less amount of tubular-shaped
particulates was observed in sample containing 1 phr
sepiolite due to small amount of sepiolite added.
However, such dispersion is sufficient to assist the
stress transfer to each other. Large size of sepiolite
aggregation was seen when the sepiolite loading was
up to 5 phr. Such dispersion would be responsible for a
reduction in tensile strength and elongation at break.

Considering the composites filled with silica, the L and
D of silica in NR/Silica 1 (Figure 10(C)) ranged
within 0.46 - 3.02 um and 0.44 - 2.80 pm, respectively,
whereas they were within 1.34 - 6.72 pm and 1.12 -
7.05 um, respectively, for NR/Silica 5 sample (Figure
10(D)), resulting in the aspect ratio of about 1.06+0.04
for NR/Silica 1 and 1.03 + 0.2 for NR/Silica 5. It was
also found that the size of silica dispersion increased
with filler loading, suggesting that filler-filler
interaction was preferred at high silica loading. Smaller
aspect ratio of silica dispersion than those of sepiolite
can be confirmed which was in well agreement with
previous report [39].

Based on the SEM observation, it is clearly evident that
the aspect ratio of sepiolite dispersion was greater than
that of silica. The higher aspect ratio created larger
surface area contact between rubber and filler,
providing better stress transfer between the
components. Therefore, the better restricted chain
relaxation and the higher tensile properties were
obtained with incorporation of sepiolite.
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Figure 7. Reinforcement index (M300/M100) of NR composites filled with sepiolite or silica
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Figure 10. SEM micrographs of NR composites: (a) NR/Sepiolite 1 phr, (b) NR/Sepiolite 5 phr, (c) NR/Silica 1

phr, and (d) NR/Silica 5 phr at 500x

Conclusion
Composites of NR filled with sepiolite or with silica
were prepared in the present study, and the influence of
filler type and loading level on properties of the
composites was investigated. From Mooney viscosity,
stress relaxation, and rheometric tests, the results
revealed that sepiolite filled NR exhibited a slower
relaxation rate with larger torque difference and
better reversion resistance than that with the silica
filled compounds, suggesting better rubber-filler
interactions than in silica filled composites.
Increased addition of filler improved the viscosity of
rubber by approximately 7 - 22% with sepiolite and
approximately 3 - 37% with silica, depending on filler
loading. The stronger rubber-filler interactions in the
sepiolite filled composites were later confirmed
through the use of the Lorenz-Parks and Kraus models.
The greater extent of interaction between rubber and
filler resulted in the greater restricted diffusion of
solvent molecules through the rubber matrix. As a
result of the good interactions between sepiolite filler
and rubber matrix, larger reinforcement indexes and
tensile strengths were achieved with sepiolite filler than
with silica filler in the composites. This was due to the
higher aspect ratio of sepiolite (~5.32) compared to that
of silica (~1.09) as revealed by SEM analysis. The

highest tensile strength was achieved at 1 phr sepiolite
loading which was about 17% improvement over
unfilled sample.
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Abstract

Hydrotalcite (MgeAl2(OH)16CO34H20) is a naturally occurring anionic clay with a layered crystal structure. Hydrotalcites is
classified as heterogeneous catalysts that exhibit an excellent separation post-reaction. Furthermore, commercial hydrotalcites
are environmentally friendly. Organically synthesised hydrotalcites have attracted numerous researchers. The compounds are
crucial solid base materials for several organic reactions, such as the Aldol condensation, Knoevenagel, Claisen-Schmidt, and
Michael addition reactions. The present review covers the synthesis of magnesium aluminide (MgAl) hydrotalcites with varying
magnesium to aluminium (Mg/Al) molar ratios employed to prepare the catalyst. Additionally, the characterisation of MgAl
hydrotalcites with X-ray diffraction (XRD), Brunauer-Emmett-Teller (BET), and scanning electron microscopy (SEM) are
highlighted. The instruments were utilised to identify the physicochemical properties of the catalyst, including crystallinity,
surface area, and morphology. The catalytic activity of MgAl hydrotalcite was explored in the isomerisation of glucose into
fructose as a model reaction for the catalytic performance.

Keywords: MgAl hydrotalcite, Mg/Al molar ratio, physicochemical properties, catalytic activity
Abstrak
Hidrotalsit (MgeAl2(OH)16CO34H20) ialah tanah liat anionik yang wujud secara semula jadi dengan struktur kristal berlapis.

Hidrotalsit dikelaskan sebagai pemangkin heterogen yang mempamerkan pemisahan selepas tindak balas yang sangat baik.
Tambahan pula, hidrotalsit komersial adalah mesra alam. Hidrotalsit yang disintesis secara organik telah menarik ramai
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penyelidik. Sebatian tersebut merupakan bahan asas pepejal yang penting untuk beberapa tindak balas organik, seperti tindak
balas kondensasi Aldol, Knoevenagel, Claisen-Schmidt, dan penambahan Michael. Ulasan semula ini meliputi sintesis
magnesium aluminida (MgAl) hidrotalsit dengan pelbagai nisbah molar magnesium kepada aluminium (Mg/Al) digunakan untuk

menyediakan mangkin. Selain itu, pencirian hidrotalsit MgAl dengan pembelauan sinar-X (XRD), Brunauer-Emmett-Teller
(BET), dan mikroskop elektron pengimbasan (SEM) diserlahkan. Instrumen ini telah digunakan untuk mengenal pasti sifat
fizikokimia mangkin, termasuk kehabluran, luas permukaan, dan morfologi. Aktiviti pemangkin hidrotalsit MgAl telah diterokai
dalam pengisomeran glukosa kepada fruktosa sebagai tindak balas model untuk prestasi pemangkin.

Kata kunci: MgAl hidrotalsit, nisbah molar Mg/Al, sifat-sifat fizikokimia, aktiviti pemangkin

Introduction
Hydrotalcite is a magnesium-aluminium hydroxy-
carbonate, a naturally occurring mineral with the
chemical composition MgsAl,(OH)6CO34H,O that
exhibits a layered crystal structure [1]. The layers
consist of positively charged hydroxide layers, while
the interlayers contain carbonate anions and water
molecules, as displayed in Figure 1. The general
formula of hydrotalcites is
[M?*(1-yM3*x(OH)2]x+(Axn)* .yH20, where M?* and
M3* are the metal components with divalent and
trivalent cations, respectively, and A™ is an interlayer
anion [2]. Aluminium (Al) is partially substituted in
magnesium hydroxide (Mg(OH),) and is a brucite
structure in magnesium aluminide (MgAl) hydrotalcite,
the typical representation of hydrotalcites [3]. The
charge imbalance when a trivalent cation replaces the
divalent is counterbalanced by the placement of
available anions, such as CO3>", NO;~, Cl-, SO4*, and
OH, in the interlayers along with water molecules [4].

The MgAl hydrotalcites are solid bases that exhibit
potential catalytic activity and good stability under
required reaction conditions [6].  Moreover,
hydrotalcites possess two representative and prominent
properties, the ability to capture and exchange organic
and inorganic anions and the memory effect due to
their unique structures [7]. The unique characteristics
resulted in the wide range of applications of the
compounds as anion exchangers, absorbing agents,
stabilisers for polymers, catalysts, electroactive
materials, and pharmaceuticals. Hydrotalcite is
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classified as a heterogeneous catalyst with numerous
advantages over homogeneous catalysts, including
catalyst reusability, high purity by-products, and good
separation and purification [8]. The wide applications
of hydrotalcite catalysts have brought more
functionality to the industry. Researchers in the
scientific field generally employ hydrotalcite catalysts
in organic synthesis reactions [9]. The catalysts are
regarded as crucial solid base materials for various
organic reactions, including Aldol condensation [10],
Knoevenagel [11], Claisen-Schmidt [12], and Michael
addition [13] reactions.

Numerous methods, such as co-precipitation, urea, sol-
gel, and hydrothermal synthesis, could be utilised to
prepare MgAl hydrotalcite [14, 15]. In this review, the
preparation of MgAl hydrotalcite via co-precipitation,
urea, and simple methods are discussed in detail.
Furthermore, the current review highlights the
characterisation of MgAl hydrotalcites with X-ray
diffraction (XRD), Brunauer-Emmett-Teller (BET),
and scanning electron microscopy (SEM). The
instruments identified the physicochemical properties
of the catalyst, including crystallinity, surface area, and
morphology. The catalytic properties of MgAl
hydrotalcite as base catalysts were confirmed by the
isomerisation of glucose to fructose. The influence of
the preparation method on the physicochemical
properties and activity of MgAl hydrotalcites as solid
base catalysts based on the characterisation results and
the catalytic activities observed are discussed and
compared.
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Figure 1. MgAl Hydrotalcite Structure [5]

Preparation of MgAl hydrotalcite catalyst

Researchers have employed numerous methods to
synthesise MgAl hydrotalcite catalysts, such as co-
precipitation, simple The
techniques are applicable in the isomerisation of
glucose into fructose. The most common method to
prepare hydrotalcite catalyst is the co-precipitation
method. The pH of the solution plays a vital role in the
technique. If the pH of the solution utilised is low, not
all ions would precipitate, while a high pH would result
in the dissolution of the metallic ions present [5].
Consequently, it is essential to control the pH of the

urea, and methods.

solution to obtain the hydrotalcite catalyst successfully.
Park et al. [14] performed the preparation of MgAl
hydrotalcite catalyst via the co-precipitation method by
adding aqueous solution B, sodium hydroxide and
sodium carbonate in distilled water dropwise into
solution A that consisted Mg(NOs3),.6H,O and
Al(NO3)3.9H,0 dissolved in distilled water. During the
addition of solution B into solution A, the pH of the
solution need to be maintained at approximately 9.5.
The resulting solution was vigorously stirred at room
temperature for 18 h before proceeding with the
filtration process by washing it with distilled water
several times. Subsequently, the solid product was
dried overnight at 100 °C. The molar magnesium to
aluminium (Mg/Al) ratio utilised in the study was

three. The report found that the ratio resulted in a
promising catalyst for various base-catalysed reactions
due to its excellent base catalytic properties.

The utilisation of varying Mg/Al molar ratios affected
the catalytic performance of the MgAl hydrotalcites
catalyst obtained [16]. Kang et al. prepared MgAl
hydrotalcite via the co-precipitation method with
different Mg/Al atomic ratios of from 0.5 to 3.5, which
was dissimilar to the investigation by Park et al., where
the only Mg/Al molar ratio employed was three. In a
similar investigation to [14], Yu et al. reported
synthesising fresh, calcined, and rehydrated MgAl
hydrotalcite catalysts with the Mg/Al ratio of three
[17]. The calcined MgAl hydrotalcite was prepared by
calcining the synthesised MgAl hydrotalcite at 450 °C
for 10 h in an airstream. In contrast, the rehydrated
MgAl hydrotalcite was obtained by hydrating the
calcined MgAl hydrotalcite in decarbonated water with
vigorous stirring in an inert atmosphere at 60°C for
a day followed by filtration and drying overnight at
80 °C.

Urea hydrolysis is one of the techniques employed to
acquire  MgAl  hydrotalcite.  The  alternative
precipitating agent utilised in the method is urea, while
the co-precipitating technique employs Na,COs3 as the
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precipitating agent [5]. The MgAl hydrotalcite with
Mg/Al = 3 was prepared by Park et al. [16] according
to this procedure. A solution of Mg(NOs3),.6H,0,
AI(NO3)3.9H,0, urea, and distilled water was added
into a three-neck flask equipped with a condenser . The
reaction was conducted at 95°C for two days, while the
pH of the solution was measured every 15 min during
the hydrolysis. After the reaction was completed, the
resulting mixture was cooled in an ice bath for 30
minutes, filtrated, washed, and dried at 80 °C. Another
method employed by the same researchers was the
simple method. The technique was based on the
hydration of metal oxides obtained by calcination of
metal nitrates in the air at 450 °C for 10 h.
Subsequently, suitable amounts of MgO and ALO;
were dissolved in distilled water, and the resulting
solution was aged at 60 °C for a week. A white
precipitate was obtained after the solution was filtered
and dried overnight at 80 °C. The method was simpler
than the other two techniques as no particular
controlled variables were involved with metal oxides

[7].

Characterization of MgAl hydrotalcite catalyst

The formation of MgAl hydrotalcite was confirmed
with various characterisation tools such as XRD, SEM,
and BET. The XRD is one of the most common
characterisation tools employed to confirm the layered
structure of hydrotalcite. Park et al. [16] reported that
the typical XRD pattern of MgAl hydrotalcite exhibits
definite crystalline phases observable in fresh catalyst
obtained from every method, attributing to the
reflections of 20 = 11.6° (003), 23.3° (006), 34.8°
(009), 60.7° (110), and 62.0° (113), as shown in
Figure 2. The results indicated that the MgAl
hydrotalcite with Mg/Al = 3 retained the layered
double hydroxide structures even though they are
prepared differently. The XRD patterns in Figure 2(b)
demonstrated a slight shift of the peaks at the (003)
plane, depending on the preparation method employed.
The observation was due to the different anions located
in the interlayer spaces of the hydrotalcite procured
from the three preparation techniques.

Figure 3 displays the XRD pattern of the MgAl
hydrotalcite synthesised by Yu et al. [17]. Only the
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synthesised and rehydrated MgAl hydrotalcites
exhibited the characteristic hydrotalcite XRD peaks
similar to the planes reported by Park et al. [16]. No
XRD peaks corresponded to the layered structure of
hydrotalcite in the calcined MgAl hydrotalcite due to
the destruction of the structure by the calcination
process. Conversely, the calcined MgAl hydrotalcite
maintained the spinel structure of MgAl mixed oxide.
Surprisingly, the rehydrated MgAl hydrotalcite
preserved the layered structure of hydrotalcite, proving
the memory effect of hydrotalcite.

Figure 3 exhibits the XRD peaks for (003) planes in the
rehydrated MgAl hydrotalcite,
broader compared to the
hydrotalcite. The
exfoliation and vertical breaking of layers in the
structure of hydrotalcite, resulting in a smaller
crystallite size of the rehydrated MgAl hydrotalcite. A
report demonstrated the XRD patterns of MgAl
hydrotalcites synthesised with different Mg/Al atomic
ratios between 0.5 and 3.5 (Figure 4). The catalysts
with the Mg/Al atomic ratios of 0.5 and 1.5 were the
least developed. The lower the Mg/Al atomic ratio, the
more the peaks shifted towards higher values,
attributing to a decreased d-spacing between the
hydroxide layers, resulting in reduced distance between
layers of MgAl hydrotalcite as the Al content was
elevated [16].

which was much
synthesised MgAl
observation was due to the

The XRD peaks on the (003) plane were applied in the
Scherrer equation to calculate the crystallite size of the
MgAl hydrotalcites. Specific surface areas (Sger) of the
MgAl hydrotalcites were determined via the BET plot.
Park et al. found that different preparation methods of
MgAl hydrotalcite significantly impacted the crystallite
size and Sger. The MgAl hydrotalcite prepared via co-
precipitation (HT_P) demonstrated the smallest
crystallite size and the highest Sger compared to the
urea (HT_U) and simple (HT_S) techniques (Table 1).
Yu et al. [17] reported that the crystallite size of the
synthesised (HT_A) and rehydrated MgAl (HT_R)
hydrotalcites could be calculated as the catalysts
prepared through the co-precipitation method but under
different conditions retained their LDH structure.
Nonetheless, the calcined MgAl (HT_C) hydrotalcite
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did not produce results for crystallite as the structure of
the catalyst was destroyed during the calcination
process.

Kang et al. [16] concluded that as the Mg/Al atomic
ratio decreased, the Sger increased even at the Mg/Al
ratio of 1.0 (Figure 4). Nonetheless, based on the XRD
characterisation, the 1.0 sample exhibited lower Sger
due to the unsuccessful formation of layered structures.
Additionally, the catalyst produced with the Mg/Al

ratio of 1.5 demonstrated the most significant Sger and
the smallest crystallite Consequently, the
crystallite size was strongly affected by the preparation
method as the growth of the hydrotalcite layers and the
degree of layer stacking differed greatly depending on
the preparation method. Resultantly, the surfaces of the
active sites had different exposures to reactants,
resulting in varying catalytic activities of the MgAl
hydrotalcites [14].
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Figure 2. XRD patterns of MgAl hydrotalcite catalyst (HT_P = Co-precipitation, HT_U = Urea, HT_S = Simple &

HT_C = Purchased from Sigma-Aldrich) [14]

HT_A
'S M

S., HT_C
=y
w
=
2
5

HT_R

T T T T T T
10 20 30 40 50 60 70
2 Theta (Degree)

Figure 3. XRD patterns of MgAl hydrotalcite catalyst (HT_A = Synthesized MgAl hydrotalcite, HT_C = Calcined
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Figure 4. XRD patterns of MgAl hydrotalcite catalyst with different Mg/Al atomic ratio (1.0 — 3.5) [16]

Table 1. Crystallite size and specific surface areas of the Mg-Al hydrotalcite catalyst

Catalyst  synthesis Method Mg/Al Atomic  Crystallite Size ("mM)  gper (m?g!)  Ref
Used Ratio (At (003) plane)
Mg-Al Co-precipitation (HT_P) 3.0 5.80 141.0
Urea (HT_U) 3.0 12.6 36.6 [14]
Simple (HT_S) 3.0 213 1.3
Mg-Al Co-precipitation (HT_A) 3.0 9.9 68.9
(HT_C) 3.0 - 158.5 [17]
(HT_R) 3.0 4.1 88.8
Mg-Al Co-precipitation (HT_1.0) 1.0 } 86.3
(HT_1.5) 1.5 3.9 204.5
(HT_2.0) 2.0 4.7 110.7 [16]
(HT_2.5) 2.5 4.6 130.1
(HT_3.0) 3.0 4.7 109.0
(HT_3.5) 3.5 5.2 89.1
Mg-Al Co-precipitation (HT_1.0) 1.0 7.9 147
(HT_1.5) 1.5 8.4 131
(HT_2.0) 2.0 10.3 110 [18]
(HT_3.0) 3.0 8.1 37
(HT_5.0) 5.0 6.8 23
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Upare et al. [18] reported XRD patterns for all the
samples with rehydrated Mg/Al ratios from 1.0 to 5.0
(Figure 5). Based on the XRD characterisation, an
increase of Mg/Al ratio was slightly shifted to a lower
angle on the (003) plane at 20 of 11.4° corresponding
to the interlayer anion. This observation indicating that
the interlayer spacing and unit cell parameter increased
with Mg/Al ratio of the rehydrated hydrotalcite [18].
Additionally, the crystallite size increases from 7.9 to
10.3 nm as the rehydrated hydrotalcite with Mg/Al
ratio increases from 1.0 to 3.0. Conversely, the
crystallite size decreases from 10.3 to 6.8 nm as Mg/Al
ratio decreases from 3.0 to 5.0.

Apart from XRD and BET analysis, SEM analysis also
can be employed to confirm the structure of MgAl
hydrotalcites and to prove the crystallite size calculated
from the XRD analysis. The characteristic layered

structures of the synthesised MgAl hydrotalcites were
composed of platelet-like particles that agglomerated in
different ways depending on the preparation method, as
shown in Figure 6. In particular, the HT_P MgAl
hydrotalcite with the smallest crystallite size exhibited
a sand-rose morphology (Figure 6(a)) [14]. Kang et al.
[16] observed a similar sand-rose morphology,
indicating that the co-precipitation method successfully
produced the layered MgAl hydrotalcite structure
(Figure 7). The findings might be due to the surfaces
being easily exposed to reactants, which strongly
affected the catalytic activity of the catalysts [14].
Consequently, Park et al. reported that MgAl
hydrotalcites prepared according to the co-precipitation
procedure could be expected to exhibit superior activity
over other hydrotalcite catalysts in base-catalysed
reactions [14].
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Figure 5. The XRD patterns of the rehydrated MgAl hydrotalcite catalyst synthesised with different Mg/Al atomic

ratios (1.0-3.5) [18]
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Figure 7. SEM images of MgAl hydrotalcite with different Mg/Al atomic ratio [16]

Catalytic reaction in the isomerization of glucose to
fructose

Glucose isomerisation was employed as a model
reaction to explore the catalytic activity of the
synthesised MgAl hydrotalcites. The isomerisation of
glucose into fructose is a critical step in biomass
technologies [19].  Generally, the
isomerisation of glucose into fructose was conducted in
a batch-type glass reactor with glucose as the reactant,
MgAl  hydrotalcite as  the  catalyst, and
dimethylformamide. The reaction was conducted at
100°C for 3 h. After the reaction was completed, the
reactor was cooled in an ice bath, followed by filtrating

conversion
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the resultant solution to separate the catalyst. Lastly,
the filtrate was analysed with HPLC equipped with a
UV-Vis detector. Table 2 tabulates the catalytic
activity of the synthesised MgAl hydrotalcite as a solid
base catalyst in the isomerisation of glucose into
fructose, as reported by Park et al., Yu et al., and Kang
et al. [14, 16, 17]. According to Park et al. [14], the
MgAl hydrotalcite prepared by co-precipitation
produced the highest fructose yield at 25% compared
to the other methods. Moreover, since the method
fabricated the smallest crystallite size with abundant
surface base sites, numerous researchers utilised MgAl
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hydrotalcite catalyst prepared with the co-precipitation
technique to convert glucose into fructose [14].

Yu et al. [17] found that the highest fructose yield
(30%) was obtained when the rehydrated MgAl
hydrotalcite catalyst was employed. The results were
due to the abundant and selective surface base sites for
glucose isomerisation were produced during the
rehydration process. Meanwhile, Kang et al. [16]
studied the effects of Mg/Al with different ratios on the
catalytic activity of MgAl hydrotalcite. They reported
that the MgAl hydrotalcite with an Mg/Al ratio of 1.5
produced the highest fructose yield (42%). The
increased catalytic activity of the MgAl hydrotalcite
during the isomerisation of glucose into fructose was
assumed to be due to the small crystallite size obtained
by co-precipitation of Mg/Al with the molar ratio of
1.5. Theoretically, the larger the surfaces of the MgAl
hydrotalcite exposed to the reactants, the catalyst
would exhibit a better catalytic activity.

A report demonstrated by Upare et al. on glucose
isomerization, 1-butanol was used as the solvent. It is
noted to be very effective in preventing the formation
of humin based on their previous study [18]. The

uniqueness of 1-butanol as a solvent for glucose
isomerization showed that there is no leaching of Mg
ions from the hydrotalcite catalyst compared to other
solvents such as water, ethanol and dimethylformamide
[18]. Notably, the rehydrated MgAl hydrotalcite
catalyst with Mg/Al ratio of 2.0 is the excellent catalyst
for the isomerization of glucose into fructose with the
highest percent yield (51%). The fructose yield
increased from Mg/Al ratio of 1.0 to 2.0, however, it
decreased from Mg/Al ration of 2.0 to 5.0. These
results showed that the high rehydrated Mg/Al ratio
were not favourable in the formation of fructose [18].

Apart from using the combination of 1-butanol and
hydrotalcite catalyst in glucose isomerisation, ethanol
is one of the solvent used in this reaction. Yabuhita et
al. found that the use of ethanol enhance the fructose
yield and thus, obtained 50% yield which is quite
higher compared to other results (Table 2).
Furthermore, the removal of ethanol after the reaction
is much simpler as its boiling point is quite low than
water [20]. By having Mg/Al molar ratio of 3,
Yabushita et al. [20] successfully acquired the
formation of fructose within a short time.

Table 2. Recent studies on MgAl hydrotalcite for Isomerization of Glucose into Fructose

Conversion of

Synthesis Mg/Al Conditions Selectivity of Yield for Ref
Method atomic ratio glucose (%) fructose (%) fructose (%)
Co-precipitation 38 65 25
Urea 3.0 At 100°C for 22 69 14 [14]
Simple 3h 21 71 13
Co-precipitation
Synthesized HT 48 53 25
Calcined HT 3.0 At 100°C for 75 32 23 [17]
Rehydrated HT 5h 63 47 30
Co-precipitation
HT 1.0 25 98 24

1.5 62 71 42

20 At 100°C for 58 73 41 [16]

25 5h 55 70 39

3.0 48 81 40

35 47 79 38
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Table 2 (cont’d). Recent studies on MgAl hydrotalcite for Isomerization of Glucose into Fructose

Synthesis Mo/Al Conditions Conversion of  Selectivity of Yield for Ref
Method atomic ratio glucose (%) fructose (%) fructose (%)
Co-precipitation
Rehydrated 1.0 46 65 30
(HT/1-Butanol) 1.5 59 83 49

2.0 At 120°C for 62 82 51 [18]

3.0 5h 66 70 46

50 72 58 42
Co-precipitation
(HT/Ethanol) 3.0 At 90°C for 61 83 50 [20]

2h
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Abstract

Polymelamine is a new class of polymer that possess electrocatalytic behavior in dopamine (DA) detection. Our previous studies
have successfully replaced the conventional acidic electrolyte to deep eutectic solvent (DES) has open the opportunity for a
greener solvent in used. Herein we report the optimization process of melamine electropolymerize in DES- reline. Various
electrochemical techniques have been employed to studies the ideal parameters. The optimum potential window, scan rate, and
number of scan cycles were recorded as -0.20 V — 1.60 V, 50 mV s and five scan cycles, respectively. Cyclic voltammetry
(CV) was employed in the electropolymerization of melamine to optimize the redox behavior of polymelamine film on electrode
surface. The growing of polymer film which indicated by the increased of reduction current can be well-controlled by the slow
scan rate and optimum scan cycles which leads to strong adhesion and uniform morphology. Amperometry sensing on DA was
performed to study and compare the sensitivity and limit of detection for the polymers synthesized in varied parameters. A brief
discussion on the principal polymerization factors that would affecting the electrocatalytic behavior of melamine is included.

Keywords: deep eutectic solvent, electropolymerization, melamine, optimization

Abstrak
Polimelamin adalah kelas polimer baharu yang mempunyai tingkah laku elektromangkin dalam pengesanan dopamin (DA).
Kajian yang dilaporkan terdahulu menujukkan kerjayaan penggantian elektrolit berasid konvensional kepada pelarut eutektik
(DES). Kerjayaan ini membuka peluang untuk pelarut yang lebih mesra alam digunakan. Dengan ini, kami melaporkan proses
pengoptimum elektropolimerisasi melamin dalam DES-relin. Pelbagai teknik elektrokimia telah digunakan untuk mengkaji
parameter yang terbaik. Julat keupayaan, kadar imbasan dan bilangan kitaran imbasan yang terbaik dicatat pada -0.20 V — 1.60
V, 50 mVs! dan lima kitaran imbasan. Siklik voltametri (CV) telah digunakan dalam elektropolimerisasi melamin untuk
mengoptimumkan tingkah laku elektropemangkinan lapisan polimelamin pada permukaan elektrod. Pertumbuhan lapisan
polimer yang ditunjukkan dalam penainkkan arus penurunan boleh dikawal baik dengan kadar imbasan yang perlahan dan
kitaran imbasan optimum untuk mencapai lekatan yang kuat dan morfologi yang seragam. Penderiaan amperometri pada DA
telah dijalankan untuk mengkaji dan membandingkan kepekaan dan had pengesanan rendah untuk polimer yang disintesis dalam
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parameter yang berbeza-beza. Perbincangan ringkas tentang faktor-faktor elektropolimerisasi yang mempengaruhi tingkah laku

elektromangkin melamin telah disertakan.

Kata Kunci: pelarut eutektik dalam, elektropempolimeran, melamin, pengoptimuman

Introduction
Heretofore, the polymers such as polyisoprene,
polystyrene, polythiophene, polyaniline, polypyrrole,
formaldehyde resin and their by-products have been
examined extensively as promising candidates in
sensor development. A novel class of conducting
polymer - polymelamine (PME) was proposed. PME is
made from the nitrogen-rich melamine (1,3,5-Triazine-
2,4,6-triamine) which is a heterocyclic organic
compound. The synthesis methods of PME included
chemical, electrochemical, photo-initiating,
biocatalytic, and plasma polymerization. Among all,
electropolymerization is commonly employed due to
its advantages in facile engineer the morphology,
thickness, density, and growing rate of the polymer.
PME can be synthesized  easily
electropolymerization technique by oxidize the amino

using

groups found in melamine. In the discipline of
electrochemistry, PME has been employed as a stable
matrix to enhance the effective immobilization of
nanomaterials on it. It is also employed as
electrochemical sensor owing to the existence of
numerous active groups such as nitrogen and amine.
PME and its offshoots were soon utilized extensively
in sensing of different neurotransmitters, pharmaceutic
particles, and toxic heavy metals [1-3]. Moreover,
PME composited with nanocarbon demonstrated high
specificity and exhibited exceptional catalytic reaction
over broad extent of molarity [4].

Deep eutectic solvent (DES) draws great attention
lately owing to their solvation potential, conductivity,
simple synthesis method, cost effective and many are
biodegradable [5]. DES are commonly applied in two
principal fields: metal processing (metal
electropolishing, metal dissolution, metal deposition)
and as synthesis solvent [6-8]. Reline (a Type III DES)
was employed as stimulant and reducing mediator for
polymerization of hydrophilic monomer at temperature
close to ambient [9]. Reline and glyceline (a Type III
DES) were proposed to substitute typical aqueous
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solution in free-radical polymerization of acrylamide
[10]. The outcome shows the polymer synthesized has
similar molecular mass compared to the polymer
synthesized in aqueous solution. Moreover, polyaniline
synthesized in DES demonstrated exceptional
conductivity reported at 50 S cm! [11]. The
polyaniline  shows excellent reversibility to
doping/dedoping mechanisms which indicated rapid
charge transfer. Furthermore, Type I DES has
effectively utilized as a cationic catalyst for epoxy
resin curing [12].

Despite that, DES being the synthesis solvent
particularly in the formation of polymers are rarely
examined in terms of polymerization parameters.
Conventionally, electropolymerization of melamine
was conducted in acidic electrolyte [1]. Acidic
electrolyte with pH less than two is the key for the
growth and establishment of radical cations that
required in  rate-limiting  step  during the
electropolymerization of melamine. In accordance with
our published work, we have successfully superseded
the conventional acidic electrolyte with DES. PME
synthesized in DES manifests excellent sensitivity,
specificity, and stability [13]. In this work, we focus on
the optimization of polymerization parameters, and
discuss the effect of these parameters in polymerization
of melamine. Reline is selected as study target due to
the enlightenment of the novel perception asserted that
chloride ion (CI") is the vital factor for PME formation
[14]. Reline is a mixture of choline chloride and urea in
1:2 ratio, urea molecules offer plentiful positive
hydrogen bonding spot to adopt the Cl" negative ion
into their polar matrix [15]. PME synthesized in reline
is then applied in electrochemical qualification and
quantification of dopamine (DA).

Materials and Methods
Materials
Melamine monomer, choline chloride, ethylene glycol,
urea, glycerol, dopamine (DA), potassium dihydrogen
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phosphate (KH,PO4) and potassium hydrogen
phosphate (K;HPO4) were purchased from Sigma
Aldrich. Ultra-pure deionized (DI) water with a
resistance of 18.3 MQcm (Merck Synergy) was used in
all sample preparations. All the chemical reagents were
of analytical grade and were used without further
purification.

Instrumentation

The surface morphology of the bare and modified
sensor was studied by using Horizontal Attenuated
Total Reflectance-infrared spectroscopy (HATR-IR,
PerkinElmer, Inc). All electrochemical experiments
were carried out by Autolab potentiostat/galvanostat
PGSTAT-302N with an ordinary three electrodes
system, containing glassy carbon electrode (GCE)
(ALS-Japan, diameter = 3.0 mm, surface area = 0.071
cm? ) as working electrode, a platinum braid wire
(BASi, diameter = 1.0 mm, surface area = 0.008 cm?)
as counter electrode and sodium chloride (KCI)
saturated Ag/AgCl (BASI) as the reference electrode.
All the potential readings were referred to Ag/AgCl
unless stated elsewhere. A pseudo reference electrode
(Ag wire, BASi, diameter = 1.0 mm, surface area =
0.008 cm?) was employed for
polymerization of polymer in DES or mixtures. The
referred reading of the pseudo wire with respect to the
Ag/AgCl electrode was at + 90 mV. Amperometry
analysis of DA was conducted at constant potential
(0.20 V) in PBS (0.10 M, pH 7.0).

electrochemical

Preparation of deep eutectic solvent

Type III DES - reline was prepared by mixing choline
chloride into urea, in 1:2 molar ratio. The mixture was
heat under oil bath with control temperature from 55°C
to 60°C until a clear solution was obtained. Reline was
then set aside to cool down to ambient temperature
prior served as supporting electrolyte for the
electropolymerization of melamine.

Preparation of
solution
A 10.0 mM of melamine was prepared by mixing 5.0

0.10 mM melamine(reline)

mg of melamine into 4.0 mL reline followed by
ultrasonication for 30 minutes until a homogeneous

solution is achieved. The as-prepared melamine
solution was named as melamine(reline).

Synthesis of PME(reline)/GCE

GCE was gently polished with 0.05 pM alumina slurry
and then rinsed with DI water and ethanol a few times
until a clean mirror-like surface was obtained. A clean
GCE was then immersed into melamine(reline)
solution and CV was scanned from the studied
potential window at various scan rates for different
number of cycles as part of the optimization studies.
The fabricated PME(reline)/GCE was gently rinsed
with DI to wash off the monomer residue and then set
to dry in ambient condition before used.

Preparation of phosphate buffer solution
Phosphate buffer solution (PBS) was
supporting electrolyte in amperometry sensing of DA.
272 g of KHyPO4 and 34.8 g of K,HPO; were
individually poured into 1.0 L volumetric flask and
added with DI until meniscus line forming solution A
(0.20 M) and B (0.20 M), respectively. PBS (0.10 M,
pH 7.0) was prepared by mixing 39.0 mL solution A
and 61.0 mL solution B follow diluted with DI to 200
mL. The pH value of the buffer solution was confirmed
with pH meter (model pH 700, Eutech Instruments).

used as

Preparation of DA stock solution

1000 uM of DA stock solution was prepared by adding
0.015 g DA into 100 mL volumetric flask and added DI
until meniscus. DA solution was freshly prepared daily
and kept in refrigerator at 4°C before used for not more
than 12 hours. A layer of aluminum foil was used to
cover the stock solution to avoid contact with light.

Results and Discussion

Optimization of potential window for melamine
electropolymerization

To understand the effect of applied potential window
on the melamine electropolymerization process,
repeated CV cycling tests were carried out on
melamine dissolved in reline. To begin with the
potential window investigation, parameters of
melamine concentration, scan rate, scan cycles, and
temperature were fixed at 10.0 mM, 50 mV s, five
scan cycles and 25°C, respectively. Figure 1 shows the
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electropolymerization of melamine at fixed starting
potential (-0.20 V) and ended with varied potentials:
1.20 V, 140 V, 160 V, and 1.80 V. The
electropolymerization behavior of melamine in reline
was different from the conventional electrolyte - HySO4
as in previous literature [14]. In conventional
electrolyte, a cathodic peak at around + 0.85 V was
noticed owing to the coupling among the melamine
molecules and carbonyl groups (C=0 and/or C-O) from
the DES instead of head-to-head linking of amine
groups betwixt the melamine molecules [13]. Figure
1(c) illustrated an anodic peak at 1.20 V was observed
for the electropolymerization of melamine from -0.20
to 1.60 V. The peak was due to
functionalization of melamine monomers with carbonyl
groups (C=0) attributed from the reline and forming an
electroactive PME functionalized DES. Likewise, an
anodic peak at about 1.20 V was observed in Figure
1(b) for applied potential window -0.20 - 1.40 V,
indicating the formation of PME. However, it noticed
that the peak current was lower as compared to the
electropolymerization of melamine at -0.20 to 1.60 V,
indicating the limit of charge depository of polymer
formed at -0.20 - 1.40 V. Noted that in Figure 1(a) and
Figure 1(d), no anodic peak was observed with the
applied potential. This is probably due to a narrow
potential window restricts the charge depository ability
of monomer during polymerization, while a wide
potential window will lead to overoxidation of
polymer, causing breakage of polymer chain [16].
From these, it was concluded that potential range from
-0.20 V to 1.60 V is well suited to carry out the
melamine electropolymerization for the PME

anodic

formation.

To further verify how the tuning of potential window
affecting the performance of PME in dopamine (DA)
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sensing, all the PME/GCE electrodes synthesized in
varied potential window were further tested in two
aspects: sensitivity and limit of detection (LOD). In
amperometry setting, DA is oxidised at potential 0.20
V [13]. Therefore, amperometry was scanning at fixed
potential (0.20 V) with additional of DA with
concentration ranging from 100 - 1200 M in PBS
(0.10 M, pH 7.0) as shown in Figure 2. Sensitivity and
LOD were then calculated based on the amperometric
results and summarized in Figure 3 and Table 1.
Naming of PME was based on the maximum applied
potential e.g., PME synthesized in reline with potential
window applied at -0.20 - 1.20 V is named as
PME(reline +1.20 V). Based on Figure 2, it was
noticed that the amperometry result of PME(reline
+1.60 V) recorded the highest current response as
compared to the other PME. Figure 3(A) and (B)
illustrated the calculated sensing sensitivity and LOD
of DA at PME(reline), respectively. Noted that the
sensing of DA at PME(reline +1.60 V) recorded the
highest sensitivity and lowest LOD recorded at 0.044
pA pM' cm and 0.198 uM, respectively which are in
line with amperometry result shown in Figure 2. The
sensitivity line graph of over-potential
increment from +1.20 V and reached maximum at
+1.60 V. At the same time, LOD obey the opposite
relationship and reaching the minimum LOD at +1.60
V. In case, further widen the potential window of
PME(reline) to +1.80 V, the electrode sensing
capability has reduced drastically where the LOD did
not showed any improvement and has been increased
10-fold recorded at 2.070 pM compared to +1.60 V.
The result justified the optimized potential window
for electropolymerization of melamine is -0.20 V to
+1.60 V.

showed
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Figure 1. Electropolymerization of melamine (10.0 mM) in reline scanning with varied potential window a) -0.20
to 1.20 V, b) -0.20 to 1.40 V, ¢) -0.20 to 1.60 V, and d) -0.20 to 1.80 V at 50 mV s™' with five scan cycles
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Figure 2. Amperometry results of PME synthesized in different potential window. All the amperometry test were
scanned at a fixed potential (0.20 V) with additional of DA with concentration ranging from 100 - 1200
#M in PBS (0.10 M, pH 7.0)
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Figure 3. Graphs of (a) sensitivity and (b) LOD results versus varied potential window applied for
electropolymerization of melamine in reline.

Table 1. Optimization studies for electropolymerization of melamine in reline, DA as model analyte; sensing with
amperometry at 0.20 V vs Ag/AgCl: Effect of electropolymerization potential window, effect of scan rate and
effect of scan cycles

Eutectic  Sensitivity /

Parameter Varied Solvent A uMom? LOD/uM
1.2 reline 0.032 4.8640
Potential (V) 1.4 rel%ne 0.034 0.4110
1.6 reline 0.044 0.1980
1.8 reline 0.038 2.0700
10 reline 0.035 0.4450
25 reline 0.044 0.3260
Scan rate (mV s™) 50 reline 0.044 0.1980
75 reline 0.046 1.0770
100 reline 0.045 0.7860
3 reline 0.038 0.6800
5 reline 0.044 0.1980
Scan cycles 10 reline 0.039 1.1800
15 reline 0.044 0.5680
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Optimization of scan rate for melamine
electropolymerization

Figure 4 illustrates the electropolymerization behavior
of melamine in different scan rates. Scan rate
determine the time taken to complete one
polymerization cycle. In this study, the recorded
voltammogram was not able to distinct any significant
observation to relate the effect of scan rate on
polymerization of melamine. Thus, these electrodes

prepared at 10, 25, 50, 75, and 100 mV s’ scan rates
were analyzed using the amperometry technique to
investigate the performance in DA sensing. Figure 5
displays the amperometry plot of PME whereas
Figure 6 displays the calculated sensitivity and LOD
based on the amperometry results obtained.

19.4
9.7
0.0

2914 A Scanrate: 100 mv s’

32
16

48 { B Scanrate: 76 mv s

[V

12.4 A

8.2 o

Current/ pA

0.0 —_

18.6 4 ( Scanrate: 50 mv s’

14 -
7 -

04

214 [ Scanrate: 26 mV s

524
2.6+

0.0 —

78 41E  Scanrate: 10 mv s

-05 0.0

T T T
0.5 1.0 1.5

E/NV vs. Ag/AgCl

Figure 4. Electropolymerization of melamine (10.0 mM, -0.20- 1.60 V, five cycles) in reline scanning with varied

scan rate (10, 25, 50, 75, and 100 mV s™!)
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Figure 5. Amperometry results of PME synthesized in different scan rates. All the amperometry test were scanned
at a fixed potential (0.20 V) with additional of DA with concentration ranging from 100 - 1200 4M in
PBS (0.10 M, pH 7.0)
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Figure 6. Graphs of (a) sensitivity and (b) LOD results versus varied scan rates applied for electropolymerization
of melamine in reline
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The result of amperometry sensing of DA at PME/GCE
synthesized with varied scan rates are display in
Figure 5. Based on Figure 5, the amperometry plots of
PME(reline 75 mV s') and PME(reline 50 mV s™')
were very close to each other, unable to differentiate
which scan rate gives the best outcome. Figure 6(a) and
(b) show the fluttered of sensitivity and LOD of varied
scan rates applied in electropolymerization of
melamine (10.0 mM) in reline. The scan rate applied
was varied from 10 to 100 mV s'. PME(reline)
synthesized with 10 mV s! is named as PME(reline 10
mV s) in accordance to the scan rate applied. As
shown, the PME(reline 50 mV s!) was selected as the
ideal scan rate where the sensitivity and LOD reported
at 0.044 pA uM! cm? and 0.198 puM, respectively. In
this case, PME(reline 75 mV s') and PME(reline 25
mV s') demonstrated the excellent sensitivity at 0.046
A uM! cm™? and 0.044 pA uM™' cm?, respectively.
However, both PME(reline 75 mV s'!) and PME(reline
25 mV s!) showing much poorer sensing capability
with LOD recorded at 1.077 puM and 0.326 uM,
respectively as indicate in Table 1. It is noted that the
change of polymerization scan rate affecting the LOD
significantly. This is due to the low signal strength and
high signal noise. Higher scan rate will result in
branched polymer that have side chains growing out
from the main chain. Branched polymer exhibits lower
density and less packing where the analyte would be
easily to move into the polymer cavity during the
electrocatalytic activity, thus inducing flux of analyte
molecules or ions at the electrode-electrolyte interface
which result in a great fluctuation (noise) [17].
Whereas lower scan rate develops linear polymer
which are very dense and compact, resulting there
would be almost no channel for analyte to approach the
electrode and hence reduced the signal strength and
increased the LOD.

Optimization of scan melamine
electropolymerization

Scan cycles influences the polymer film thickness and
sensing characteristics. The optimum scan cycle was
investigated using constant conditions i.e., 10.0 mM
melamine in reline electrolyte at room temperature
with CV scanned from -0.20 V - 1.60 V. The growing
of polymer film was indicated from the increase of the
reduction current. Figure 7 illustrates the
electropolymerization behavior of melamine in
different scan cycle. Different scan cycles lead to
different thickness of polymer on the surface of GCE.
Unfortunately, the voltammogram could not show any

cycles on

significant result to relate the effect of scan cycle on
polymerization behaviour of melamine as scan cycle
are served to control the thickness the polymer film.
Therefore, amperometry was employed to study the
effect of polymer thickness on its sensing properties.
Figure 8 shows the electrocatalytic performance of
PME synthesized in different scan cycles. Scan cycles
of five shows the steady increase of current with the
increase of DA concentration, it also demonstrates the
highest current response among all. Based on Figure
9(a) and (b), the optimum polymeric film can be
obtained in five scan cycles, due to the sharp
enhancement of sensitivity that has been recorded.
When the scan cycles are increased to ten, it caused a
minor decreased on LOD, further increasing of scan
cycles to 15 attributed to a steeply decrease in
sensitivity and raising of LOD. Such phenomenon was
presumably due to excess polymer deposited on the
GCE surface which blocking the electron transfer that
needed for the DA oxidation process. As deduced from
the higher charge transferred during polymerization,
thin polymer films are usually superior in sensing
studies due to better conductivity and easier in
accessing analyte. Hence, five scan cycles were used
for film formation.
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Figure 7. Electropolymerization of melamine (10.0 mM, -0.20- 1.60 V, 50 mV s!) in reline scanning with varied
scan cycle (3, 5, 10 and 15)
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Figure 8. Amperometry results of PME synthesized in different scan cycles. All the amperometry test were
scanned at a fixed potential (0.20 V) with additional of DA with concentration ranging from 100 - 1200
4M in PBS (0.10 M, pH 7.0)
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Figure 9. Graphs of (a) sensitivity and (b) LOD results versus varied scan cycles applied for electropolymerization
of melamine in relin
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Conclusion

Hereby reports the novel studies of optimization
parameters for melamine electropolymerizes in DES,
reline. Different parameters including potential
window, scan rate, and number of scan cycles were
manipulated in preparing PME in DES. Amperometry
sensing on DA was conducted to compare the
sensitivity and limit of detection for the PME prepared
in different parameters. The optimum polymerization
parameters for melamine were discovered as -0.20 V —
1.6 V, 50 mVs'!, and five scan cycles, respectively. The
effect of each parameter on the -electrocatalytic
behavior of PME has been clarified. With the
successful optimization, PME(reline)/GCE with high
sensitivity and low limit of detection recorded at 0.044
pA uM' cm? and 0.198 uM has
Proportionally, contemporary potential polymers can
be construct by manipulating the parameters
accordingly.

achieved.
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Abstract

One of the effective technologies in molecular recognition is based on the molecular imprinting process. In this work, the polymers
were prepared by bulk polymerization, using methacrylic acid and ethylene glycol dimethacrylate as the functional monomer and
crosslinking agent, respectively. The polymers were characterized by Fourier transform infrared spectroscopy, scanning electron
microscopy and surface area and porosity analyses. Several parameters influencing the adsorption efficiency of Tryptophan (Tryp) such
as adsorbent dosage, contact time, pH of sample solution as well as selectivity and reproducibility study, have been evaluated. The
Tryptophan-imprinted polymer (Tryp-IP) showed significantly higher removal efficiency and selective binding capacity towards Tryp
compared to non-imprinted polymer (NIP). The adsorption isotherm demonstrated that the Tryp-IP followed Langmuir isotherm model,
indicating the Tryp-IP owning the homogenous surface type of adsorbent. In contrast, the NIP fit with the Redlich-Peterson model,
indicating that mechanism adsorption is a mixed type. The kinetic study revealed that pseudo-second order was the appropriate Kinetic
model for Tryp-IP and the adsorption Kinetic of NIP appeared to fit with pseudo-first order.

Keywords: molecularly imprinted polymer, tryptophan, adsorption study

Abstrak
Salah satu teknologi yang efektif dalam pengecaman molekul adalah berdasarkan proses pencetakan molekul. Dalam kajian ini, polimer
telah disediakan melalui pempolimeran pukal, masing-masing menggunakan asid metakrilik dan etilena glikol dimetakrilat sebagai
monomer berfungsi dan agen tautsilang. Polimer dicirikan oleh spektroskopi inframerah transformasi Fourier, pengimbasan mikroskop
elektron dan analisis luas permukaan dan keliangan. Beberapa parameter yang mempengaruhi kecekapan penjerapan Triptofan (Tryp)
seperti dos penjerap, masa sentuhan, pH larutan sampel serta kajian selektiviti dan kebolehulangan telah dinilai. Polimer tercetak-
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Triptofan (Tryp-IP) menunjukkan kecekapan penyingkiran dan kapasiti pengikatan yang lebih tinggi terhadap Tryp berbanding polimer
tidak dicetak (NIP). Isoterma penjerapan menunjukkan bahawa Tryp-IP mematuhi model isoterma Langmuir, ini menunjukkan Tryp-IP
memiliki jenis penjerap permukaan homogen. Sebaliknya, NIP mematuhi model Redlich-Peterson, menunjukkan mekanisme
penjerapan adalah jenis campuran. Kajian kinetik mendedahkan bahawa tertib pseudo-kedua adalah model kinetik yang sesuai untuk

Tryp-IP dan kinetik penjerapan NIP kelihatan lebih sesuai dengan tertib pseudo-pertama.

Kata kunci: polimer tercetak molekul, triptofan, kajian penjerapan

Introduction

Tryptophan (Tryp) is one of the essential amino acids
that is necessary for normal growth and it also acts as a
precursor for several bioactive compounds such as
nicotinamide (vitamin B6), serotonin, melatonin,
tryptamine, kynurenine, and xanthurenic acids [1]. Tryp
cannot be synthesized in the human body. However, it
can be supplied via our dietary intake such as high
protein food and fiber rich food like banana, soy, egg
and rice. Even though the Tryp in the human body is
relatively low, its potency is very significant. It is one
of the amino acids capable of passing through the
blood- brain barrier, which makes it very important for
protein synthesis in our body [2]. Previous studies have
shown that Tryp deficiency in the body can affect mood
or cause depressive symptoms, whereas low serotonin
levels contribute to increased anxiety and depression
[3]. Since Tryp acts as a precursor for serotonin
synthesis, the level of serotonin depends on the
concentration of Tryp in the body [4]. From this point
of view, it is crucial to determine the level of Tryp in
the body to monitor this condition. At present, many
technologies have been applied for the determination of
Tryp, such as electrochemical sensors [5], high-
performance liquid chromatography (HPLC) [6], solid-
phase extraction-liquid chromatographic-tandem mass
spectrometric (XLC-MS/MS) [7] and tandem mass
spectrometer [8]. These techniques are very selective
and precise; however, they often require pre-treatment
steps, expensive and complicated instruments, skilled
operators and a lot more time [9]. For these reasons,
attention has been focused on the adsorption method
due to its low cost and ease of operation. The latest
development of adsorbent material for the
determination and removal of Tryp/ Tryp derivatives
such as polymeric resin [10], gold nanoparticles [11]
and activated carbon [12], has shown outstanding
results for the adsorptive capacity of Tryp.
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In recent years, the low-cost adsorbent materials
fabricated from molecular imprinting technology have
attracted much attention due to the high selectivity and
simple preparation method, which gives the technology
a broad range of applications. Molecularly imprinted
polymer (MIP) is an adsorbent from the imprinting
technique with specific binding sites, shape and size
towards the imprinted analyte called template. The
molecular imprinting technique is a process that
involves the polymerization reaction of functional
monomers with the template molecule, thus allowing
the formation of polymer networks to possess binding
sites complementary with the template molecule [13].
MIP has several advantages which include low cost,
ease of preparation, high stability and high selectivity
and affinity. In addition, MIP is an insoluble substance
with high durability under extreme pH conditions,
organic solvents and high temperatures [14]. In general,
many researchers favored the non-covalent approach
due to the straightforward procedure, easy template
removal as well as the fact that imprinted polymer can
be used in various applications because most of the
biomolecular interaction were non-covalent bond [15].
During pre-polymerization, functional monomers and
template interaction are formed by self-assembly via
non-covalent interactions, such as hydrogen bond, ionic
interaction, hydrophobic interaction, and Van der
Waals interaction [16]. Therefore, the present work
highlights the application of MIP as a versatile material
for selective determination of Tryp molecule.
Tryptophan-imprinted polymer designated as Tryp-IP
was prepared by bulk polymerization. Figure 1 shows a
schematic for the formation of MIP for Tryp via the
imprinting technique. The process involves methacrylic
acid (MAA), ethylene glycol dimethacrylate (EGDMA)
and azobisisobutyronitrile (AIBN) as the functional
monomer, cross-linker and initiator, respectively. Once
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the polymerization is complete, the removal of the
template from the polymer matrix, leaves the cavities
that are ideally complementary in terms of size, shape,
and function to the template analyte. The corresponding

non-imprinted polymer (NIP) was synthesized as a
control sample.

/& a o] CH3 (o]
) -
AN wou + o o+ Hzc)\’(owo J\‘KCH‘
HN—  NH;
0 CHs

Polymerization
Tryptophan Methacrylic acid (MAA) Ethylene glycol dimethylacrylate (EGDMA)

Removal of template

-

-

Rebinding

»
L

Figure 1. Schematic of the molecular imprinting process for Tryp

Materials and Methods

Materials

Tryptophan (Tryp), kynurenine (Kyn), tyrosine (Tyr),
phenylalanine (Phe), methacrylic acid (MAA), ethylene
glycol dimethacrylate (EGDMA), and
azobisisobutyronitrile (AIBN) were purchased from
Sigma Aldrich, Germany whereas methanol, acetic
acid, sodium hydroxide (NaOH), hydrochloric acid
(HCI) were supplied by R&M Chemicals, UK.

Preparation of Tryp-imprinted polymer

The preparation of Tryp-IP was carried out by the bulk
polymerization method [17, 18]. Initially, Tryptophan
(Tryp, 1 mmol) was dissolved in water/methanol (1:3
v/v). Then the functional monomer (MAA, 10 mmol),
cross-linker (EGDMA, 30 mmol) and initiator; (AIBN)
were added into the glass tube to allow the
polymerization process to occur. Then, the mixture was
stirred until homogeneous and purged with nitrogen gas
before being placed in an oil bath at 60 °C for 48 hours.
Upon completion of the polymerization reaction, the
polymers obtained were crushed, ground, and sieved.

The polymers were treated with methanol and acetic acid
in a 9:1 v/v ratio by Soxhlet extraction to remove the
template molecules. The obtained polymers were stored
at room temperature for further characterization.
Finally, the non-imprinted polymer (NIP) as a control
sample was prepared using the same method but in the
absence of the template.

Characterization of the polymers

The polymers were characterized by attenuated total
reflection-Fourier transform infrared spectroscopy
(ATR-FTIR). The spectra were recorded from 500 cm
to 4000 cm?. Then, the surface morphology of
polymers was observed by Scanning Electron
Microscopy (SEM). Each polymer was mounted on the
stubs and coated with gold for protection from the
electron beam. Next, the determination of the specific
surface area, pore volume and pore diameter were
performed by porosity analyzer using Bruner-Emmett-
Teller (BET) and Barrett-Joyner-Halenda (BJH)
technique.
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Adsorption studies

The adsorption studies were conducted by batch
rebinding experiment, which was performed in an
aqueous medium [19]. First, 1 ppm of Tryp solution
was prepared and mixed with a different mass of Tryp-
IP (1, 3, 5, 7, 9 mg) while maintaining other parameters
at optimal conditions. After the adsorption process, the
Tryp solution was analyzed using a UV-Vis
spectrometer to determine the remaining Tryp molecule
by observing its final concentration. Then, the
percentage removal and adsorption capacity of Tryp-IP
towards Tryp was calculated using equations (1) and
(2), respectively [20]:

% removal = C‘C;CF % 100 (1)
(C;— CAV
Qe = Tf (2)

In the equations above, C;i and Cs are initial and final
concentrations (mg/L) of Tryp solutions, respectively,
Qe (mg/g) is the quantity of total adsorption of Tryp
molecules, V (L) is the volume of the solution and W
(9) is the weight of polymers.

The interaction and adsorption mechanism of Tryp-IP
and Tryp were further studied by fitting equilibrium
data into the isotherm models. The adsorption
equilibrium data obtained were fitted into Langmuir,
Freundlich and Redlich-Peterson isotherm models.
Langmuir isotherm is often associated with adsorption
on the surface of homogeneous sites within the
adsorbent and occurs in a monolayer pattern.
Nevertheless, Freundlich isotherms apply to adsorption
processes that occur on heterogeneous surfaces.
Redlich-Peterson isotherm is a three-parameter
isotherm which combines Langmuir and Freundlich
isotherms. The Langmuir, Freundlich and Redlich-
Peterson equation can be written in the following linear
form as stated in equations (3), (4) and (5), respectively
[21].

C. 1 C

2. 5. 's @)
InQ. = InKp + %lnCe 4
ln;—" = BInC,—InA (5)

In equations (3), (4) and (5), Qe is the equilibrium

218

adsorption capacity (mg/g), Ce is the equilibrium
concentration of adsorbents at equilibrium (mg/L), and
Qo is the maximum adsorption capacity of the
adsorbents (mg/g). B (L/mg) is the Langmuir
adsorption constant, while KF (mg/g) is the Freundlich
adsorption equilibrium constants indicating the sorption
capacity and 1/n represents the intensity of the
adsorption. Meanwhile, A (Lg?) is Redlich-Peterson
isotherm constant and B is the exponent that lies
between 0 and 1. The favorability of the Langmuir
isotherm was expressed by a dimensionless constant
called the separation factor (RL), as shown in equation

(6).
RL= — (6)

1+B(C,)

where RL values indicate the adsorption to be
unfavorable when RL > 1, linear when RL = 1,
favorable when 0 < RL< 1, and irreversible when RL =
0 [21].

Adsorption kinetic study

Adsorption kinetics was studied to determine the
kinetic behavior and rate-controlling step for the
adsorption process of Tryp-IP. The experiments were
conducted using 1 ppm of Tryp solution mixed with 9
mg of Tryp-IP. The kinetics of Tryp uptake by Tryp-IP
were analyzed using a UV-Vis spectrometer. The time
was set at 0 to 180 min. Two adsorption kinetic models,
namely pseudo-first-order and pseudo-second-order,
were tested and fitted into the adsorption kinetic data.
The pseudo-first and pseudo-second order equations
can be expressed in equations (7) and (8), respectively,

11’1(% - qt) =1In qe — klt (7)
T 1 T
+ — 8

a- k.ai  a.

where g: and de (Mmg/g) represent adsorption capacities at
time and equilibrium, respectively, while k1 and k2
represent rate constants at equilibrium [22]. Furthermore,
the favorability of kinetic models was calculated by
standard deviation formula, Aq (%) and relative error,
RE (%) as in the following equations:

&q(q{]) — J[(Qe.exp_q:].ia;:lffqe.exp]_ % 100 (9)
RE (%) = eca=Qeempl o 4 (10)

8,8XD
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where N is the amount of data points fitted to the plot,
Qeexp and Qecy (Mg/g) are the experimental and
calculated adsorption capacities, respectively. A lower
Aq (%) gives the desired fitness of polymer to the
kinetic model [20].

Effect of pH study

1 ppm of Tryptophan solution was prepared, and the pH
was adjusted in the range of 4, 5, 7, 9, 11 and 13, by
adding diluted HCI and NaOH. The experiment was
carried out by mixing each solution with 9 mg of Tryp-
IP. An independent analyte solution was analyzed and
the optimum pH for optimum adsorption was
determined.

Effect of selectivity study

In the selectivity study, the molecular structural
analogues of Tryptophan; kynurenine, tyrosine and
phenylalanine were tested for the binding performance
with Tryp-IP. Firstly, 1 ppm of analyte concentrations
were prepared separately and mixed with 9 mg of Tryp-
IP. Then, the solutions were analyzed using UV-Vis
spectrometer. The distribution coefficient (kd) was
calculated based on the equation 11.

kg= S22 (1) (12)

Cr w
where kd is the concentration ratio between two
solutions, Ci and Cf are initial and final concentrations of

each compound, respectively. V (L) is the volume of
the solution and W (g) is the weight of polymers [23].
The adsorption capacity of the polymer increases as the
value of k increases. Selectivity coefficient (k), which

indicates the selectivity of Tryp over the competitive
compounds was calculated based on the equation 12
below:

_ ky(Trvp) : (12)

k4 (Eyn/Tvyr/Phe)

Relative selectivity coefficient (k’) was determined by
comparing the ratio of Tryp-IP and NIP as equation 13
below:

¢ _ k(Tryp-IF)
T k(NIP) (13)

Reproducibility study

A reproducibility study was explored to evaluate the
practical application of the prepared adsorbent.
Firstly, 1 ppm of Tryp solution was mixed with nine
sets of Tryp-IP (9 mg) at the optimal time taken.
Then, each solution was evaluated by UV- Vis
spectrometer and its adsorption capacity were
calculated.

Results and Discussion

FTIR characterization

Figure 2 shows the FTIR spectra of Tryp, Tryp-IP
before and after template removal and the NIP.
From the Tryp spectrum in Figure 2(a), a peak at
3400 cm and 3012 cm™ were observed, indicating
a peak for NH stretching from the indole group and
alkene C-H stretching, respectively. The IR peaks
obtained at 1654 cm* and 1575cm™* show the COO-
and NH asymmetric stretching vibrations,
respectively [9]. Due to the high cross-linking
agent, all polymers show similar vibration peaks
with almost the same IR spectrum. Based on Figure
2(b), the IR broad peaks obtained around 3471 cm™!
— 3275 cm! show a strong interaction between the
NH group of Tryp and the O-H group of the MAA
monomer through hydrogen bonding [24]. The
aromatic stretching of C-H appeared at 2985 cm™ at
a lower intensity indicating the presence of Tryp in
the polymer. After removal of Tryp Figure 2(c), the
IR spectrum showed the complete disappearance of
Tryp characteristic. The intensity of C=0 from
MAA at 1724 cm™ increased. In comparison with
Figure 2(b), the C=0 absorption peak shifted from
1716 cm* to 1724 cm?, indicating the rupture of the
hydrogen bond. In Figure 2(d), the IR spectrum for
NIP is expected to be similar to Tryp-IP after the
template is removed, where the C-H stretching
vibration of MAA appeared at 2985 cm™. The
schematic from Figure 1 is used to confirm all the
functional groups present in the polymers for the
FTIR spectra.
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Figure 2. FTIR spectrum of (a) Tryp, (b) Tryp-IP before and (c) Tryp-IP after removal of the template and (d) NIP

SEM analysis

Figures 3(a) and 3(b) show the SEM micrographs
for Tryp-IP and NIP, respectively. Bulky particles
with the size in the range of a few microns is
observed. This morphological feature is typical for
polymers synthesized by the bulk polymerization
approach. Furthermore, agglomeration is observed
in Tryp-IP and NIP, and this is expected due to the
high molar ratio of monomer to cross-linker (10:30)
used in this study [24, 25]. Based on previous
studies, bulk polymerization using the optimum
molar ratio (4:20) can give a morphological image
in heterogeneous irregular shapes and sizes due to

%1, 200 F1ohm e081 INGS, -UMT
N £ :
4

{6ku

crashing, grinding, and sieving processes [26].
Besides, the molar ratio of the cross-linker played a
significant role in controlling the morphology of the
polymer where it can form a rigid surface of the
primary particles, which makes it difficult to
agglomerate [27]. As in a previous study reported in
the literature, the polymer morphology changes
when the cross-linker ratio exceeds the optimum
level within the polymer structure, resulting in the
hard segment and a reduction in the polymer matrix
binding sites [24].

"ibku, %1,000 _40nm 0001 INOS, UMT

Figure 3. SEM micrograph of (a) Tryp-IP and (b) NIP
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BET surface area analysis and porosity

BET analysis was carried out to determine the
specific surface area and porosity properties of the
Tryp-IP and NIP. Table 1 shows the results of
surface area, pore volume and pore diameter of the
polymers. The average pore diameters of Tryp-IP
and NIP were in the range of 2-50 nm, indicating
that both polymers have a mesoporous structure [20,
28]. However, Tryp-IP has larger a surface area and
slightly larger total pore volume than the NIP. The
increased surface area in Tryp-IP reflects the effect

of the imprinting process, which occurred when the
presence of the Tryp as a template during MIP
synthesis resulted in the formation of pores or
imprinted cavities [29, 30]. Based on previous
studies, high molar ratios of monomers to the cross-
linker resulted in non-specific interactions, while
low ratios lead to inadequate functional sites [31].
Consequently, the agglomeration of the polymers
particle resulted in the reduction of surface area and
the number of active sites of polymers.

Table 1. BET surface area, pore volume and pore diameter

Polymer Surfazce_%rea Pore \e{ol_ljlme Pore diameter
(m*g™) (cm*g™) (nm)

Tryp-IP 6.4519 0.022482 13.94

NIP 4.0351 0.016078 15.94

Adsorption isotherm study

The effect of the mass polymer was investigated to
get the optimum mass for Tryp-IP. Based on
Figure 4, it was observed that the percentage
removal of Tryp increased with the increase of
polymer mass. The maximum percentage removal
achievable by Tryp-IP and NIP were 82% and 70%,
respectively. An increase in polymer mass appears
to increase the number of active sites and surface
area for Tryp adsorption [32, 33]. Due to the
absence of a template during the NIP synthesis, the
non-specific cavities are formed, thus lower
percentage removal of NIP than Tryp-IP. Based on
Figure 4, the percentage removal increased until it
reached the optimum level at 5 mg, indicating that
all cavities were filled with Tryp molecules.
However, a previous study agreed that a further
increase in polymer mass could lead to adsorbent
aggregation resulting in a decrease in the adsorption
sites [34]. Hence, an increase in polymer mass does
not increase the adsorption of Tryp.

Figure 5 is the isotherm models used in this study to
fit the experimental data to predict the adsorption
mechanism. Based on the isotherm parameter in
Figures 5(a) and 5(b), the adsorption mechanism for
Tryp-IP followed the Langmuir isotherm model and

NIP followed the Redlich-Peterson isotherm which
gave the highest R? value. The Langmuir isotherm
was described as monolayer adsorption of Tryp onto
Tryp-IP. The possible way for monolayer adsorption
is for the adsorption to take place on the
homogenous surface of the polymer matrix [35].
The similar observation was reported by the
adsorption of D-Tryp onto polymer matrix [36]. To
further strengthen the important features of the
Langmuir isotherm model, the dimensionless
constant separation factor (RL) was calculated [37].
RL values were found in the range of 0.017-0.009,
which confirms adsorption of Tryp onto Tryp-IP
was good. For the NIP, the data was fitted to the
Redlich-Peterson model which, incorporates the
features of both Langmuir and Freundlich isotherm.
This can be applied as a homogeneous and
heterogeneous system due to its versatility [38]. The
parameters calculated for the three isotherms are
tabulated in Table 2. From the data obtained, the
maximum adsorption capacity for Tryp onto Tryp-IP
was found to be 0.98 mg/g, which was seven times
lower than the NIP (7.325 mg/g). The similar
finding was reported by Hasanah et.al, which might
be due to the non-specific recognition sites in NIP
and therefore, made it swells better in polar solvent
[39].
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Figure 4. Effect of mass polymer on adsorption Tryp by Tryp-1P and NIP
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Figure 5. Adsorption isotherms of Tryp-IP and NIP using models (a) Langmuir (b) Redlich-Peterson (c) Freundlich

Table 2. Isotherm parameter for adsorption of Tryp by Tryp-IP and NIP

Polymer Langmuir Redlich-Peterson Freundlich

Qo B R? B A R? 1/n Kr R?
Tryp-IP 0.98 9.116  0.9695 0.7853 5.058 0.8988  0.2147 5.058 0.399
NIP 7.325 0.212 0.804 1.0724 6.3167 0.9349 -0.0724 6.3167 0.0615

Adsorption kinetic study

The effect of contact time on the binding capacity of
polymers is important to evaluate the binding
efficiency in adsorption studies. It has been observed
that the adsorption of Tryp onto the polymer surface
increases with prolonging the contact time up to
achieve equilibrium [40]. In Figure 6, initially, the
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adsorption rate of Tryp onto the polymeric surface
was accelerating due to the abundant number of
empty adsorption sites that can be accessed and less
mass transfer resistance which allowed the active
sites to capture the target analyte. However, with
the progress of time, the number of active sites
decreases, the imprinted cavities are gradually filled
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with Tryp and the mass transfer resistance of Tryp
to the active sites increases. Thus, the adsorption
rate decreases and the removal percentage decreases
slowly [41]. Finally, the adsorption equilibrium was
reached within 120 min for Tryp-IP and 150 min for
NIP. There is no change in the percentage removal
if the time is prolonged because the polymer
binding sites have been occupied with the Tryp.
Therefore, it could be observed that Tryp-IP
exhibited slightly higher percentage removal and
faster mass transfer than the NIP, which could be
attributed to the imprinting effect of Tryp [35, 42].

The adsorption mechanism was further evaluated by
two of the most widely used kinetic models which is
pseudo-first order kinetics, and pseudo-second order
kinetic models. The results shown in Table 3
indicates that the R? value of Tryp-IP is most fitted
with pseudo-second order (R? =0.9698) whereas the
R? value for pseudo-first order is 0.2195. In the
pseudo-second-order model, the theoretical and
experimental adsorption capacity values were in
good agreement. Therefore, the pseudo-second-order

adsorption mechanism is predominant and the rate-
limiting step at the surface involving a
chemisorption process between Tryp and cavities of
Tryp-IP [38].

Moreover, the values of Aq and RE were found to be
low compared to pseudo-first order which means the
accuracy and validity of the kinetic model were better
equipped with pseudo second order. However, NIP
appeared to be more suitable with pseudo-first order
with the highest R? value (0.9107). It was expected that
the rate of adsorption is proportional to the number of
unused sites and the rate-limiting step was physisorption
[39]. As in the case of Tryp-IP where Aq and RE values
of NIP were exceedingly low for pseudo-first-order
compared to pseudo-second order, these values indicate
the accuracy of this kinetic model. Furthermore, the
adsorption capacity Q. (Table 3) for Tryp-IP (10.0336)
was lower than NIP (11.3958). This result is due to the
absence of specific recognition sites in the NIP, thus
leading to the physical adsorption and random
interaction of the Tryp molecule with the functional
group of MAA in the polymer chain [43].
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Figure 6. Effect of contact time on adsorption Tryp by Tryp-IP and NIP
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Table 3. Kinetic parameter for adsorption of Tryp by Tryp-IP and NIP

Kinetic Parameters

Polymer  Model y=mx+c Qe Qe Aq RE R’
(mg/g)  (mglg) (%) (%)
Tryp-IP Pseudo-first-order y=-0.0223x +1.909 10.0336 6.746 8.464 32.78 0.2196
Pseudo-second-order y=8.0813x +2.902 12.3001 5.826 22.56 0.9698
NIP Pseudo-first-order y=-0.017x +2.478 113958 119174 1.18 458 0.9107
Pseudo-second-order y=0.0353x +7.9307 28.3286 38.37 149 0.3772

Effect pH study

The pH of the adsorption medium is the most critical
parameter influencing the adsorption capacity [29]. In
this analysis, a pH of 4-13 has been selected. Figure 7 shows
that the highest percentage removal was obtained when
the pH is in acidic condition and the percentage
removal decreases as the pH increases (base condition).
This condition might be due to the interaction of
hydrogen bonding between the surface of the
carboxylic group of MAA and the functional group of

Tryp. As shown in Figure 7, the highest percentage
removal of Tryp appeared when the pH became acidic.
This observation occurred as a result of the zwitterionic
Tryp and the large electronegativity of the oxygen atom
of the carbonyl group in the polymers [43]. However,
when the pH value becomes basic, Tryp exists as an
anion and diffuses very slowly into the polymer surface
[44]. Therefore, pH 5 was chosen as the optimal pH
throughout this study.
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Figure 7. Effect of pH on adsorption Tryp by Tryp-1P and NIP

Effect of selectivity study

To study the selectivity of Tryp-IP and NIP, the
recognition of Tryp was compared with tyrosine,
phenylalanine  and  kynurenine as  potential
interferences. Table 4 shows the kg values of each
molecule in the Tryp-IP and the NIP. According to the
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Table 4, Tryp has higher kq values compared to the
other molecules in the Tryp-IP, which means that high
specific recognition ability for Tryp is associated with
a unique complementary form of the binding sites [42].
In contrast with the NIP, tyrosine gave a higher kg
value compared to Tryp. This is due to the non-specific
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cavities existing in the NIP. Furthermore, the k values
indicate that the polymer has selective behavior for the
template in the presence of other molecules. The larger
the k values, the higher the selectivity of the polymer
towards the template compared to the other molecule
[23]. For the Tryp-IP, the k values are higher than for
the NIP, which means that Tryp-IP has selective
behavior for Tryp as calculated in Equation 12. In

order to show the efficiency of Tryp-IP for selective
separation of Tryp against NIP, the k’ values were
calculated according to Equation 13. The larger the k’
values the more selective is the Tryp-IP against NIP for
the template toward the other molecules [41]. It can be
concluded that the Try-IP has greater molecular
recognition towards its template molecule.

Table 4. Selectivity study constant for Tryp-IP and NIP

NIP

Tryp-IP K'
kq K Kq k
Tryptophan 1.5751 - 1.2175 - -
Kynurenine 0.7495 2.1015 0.8407 1.4482 1.451112
Tyrosine 0.5309 3.958 1.3346 0.9123 4.338485
Phenylalanine 0.8392 4.7168 0.7567 1.609  2.93151

Effect of the reproducibility study

The reproducibility performance of the Tryp-IP was
evaluated by comparing the adsorption capacity for
each adsorption process of Tryp-1P. The result in
Figure 8 revealed that the percentage removal of
Tryp did not show a significant change (80% to
83%) for each repeated usage. The Tryp-IP can be

used at least nine times while maintaining its
percentage removal of more than 80%, reflecting the
excellent precision and reproducibility of the
proposed polymer. Therefore, Tryp-IP showed good
stability and could maintain its adsorption capacity
at a constant value.
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Figure 8. Effect of reproducibility of Tryp-IP
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Conclusion

In this study, Tryp-IP and NIP were successfully
synthesized through bulk polymerization and used as an
adsorbent for tryptophan detection. FTIR, SEM, and
BET were used to analyze the physical and chemical
characterizations, which revealed evidence of chemical
interaction, surface morphology, and cavities of the
polymer matrix; all of which are responsible for the
binding ability of the polymer. Hence, the adsorption
studies have revealed that Tryp-IP has a greater
removal percentage, selectivity, and stability than the
NIP.

Acknowledgments
We would like to thank the Ministry of Higher
Education Malaysia for the project funding support
under  Fundamental Research  Grant  Scheme
(FRGS/1/2018/STG01/UMT/02/6 — Vot: 59493) and
Universiti Malaysia Terengganu.

References
1. Friedman, M. (2018). Analysis, nutrition, and

health benefits of tryptophan. International
Journal  of  Tryptophan  Research, 11:
1178646918802282.

2. Richard, D. M., Dawes, M. A., Mathias, C. W.,
Acheson, A., Hill-Kapturczak, N. and Dougherty,
D. M. (2009). L-tryptophan: basic metabolic
functions, behavioral research and therapeutic
indications. International Journal of Tryptophan
Research, 23(2): 45-60.

3. Lindseth, G., Helland, B. and Caspers, J. (2015).
The effects of dietary tryptophan on affective
disorders. Archives of Psychiatric Nursing, 29(2):
102-107.

4. Jenkins, T. A., Nguyen, J. C. D., Polglaze, K. E.
and Bertrand, P. P. (2016). Influence of tryptophan
and serotonin on mood and cognition with a
possible role of the gut-brain axis. Nutrients, 8(1):
56.

5. Sundaresan, R., Mariyappan, V., Chen, S.-M.,
Keerthi, M. and Ramachandran, R. (2021).
Electrochemical sensor for detection of tryptophan
in the milk sample based on MnWO, nanoplates
encapsulated RGO nanocomposite. Colloids and

226

10.

11.

12.

Surfaces A: Physicochemical and Engineering
Aspects, 625: 126889.

Capuron, L., Ravaud, A., Neveu, P. J., Miller, A.
H., Maes, M. and Dantzer, R. (2002). Association
between decreased serum tryptophan
concentrations and depressive symptoms in cancer
patients undergoing cytokine therapy. Molecular
Psychiatry, 7(5): 468-473.

de Jong, R. A., Nijman, H. W., Boezen, H. M.,
Volmer, M., Klaske, A., Krijnen, J., van der Zee,
A. G. J, Hollema, H. and Kema, I. P. (2011).
Serum tryptophan and kynurenine concentrations
as parameters for indoleamine 2, 3-dioxygenase
activity in patients with endometrial, ovarian, and
vulvar  cancer. International  Journal of
Gynecologic Cancer, 21(7): 1320-1327.

Onesti, C. E., Boemer, F., Josse, C., Leduc, S.,
Bours, V. and Jerusalem, G. (2019). Tryptophan
catabolism increases in breast cancer patients
compared to healthy controls without affecting the
cancer outcome or response to chemotherapy.
Journal of Translational Medicine, 17(1): 1-11.
Tian, Y., Deng, P., Wu, Y., Ding, Z., Li, G., Liu, J.
and He, Q. (2019). A simple and efficient
molecularly imprinted electrochemical sensor for
the selective determination of tryptophan.
Biomolecules, 9(7): 294.

Jiao, P., Wei, Y., Zhang, M., Zhang, X., Zhang, H.
and Yuan, X. (2021). Adsorption separation of I-
tryptophan based on the hyper-cross-linked resin
XDA-200. ACS Omega, 6(3): 2255-2263.

Lee, D., Hussain, S., Yeo, J. and Pang, Y. (2021).
Adsorption of dipeptide L-alanyl-L-tryptophan on
gold colloidal nanoparticles studied by surface-
enhanced Raman spectroscopy. Spectrochimica
Acta Part A: Molecular and Biomolecular
Spectroscopy, 247: 119064.

Belhamdi, B., Merzougui, Z., Laksaci, H. and
Trari, M. (2019). The removal and adsorption
mechanisms of free amino acid I-tryptophan from
aqueous solution by biomass-based activated
carbon by HsPQO, activation: regeneration study.
Physics and Chemistry of the Earth, Parts A/B/C,
114: 102791.



13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

Malaysian Journal of Analytical Sciences, Vol 26 No 2 (2022): 215 - 228

Mehamod, F. S., KuBulat, K., Yusof, N. F. and
Othman, N. A. (2015). The development of
molecular imprinting technology for caffeine
extraction. International Journal of Technology,
6(4): 546-554.

Samarth, N. B., Kamble, V., Mahanwar, P. A,
Rane, A. V. and Abitha, V. K. (2015). A historical
perspective and the development of molecular

imprinting ~ polymer-A  review.  Chemistry
International, 4: 202-210.
Mujahid, A. and Dickert, F. L. (2016).

Molecularly Imprinted polymers: principle, design,
and enzyme-like catalysis. Molecularly Imprinted
Catalysts: Principles, Syntheses, and Applications,
pp. 79-101.

Zhang, H., Ye, L. and Moshach, K. (2006).
Non-covalent molecular imprinting with emphasis
on its application in separation and drug
development. Journal of Molecular Recognition:
An Interdisciplinary Journal, 19(4), 248-259.
Yusof, N. F., Mehamod, F. S., Kadir, M. A. and
Suah, F. B. M. (2018). Characteristics of
adsorption isotherm and Kinetic study for newly
prepared Co2+-imprinted polymer linkage with
dipicolinic acid. IOP Conference Series: Materials
Science and Engineering, 440(1): 012005.

Yusof, N. F., Mehamod, F. S. and Suah, F. B. M.
(2018). The effect of RAFT polymerization on the
physical properties of thiamphenicol-imprinted
polymer. E3S Web of Conferences, 67(12): 03050.
Abdul Hamid, N. S., Naseeruteen, F., Wan Ngah,
W. S., Yusof, N. F., Mehamod, F. S. and Mohd
Suah, F. B. (2020). Synthesis of chitin-ionic liquid
beads as potential adsorbents for methylene blue.
Malaysian Journal of Chemistry, 22(2): 98-110.
Yusof, N. F., Mehamod, F. S. and Suah, F. B. M.
(2019). Fabrication and binding characterization of
ion imprinted polymers for highly selective Co2+
ions in an aqueous medium. Journal of
Environmental Chemical Engineering, 7(2):
103007.

Ayawei, N., Ebelegi, A. N. and Wankasi, D.
(2017). Modelling and interpretation of adsorption
isotherms. Journal of Chemistry, 2017: 3039817.
Alveroglu, E., Balouch, A., Khan, S., Mahar, A.
M., Jagirani, M. S. and Pato, A. H. (2021).

23.

24,

25.

26.

27.

28.

29.

Evaluation of the performance of a selective
magnetite molecularly imprinted polymer for
extraction of quercetin from onion samples.
Microchemical Journal, 162: 105849.

Fareghi, A. R., Moghadam, P. N., Khalafy, J.,
Bahram, M. and Moghtader, M. (2017).
Preparation of a new molecularly imprinted
polymer based on self-crosslinkable cellulose
acrylate in aqueous solution: A drug delivery
system for furosemide. Journal of Applied
Polymer Science, 134(48): 45581.

Prabakaran, K., Jandas, P. J., Luo, J., Fu, C. and
Wei, Q. (2021). Molecularly imprinted poly
(methacrylic acid) based QCM biosensor for
selective determination of L-tryptophan. Colloids
and Surfaces A: Physicochemical and Engineering
Aspects, 611: 125859.

Azodi-Deilami, S., Abdouss, M. and Seyedi, S. R.
(2010). Synthesis and characterization of
molecularly imprinted polymer for controlled
release of tramadol. Central European Journal of
Chemistry, 8(3): 687-695.

Wang, L., Zhi, K., Zhang, Y., Liu, Y., Zhang, L.,
Yasin, A. and Lin, Q. (2019). Molecularly
imprinted polymers for gossypol via sol-gel, bulk,
and surface layer imprinting—a comparative
study. Polymers, 11(4): 602.

Xia, Q., Yun, Y., Li, Q., Huang, Z. and Liang, Z.
(2017). Preparation and characterization of
monodisperse molecularly imprinted polymer
microspheres by precipitation polymerization for
kaempferol. Designed Monomers and Polymers,
20(1): 201-209.

Madikizela, L. M., Zunngu, S. S., Mlunguza, N.
Y., Tavengwa, N. T., Mdluli, P. S. and Chimuka,
L. (2018). Application of molecularly imprinted
polymer designed for the selective extraction of
ketoprofen from wastewater. Water SA, 44(3):
406-418.

Hasanah, A. N., Susanti, I., Marcellino, M.,
Maranata, G. J., Saputri, F. A. and Pratiwi, R.
(2021). Microsphere molecularly imprinted solid-
phase extraction for diazepam analysis using
itaconic acid as a monomer in propanol. Open
Chemistry, 19(1): 604-613.

227



Nur Habibah Safiyah et al:

30.

31.

32.

33.

34.

35.

36.

37.

38.

228

PREPARATION AND ADSORPTION STUDIES OF MOLECULARLY IMPRINTED

POLYMER FOR SELECTIVE RECOGNITION OF TRYPTOPHAN

Yusof, N. F., Mehamod, F. S., & Suah, F. B. M.
(2020). Adsorptive removal of bis (2-ethylhexyl)
phthalate using an imprinted polymer: isotherm
and kinetic modelling. International Journal of
Environmental Analytical Chemistry, 2020: 1-12.
Song, S., Wu, A., Shi, X, Li, R., Lin, Z. and
Zhang, D. (2008). Development and application of
molecularly imprinted polymers as solid-phase
sorbents for erythromycin extraction. Analytical
and Bioanalytical Chemistry, 390(8): 2141-2150.
Albadarin, A. B., Mangwandi, C., Ala’a, H.,
Walker, G. M., Allen, S. J. and Ahmad, M. N. M.
(2012). Kinetic and thermodynamics of chromium
ions adsorption onto low-cost dolomite adsorbent.
Chemical Engineering Journal, 179: 193-202.
Gomes, C., Sadoyan, G., Dias, R. and Costa, M. R.
P. F. N. (2017). Development of molecularly
imprinted polymers to target polyphenols present
in plant extracts. Processes, 5(4): 72.

Mor, S., Chhoden, K. and Ravindra, K. (2016).
Application of agro-waste rice husk ash for the
removal of phosphate from the wastewater.
Journal of Cleaner Production, 129: 673-680.
Bakhtiar, S., Bhawani, S. A. and Shafgat, S. R.
(2019). Synthesis and characterization of
molecular imprinting polymer for the removal of
2-phenylphenol from spiked blood serum and river
water. Chemical and Biological Technologies in
Agriculture, 6(1): 1-10.

Jin, Y., Liu, C. C., Sun, X. H,, Lee, K. J., Jung, Y.
A. and Row, K. H. (2012). Adsorption isotherms
of tryptophan enantiomer on d-tryptophan
molecular imprinted polymer. Asian Journal of
Chemistry, 24(6): 2461-2466.

Hameed, B. H., Ahmad, A. L. and Latiff, K. N. A.
(2007). Adsorption of basic dye (methylene blue)
onto activated carbon prepared from rattan
sawdust. Dyes and Pigments, 75(1): 143-149.
Kumar, V. (2019). Adsorption Kkinetics and
isotherms for the removal of rhodamine B dye and
Pb?* ions from aqueous solutions by a hybrid ion-
exchanger. Arabian Journal of Chemistry, 12(3):
316-329.

39.

40.

41.

42,

43.

44,

Hasanah, A. N., Dwi Utari, T. N. and Pratiwi, R.
(2019). Synthesis of atenolol-imprinted polymers
with methyl methacrylate as functional monomer
in propanol using bulk and precipitation
polymerization method. Journal of Analytical
Methods in Chemistry, 2019: 9853620.

Yusof, N. F., Mehamod, F. S., Jusoh, N., Amin, K.
A. M. and Suah, F. B. M. (2017). lon-imprinted
polymer-based on picolinic acid as a co-functional
monomer for highly selective sorption of Cu(ll)
ions in an aqueous solution. AIP Conference
Proceedings, 1885: 020017.

Abouzarzadeh, A., Forouzani, M., Jahanshahi, M.
and Bahramifar, N. (2012). Synthesis and
evaluation of uniformly sized nalidixic acid—
imprinted nanospheres based on precipitation
polymerization method for analytical and
biomedical applications. Journal of Molecular
Recognition, 25(7): 404-413.

Pan, J., Li, L., Hang, H., Ou, H., Zhang, L., Yan,
Y. and Shi, W. (2013). Study on the nonylphenol
removal from aqueous solution using magnetic
molecularly imprinted polymers based on fly-ash-
cenospheres. Chemical Engineering Journal, 223:
824-832.

Kong, Y., Zhao, W., Yao, S., Xu, J., Wang, W.
and Chen, Z. (2010). Molecularly imprinted
polypyrrole prepared by electrodeposition for the
selective recognition of tryptophan enantiomers.
Journal of Applied Polymer Science, 115(4), 1952-
1957.

Monier, M., Abdel-Latif, D. A. and Nassef, H. M.
(2015). Preparation of I-tryptophan imprinted
microspheres  based on  carboxylic acid
functionalized polystyrene. Journal of Colloid and
Interface Science, 445: 371-379.



Malaysian Journal of Analytical Sciences, Vol 26 No 2 (2022): 229 - 240

Malaysian Journal of Analytical Sciences L )
(MJAS) ANALIS

Published by Malaysian Analytical Sciences Society

Sains Analisis Mataysia

THE CHEMICAL PROPERTIES AND ANTI-ACNE ACTIVITY
DETERMINATION of Swietenia macrophylla SEED EXTRACTS

(Penentuan Ciri Kimia dan Aktiviti Anti-Jerawat Ekstrak Biji Swietenia Macrophylla)

Non Daina Masdar?, Noor Hafizah Uyup?, Zamzila Erdawati Zainol?, Muhammad Akmal Roslani?,
Siti Nur Syarifa Anuar?, Muhamad Azhar Zulkafle3*

!Department of Chemistry
2Department of Marine
3Department of Biology
Faculty of Applied Sciences,
Universiti Teknologi MARA, Perlis Branch, Arau Campus, 02600 Arau, Perlis, Malaysia

*Corresponding author: azharz@uitm.edu.my
Received: 7 October 2021; Accepted: 18 December 2021; Published: 28 April 2022

Abstract

Acne is a common skin disorder usually treated using antibiotics and drugs. However, until today, dermatologists struggle to
treat acne resistance towards topical treatment over a long period. One of the solutions is using natural bioactive compounds
from plant extracts. In this work, Swietenia macrophylla seeds oil, rich in active compounds, was used to inhibit acne-causing
bacteria, i.e., Propionibacterium acnes, Staphylococcus aureus, and Staphylococcus epidermidis. The seed powder sample was
extracted using the Soxhlet extraction method in three different solvents for six hours and ten cycles. The seed extracts were
analysed using a gas chromatography-mass spectrophotometer (GC-MS), and a disc diffusion assay was performed to analyse
the antibacterial activities. The heavy metal analysis was determined by inductively coupled plasma atomic emission
spectroscopy (ICP-OES). The results show that bioactive compound yields are 37-72%. Eugenol and isoeugenol compounds are
the main constituents in the oil extracts with 98% and 97% quality. The compounds also demonstrated inhibitory activities
towards all tested bacteria, with inhibition zones between 11 and 22 mm on 30 pg tetracycline discs. These compounds without
isolation work also showed inhibitory activity against all bacteria tested with inhibition zones ranging from 11 to 21 mm.

Keywords: Swietenia macrophylla, acne, natural treatment, Propionibacterium acne, Staphylococcus epidermidis

Abstrak
Jerawat adalah penyakit kulit biasa dan selalunya dirawat menggunakan antibiotik dan ubat-ubatan. Namun, sehingga hari ini,
pakar dermatologi masih belum dapat merawat ketahanan jerawat terhadap rawatan permukaan dalam jangka masa panjang.
Salah satu penyelesaiannya adalah menggunakan sebatian bioaktif semula jadi dari ekstrak tumbuhan. Dalam kajian ini, minyak
biji Swietenia macrophylla yang kaya dengan sebatian aktif, digunakan untuk merencat bakteria penyebab jerawat iaitu
Propionibacterium acnes, Staphylococcus aureus, dan Staphylococcus epidermidis. Sampel serbuk biji diekstrak menggunakan
kaedah pengekstrakan Soxhlet dalam tiga jenis pelarut berbeza selama enam jam dan sepuluh Kitaran. Analisis hasil ekstrak
dijalankan menggunakan kromatografi gas-spektrofotometer jisim (GC-MS) dan asai cakera resapan dilakukan untuk
menganalisis aktiviti antibakteria. Analisis logam berat pula ditentukan melalui spektrometri pancaran optikal-plasma gandingan
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aruhan (ICP-OES). Hasil kajian menunjukkan bahawa hasil sebatian bioaktif ialah 37-72%. Sebatian eugenol dan isoeugenol
merupakan sebatian utama dalam sampel ekstrak minyak dengan kualiti 98% dan 97%. Sebatian tanpa kerja pengasingan ini
juga menunjukkan aktiviti perencatan terhadap semua bakteria yang diuji dengan zon perencatan berjulat antara 11 hingga 21

mm.

Kata kunci: Swietenia macrophylla, jerawat, rawatan semula jadi, Propionibacterium acne, Staphylococcus epidermidis

Introduction

IntroductionAcne is a specific skin disease in
dermatology. The skin problem occurs in pre-pubertal
individuals, teenagers, and adults. It usually occurs in
14 to 17 years old girls and 16 to 19 years old boys.
Those affected would experience distressing self-
esteem and social relationships due to the inflammatory
lesions and scarring effects [1]. Several factors that
trigger acne include genetics, gender, youth, stress, and
smoking habit [2]. The proliferation of bacteria such as
Propionibacterium acnes in clogged pores causes the
problem to worsen, especially when the body releases
enzymes to break down the sebum, causing inflamed
pores [3]. The main goal of acne treatment is to control
the existing acne lesions, prevent permanent scarring,
and reduce the disorder. According to Vora et al. [4],
acne may be treated by topical and systemic therapies,
such as antibiotics, comedolytic agents, and anti-
inflammatory drugs such as clindamycin, salicylic acid,
and isotretinoin.

The use of natural products or non-drug treatments is
preferable and acceptable due to organic awareness of
remedial solutions. Moreover, natural products,
especially skincare, are safer than synthetic products
[5]. Even though various herbal products such as
orange peel, neem, jojoba oil, and turmeric are used for
acne treatment, the research on natural medication
continues due to the tolerance resistance of P. acnes
towards the commercially available antibiotics [6-
7]. Swietenia macrophyllais a common plant
species that grows wildly in Malaysia. It is known as
the “sky fruit” or tunjuk langit, as the fruits seem to
point upwards to the sky (Figure 1). Swietenia
macrophylla is abundant in more than 40 countries,
including Brazil, Bolivia, Mexico, Guatemala, Peru,
and other central American countries [8]. In Malaysia,
the locals usually consume the S. macrophylla seeds
to treat high blood pressure, diabetes, increase blood
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circulation, and relieve body pain [9]. TheS.
macrophylla seeds are also widely used in healthcare
and skincare products [10]. Due to the numerous
pharmacological activities of S. macrophylla extract,
including antimicrobial, anti-inflammatory,
antioxidant, antidiabetic, antifungal, and antimalaria
[11], the S. macrophylla extract is suitable to be
explored and utilised in an acne treatment regime.

Figure 1. Photo image of Swietenia macrophylla
tree and seeds (insert)

Hence, this study explored the properties of seed
extract as the novel ingredient for acne treatment. The
Soxhlet extraction method was performed to
investigate the extraction vyield in three different
extraction solvent systems (methanol, ethyl acetate,
and methanol: ethyl acetate mixture). The bioactivities
of the extracts were analysed using a gas
chromatography-mass spectrophotometer (GC-MS),
and the heavy metals elements were determined using
the inductive coupled plasma optical emission
spectrometry (ICP-OES). A biochemical test and the
disc diffusion assay method were conducted to
determine the antibacterial activity against P. acnes,
Staphylococcus aureus, and Staphylococcus
epidermidis.
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Materials and Methods

Material and reagents

Tetracycline (30 pg) was purchased from Sigma
Chemicals (St. Louis, MO, USA), Mueller Hinton agar
(MHA), Mueller Hinton broth, nutrient agar (NA) and
nutrient broth used for the determination of
antibacterial activity were purchased from Merck (M)
Sdn. Bhd. and Thermo Fisher Scientific (M) Sdn. Bhd.
All chemicals and solvents used in the experiment were
analytical grades with above 98% purity. The reagents
were supplied by the Chemistry Laboratory 2 and 4,
UiTM Perlis Branch. The methanol, ethyl acetate, and
1:1 ratio of methanol: ethyl acetate mixtures were
prepared and used to extract the S. macrophylla seeds
sample. P. acnes, S. aureus, and S. epidermidis were
obtained from the Biology Laboratory, UiTM Perlis
Branch.

Preparation of Swietenia macrophylla samples
extract

The S. macrophylla seeds were collected from the trees
in Jitra, Kedah. The seeds were washed with tap water
to remove dust and other inert materials. The cleaned
samples were air-dried for two days. Then, the samples
were ground into powder using an electrical blender.
About 5.0 g of powdered seed sample was mixed with
150 mL of extraction solvent (methanol, ethyl acetate,
and methanol-ethyl acetate mixture) and extracted
using the Soxhlet apparatus for 6 h. The filtrate was
then concentrated using a rotary evaporator to remove
the solvent, and the yield percentage was expressed in
w/w% and stored in a vacuum desiccator for further
analysis. The yield percentage was calculated using the
following equation:

% yield = [M1 — Mo] x 100 1)

where M; = mass of sample (g) and M, = mass of the
extract (g)

The chemical properties of SME

The chemical properties of SME were analysed using a
GC-MS (Model Agilent 6890 equipped with 5MS, 30
m x 0.25 mm i.d. capillary column coated with 0.25
pum film and coupled with Agilent Chemstation
software of NIST/Wiley Library). A volume of 0.1 mL
samples extracts was derivatised with 100 pL N, O-

Bis(trimethylsilyl)trifluoroacetamide (BSTFA) for 30
min in a sealed 2 mL vial. Then 0.1 pL of derivatised
samples were analysed by the GC-MS, and the data
was recorded, according to Hashim et al. [11].

The elemental analysis was determined using the ICP-
OES (Model Thermo Scientific ICAP6000 Series). The
multi-element of the standard solution was prepared
from a 10-ppm stock solution in different
concentrations at 0.01 ppm, 0.1 ppm, 1.0 ppm, and 10
ppm. Approximately 0.5 g of sample was digested with
8 mL of 65% nitric acid and 2 mL of concentrated
hydrogen peroxide in microwave digestion. The sample
was treated in the microwave digester for 15 min at
180 °C of 500 W. The treated sample mixture was
cooled and diluted to 10 times concentration with
distilled water prior to ICP-OES analysis.

The antibacterial analysis

The MHA and NA media were prepared according to
the manufacturer’s instructions. Approximately 38.0
and 28.0 g of the MHA and NA powders were weighed
to prepare 1000 mL agar and poured into conical
flasks. The powder was dissolved in distilled water and
continuously stirred until homogenised. The agar
solution was sterilised using an automatic autoclave at
121 °C for 15 min. The agar was cooled to 45 to 50 °C
before being poured into sterile Petri dishes. These
agars were stored upside down in a chiller of 4 to 8 °C
before being used.

The bacteria were subcultured by the streaking method.
The inoculation loop was sterilised and cooled for a
few seconds before dipping into the bacterial solution
and streaked in a zigzag motion on the agar. This
method was repeated three times for each bacterium.
The inoculating loop was sterilised each time before
subculturing the bacteria. The agar plates of S.
aureus and S. epidermidis were incubated at 37 °C
for 18 to 24 h in an inverted position [12].

The P. acnes was subcultured using a different method
since it is a facultative anaerobic. It grows best under
limited oxygen (0-20%), and the growth rate was
reduced at high oxygen concentration [14]. The
cultured plate was incubated under anaerobic
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conditions [13], i.e., inside a candle jar to provide a
suitable condition for the P. acnes to grow at 37 °C
for 72 h [15]. The biochemical tests involved were the
catalase, the methyl red/Voges-Proskauer (MR-VP),
and Gram staining to identify the desired bacterial
interaction activities.

The catalase test was performed according to Habib et
al. [16], whereby S. aureus and S. epidermidis were
streaked onto MHA, and P. acnes was streaked onto
NA to obtain bacterial colonies. The plates were
incubated for 24 h and 72 h, respectively. Each
bacterial colony was mixed with 2 to 3 drops of 3%
hydrogen peroxide, where the formation of bubbles
indicated positive results.

The methyl red (MR) and Voges-Proskauer (VP) test
utilised the MR-VP broth. The MR-VP broth was
prepared according to the  manufacturer’s
recommendation. About 17g of broth powder was
weighed to prepare 1000 mL MR-VP broth and
sterilised at 121 °C for 15 min. The MR-VP broth was
then incubated at 37 °C for 24 h and 48 h, respectively,
for the VP and MR tests. The VP and MR test method.
Approximately 1 mL of MR-VP broth was poured into
test tubes. The VP test involved the addition of each
bacterial colony, 0.6 mL of 5% a naphthol, and 0.2 mL
of 40% of potassium hydroxide to test tubes.
Meanwhile, the MR test involved the addition of five
drops of methyl red to test tubes containing bacterial
colonies. Then, the test tubes were shaken gently and
left undisturbed for 10 to 15 min. The colour changes
from yellow to red of the sample showed a positive
result.

The Gram staining test method was performed
according to Shinkafi and Ndanusa [17]. A loopful of
bacteria was heat-fixed onto a slide. A drop of crystal
violet, followed by the decolouriser, iodine, and
safranin, was added onto the bacteria on the slide for 1
min and was washed off with distilled water. The slide
was blotted to dry before being observed under the
light microscope at 100x magnifications and recorded.
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The disc diffusion assay method to test antibacterial
activities was performed according to Park et al. [14].
Approximately 100 pL of each bacterial suspension
was used and spread on MHA using a sterile cotton
swab (for S. aureus and S. epidermidis) and NA
(for P. acnes). Each disc impregnated with antibiotics
was gently pressed down to ensure that the disc was
completely in contact with the agar surface and did not
fall when inverted. The streptomycin antibiotic disc
was used as a positive control, while the extraction
solvent, i.e., methanol, ethyl acetate, and 1:1 ratio of
methanol: ethyl acetate mixture, was used as the
negative control. The experiment was done in triplicate
for each bacterium. The plates were incubated at 37 °C
for 24 h (S. aureus and S. epidermidis) and 37 °C
for 72 h in a candle jar to retain the anaerobic condition
for P. acnes. The antibacterial activity was measured
based on the diameter of the inhibition growth zone.

Results and Discussion

The S. macrophylla seed was extracted using the
Soxhlet extraction method in three different solvent
systems; methanol aqueous, ethyl acetate, and 1:1
methanol-ethyl acetate mixture. Table 1 shows that the
1:1 ratio of methanol-ethyl acetate solvent mixture
produces the highest percentage of crude oil extract
(72.68%), followed by ethyl acetate (67.55%) and
aqueous methanol (37.65%). All solvents used can
extract the crude oil in 6 h extraction time. Do et al.
mentioned that methanol solvent is generally more
efficient in extracting lower molecular weight
polyphenols [18]. In this experiment, the combination
of methanol-ethyl acetate organic solvent facilitates a
suitable extraction of all soluble compounds in both
solvents. According to Nawaz et al., using a
combination of polar and nonpolar solvents can
increase the excellent quality of extraction yield from
the bean and other legume seeds [19]. Furthermore,
Che Sulaiman et al. reported that the extraction yield of
organic samples is also dependent on the extraction
times, extraction temperatures, and solvent ratios [20].
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Table 1. Percentage Yield of Swietenia macrophylla Seed’s Extract in a different solvent

Mass of Dried Powder

Mass of Oil Crude Extract

Solvent Types % Yield
P © ©
Methanol 5.07 £ 0.02 1.90+0.45 37.65
Ethyl Acetate 5.04 +0.02 3.40+0.18 67.55
Methanol: Ethyl Acetate 5.04 £ 0.03 3.67 £0.49 72.68
The phytochemical compounds in  theS. According to Sharma et al. [26], phytocompounds

macrophylla seed extract were analysed using GC-
MS analysis. About 13 compounds were successfully
identified in the methanol extract, 20 in the ethyl
acetate extract, and 12 in the 1:1 methanol-ethyl acetate
mixture as terpenoids, flavonoids, and limonoids. The
compounds obtained strongly depended on the nature
of extracting solvent due to different antioxidant
compounds that vary their chemical characteristics and
polarities. The most extracted compounds were
reported in ethyl acetate, methanol, and 1:1 methanol-
ethyl mixture due to the semipolar-polar compounds
[21]. The number of extracted compounds in the 1:1
methanol-ethyl acetate extract is less than ethyl acetate
alone because the elution strength of ethyl acetate
decreased due to the polarisation effect of methanol.
The extraction process yielded seven compounds in
methanol extract, five compounds in ethyl acetate
extract, and two compounds in the 1:1 methanol-ethyl
acetate mixture, with more than 80% quality compared
to the GC-MS reference library software (Table 2). In
Table 2 show that silane methoxytrimethyl-, disiloxane
hexamethyl, and 2,2,2-trifluoro-N-(trimethylsilyl)- are
the major bioactive compound present in S.
macrophylla seed extract, with the under peak
percentage area of more than 23.57%. A previous study
by Azhari et al. [22] stated that several compounds of
limonoids such as phenol, 2-methoxy-4-(1-propenyl)-,
and eugenol were also found inS. macrophylla
seed extract using the maceration method. In this
work, compounds such as phenol, 2-methoxy-4-(1-
propenyl)-, (E)-(isoeugenal), silane, [2-methoxy-4-(1-
propenyl) phenoxy] trimethyl- (isoeugenol), and
eugenol are present in the sample. As reported in
previous works, these compounds possess effective
antifungal and antibacterial activities [23-25].

present in chloroform and methanol seed extracts are
responsible for the varied antioxidant and antimicrobial
activities.

The concentration of arsenic (As), lead (Pb), cadmium
(Cd), nickel (Ni), mercury (Hg), and copper (Cu) in S.
macrophylla seed powder was analysed using ICP-
OES. Table 3 shows the result of heavy metal
concentration in the crude oil extract sample. Only low
concentrations of mercury are detected in the sample,
i.e., 0.080 ppm. The result revealed that theS.
macrophylla seed powder is low in heavy metal
content. Hence, it is considered a safe ingredient in
medication or cosmetic products. According to the U.S.
Food and Drug Administration (USFDA) limits
regulation, the accepted concentration of mercury must
be less than 1 ppm (1 mg/kg), i.e., safe to be used as
new constituents in products [31].

The images of catalase test (CT), Voges Proskauer
(VP), and Gram staining test (GST) of Gram-positive
bacteria (S. aureus, S. epidermidis, and P. acnes
[facultative anaerobic bacteria]), are shown in Figures
2 - 4. Figure 2 shows a positive CT result, whereby
bubbles are observed at 10 min observation. The
finding is similar to the study by Mustafa [30],
Kallstrom et al. [31], and Cauich-Sanchez et al. [32].
The catalase acts as a catalyst in breaking down the
hydrogen peroxide into water and oxygen to form an
oxygen bubble produced by the bacteria. The VP test
was conducted to measure the production of acetyl
methyl carbinol, as shown in Figure 3. S. aureus and P.
acnes show positive results, where the color of the
solution change to red. In contrast, the colour of the S.
epidermidis solution remains unchanged. This result
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is similar to Shinkafi and Ndanusa [17], whereby the
colour change from light yellow to slightly red in
the S. aureus and P. acnes tests indicated positive
results. Whereas the colour of the solution in the S.
epidermidis tube did not change, indicating a negative
result. Further validation analysis for S. aureus, S.
epidermidis, and P. acnes were carried out using the
methyl red (MR) test (Figure 4). The unchanged colour
of the MR solution of S. aureus and P. acnes
indicates positive results. On the contrary, the colour

of the S. epidermidis solution changed from light
yellow to red. The researcher also stated that S.
aureus and P. acnes showed negative results when
the colour of the MR solution remained unchanged.
This is contradictory to S. epidermidis, which showed
positive results when the light-yellow solution slightly
changed to red. The purpose of the MR test is to
determine the ability of the bacteria to oxidise glucose
and produce a high concentration of acidic products.

Table 2. Phytocompounds in SME in different extraction solvents by using GC-MS

Retention Time Area  Name of Compound Bioactivity Solvent
(min) (%)
1.300 45.76  Silane, methoxytrimethyl- NR
1.545 23.57 Disiloxane, hexamethyl- NR
4.409 0.34 Benzene-1-ethyl-3-methyl- NR
4.540 0.16 Benzene-1,3,5-trimethyl- NR Methanol
4.723 0.12 Benzene, 1-ethyl-2-methyl- NR
4.997 0.57 Benzene, 1,2,3-trimethyl- NR
5.535 0.18 Benzene, 1,2,3-trimethyl- NR
1.923 25.84 Disiloxane, hexamethyl- NR
2414 34.13  Acetamide, 2,2,2-trifluoro-N- NR

(trimethylsilyl)-
13.205 0.11 Phenol, 2-methoxy-4-(1-propenyl)-, (E)- Antifungal [21],
13.239 0.15 Eugenol Antibacterial, Anti-

inflammatory [22], Ethyl acetate
Antioxidant [23]

14.988 0.12 Silane, [2-methoxy-4-(1-propenyl) Antifungal [20]

phenoxy] trimethyl-
1.631 2.77 Silane, methoxytrimethyl- NR Methanol:
5.660 0.15 Benzene, 1,2,4-trimethyl- NR ethyl acetate

(1:1)

NR — Activity of compound is not reported
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Table 3. Heavy metal concentration in Swietenia macrophylla seed’s powdered sample using ICP-OES

Heavy Metal Concentration

(ppm)
As 0
Pb 0
Cd 0
Ni 0
Hg 0.080
Cu 0

Before After Before After Before After

Figure 3. The photo images of VVoges Proskauer (\VP) test of (a) S. aureus (b) S. epidermidis (c) P. acnes
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(a) (b)

(©)

o

Before After Before

After Before After

Figure 4. Photo images of methyl red (MR) test of (a) S. aureus, (b) S. epidermidis, and (c) P. acnes

The Gram-staining analysis was performed to
determine the Gram-positive and Gram-negative
bacteria based on the bacterial cell wall colour using an
Olympus CKX53 inverted microscope (Figure 5). The
Gram-positive  bacteria, i.e.,S. aureus, S.
epidermidis, and P. acnes, were observed in this
analysis. The results showed that the bacteria appear
violet with aggregated grape-like clusters under 100x
magnification [16]. In contrast, the P. acnesis
visualised as violet with a rod-like bacillus structure
[33], as shown in Figure 5(c). According to Panawala
[34], the bacteria appear violet under the microscope
due to the thick peptidoglycan cell wall and teichoic
acid composition.

The inhibition zones of the three bacteria species were
determined using the disc diffusion assay method, as
shown in Figure 6 and Table 4. The disc assay method
is a rapid determination of antibacterial activity by
measuring the diameter of the inhibition zone that
resulted from the diffusion of the phytochemical
compound into the medium surrounding the disc [35].
Table 4 shows the inhibition zone category and
bacterial inhibition zone in 30-disc tetracycline
concentration (pg/disc).

The inhibition of bacteria towards the sample extract
was expressed as susceptible, intermediate, and
resistant according to international standards (ISO
20776-1). Susceptible is when the bacteria are inhibited
in vitro by a drug concentration with high therapeutic

236

properties. Meanwhile, intermediate is when the
bacteria are inhibited in vitro by a drug with uncertain
therapeutic effects. For resistance, the bacteria are
inhibited in vitro by a drug with a high chance of
therapeutic failure [36].

Figure 6 shows P. acnes is minimally inhibited in the
methanol and 1:1methanol-ethyl acetate extracts. In
comparison, the inhibition zone of the S. aureus is
more prominent than in tetracycline (antibiotic
control). Table 4 shows the results of the inhibition
zone of the bacteria tested. S. aureus is susceptible in
methanol and 1:1 methanol-ethyl acetate extracts, as
the zone of inhibition more than 19.00 £ 0.00 mm,
while S. epidermidis is resistant towards ethyl acetate
and 1:1 methanol-ethyl acetate extracts at 13.00 + 1.00
mm and 13.00 + 2.31, respectively.

Meanwhile, P. acnes exhibits resistant, intermediate,
and susceptible properties in 1:1 methanol-ethyl
acetate, methanol, and ethyl acetate extract
respectively. Aditi and Hossain [37] reported that S.
aureus acquired resistance easily, a good bio-indicator
model for surveillance studies of antimicrobial
resistance [38]. S. aureusand P. acnesin ethyl
acetate extraction solvent showed a more significant
inhibition zone but slightly lower inhibition of S.
epidermidis. In a nutshell, for antibacterial activity, all
extracts showed a high therapeutic capability
towards S. aureus and P. acnes but are less effective
against S. epidermidis.
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Figure 5. Photo images of Gram Staining Test in 100X Magnifications of (a) S. aureus (b) S. epidermidis, and (c)
P. acnes

Figure 6. Inhibition zone photo images of the test discs (a) S. epidermidis, (b) S. aureus, and (c) P. acnes of SME
in 1:1 methanol-ethyl acetate mixture

Table 4. Inhibition zone category in tetracycline and inhibition zone on bacterial growth activities in different
extraction solvent

Antibiotic Inhibition zone (Category)

Tetracycline (control) in S.aureus (£n) S. epidermidis (x n) P. acnes (x n)
30-disc (ug/disc) 18.33+0.58 18.67 £ 0.58 21.33+1.53
Sample in the different extraction solvent Inhibition zone (Bacterial Growth)

Methanol 20.67 = 6.03 18.67 £ 14.15 16.33 £5.69
Ethyl acetate 16.67 £ 6.66 13.00 £ 1.00 19.00 £ 4.36
Methanol: Ethyl acetate (1:1) 21.67+11.72 13.00 £ 2.31 11.00£1.73

*R- resistant (<14 mm), I- intermediate (15-18 mm), S-susceptible (=19 mm) [9]
*The values were presented in mean + SD, where n=3

Conclusion successfully extracted from S. macrophylla seeds using
The properties of S. macrophylla seeds in three ethyl acetate solvent. The highest extraction yield is
different extraction solvents were successfully obtained in the 1:1 methanol-ethyl acetate mixture
determined. Three new compounds, phenol, 2- (72.68%), followed by ethyl acetate (67.55%) and
methoxy-4-(1-propenyl)-, (E)-Eugenol; and silane, [2- methanol (37.65%). From the disc diffusion assay, S.
methoxy-4-(1-propenyl) phenoxy] trimethyl, were epidermidis and P. aureus are susceptible towards
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methanol and 1:1 methanol-ethyl acetate extracts. In
contrast, P. acnes is susceptible towards ethyl acetate
extract. The result showed that S. macrophylla seeds
extract is an effective ingredient for treating acne due
to positive inhibition towards three acne-causing
bacteria and is considerably low in heavy metal
contents.
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Abstract

Biochemical methane potential (BMP) tests are extensively used in many studies related to anaerobic co-digestion (AcoD) to
evaluate biogas production and determine the potential methane yield between various substrates at specific retention times and
parameters. AcoD is a process of mixing two or more substrates in a digester that could help to improve the methane yield as
compared to mono-digestion with the same substrates. This study evaluates the methane production efficiency via AcoD of food
waste and thickened sludge by using the BMP tests. The substrates used for this study were wastes from non-dairy creamer,
coffee, and mixed food waste with sludge. Additionally, thickened sludge as an inoculum was used for the BMP test. The
samples characterisation was analysed according to standard and HACH methods. The thickened sludge was set up at a ratio of
1:1 as a control, while the food wastes sample with sludge was set up at a ratio of 1:2. The initial pH was adjusted in a range of
6.5-7. The BMP test setup was done using a 125mL serum bottle in triplicates for 31 days in an incubator at 37°C. The results
showed that the highest methane production of the BMP was from thickened sludge itself which is 18.275 + 3.3 mL CH4/gVS,
followed by non-dairy creamer waste with thickened sludge, mixed food waste with sludge and coffee waste with thickened
sludge which are 17.865 + 6.2 mL CHa/gVS, 17.825 + 0.05 mL CH4/gVS and 14.797 + 0.01 mL CHa4/gVS respectively. In
conclusion, the pre-treatments process is highly recommended in order to improve biogas production.

Keywords: anaerobic co-digestion, biochemical methane potential, experimental methods, food wastes, methane production

Abstrak
Ujian potensi metana biokimia (BMP) digunakan secara meluas dalam banyak kajian berkaitan penghadaman bersama anaerobik
(AcoD) untuk menilai pengeluaran biogas dan menentukan potensi hasil metana antara pelbagai substrat pada masa dan
parameter pengekalan tertentu. AcoD merupakan suatu proses mencampurkan dua atau lebih substrat dalam pencerna yang boleh
meningkatkan hasil metana berbanding mono-pencernaan dengan substrat yang sama. Kajian ini bertujuan menilai kecekapan
pengeluaran metana oleh AcoD bagi sisa makanan dan enap cemar pekat menggunakan ujian BMP. Substrat yang digunakan
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untuk kajian ini ialah sisa daripada krimer bukan tenusu, kopi, dan sisa makanan yang bercampur dengan enap cemar. Enap
cemar pekat digunakan untuk ujian BMP sebagai inokulum. Pencirian sampel dianalisis mengikut kaedah standard dan HACH.
Enap cemar yang menebal telah disediakan dalam nisbah 1:1 sebagai kawalan, manakala sampel sisa makanan dengan enap
cemar disediakan dalam nisbah 1:2. Nilai pH awal diselaraskan dalam julat 6.5-7. Persediaan ujian BMP dilakukan
menggunakan botol serum 125mL sebanyak tiga kali ganda selama 31 hari dalam inkubator pada suhu 37°C. Hasil kajian
menunjukkan bahawa pengeluaran metana BMP tertinggi adalah daripada enap cemar pekat itu sendiri, iaitu 18.275 + 3.3 mL
CHa4/gVS, diikuti sisa krimer bukan tenusu dengan enap cemar pekat, sisa makanan bercampur dengan enap cemar, dan sisa kopi
dengan enap cemar pekat, masing-masing 17.865 + 6.2 mL CHa/gVS, 17.825 £+ 0.05 mL CH4/gVS, dan 14.797 + 0.01 mL
CH4/gVS. Kesimpulannya, proses pra-rawatan amat disyorkan untuk meningkatkan pengeluaran biogas.

Kata kunci: pencernaan bersama anaerob, potensi metana biokimia, kaedah eksperimen, sisa makanan, penghasilan metana

Introduction

The amount of sewage sludge is continuously
increasing as a surplus of the wastewater treatment
process due to increased population. The higher
percentage of households connected to the main
wastewater treatment plants (WWTPs) also contributes
to the higher production of sewage sludge [1, 2].
Nevertheless, improper handling and untreated sewage
sludge may lead to environmental impacts and public
health problems. This is because sewage sludge is
characterised by its high concentrations of solids and
organic matter, with the presence of nutrients, organic
and inorganic pollutants and pathogens that create
odour problems. Nowadays, there are
alternative techniques which are applied for sewage
sludge disposal, such as incineration, landfills,
compost, recycling, and anaerobic digestion (AD). AD
is a proven technology and one of the most feasible
techniques applied for the treatment of sewage sludge
in many countries due to its lower operational cost,
reduced chemical oxygen demand (COD), decreased
pollutants discharged into the environment, and
production of energy-rich biogas [3, 4, 5].

several

Besides that, anaerobic digestion (AD) is also known
as the most efficient process for the treatment of
municipal solid waste and wastewater sludge [6, 7]. In
general, anaerobic digestion (AD) is the process in
which organic waste such as bio-waste, animal manure,
sludge, crops, and other biomasses are biologically
degraded in the absence of oxygen and converted into
a form of biogas and other organic compounds as
end products [6, 7]. The food waste also can be
characterised by its  high  percentage  of
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biodegradability, moisture content around (> 70%),
volatile solids (> 95%), with numerous amounts of
lipids [8] that will enhance the AD performance. Other
than that, the methane gas obtained from the AD
process can be used to generate electricity and for
heating purposes. Sewage sludge is characterised by its
high concentration of solids and organic matter, with
the presence of nutrients, organic and inorganic
pollutants, and pathogens. According to Appels et al.,
[6], fuels can be produced by using sewage sludge. It
can also be used as an inoculum in the anaerobic
digestion process by considering its characteristics.
Thus, anaerobic co-digestion (AcoD) is the process of
mixing two or more substrates in a digester that could
improve methane production from 25% to 400% as
compared to the mono-digestion [9-13] of the same
substrates [14,15].

Non-dairy creamer (NDC) and coffee are from the food
and beverages industry. However, the NDC contains no
lactose. It is a substitute product for milk or cream in
the form of a liquid or powder which produces high
water dissolved fat emulsion that is made up from
vegetable oil (30% hydrogenated coconut or palm oil)
for the purpose of reducing the amount of milk or
replacing the milk powder in oatmeal, baked goods,
coffee and others [16]. Huang et al.,[17] stated that
NDC is made up of 60-65% glucose or corn syrup, 2-
5% sodium caseinate, stabilisers, and emulsifiers [18],
and it contains about 1.2% of minerals, 8.5% of
protein, 32.5% of fat, and the highest percentage is
carbohydrate at 58%. The liquid waste and sewage
sludge are the by-products of the NDC industry. The
improper processing of the NDC wastewater will affect
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the environment. The sewage sludge and wastewater
from NDC contain high organic matter such as
proteins, lipids, and carbohydrates [19-21] While the
coffee processing effluent is highly acidic, has high
chemical oxygen demand (COD), and also contains a
high amount of organic matter and suspended solids
[22-23], the foul odour and eutrophication occurs due
to the dark brown colour of the effluent which was
produced from the coffee processing plants due to the
decomposition of lignin (humic acid, tannin) with
different macromolecules such as caffeine and
polyphenols (melanoidins). Cardenas et al., [24] cited
that melanoidins consist of ligands (polysaccharides,
tannins), which hardly degrade biologically [25]. Thus,
AD is considered as an alternative method to treat both
NDC and coffee waste.

In addition to that, AD can be applied experimentally
via the biochemical methane potential (BMP) test by
determining the biodegradability of waste biomass and
wastewater and also the methane potentiality [26]. The
BMP experimental test is usually suitable for small-
scale (batch) analysis (lab-work) which is costly, and
time-consuming, with analysis within 20 to >100 days
[27] compared to the BMP theoretical test. Several

parameters influence the determination of BMP
experimental tests such as the inoculum-substrate ratio,
pH, temperature, retention time, chemical oxygen
demand (COD), total solids (TS), moisture content,
volatile solids (VS), and others [28]. The objective of
this study is to evaluate the methane production via
anaerobic co-digestion of food waste and sludge by
using the BMP experimental method.

Material and Methods
Sample collection
Substrate and inoculum
Food waste samples as substrates (coffee, non-dairy
creamer waste and mixed food waste) were obtained
from the food manufacturing industry and the IWK
sludge (thickened) was used as inoculum. All food
wastes and thickened sludge were supplied by Indah
Water Konsortium Sdn. Bhd (IWK), whose WWTP
plant is located at IWK Sewage Treatment Plant, Kuala
Lumpur. Then, the collected samples were degassed or
pre-incubated to deplete the residual biodegradable
organic material present in them [29]. Table 1 presents
the setup of substrates used for this study.

Table 1. Substrates for BMP, and S/I ratio

Inoculum & Substrates Label Substrate/inoculum Ratio, S/I
Thickened sludge (inoculum) IWK Sludge 1:1
Non-dairy creamer waste + inoculum Co-digestion 1 1:2
Coffee waste + inoculum Co-digestion 2 1:2
Mixed food wastes + inoculum Co-digestion 3 1:2

Analytical method

Sample characterization

The characterisations of the substrate (food waste) and
inoculum (thickened sludge) conducted for this study
are the moisture content, Volatile Matter, pH,
temperature, Total Solid (TS) and Volatile Solid (VS),
chemical oxygen demand (COD), alkalinity and
volatile fatty acid (VFA). Thus, all these parameters
were measured according to the Standard Methods [30]
except for the alkalinity and VFA, which used the
HACH method. About 200mL of the sample was

placed in a 500 mL beaker. The pH meter was
calibrated first at pH 4, 7 and 10, and then the pH of
the samples was measured by using the pH meter
(Orion Star Alll pH meter). In order to do that,
moisture and TS were determined by drying the
samples at 105 °C overnight and for 4 hours at a
constant weight [30]. While the previous sample from
the moisture content and TS was heated by furnace at
550 °C for 2 hours and 15 minutes to measure the
volatile matter and VS. Chemical oxygen demand
(COD) was performed by using and preparing the high
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range COD standard reagents (200-15000 mg/L),
blank, and samples. Each sample was diluted by 1:10
time’s dilution, and about 2.0 mL of the sample was
filled into the high range COD reagent vial. Thus, the
samples were placed into the COD reactor within 2
hours at 150 °C. Then, the readings of the COD were
analysed by using the spectrophotometer.

However, for alkalinity, the digital titration cartridge,
sulfuric acid 1.600+£0.008 N was used (based on the
HACH method procedure). About 10mL of the sample
volume was titrated with a digital titration cartridge,
and the titration was stopped at a pH 4.5. Then, the
counter (at the digital titrator) showed the digits for the
first endpoint, and the digits were multiplied with the
digit multiplier (x10) for samples in the range of 1000-
4000 (mg/L as CaCOs;). Thus, the exact volume (mg
CaCOs/L) total alkalinity was recorded. Lastly, for the
VFA test method, about 0.5 mL of deionized water and
samples (the filtrate or supernatant) were placed
separately on a sample cell. An amount 1.5 mL of
ethylene glycol was added to each sample cell, and
then it was swirled, followed by adding 0.2 mL of
19.2N sulfuric acid. Then, the sample cell was boiled
for 3 minutes. The sample cell was immersed into cool
water at 25 ‘C (until the cells feel cold). 0.5 mL of
Hydroxylamine hydrochloride solution, 2.0 mL of 4.5N
sodium hydroxide standard solution, 10 mL of ferric
chloride sulfuric acid solution, and 10 mL of deionized
water was added to each sample cell and the cell was
inverted to mix. 10 mL of the blank solution and
prepared sample were transferred to a clean sample

I
VR

Headspace

30% for gases
production

Water

70% of samples
(Working volume)

cell. The sample cell was inserted into the cell holder
and the results were shown in mg/L HOAC.

Sample preparation

BMP experimental test

The BMP experimental test was performed in 125 mL
serum bottles for the AD process [31] with a working
volume of 70% and 30% remaining for the gas
production as shown in Figure 1 [32]. Food waste
samples such as coffee and non-dairy creamer were
used as a substrate, while the IWK sludge (thickened
sludge) was an inoculum. The initial pH was adjusted
at a range of 6.5-7. After mixing and adding the
samples into the serum bottle, the nitrogen gas was
purged immediately in the headspace of the bottles for
3 minutes to remove the presence of air, which creates
an anaerobic condition in the system [33], prior to
sealing the serum bottles. All serum bottles were
placed into an incubator at 37 “C, which is the optimum
temperature for microbial activities [34] within the
retention period of 31 days [35]. Every batch of AD
was set up according to a 1:1 ratio for control and a 1:2
ratio of food waste to sludge. The serum bottles were
placed into a rotary shaker once a day for 15 minutes to
ensure the mixtures were well shaken. All experiments
were performed in triplicate. An inoculum filled with
water, with no substrate added, was used as a blank
assay for the background of the methane yield. The gas
sample produced was abstracted from the serum bottle
and was then analysed by Gas Chromatography (GC)
Agilent 7890A (30m x 32 um x 0.25 pm).

125 mL serum bottles

Figure 1. 125 mL of serum bottles set up [31]
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Results and Discussion

Sample characterization

The results of the characterization of all samples are
summarized in Table 2. The pH for non-dairy creamer
waste (NDC), coffee waste, thickened sludge, and
mixed food waste with sludge was in the range of
slightly neutral to alkaline. The highest pH observed
was in coffee waste. During the methanogenesis stages
of AD, the methanogenic bacteria are highly sensitive
to pH, so the optimum pH for methanogenic bacteria
activities is within a range of 6.8-7.2 [36-37], as
supported by Lusk [38]. The digester should be
maintained at a pH near 7.0 to enhance biogas
production, while a low pH would create the
accumulation of volatile fatty acids (VFA) which
results in the inhibition of the digestion process [39-
40]. For a proximate analysis, the information on the
moisture content (MC), volatile matter (VM) and
others were obtained, which is important to determine
the potentiality and suitability of the biomass [41].
From the results in Table 2, the MC for all raw samples
is more than 90%, which shows that the water content
of each sample was high, which means the raw
materials have sufficient MC for anaerobic digestion,
as the moisture content of the food waste in the
substrate is between 95 - 97% from his study [42]. The
volatile matter (VM) for all the samples was in the
range of 66-80%. Thus, the fraction of VM for all the
samples showed its potential to produce higher biogas
production [43-44]. The thickened sludge and mixed
food waste produced the higher chemical oxygen
demands (COD) with 18790 + 96.44, and 12,516 =+
92.38 mg/L respectively. According to Treagust [45],
the COD of coffee wastewater reaches up to 50,000
mg/L. Toxic chemicals such as tannis, alkaloids
(caffeine) and polyphenolics can be found in coffee
wastewater in small amounts. The COD values

measured the oxygen needed to oxidize all organic
material present within substances [46]. The higher the
COD values, the higher the potential of substances to
produce methane.

The total solids (TS) of the substrates mainly started
from < 7%. TS measures the suspended and dissolved
solids in water. Coffee waste has the greater TS value,
with 7.32%, compared to others. Volatile solids (VS),
are described as the organic matter present in the
wastewater which is important for AD performances
that would enhance the higher production of methane.
The VS value for food waste and sludge is at a range of
40-70%. Alkalinity is a very important parameter in the
AD process. Alkalinity helps to avoid the failure of the
digester and causes the inhibition of methanogenic
bacteria activities by preventing the pH drop. The
alkalinity of NDC, coffee waste, thickened sludge, and
mixed food waste with sludge was 900 + 1.48, 794.83
+1.56, 3012.5 £ 1.75 and 3337.5 £ 0.89 mg CaCOs/L.
Volatile fatty acid (VFA) is another option to justify
the availability of the raw materials used in AD for the
production of methane. Like other common factors of
AD such as pH, alkalinity, and COD, the VFA gives
information on the process status [47]. The hydraulic
loading, temperature, and organic loading might affect
the concentration of VFA. According to Yu et al. [48],
the accumulation of VFA will interrupt the digester
buffer capacity, leading to acidification and the failure
of system performance by inhibiting the methanogenic
bacteria activities. Thus, the VFA readings for all the
samples were 6510 + 25.39, 2410.33 + 27.94, 211 +
23.81, and 707.33 £+ 57.66 mg/L which represents the
NDC, coffee waste, thickened sludge, and mixed food
waste with sludge. There are many studies on the
effects of VFA content that might affect AD efficiency.
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Table 2. The results of the characterization of samples

Darameters Crl;lzrtelzgravlvr;{ste Coffee waste Mixegl Food waste Thickened
with sludge sludge
(NDC)

pH 7.46 £0.01 11.55+0.08 7.07 +0.03 7.09 +0.03
Moisture Content (%) 99.34 £0.02 90.05 +0.03 95.53 £0.02 96.21 £0.01
Volatile Matter (%) 80.03 £1.82 73.59+1.18 66.07 £2.08 68.97 £0.002
Chemical Oxygen Demands 8400 +52.92 784333 +32.15 12516.67+92.38 18790 + 96.44
(mg/L)

Total Solid (%) 0.68 £0.18 7.32+0.02 4.49 +0.03 4.11 £0.06
Volatile Solid (%) 70.84 £ 0.08 44.68 + 0.002 67.11 £0.06 69.18 £ 0.001
Alkalinity (mg CaCOs/L) 900 + 1.48 794.83 + 1.56 3337.5 +0.89 3012.5+ 1.75
Volatile Fatty Acids, VFA 6510 £2539  2410.33 +27.94 707.33 + 57.66 211 +23.81

(mg/L)

BMP experimental test

The BMP experimental test was performed in 125 mL
serum bottles for the AD process [31] with a working
volume of 70% and 30% remaining for the gas
production as shown in Figure 1. Constant BMP
experimental results were achieved for all samples after
the retention time of 31 days for the anaerobic
digestion process took place. The BMP assays are
assumed to be finished when the daily production is
less than 1% or when the cumulative graph shows a
constant trend of methane production which indicates
the organic substances are fully degraded. The
microorganisms no longer have enough nutrients for
digestion purposes. Figure 2 shows the methane
production of co-digestion 1, co-digestion 2, co-
digestion 3, and thickened sludge. The lag phase,
which is the time of adaptation for inoculum to a new
environment or medium, stopped around 7 days, in this
study. According to the curves in Figure 2, it can be
observed that the methane production was initially
slow, but continuously increased at around 20 days.
There was a constant production of methane from day
20 until day 31. Thus, it took almost 20 days for all the
methane to be produced from the substrates. It can be
seen that the highest methane production was from the
thickened sludge which is 18.275 + 3.3 mL CH4/gVS,
followed by the non-dairy creamer waste with sludge
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(co-digestion 1) that is 17.865 + 6.2 mL CH4/gVS and
mixed food waste with sludge (co-digestion 3) at
17.825 + 0.05 mL CH4/gVS. While, the lowest
methane production is from coffee waste with sludge
(co-digestion 2) which is 14.797 £ 0.01 mL CH4/gVS.

Co-digestion 2 shows the lowest production of methane
compared to co-digestions 1 and 3. The coffee waste
itself is characterized as lipids, cellulose, lignin-rich
biomasses. Lignin (humic acid, tannin) has different
macromolecules such as caffeine and polyphenols
(melanoidins). Cardenas et al.,2009 [24] cited that,
melanoidins consist of ligands (polysaccharides,
tannins), which hardly degrade biologically [24]. The
cellulose and lignin make the lignocellulosic biomass a
great prospect for biogas production through AD.
However, it is still considered difficult for it to be
degraded and digested. Somehow, the study also
highlighted that lower methane potentials of about 0.16
- 0.35 CHs m3/kg VS of food waste are rich-
lignocellulosic fractions and have low lipids content,
such as fruit and vegetable residues and brewery waste.
Moreover, the coffee waste shows that the highest pH,
which is 11.55 £ 0.08, is very alkaline. It will affect
biogas productivity. As mentioned before, it has been
proved that the optimum pH for methanogenic bacteria
activities is within a range of 6.8-7.2, which will give a
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significant effect on biogas yield [36-37]. Co-digestion
1 shows that the second-highest methane yield is
17.865 + 6.2 mL CH4/gVS. This is because NDC
contains high organic matter with about 1.2% minerals,
8.5% protein, 32.5% fat, and the highest percentage is
carbohydrates  (58%)  [18-21].  Protein  and
carbohydrate-rich substrates are considered to be easily
degradable, and lipids have less of a hydrolysis rate
[48]. Thus [42, 49], higher methane yields can be
achieved from food wastes rich in lipids, such as easily
degradable carbohydrates.

The reading of the methane yields for co-digestion 3
(mixed food waste with sludge) is slightly similar to
co-digestion 1 which is 17.825 £ 0.05 mL CH4/gVS.
The COD of co-digestion 3, which is 12516.67 + 92.38
mg/L, is higher compared to co-digestion 1 and co-
digestion 2. However, the COD for the thickened

most of the organic matter is contained in both co-
digestion 3 and the thickened sludge. It can be
summarised from Figure 2, that the solely thickened
sludge has the potential to produce a higher methane
yield without adding any substrate. As we informed,
the mixed food waste with sludge consists of coffee
and non-dairy creamer waste. Thus, there is the mixing
of protein, carbohydrates, and lipids with lignin groups
of waste within it. These can act as a reason for the
lower methane yield of co-digestion 3 compared to the
inoculum which is solely thickened sludge. Therefore,
the pre-treatment to the substrate is suggested either by
biological, chemical, or thermal treatments to improve
the substrate’s potential in producing methane. This
study has proven different substrates have different
characteristics, as can be seen in the proximate analysis
of the raw materials. Thus, pre-treatment approaches
can be taken to enhance the efficiency of methane

sludge, which is 18790 + 96.44 mg/L, shows the generation.
highest yield compared to the others. This shows that
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Figure 2. The cumulative BMP experimental test of methane production for co-digestions and inoculum

Conclusion
The NDC and coffee industry play an important role by
providing good handling and processing wastewater
management in order to achieve and maintain
environmental stability. Nevertheless, the BMP
experimental test results indicate that there is a
potential for a single inoculum (thickened sludge), and

the co-digestion of different wastes such as coffee
waste, non-diary creamer waste, and the sample of
mixed food waste with sludge would produce a
methane yield within the 31 days of the AD process.
However, it is also possible to inhibit the AD process if
the nutrients are imbalanced. For further observation,

an effective and environmentally friendly pre-
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treatments process is highly recommended to improve
biogas production.
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Abstract

Recent works on many types of synergistic conducting polymers/tungsten disulfide (CP/WS:) composites are thoroughly covered
in this mini review. Data were gathered from over 60 scientific research papers from all over the world and published within the
last decade (2012-2021). CPs are as versatile materials because of their remarkable advantages over other traditional materials.
These advantages include wide and adjustable electrical conductivity, high mechanical flexibility, high capacitance, and low
manufacturing cost. However, CPs do possess limitations in terms of stability, processability, and mechanical strength. As a
result, CPs are frequently integrated with inorganic fillers such as metal sulfide. WS> has garnered significant attention among
metal sulfides when combined with CPs, where it improves chemical/thermal stability and provide good processability to the
CPs/WS2 composites. Hydrothermal procedures and solvothermal techniques were all mentioned and discussed as relevant
synthesis methods. As a result, hybridized CP/WS2 composites have shown prospects in terms of functionality and applicability.
Sensors, energy storage, and electrical applications are among the areas that experienced enhanced performance by using
CP/WSa. A brief discussion of the mechanisms underlying these successful applications is also included. This mini review is
meant to provide readers with information on CP/WS: and, as a result, instill interest in new research topics.

Keywords: conducting polymer, tungsten disulfide, sensors, supercapacitors, photocatalyst

Abstrak
Terdapat banyak jenis komposit yang terdiri daripada konduktif polimer/tungsten disulfida (CP/WSz) telah dibincangkan di
dalam ulasan mini ini. Data yang telah dikumpulkan telah diperolehi dari lebih 60 penyelidikan saintifik dari seluruh dunia
selama sepuluh tahun sebelumnya. CP merupakan bahan kimia yang serba boleh kerana mempunyai kelebihan yang luar biasa
berbanding bahan tradisional yang lain, termasuk kekonduksian elektrik yang luas dan boleh laras, fleksibiliti mekanikal yang
tiggi, kapasitans yang tinggi dan kos pembuatan yang rendah. Walau bagaimanapun, CPs mempunyai batasan dari segi
kestabilan, kebolehkerjaan dan kekuatan mekanikal. Oleh itu, CP sering digunakan bersama dengan pengisi bukan organik
seperti sulfida logam. Di antara sulfida logam, WS telah mendapat perhatian yang signifikan jika digabungkan dengan CP
kerana dapat meningkatkan kestabilan kimia/haba serta menambahbaik ciri-ciri pemprosesan dalam komposit CP/ WS,. Antara
kaedah sintesis yang relevan yang telah dibincangkan dalam kajian mini ini adalah proses hidrotermal dan teknik solvotermal.

251



Siti Nor Atika et al:

POTENTIAL APPLICATIONS OF CONDUCTING POLYMER/TUNGSTEN DISULFIDE
COMPOSITES: A MINI REVIEW

Hasilnya, komposit CP/WS: yang dihibridisasi telah menunjukkan penningkatan dari segi fungsi dan kebolehgunaan.
Penggunaan CP/WS: dalam bidang sensor, penyimpanan tenaga dan aplikasi elektrik dapat meningkatkan keupayaan mereka.
Perbincangan ringkas mengenai mekanisme aplikasi yang berjaya turut disertakan. Akhir sekali, tujuan kajian mini ini adalah

untuk memberi maklumat kepada pembaca mengenai CP/WS:2 dan menarik minat mereka untuk menghasilkan suatu kajian

penyelidikan yang baharu.

Kata kunci: konduktif polimer, tungsten disulfida, pengesan, superkapasitor, fotomangkin

Introduction

Conducting polymers (CPs) are a unique class of
materials with a m-conjugated system that corresponds
to its electrical conductivity. The success of CPs as
synthetic metals was discovered in the late seventies by
Hideki Shirakawa and his team by accidental addition
of excess halides in the reaction medium of
polyacetylene. Since then, CPs were widely studied
upon in terms of their significant properties such as
large conducting mechanisms, electrical properties,
adjustable electrochemical properties, and easy
processing. Currently, the CPs family consists of
polyacetylene (PA), polyaniline (PANI), polypyrrole
(PPy), poly(phenylene vinylene) (PPV), poly(3,4-
ethylene dioxythiophene) (PEDOT), polyfuran (PF),
and other polythiophenes (PTh) and its’ derivatives [1].
Due to their fascinating properties, CPs have received
widespread attention from both the industrial
community and researchers, especially in the study of
supercapacitors, sensors, fuel cells, and photocatalysis
for their wide range of applications. Figure 1
summarizes far-famed CPs that correspond to their
applications.

Although CPs have become the interest of many
communities, they still possess a few drawbacks such
as high recycling instability [2], high defect sites from
poor temperature tolerance [3], slow exchange of ions
[4], and inconsistent solubility [5]. Therefore,
enormous effort has been undertaken to incorporate
various types of filler such as carbon materials,
polymers and inorganic compounds into the CPs’
matrix to enhance its properties. Particularly, in recent
decades, many attempts were made to produce CPs-
inorganic hybrid materials, where the integration of
inorganic fillers into CPs may enhance the stiffness,
toughness, and dimension stability of the resulting
hybrid materials [6]. Among the inorganic fillers,
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transition metal dichalcogenides (TMDC) were the
most favored due to considerable bandgaps in the range
of 1-2eV, which is applicable for sensing,
nanoelectronics, and photonics [7]. Considering metal
sulfides are a class of TMDC, it is an excellent
candidate to improve the CPs’ properties in terms of
conductivity, thermal stability [8], capacitance activity,
and cyclic stability[9]. This is because by supplying
electrons or withdrawing electrons to or from the
transition state of reaction, the transition metal retains a
good source of electrons from the partially filled d-
subshell. CPs eventually have more free-moving
electrons obtained from metal sulfide and therefore
exhibits better electrical conductivity. In a study
reported by Ramesan 2013, it was found that when PPy
and cadmium sulfide (CdS) were combined, the
nanocomposite's alternating current conductivity was
greater than pristine PPy. Meanwhile, the highest
generated direct current electrical conductivity was
obtained when a higher amount of CdS were added
[10].

In addition, metal sulfide is outstanding because it
generates excellent characteristics due to its two-
dimensional (2D) structure that exhibits tunable band
gaps in the visible to near-infrared spectrum [11] and
exceptional physicochemical properties [12]. Among
the metal sulfides, tungsten disulfide (WS,) possesses
considerable advantages too, which is comparable to
other existing metal sulfides. Tungsten is a d-block
element from period 6 and sulfur is a p-block element
from period 3. Interestingly, the band-gap of WS,
changed from an indirect band-gap of 1.4 eV to a direct
band-gap of 20 eV when a 2D material was isolated by
a simple mechanical exfoliation technique from the
bulk material. Due to the wide bandgap, WS is seen as
an interesting material for many areas of application,
especially in the industry of solid lubricant, lithium-ion
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battery, catalytic degradation, and electronic devices.
By considering the pros and cons of both CPs and WS,,
numerous synthetic approaches have been developed
with different morphologies, structures, and properties
to satisfy the demands of different applications. WS,
has been investigated with several types of CPs such as
PANI, PPy and PEDOT. In the past decade, CP/ WS,
composites have been found to have potential in
several applications such as in supercapacitors,

electronic components and sensors and actuators.
However, a simple search in the SCOPUS database
with a combined search string specifically on CPs and
WS; only resulted in less than 50 papers, indicating
that more extensive research is needed to cultivate and
promote the CP/WS, binary composites. Therefore,
this mini-review is an attempt to scrutinize the
potential applications of CP/WS; composites and its
benefits.

polyphenylene-

Application: light-emitting diodes, water
purification devices, hydrogen storage, and

Application: fuel cells,
corrosion protection,
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Figure 1. Various types of CPs assigned to a specific range of conductivity and band gap including their existing

applications

Brief history of tungsten disulfide composites

Tungsten disulfide (WS>) or also known as tungstenite
is an inorganic compound which is composed of
tungsten and sulfur with a molar mass of 247.98 g/mol.
In the past, WS, has shown great potential for a high-
temperature solid lubricant used in space as jotted in
the National Aeronautics and Space Administration
(NASA) record (History of Tungsten Disulfide (WS>),
2018). The idea was initiated due to inefficient
spacecraft mechanisms which cannot be inspected or
maintained after launched. It was discovered that some
parts of the spacecraft were not well-lubricated. On top
of that, any satellite components that are subject to
sliding wear must be properly lubricated to withstand
the requirements of the mission. In that sense, WS>
became the promising candidate due to its anti-friction

properties that attributed by its crystal structure, which
consists of hexagonal close-packed atomic tungsten
layers sandwiched between two hexagonally closed
atomic layers of sulfur. Weak Van der Waals forces
that hold two adjacent sulfur layers allow them to slide
for lubrication purposes [13]. Progressively, the
success of WS, as a layered structure has expanded due
to their interesting anisotropic behavior, great diversity
in other physical properties and its advantages for
various applications when added to base oil under
specific laboratory test conditions. The composition of
WS, with folded triple-layer of S-W-S sheets enables
the atoms within each triple layer to be held by
potential carbon-carbon bond. Each bond is clenched
by weak Van der Waals interactions. This anisotropic
nature of WS, therefore opens an opportunity to be
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incorporated into different types of polymer matrices,
resulting in high strength moduli and a good ability for
shock absorption [14].

Synthesis method of WS>

The synthesis of WS, composite usually involves
multiple steps. Pristine WS, must be prepared prior to
the integration with a specific CP. Then, WS, can be
utilised to synthesise CP/WS, composite commonly via
chemical oxidative method [15]. Every synthetic route
for metal disulfide (MS) synthesis offers different
outputs. The synthesised material can be tailored in
order to develop various functions and applications for
the metal sulfide [16]. For WS,, every type of synthetic
methods conducted possess several pros and cons
depending on the processes involved. Hydrothermal
and solvothermal syntheses are a few of the existing
methods to synthesise WS, that have different synthetic
route and its own significance.

Hydrothermal synthesis

Hydrothermal synthesis has been reported as an
appealing method due to its simple procedure and
productivity. Due to its advantages of low temperature,
large-scale development and simple synthesis, it is an
environmentally friendly technique for the preparation
of various nanostructures [17]. In addition,
hydrothermal method leads to the development of
nanoscale products under supercritical pressure, which
is cumbersome via classical routes. In this method,
sodium thiosulfate and hydroxylamine sulfate are the
important chemical ingredients. Hydroxylamine sulfate
not only acts as the source of sulfur, but is also utilised
as a strong acid to establish an acidic state for the
nanoparticles that may form. Moreover, WS, can also
be produced with a chrysanthemum-like nanostructure
via hydrothermal synthesis. According to Tang et al.
[18], the addition of pluronic and -cetyltrimethyl
ammonium bromide (CTAB) significantly affect the
growth and final morphology of the WS». The resulted
self assembled chrysanthemum-like nanostructures
were grown prior to a fast nucleation of amorphous
primary particles and slow aggregation of nanosheets
[19]. Prominently, this method is interesting since
large-scale metal sulfide composite can be achieved via
this technique. However, this method is limited to
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aqueous precursors which might restrict the control
over certain optimisations like temperature, reaction
time, and type of solvent.

Solvothermal synthesis

Typically, solvothermal synthesis is a technique for
preparing a variety of materials such as ceramics,
polymers, metals and semiconductors. It might imitate
the hydrothermal synthesis method but what
differentiate both of them is the precursor type. Both
hydrothermal and solvothermal synthesis use aqueous
and non-aqueous precursor solution, respectively [20].
This method may adjust certain experimental
parameters including temperature of reaction, time of
reaction, type of solvent, type of surfactant, and type of
precursor to ensure precise control of the size,
distribution of shape and crystallinity of the
nanostructure product. Focusing on WS,, one step
exfoliation-restacking technique is invalid to be
employed even though WS, has similar chemical
structure with MoS,. The reason why this restacking
technique makes the WS, layered nanocomposites
difficult to obtain is because the precursor does not
have optimum concentration. Hence, the solvothermal
method is used to increase the amount of lithium
introduced in WS, in order to improve processability
[21].
Applications  of polymer/tungsten
disulfide

The electrical properties of polymeric materials have
piqued researchers' attention in the field of solid-state
electronics. Generally, CPs by nature reveal poor

conducting

electrical conductivity due to the absence of free
moving electrons to enable the conduction process.
However, when the CPs undergoes doping treatment
with oxidizing or reducing agent, they can exhibit
reasonable conductivity [22]. As a result of the
presence of both the polymer and the filler material, a
range of inorganic materials may be integrated into
CPs with improved characteristics. Metal sulfide
appears to be a superior alternative for making hybrid
CP composites than metal oxide and other carbon
derivatives. Metal sulfide is not only inexpensive and
abundant in nature, but it also performs well in faradic
redox reactions, making it useful in the fuel cell
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business. When it comes to the WS, nanostructure, the
weak Van der Waals interactions indicate that it is
anisotropic, and it is well known for its high strength
moduli and shock absorption capabilities [14].
However, WS, has a drawback in the form of short
cycle stability, which causes the capacitance to rapidly
degrade. As a result, including WS, into CP matrices
might be a promising method to improve the stability
and combine favourable physical properties of both
organic and metallic components while retaining
capacitance in a single composition [23].

Polyaniline/Tungsten Disulfide (PANI/WSy)

Since PANI is one of the most promising CP with
enhanced properties, researchers actively synthesize
and analyze the PANI composites in numerous
applications. A lot of papers were published on the
preparation of conducting composites of PANI, such as
PANI/TiO;, PANI/ZrO,;, PANI/Fe;04 PANI/MoOs3,
PANI/zeolite, PANI/WO3, PANI/MnO; and PANI/WS;
from metal sulfide groups [24]-[31]. Despite many
papers have been published regarding PANI
composites, PANI/WS, are still lagging in terms of
research and have limited source of information. Only
a few reports were found using PANI/WS; in the
fabrication of micro supercapacitor microrobots and its
incorporation with chlorin e6 (Ce6) to give a triple-
synergistic strategy in tumor treatment [32]. In a study
by Stejskal et al. [33] PANI/WS, was fabricated
through in situ polymerisation. The flake-like
semiconducting particles of WS, were coated with a
thin film of PANI during the oxidation of aniline. In
addition, scanning electron microscopy (SEM) analysis
of PANI/WS; revealed a porous nature and seems to be
robust, where the WS, particles interlinked the PANI
nanorods. This is probably due to the fact that, WS,
naturally exists as a stack layered material, where the
incorporation of PANI provides additional strength to
the whole structure.

Humidity sensors

Humidity is another critical parameter that significantly
affects the operation of electronic components in the
determination of geographical distribution and the
maximum intensity of precipitation, biosphere and
surface hydrology. Measurements of humidity or

moisture level in the human body could be beneficial in
evaluating a variety of physiological and metabolic
conditions. Since low humidity has adverse effects on
human health, the existence of humidity sensor is
important in interpreting the growth, repair and aging
mechanisms to regulate internal body conditions [34].
Manjunatha et al. [31] reported on the preparation of
PANI/WS, composite by in situ polymerisation
technique and demonstrated an excellent humidity
sensing compare to pure WS; as reported by Guo et al
[35]. Typically, PANI/WS, exhibits enhanced humidity
sensing properties due to its porous nature. The porous
nature is of paramount interest for the adsorption of
water molecules, which is also an important aspect in
developing humidity Consequently, the
agglomerated flower-like with  highly
microporous nature of PANI/WS; is assumed to have
an important role in the humidity sensing behaviour of
the composite. Typically, the water vapour could find
its way through micropores of PANI/WS2 to react and
give response in the sensing mechanism. Figure 2
shows a uniform distribution of WS, micro-sized
sheets in the matrix of PANI from the observation of a

Sensors.
structure

field emission scanning electron microscope (FESEM)
micrograph of the composite with magnification 12kx.

Figure 2. Field emission scanning electron micrograph
of the PANI/WS, composite with 12000x
magnification [31]
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Ammonia gas sensor

The application of gas sensors in industries of
environmental analysis, automotive, medical
applications and indoor air quality controls have been
developed for more than a decade ago due to the
enforcement of the Occupational Safety and Health
(OSHA) regulations against volatile hazardous gases
[36]. Among the hazardous gases, ammonia (NH3) has
received major attention in the field of gas sensors due
to its abundance in chemicals manufacturing industries
and applied in diverse areas around the world [37].
Hybrid PANI/WS;, composite promises a synergetic
effect for NH; gas detection. The mechanism of NHj3
gas sensing by PANI/WS, can be proposed based on
electron donation concept. Complementary to each
other, PANI is a p-type conducting polymer with a
linear conjugation of n—electronic system, while WS,
is an n-type semiconductor whose band gap increases
with the decrease in the number of stacked layers. The
fact that NH3 could donate electrons to the p-type
PANI resulted in a decrease in the hole-transport
concentration and next, deprotonation reaction caused
the resistance of PANI to incline. Consequently,
PANI/WS, showed high selectivity towards NH; gas
with long term stability and repeatability [38]. The

/A

®
.. WS,NPs

y

Figure 3.
permission from ACS [40].
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magnificent sensing capability of PANI/WS; sensor in
humid environments and at room temperature makes it
a suitable candidate for environmental monitoring
devices [39].

Supercapacitor

Self-propelled supercapacitor device based on WS,
nanoparticles-polyaniline/platinum (PANI/PY)
microrobot design opened a new insight that it can act
as an on-demand reconfigurable device owing to its
superior capacitance of 14000 pFecm™ with energy
density and power density of 0.07 mWhm™ and 120
mWm™, respectively [40]. Due to great capacitance
result exerted by this microbot, it is expected to be
proficient for on-demand construction and adjustment
of the electronic devices. The fabrication of this
WS,NPs-PANI/Pt self-propelled
microsupercapacitor for on-site electronics delivery in
the circuit involved an electrodeposition process using
cyclopore polycarbonate membrane as a template.
WS,NPs-PANI/Pt micromotors (p-motor) fabrication
process is shown in Figure 3.

autonomous

L
—

WS,NPs-PANUPt p-motor

.

PANUPt y-motor
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Polypyrrole/Tungsten Disulfide (PPy/WS2)

The integration between PPy and WS, nanocomposites
exhibited a conductivity higher than the pristine WS at
ambient temperature [37]. In addition, WS, coated with
PPy has benefit of wettability. In simple words,
wettability is the ability of surface to reduce the surface
tension of the liquid that is in contact with it and allow
the liquid to spread over the surface and wet [41].
Wettability is important in adhesion as it provides
quality for adhesive bonding and coating. Besides,
synthesis of PPy/WS, can be steered by in-situ
oxidative polymerization. The oxidation of pyrrole
yields water-insoluble pyrrole oligomers that is further
adsorbed on an immersed surfaces and continually
grow the PPy chains. Typically, the process started
with adsorption where the PPy patches are reinforced
into chain colonies and are then grown slowly,
resulting in uniform brush-like coating on the entire
film [42] to the extent whenever the substance are still
available, additional PPy globules will continuously be
produced. The PPy globules are produced on
hydrophilic PPy films or in surrounding aqueous phase
and the globules stick to the film surface. In this
context, the deposition of CPs are hydrophilic or
hydrophobic surface dependent [43]. The product
therefore generally consists of two phases which
involve a thin polymer film deposited on the substrate
and globular PPy. These two phases were demonstrated
by the morphology analysis where, at a composition of
23.7 wt.% of PPy content, WS, flakes readily become
coated with PPy. Furthermore, the appearance of
additional PPy globules was due to the increment of the
PPy content up to 38.3%. The idea of uniform PPy
coating on WS, is due to the different hydrophobicity
of pyrrole oligomers in conjunction to the fact that WS,
is mildly hydrophilic [41].

Hydrogen evolution reaction

Hydrogen evolution reaction (HER) is basically a water
splitting technology which found importance in energy
storage based on hydrogen evolution. The combination
of PPy and WS; seems to be a promising composite in
the HER catalytic process due to the enhanced
conductivity and wettable properties of this composite.

Stejskal and co-workers [41] prepared PPy/WS, in
various ratio of pyrrole monomer. The study revealed
that excess of PPy globules would block the active
edges of WS, in HER, despite of improved
conductivity. However, a significant result was attained
upon physical mixing of the PPy and WS, as a result of
proton abundancy which was responsible for capacitive
charging process in HER.

In Vivo drug release

Traditional drug delivery medications, such as oral
administration and injections, tend to deliver greater
drug concentrations than necessary, which may cause
side effects in patients. Therefore, externally controlled
drug delivery systems are of special relevance for study
because they enable for drug delivery control from
outside the body [44]-[46]. Particular interest on PPy
functionalized WS, was paid by Hsiao and co-workers
[47] since the composite possesses excellent
synergistic properties to fine-tune the electrical
properties to enable an electrically active nanocarrier
system for an effective drug delivery to the target
organ. The study revealed that a large quantity of anti-
cancer drug, (5-FC), be
effectively delivered (90%) in the presence of electrical
stimulation. They also successfully reported could that
no toxic effect was evident in the electrical stimulation
of PPy/WS..

such as S5-fluorouracil

Poly (3,4-ethylenedioxythiophene: Poly (Styrene
Sulfonate)/Tungsten Disulfide (PEDOT: PSS/WS3)

Poly(3,4-ethylenedioxythiophene): poly(styrene
sulfonate)/tungsten disulfide, PEDOT:PSS/WS; is one
of the ternary CPs composites as a potential material in
thermoelectric applications due to its various benefits
such as adjustable electrical conductivity and solution
processability [49, 50]. PSS is a polymer surfactant,
which enhances the dispersion and stability of PEDOT
in water and other solvents [50]. PEDOT:PSS is well-
known in the thermoelectric field for its excellent
mechanical flexibility, low thermal conductivity, water
solubility and processability [51]. As PEDOT:PSS
went through a small treatment via direct vacuum
filtration, the composite has been enhanced with high

257



Siti Nor Atika et al:

electrical conductivity. Since then, research related
with incorporation of inorganic nanostructures with
PEDOT:PSS to enhance the thermoelectric
performances has been expanding [49].

The introduction of PEDOT:PSS into WS, resulted in a
composite that facilitated the charge carriers to move
along the polymer chains, which effectively improved
the charge transfer within the composite [52]. The
fabrication technique was utilized due to the poor
conductivity of WS,, where the lateral transfer of
electrons along the lamella structure of the WS,
nanostructures were blocked, making the electron
transfer inefficient. PEDOT:PSS also acts as spacers to
avoid restacking of WS, and provide plenty of channels
to enhance the charge transport. Moreover, synthesized
the PEDOT:PSS/WS; thin film synthesized may easily
be peeled off and transferred to another substrate,
resulting in more potential applications. Therefore,
stronger performing thermoelectric composite such as
PEDOT:PSS/WS; carries better properties rather than
the pristine PEDOT:PSS and pristine WS, [52].

Schottky diodes

In a study by Ortiz et al. [53], PEDOT:PSS/WS,
Schottky nano-diode was constructed through hetero-
junction of a hole transporting CP with an n-type
semiconductor. In order to fabricate this composite,
individual PEDOT:PSS was synthesized via
electrospinning while the mono- and multi-layer WS,
flakes were synthesized via chemical vapor deposition
(CVD). These combination methods are developed
from a previous research that implemented
electrochemical polymerization techniques [54]. The
previous experiment demonstrated poor
operation due to undesirable chemical reactions with
the inorganic semiconductor. In terms of performance,
the equations in standard thermionic emission model of
a Schottky junction were used and from there it exerts
an ideality parameter of 1.9 and a barrier height of 0.58
eV. Far from being ideal, the high ideality parameter
measured value for this device may be contributed by
the recombination of hole and electrons at the interface

device

or the presence of interface states at the CP/WS,
interface. Even so, upon large surface to volume ratio
of the film, semiconductor carrier density is tunable via
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a back-gate bias and the reversible change of barrier
height makes it potentially useful as a sensor [53].
Supercapacitor

In the organic semiconducting family, PEDOT has
triggered worldwide interest owing to its development
as pioneer for electronically conducting polymers
(ECPs). However, the fact that PEDOT has outstanding
electrochemical properties is still insufficient for it to
meet the needs of practical applications. To overcome
the problem, WS, has been incorporated into PEDOT
to accelerate its applications in the fields of various
devices, especially for the supercapacitors [55].
Nevertheless, to excel as high-performance
supercapacitors, PEDOT/WS, may need to form a
ternary composite with another compound. The
combination of the three components in nanoscale
creates a synergistic effect and higher potential in the
faradaic processes Xia et al. [34]. For instance, a recent
study in the electrical field by Liang et al. [S6]reported
that the use of poly(3,4-cthyleenedioxythiophene)-
poly(ethylene glycol)-tungsten disulfide (PEDOT-
PEG-WS;) as ternary compounds exhibited good
performance as a supercapacitor. PEDOT-PEG-WS;
nanocomposite was prepared via electrochemical self-
assembly of PEDOT and WS, nanosheets in the
presence of PEG.

This ternary composite has resulted in a unique three-
dimension interpenetrating porous network (3D-IPN)
in nano-/micro scale. The addition of 5% PEG
surfactant has effectively stabilized the WS, nanosheets
that coexist with additional electrolytes. 3D-IPN
materials has gained attention for its high-volume ions
transport system and utilization of limited space that
allows enhancement of energy storage capacity.
Moreover, the 3D-IPN confined to metal-organic
framework helps to build and verify automotive
hydrogen storage systems that will allow hydrogen-
fueled vehicle platforms to meet customer
specifications. The optimization of PEDOT-PEG-WS;
nanocomposite has been developed from the WS,
contents and CV cycles adjustment. Based on their CV
area and specific capacity of each sample, it was found
that the as-prepared PEDOT-PEG-WS; nanocomposite
has reached maximum specific capacity by adding
2.7% WS, in solution and 50 electrodeposition cycles.
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Other than that, electrochemical properties of the
engineered 3D IPN-PEDOT-PEG-WS; nanocomposite
were recognized and compared with PEDOT-PEG
[56].

Organic photovoltaic cells

OPV is an electrical device that converts light directly
into electricity by photovoltaic cells, which combine
physical and chemical phenomenon. The great
characteristics such as low cost, light weight, flexible
and scalability through roll-to-roll coating processes
make OPV is great for green technology. The
performance of OPV can be improved by a few ways
including device structure optimization, conversion of
light to suitable absorbance wavelengths and synthesis
of new short band-gap polymers. PEDOT:PSS is
familiar in hole-extraction layers (HEL) which works
as buffer layers between the active layer and electrode.
Recently, researchers have discovered that MoS, based
OPVs utilizing PEDOT:PSS HEL, possesses better
performance due to increased hole extraction and light
absorption [57]. This finding has opened a venue for
WS to replace traditional MoS; as HEL in OPVs since
it is structurally similar to MoS; with some expectation
to enhance device performance equally or better.
Surprisingly, a study by Lin and co-workers [58]
of the OPV device
performance through the implementation of an WS,

exhibited excellent results
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HEL layer combined with the indium tin oxide (ITO)
anode, PEDOT:PSS layer, poly (3-hexylthiophene)
(P3HT) and phenyl-C61-butyric acid methyl ester
(PCBM) [58]. In this study, WS, nanosheets were
obtained by a simple ultra-sonication method and were
uniformly spin coated on a ITO/glass as visualized
in Figures 4 (a) and (b). Next, the hole-extraction
efficiency of WS, was amplified by a UV-ozone
treatment which at the same time empowered the OPV
device.

In another study by Le and co-workers [59], the effect
of WS, upon UVO treatment was investigated by
introducing WS, into CP composites
PEDOT:PSS, P3HT:PCBM and lithium
fluoride/aluminum (LiF/Al) [59]. As expected, the
change in work function of WS, due to UVO treatment
enhanced its hole-extraction properties. The power
conversion efficiency (PCE) of the OPV with
WS/PEDOT:PSS was 3.07%, which is superior
compared to the OPV with only PEDOT:PSS layer of
2.87%. Therefore, the study agreed on a deduction that

such as

high PCE resulted from the efficiency of charge

separation and collection processes by
WS»/PEDOT:PSS.
(b)

. MX; nanosheets
‘; suspension

MX; deposition on ITO

Figure 4. (a) Sonication assisted liquid exfoliation to prepare WS, and (b) deposition of WS, or MoS, onto ITO

substrate via spin coating technique

Polyfluorene/ Tungsten Disulfide (PFO/ WS>)
Polyfluorene (PFO) is an attractive material for display
applications such as light source in organic light

emitting diodes (LED) due to efficient blue light
emission, good solubility and high mobility. Light
absorption of PFO in the UV region falls
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approximately at 380 nm. Beyond the desired blue
emission at 425 nm, a green component close to
530 nm can either be attributed to intermolecular
interactions or oxidation-induced keto defects that
cause aggregates to form [60]. According to Luccio et
al. [61], even though the energy emission is low, the
removal of the inter-chain interaction enhanced the
color purity and luminescence stability of PFO/WS..
Considering WS, both fullerene-like nanoparticles (F-
WS,-NP) and nanotube (WS,-NT) structures work
differently. F-WS; is more into lubricating fluids, self-
lubricating coatings and medical devices. Meanwhile,
WS,-NT is great at improving the mechanical
properties of CP composites [61]. With respect to that,
the addition of inorganic nanomaterial like WS,

POTENTIAL APPLICATIONS OF CONDUCTING POLYMER/TUNGSTEN DISULFIDE
COMPOSITES: A MINI REVIEW

ensures color emission tunability. Not to mention, the
exhibited optical and electrical properties of PFO/WS,
depends on the number of WS, layer present [61]. The
surface morphology of PFO has a smooth appearance
at a glance as shown in Figure 5 (a). Meanwhile, SEM
images of PFO/WS; nanocomposite films showed high
dispersion of WS, nanotubes upon various WS;
concentration from 10 wt.% to 50 wt.% as displayed in
Figure 5 (b—d). It is observed that the dispersion of the
WS,-NT is quite homogeneous for all the
concentrations investigated, even though some
nanotube agglomerates remain. This finding suggests a
further study is needed either on the purification of
nanotubes or the preparation of the blend.

Figure 5. Scanning electron microscope images of a) bare PFO, and PFO/WS; nanocomposites at b) 10 wt.% c) 30

wt.% and d) 50 wt.% [61].

Organic light-emitting diode

An organic light-emitting diode (OLED) is a light
emitting diode in which organic layers are responsible
for light emission. The light emitted by OLED follows
the basic principal of electroluminescence in which a
material acts in response to the electrical field applied
across it [62]. In context of CP/WS,, PFO has recorded
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an investigation where PFO matrix and WS, nanotubes
were combined to prepare PFO/WS, blends with
various loadings of 10 wt.%, 30 wt.%, and 50 wt.%.
The fabrication of these homogeneously dispersed
PFO/WS; composites were influenced by two major
steps including the WS, nanotube purification and the
blend preparation. An optimization on the threshold
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voltage has recorded the highest voltage of 4.7 V when
30% of WS, was integrated with PFO, and surprisingly
the threshold voltage depreciated at 50% of WS, and
recorded 4.1 V which was almost similar to pure PFO.
Compared to pure PFO, the devices containing the
nanocomposites has poor efficiency. This is because
the electrical data exhibited that the PFO/WS,
nanocomposite device of WS, showed fluctuated

unsynchronized data of threshold voltage and
efficiency of the tailored material might be contributed
by several factors such as unbalanced charges and
electrode interfaces. It also could be due to the change
of the device working point or total applied power [61].
Table 1 summarizes various CPs/WS, composites with
its respective summary on desired applications and

advantages.

performances

with  increasing  wt.%.

Such

Table 1. Summary of CP/WS; in various application and their significant advantages

Conducting Application Advantage Remarks Ref.
Polymer/WS;
PANI/WS, Dye sensitized solar Higher conversion efficiency Nano-sheets of WS, [63]
cell (DSSC) of WS, compare to platinum and nano-rods of
counter-electrode. PANI were used in the
Relatively cheaper cost investigation.
compares to platinum.
Supercapacitor The higher composition of Conductivity: 65.7 [64]
PANI in the WS; matrix has S/m; Specific
enhanced the supercapacitor capacitance: 441 at
performance. 0.5A/g.
Supercapacitor Exhibited excellent High capacitance of [65]
electrochemical properties and 180 pFem™ at 1,0 Hz.
high frequency response. Potential use in energy
storage device.
Sensor The sensor showed an Ammonia sensor [39]
excellent result under humid
environment which can be
utilized in the respiratory
gases.
PPy/WS, Drug release Biocompatible S-fluorouracil [47]
Non-invasive electrically (anticancer drug)
stimulating drug release
system
Potential use in Excellent operation in terms of PPy with 40 wt% of [66]
medium-frequency AC conductivity and dielectric WS, possessed highest
devices such as properties. conductivity of 5.081
humidity and gas x 103 S/ecm.

SE€Nsors.
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Table 1 (cont’d). Summary of CP/WS, in various application and their significant advantages

POTENTIAL APPLICATIONS OF CONDUCTING POLYMER/TUNGSTEN DISULFIDE

Conducting Application Advantage Remarks Ref.
Polymer/WS:
PPy/WS; Humidity sensor Excellent long term-stability. Response/recovery = [67]
5,/58 s, respectively.
Long term stability up
to 60 days at 55 and
95% relative humidity.
PEDOT/WS, Electrochemical WS, has enhanced the The study involves [68]
sensor denseness and smoothness of molecularly imprinted
PEDOT morphology. The polymer of WS-
ternary composite of PEDOT in the
SWCNT/WS,-PEDOT showed presence of Vitamin
good linear response in the B as the template.
range of 0.00, — 0.9 uM with
low LOD of 0.7 nM in the
Vitamin B, detection.
Supercapacitor The supercapacitor showed ) )
long-term stability up to 5000 Hybrid materlal‘ of [69]
cycles by retaining 83.3% of temgry composites
initial areal capacitance. consist of PEDOT,
MeOH, PEG and WS,
were prepared using
simple co-
electrodeposition
method.
Schottky diode Novel material of The combination of [53]
PEDOT/WS:; used for the first ~PEDOT and WS, has
time in nano-diodes. resulted in
The perfect ambient tolerance  rectification ratio of 1,
of the diode makes it an ideal and a turn-on voltage
candidate for gas or light of 1.4 V.
Sensors.
Miniature- Simple and cost-effective The WS»/PEDOT:PSS  [70]
supercapacitor fabrication of supercapacitor
WS,/PEDOT:PSS ternary recorded a high
composite. conductivity of 44

Improved flexibility in the
miniaturized supercapacitor.

S/cm, high areal
specific capacitance of
86 mFcm™, and 107%
capacitance retention
after 5000 cycles.
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Table 1 (cont’d). Summary of CP/WS, in various application and their significant advantages

Conducting Application Advantage Remarks Ref.
Polymer/WS:
Polythiophene/WS; Functionally designed Shown good magnetic effect Modified liquid phase  [71]
(PTh/WS,) PTh/WS; which could find potential use  oxidative
in microwave absorbing polymerization that
materials. controls interface PTh-
based layered material.
Functionally designed Electro-conductivity and Potential use in drug [72]
coating method for mechanical properties of WS,  release control.
Pth/WS; has been enhanced via the
tailor-made functionalization.
PFO/WS; Organic Light PFO with 30% of WS, showed PFO/WS; has been [61]
Emitting Diodes a threshold voltage of 4.7 V tested for the first time
when 30% of WS,. as OLED and it opens
the door for new
avenues for this
composite material.
Conclusion inspired from the PEDOT-PEG-WS; composite. This is

A widespread overview of CP composites has been
studied in the context of their properties and existing
applications. WS,-based CPs offer a very broad and
promising field of research, not only due to its
enhanced properties but also because of the chances to
achieve multifunctional nano systems from the
synergic effect between CP and WS,. In this mini-
review, CP/WS, composite showed the best
performance as energy storage material followed by
electronic components and sensors. CP/WS; is a great
choice for energy storage since it shows high
capacitive
supercapacitor. As a matter of fact, this material
composite deserves a place in electronic and
biomedical industries. Based on the findings and
limitation of this research, some improvement can be
made on low energy emission by PFO/WS,. As

behaviour even in a micro-sized

abovementioned, WS, nanotubes were not fully
homogenous in the PFO matrix. Henceforth, future
research might consider nanotube purification in the
fabrication of PFO/WS,. Besides, CP/WS, can also
consider more formation of ternary compounds

because the initiative of using ternary compound can
strengthen the connection between CP and inorganic
filler, thus exhibiting remarkable performance in
supercapacitors due to better electrons transport.
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Abstract
A set of chiral multi-substituted pyrrolidine diastereomers containing 3-amino ester moiety (5a-c) were successfully synthesized
from 4-carbethoxy-3-hydroxy-2-oxo-5-phenyl-3-pyrroline (1). The key intermediate endocyclic P-enamino ester (4) was
prepared by methylamination of precursor 1, followed by acid-catalyzed reduction of 4 using sodium cyanoborohydride to obtain
target products (5) with moderate diastereoselectivity. Other exploration on the reduction of 4 includes the use of sodium
triacetoxyborohydride in acetic acid and catalytic hydrogenation which are subsequently compared with the aforementioned
approach in terms of selectivity. Several plausible reaction mechanisms have been proposed based on experimental data.

Keywords: pyrrolidine; f-enamino ester; diastereoselective reduction; catalytic hydrogenation; sodium cyanoborohydride.

Abstrak

Satu set diastereomer pirolidin multi-penukarganti kiral yang mengandungi bahagian ester f-amino (5a-c) telah berjaya disintesis
daripada 4-karbetoksi-3-hidroksi-2-okso-5-fenil-3-pirolin (1). Perantara utama, ester f-enamino endosiklik (4), telah disediakan
melalui metilaminasi pendahulu 1. Kemudian, penurunan bagi 4 yang dimangkinkan oleh asid menggunakan natrium
sianoborohidrid menghasilkan produk sasaran 5 dengan diastereoselektiviti yang sederhana. Tatacara lain untuk menurunkan 4
termasuk penggunaan natrium triasetoksiborohidrid dalam asid asetik dan penghidrogenan mangkin telah dibandingkan dengan
kaedah terdahulu dari sudut selektiviti. Di sini, kami menghuraikan beberapa mekanisme tindakbalas yang munasabah daripada
hasil eksperimen ini.

Kata kunci: pirolidin; ester f-enamino; penurunan diastereoselektif; penghidrogenan mangkin; natrium sianoborohidrid.
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Introduction
B-enamino esters A are recognized as versatile building
blocks in the synthesis of various interesting alkaloids
[1] including bi- and tricyclic heterocycles such as
pyrrolopyrimidines [2], pyrroloquinolines [3], indoles
[4], pyrrolizidines and indolizidines [5, 6] (Figure 1).
The multifunctionality of these compounds resides in
the simultaneous presence of a nitrogen atom, a
carbon-carbon double bond, C=C (which when
reduced, gives rise to one or two chiral centre(s) and
enhances the nucleophilicity of the nitrogen via the
localization of its lone pair electrons) and an ester
group for further chain extension or ring closure [7, 8].

Owing to their role as key intermediates for
synthesizing naturally occurring compounds (Figure 2),
this class of functional group has been of crucial
interest to researchers especially for the chemistry of
its enantio- and diastereoselective reductions.

Excellent enantioselectivity of catalytic hydrogenation
over palladium hydroxide, Pd(OH). enables the
preparation of (+)-calvine, an alkaloid piperidine
isolated from coccinellid beetles of the genus Calvia

[9]. Hydrogenations in the presence of 10% platinum
on carbon (Pt/C) and 10% palladium on carbon (Pd/C)
offers high diastereoselectivity to reduce B-enamino
esters with exocyclic C=C in the asymmetrical
syntheses of (+)-laburnine and (+)-tashiromine,
respectively. While the ones with endocyclic double
bond can be reduced using platinum dioxide-catalyzed
hydrogenation with a large diastereomeric excess (d.e.
= 90%) as described in the synthetic approach of
constructing (-)-isoretronecanol [10, 11].

Apart from that, chemical reduction by sodium
triacetoxyborohydride, NaBH(OAc)s; in acetic acid
provides greater diastereoselectivity for enamino esters
with endocyclic C=C rather than their exocyclic and
acyclic counterparts [10], while in the presence of
magnesium iodide (Mgly), near quantitative yield can
be achieved [12]. Sodium cyanoborohydride,
NaBH3CN is a versatile reducing agent known for its
ability to yield diastereopure [-amino esters as
mentioned in the preparation of (x)-lythrancepine (II)
and (I11) [8].
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Figure 1. Bi- and tricyclic alkaloids derived from -enamino esters
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Figure 2. Naturally occurring compounds derived from selective reductions of $-enamino esters

Notably, some studies report that catalytic
hydrogenations portray superior selectivity over
chemical reductions when involving exocyclic and
acyclic B-enamino esters [10, 13]. To our knowledge,
there is yet any reported work that specifically
discusses the chemistry behind the reduction of
endocyclic p-enamino esters — i.e. comparison between
the two approaches.

Ergo, in this short study, we describe an experiment to
reduce f-enamino ester (4) containing endocyclic C=C.
The procedures explored include hydrogenation with
either 10% Pd/C or 20% Pd(OH2)/C along with
reduction using either NaBH(OAC); in acetic acid or
NaBHsCN in acidic medium. Different approaches are
believed to have distinct stereochemical controls and
effectiveness over the reduction protocols.

Materials and Methods
All reagents and solvents were supplied by R&M
Chemicals, Merck KgaA and Acros Organics. The
reactions were monitored by TLC on silica gel 60 F254
plates, Merck (layer thickness 0.25 mm) and visualized
with UV light (254 and 365 nm) and KMnO: solution
as the staining reagent. For product purification using
column chromatography, Merck silica gel (230-400
mesh particle size) was used. Infrared spectra were
recorded on Varian 3100 Excalibur Series FT-IR

spectrometer in the range of 4000-400 cm™. *H-, 3C-
and 2D NMR spectra were captured on JEOL-400 (*H
400 MHz, 13C 101 MHz) NMR spectrometer.

Multicomponent reaction (MCR) to synthesize 4-
carbethoxy-3-hydroxy-2-oxo-5-phenyl-3-pyrroline
1)

The method was adapted from literature [15]. Sodium
diethyl oxalacetate (5.01 g, 24 mmol), benzaldehyde
(2.4 mL, 24 mmol) and aqueous ammonia (8.0 mL, 119
mmol) were suspended in ethanol (70 mL) and
refluxed. After an hour and 15 minutes, the reflux was
stopped and once the mixture cooled down to room
temperature, it was added to an ice bath. The mixture
was acidified with concentrated HCI until it reached
pH 2 while being constantly stirred. The resulting
precipitate was filtered by suction and washed with
distilled water. The solid was dried under vacuum
overnight to give the product, 4-carbethoxy-3-hydroxy-
2-oxo-5-phenyl-3-pyrroline, as a white solid (Yield:
2.67 g, 42%).

Analytical data: FT-IR (ATR) & (cm™) 3370 (O-H),
3311 (N-H), 2994 (C-H), 1689 (C=0); 'H-NMR (400
MHz, CD3OH) d(ppm) 7.32-7.22 (m, 5H, ArH), 5.23
(s, 1H, ArCHNH), 4.10-4.01 (m, 2H, OCH,), 1.06 (t, J
= 7.1 Hz, 3H, CHs); ®C-NMR (101 MHz, CD;OH)
o(ppm) 167.4 (C=C-OH), 163.5 (O-C=0), 155.0
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(NHC=0), 137.4 (ArC-CH), 128.2 (ArCH), 127.9
(ArCH), 127.1 (ArCH), 114.0 (C=C-C=0), 60.1
(OCH5), 57.3 (ArCHNH), 13.0 (CHs).

Leuckart reaction to synthesize 3-amino-4-
carboethoxy-2-0xo0-5-phenyl-3-pyrroline (2)

The method was adapted from literature [2]. To a
suspension  of  4-carbethoxy-3-hydroxy-2-0xo0-5-
phenyl-3-pyrroline (1) (2.01 g, 8 mmol) in ethanol (40
mL), ammonium formate (1.03 g, 16 mmol) was added
while stirring. After heating under reflux for 24 hours
with TLC monitoring, the mixture was left to cool to
room temperature. The solvent was evaporated under
reduced pressure and the crude product was purified
using column chromatography (petroleum ether/ethyl
acetate: 2/1) to vyield the product, 3-amino-4-
carboethoxy-2-0xo-5-phenyl-3-pyrroline, as a white
solid (Yield: 1.23 g, 62%).

Analytical data: TLC (Petreoleum ether/ethyl acetate :
2/1, Ri = 0.26); FT-IR (ATR) o (cm™) 3482 (N-H),
3385 (N-H), 3278 (N-H), 2965 (C-H), 1718 (conj.
C=0), 1679 (C=0), 1625; H-NMR (400 MHz,
CD30OH) d(ppm) 7.28-7.19 (m, 5H, ArH), 5.16 (s, 1H,
ArCHNH), 4.57 (s, 2H, NHy), 4.06-3.99 (m, 2H,
OCHy), 1.07 (t, J = 7.1 Hz, 3H, CHs); **C-NMR (101
MHz, DMSO-d¢) d(ppm) 167.3 (O-C=0), 164.8
(NHC=0), 147.4 (C=C-NH,), 140.3 (ArC-CH), 128.6
(ArCH), 128.0 (ArCH), 127.7 (ArCH), 103.3 (C=C-
C=0), 59.3 (OCHy), 57.8 (ArCHNH), 14.7 (CH3).

Hydrogenation of 3-amino-4-carboethoxy-2-oxo-5-
phenyl-3-pyrroline (2) over 10% Pd/C

This is our in-house method [19]. To a stirred solution
of 3-amino-4-carboethoxy-2-0xo-5-phenyl-3-pyrroline
(2) (0.50 g, 2.03 mmol) in acetic acid (50 mL), 10%
Pd/C (0.30 g, 0.26 mmol) was added slowly. The
reaction mixture was stirred vigorously under hydrogen
atmosphere at 1 atm with TLC monitoring. After 22
hours, the reaction was stopped and the catalyst was
filtered through Celite. The solvent was removed from
the filtrate under reduced pressure to give a white solid.
From TLC, FT-IR and NMR characterization
experiments, it was concluded that the starting material
2 was recovered.
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Analytical data: TLC (Petreoleum ether/ethyl acetate :
2/1, Ry = 0.26); FT-IR (ATR) & (cm™) 3482 (N-H),
3385 (N-H), 3278 (N-H), 2965 (C-H), 1718 (conj.
C=0), 1679 (C=0), 1625; 'H-NMR (400 MHz,
DMSO0-d6) d(ppm) 9.10 (s, 2H, NHy), 7.27-7.12 (m,
5H, ArH), 6.46 (s, 1H, NHC=0), 5.06 (s, 1H,
ArCHNH), 3.91 (qt, J = 11.0, 3.5 Hz, 2H, OCH), 0.98
(t, J=7.1 Hz, 3H, CH3); ®C-NMR (101 MHz, DMSO-
ds) d(ppm) 167.3 (O-C=0), 164.8 (NHC=0), 1474
(C=C-NHy), 140.3 (ArC-CH), 128.6 (ArCH), 128.0
(ArCH), 127.7 (ArCH), 103.3 (C=C-C=0), 59.3
(OCHy), 57.8 (ArCHNH), 14.7 (CH3).

Synthesis of 4-carboethoxy-3-methylamino-2-oxo-5-
phenyl-3-pyrroline (4)

The method was adapted from literature [2]. To a
suspension of  4-carbethoxy-3-hydroxy-2-oxo-5-
phenyl-3-pyrroline (1) (1.94 g, 8 mmol) in ethanol (40
mL), aqueous methylamine (40%) (1.4 mL, 16 mmol)
was added while stirring. After heating under reflux for
24 hours with TLC monitoring, the mixture was left to
cool to room temperature. After cooling in an ice bath,
the resulting white crystals were filtered to give the
product, 4-carboethoxy-3-methylamino-2-0xo-5-
phenyl-3-pyrroline, as white crystals (Yield: 1.41 g,
69%).

Analytical data: TLC (Ethyl acetate, Rr =0.83); FT-IR
(ATR) & (cm™) 3351 (N-H), 2980 (C-H), 1698 (C=0),
1667 (C=0), 1633; 'H-NMR (400 MHz, CDCls)
d(ppm) 7.30-7.20 (m, 5H, ArH), 6.48 (s, 1H, CHsNH),
5.14 (s, 1H, ArCHNH), 4.04-3.93 (m, 2H, OCH,), 3.34
(s, 3H, CH3NH), 1.71 (s, 1H, CH3NH), 1.03 (t, J = 7.1
Hz, 3H, CHs); ®C-NMR (101 MHz, CDCls) §(ppm)
167.9 (O-C=0), 166.6 (NHC=0), 147.1 (C=C-
NHCHs), 138.9 (ArC-CH), 128.4 (ArCH), 128.1
(ArCH), 127.4 (ArCH), 104.8 (C=C-C=0), 59.5
(OCHy), 57.9 (ArCHNH), 30.2 (NHCHS3), 14.1 (CHa).

Hydrogenation of 4-carboethoxy-3-methylamino-2-
oxo-5-phenyl-3-pyrroline (4) over 10% palladium
on carbon (Pd/C)

This is our in-house method [19]. To a stirred solution
of  4-carboethoxy-3-methylamino-2-oxo-5-phenyl-3-
pyrroline (4) (0.50 g, 1.92 mmol) in acetic acid (10
mL), 10% Pd/C (0.20 g, 0.19 mmol) was added
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slowly. The reaction mixture was stirred vigorously
under hydrogen atmosphere at 1 atm with TLC
monitoring. After 24 hours, the reaction was stopped
and the catalyst was filtered through Celite. The
solvent was removed from the filtrate under reduced
pressure and the residue was purified by column
chromatography (gradient elution) to vyield the
diastereomers of 4-carbethoxy-3-methylamino-2-oxo-
5-phenylpyrrolidine as yellow oils; cis-trans 5a (Yield:
51.9 mg, 10.3%), all-trans 5b (Yield: 22.9 mg, 4.5%)
and all-cis 5¢ (Yield: 48.3 mg, 9.6%).

Analytical data: FT-IR (ATR) & (cm™) 3395 (N-H),
3200 (N-H), 2981 (C-H), 1698 (C=0), 1646 (C=0);
cis-trans 5a: TLC (Ethyl acetate, Rf = 0.53); 'H-NMR
(400 MHz, CD30H) J(ppm) 7.38-7.28 (m, 5H, ArH),
4.98 (d, J = 4.8 Hz, 1H, H-5), 4.57 (s, 1H, CH3NH),
4.19-4.16 (dg, 2H, OCH,), 3.60 (d, J = 8.4 Hz, 1H, H-
3), 3.31 (m, 1H, H-4), 2.45 (s, 3H, CH3NH), 1.24 (t, J =
7.6 Hz, 3H, CH3); ®C-NMR (101 MHz, CD;OH)
d(ppm) 176.0 (NHC=0), 171.1 (0-C=0), 140.4 (ArC-
CH), 128.8 (ArCH), 128.1 (ArCH), 125.8 (ArCH), 61.4
(C-3), 60.8 (OCH), 58.0 (C-5), 53.9 (C-4), 34.0
(NHCHs3), 13.2 (CHs). all-trans 5b: TLC (Ethyl
acetate, Rf = 0.13); H-NMR (400 MHz, CD3OH)
do(ppm) 7.40-7.31 (m, 5H, ArH), 4.73 (d, J = 8.2 Hz,
1H, H-5), 4.22-4.11 (m, 2H, OCHy), 3.95 (d, J = 9.6
Hz, 1H, H-3), 3.01 (dd, J = 9.8, 8.5 Hz, H-4), 2.51 (s,
3H, CH3NH), 1.18 (t, J = 7.3 Hz, 3H, CH3); 8C-NMR
(101 MHz, CD30H) d(ppm) 175.6 (NHC=0), 173.4
(0O-C=0), 140.0 (ArC-CH), 128.6 (ArCH), 128.3
(ArCH), 126.4 (ArCH), 62.7 (C-4), 61.4 (OCHy), 58.2
(C-3), 55.4 (C-5), 32.2 (NHCHpgs), 13.1 (CHg). all-cis
5¢c: TLC (Ethyl acetate, Ry = 0.31); 'H-NMR (400
MHz, CD3;0H) d(ppm) 7.38-7.29 (m, 5H, ArH), 5.11
(d, J=6.4 Hz, 1H, H-5), 4.05 (d, J = 6.9 Hz, 1H, H-3),
3.86 (t, J = 6.9 Hz, 1H, H-4), 3.73-3.67 (m, 1H, OCH,),
3.57-3.51 (m, 1H, OCH,), 2.63 (s, 3H, CH3;NH), 0.71
(t, J = 7.1 Hz, 3H, CHs;); ®C-NMR (101 MHz,
CD30OH) o(ppm) 174.6 (NHC=0), 169.4 (O-C=0),
136.6 (ArC-CH), 128.2 (ArCH), 126.3 (ArCH), 61.3
(C-3), 60.7 (OCH), 56.8 (C-5), 51.2 (C-4), 33.6
(NHCHz3), 12.5 (CHz).

Hydrogenation of 4-carboethoxy-3-methylamino-2-
oxo-5-phenyl-3-pyrroline (4) over 20% palladium
hydroxide on carbon (Pd(OH)2/C)

This method was adapted from our in-house method
[19]. To a stirred solution of 4-carboethoxy-3-
methylamino-2-oxo-5-phenyl-3-pyrroline (4) (0.50 g,
1.92 mmol) in acetic acid (10 mL), 20% Pd(OH)./C
(0.13 g, 0.19 mmol) was added slowly. The reaction
mixture was stirred vigorously under hydrogen
atmosphere at 1 atm with TLC monitoring. After 24
hours, the reaction was stopped and the catalyst was
filtered through Celite. The solvent was removed from
the filtrate under reduced pressure and the residue was
purified by column chromatography (gradient elution)
to vyield the diastereomers of 4-carbethoxy-3-
methylamino-2-oxo-5-phenylpyrrolidine as yellow oils;
cis-trans 5a (Yield: 11.4 mg, 2.2%), all-trans 5b
(Yield: 0.7 mg, 0.1%) and all-cis 5c¢ (Yield: 10.3 mg,
2.0%).

Analytical data: FT-IR (ATR) o (cm™) 3358 (N-H),
3193 (N-H), 2982 (C-H), 1698 (C=0), 1646 (C=0);
cis-trans 5a: TLC (Ethyl acetate, Rf = 0.43); 'H-NMR
(400 MHz, CDCls) d(ppm) 7.34-7.25 (m, 5H, ArH),
6.58 (s, 1H, CH3NH), 4.98 (d, J = 3.7 Hz, 1H, H-5),
4.21-4.12 (m, 2H, OCHy), 3.58 (d, J = 8.2 Hz, 1H, H-
3), 3.27 (dd, J = 4.1 Hz, H-4), 2.46 (s, 3H, CHsNH),
1.23 (t, J = 7.1 Hz, 3H, CHs); **C-NMR (101 MHz,
CDCl3) o(ppm) 175.1 (NHC=0), 170.8 (O-C=0),
140.5 (ArC-CH), 129.2 (ArCH), 126.0 (ArCH), 125.7
(ArCH), 61.3 (C-3), 60.7 (OCHy), 57.6 (C-5), 54.1 (C-
4), 354 (NHCHgs), 14.1 (CHg). all-trans 5b: TLC
(Ethyl acetate, Ry = 0.11); H-NMR (400 MHz,
Acetone-ds) d(ppm) 7.38-7.30 (m, 5H, ArH), 4.71 (d, J
= 8.4 Hz, 1H, H-5), 4.15-4.12 (m, 2H, OCHy), 3.60 (d,
J = 9.6 Hz, 1H, H-3), 2.80 (m, 1H, H-4), 2.40 (s, 3H,
CH3NH), 1.16 (t, J = 7.2 Hz, 3H, CH3); *C-NMR (101
MHz, Acetone-dg) d(ppm) 173.8 (NHC=0), 172.0 (O-
C=0), 141.2 (ArC-CH), 128.7 (ArCH), 128.2 (ArCH),
126.4 (ArCH), 64.4 (C-3), 60.8 (OCHy), 57.8 (C-5),
57.6 (C-4), 33.9 (NHCHj3), 13.6 (CHs3). all-cis 5¢c: TLC
(Ethyl acetate, Ry = 0.26); H-NMR (400 MHz,
CDCls3) d(ppm) 7.33-7.29 (m, 3H, ArH), 7.18-7.16 (m,
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2H, ArH), 6.64 (s, 1H, CHsNH), 5.00 (d, J = 9.6 Hz,
1H, H-5), 4.10 (d, J = 9.1 Hz, 1H, H-3), 3.81-3.76 (m,
1H, H-4), 3.73-3.61 (m, 2H, OCH,), 2.15 (s, 3H,
CHsNH), 0.93 (t, J = 7.3 Hz, 3H, CHs); 3C-NMR (101
MHz, CDCls) o(ppm) 175.3 (NHC=0), 169.7 (O-
C=0), 137.7 (ArC-CH), 128.8 (ArCH), 127.2 (ArCH),
126.9 (ArCH), 61.2 (C-4), 59.4 (C-3), 57.6 (C-5), 52.1
(OCHy), 31.1 (NHCH3), 13.8 (CHs).

Reduction of 4-carboethoxy-3-methylamino-2-oxo-
5-phenyl-3-pyrrolines (4) by sodium triacetoxy-
borohydride (NaBH(OAC)z)

The method was adapted from literature [9]. A solution
of NaBH(OAc); was prepared by the addition of
sodium borohydride (NaBH4) (0.73 g, 19 mmol) to
glacial acetic acid (5.6 mL, 96 mmol) at 0 °C and the
mixture was stirred for 30 minutes at room temperature
with some evolution of hydrogen gas. Then, 4-
carboethoxy-3-methylamino-2-oxo-5-phenyl-3-
pyrroline (4) (1.01 g, 4 mmol) in acetonitrile (25 mL)
was transferred into the previous mixture. The resulting
mixture was stirred vigorously for 48 hours before
being neutralized by saturated Na,COs solution. Upon
extraction by dichloromethane, the organic phase was
washed with brine and dried over anhydrous MgSOa.
The solvent was removed from the organic phase in
vacuo to give a white solid. From TLC, FT-IR and
NMR characterization experiments, it was concluded
that the starting material 4 was recovered.

Analytical data: TLC (Ethyl acetate, Rf = 0.79); FT-IR
(ATR) & (cm™) 3351 (N-H), 2980 (C-H), 1698 (C=0),
1667 (C=0), 1633; H-NMR (400 MHz, CDClIy)
d(ppm) 7.30-7.21 (m, 5H, ArH), 6.43 (s, 1H, CHsNH),
5.14 (s, 1H, ArCHNH), 4.04-3.93 (m, 2H, OCH), 3.35
(s, 3H, CH3NH), 1.70 (s, 1H, CH3NH), 1.03 (t, J = 7.1
Hz, 3H, CHs); ¥*C-NMR (101 MHz, CDCl3) &(ppm)
167.9 (0O-C=0), 166.6 (NHC=0), 147.1 (C=C-
NHCH3), 138.9 (ArC-CH), 128.4 (ArCH), 128.1
(ArCH), 127.4 (ArCH), 104.8 (C=C-C=0), 59.5
(OCHy), 57.9 (ArCHNH), 30.2 (NHCHS3), 14.1 (CHa).
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Reduction of 4-carboethoxy-3-methylamino-2-oxo-
5-phenyl-3-pyrroline 4) by sodium
cyanoborohydride (NaBH3CN)

The method was adapted from literature [8]. Traces of
bromocresol green was added to 4-carboethoxy-3-
methylamino-2-oxo-5-phenyl-3-pyrroline (4) (1.00 g, 4
mmol) in methanol (20 mL) while stirring followed
by NaBHs;CN (0.97 g, 15 mmol). Dilute MeOH-HCI
mixture was added dropwise until the colour of the
reaction mixture turned yellow. More MeOH-HCI
was added to the mixture periodically to maintain the
yellow colour (pH ~4) with TLC monitoring. After 24
hours, the reaction was quenched by dropwise addition
of 0.1 N NaOH solution (saturated with NaCl) until the
mixture turned blue. The crude product was extracted
by ethyl acetate and the organic phase was washed with
brine and dried over anhydrous MgSQ,4. The solvent
was evaporated under vacuum and the residue was
purified by column chromatography (gradient
elution) to give the diastereomers of 4-carbethoxy-
3-methylamino-2-oxo-5-phenylpyrrolidine;  all-trans
5b (Yield: 174.7 mg, 34.7%) and all-cis 5c (Yield: 97.6
mg, 19.4%).

Analytical data: FT-IR (ATR) & (cm™) 3391 (N-H),
3306 (N-H), 2977 (C-H), 1718 (C=0), 1698 (C=0);
all-trans 5b: TLC (Ethyl acetate, Ry = 0.49); 'H-NMR
(400 MHz, CDCls) d6(ppm) 7.37-7.31 (m, 5H, ArH),
6.42 (s, 1H, CH3NH), 4.78 (d, J = 8.2 Hz, 1H, H-5),
4.18-4.16 (m, 2H, OCH,), 3.84 (d, J = 9.6 Hz, 1H, H-
3), 3.06 (t, J = 8.9 Hz, 1H, H-4), 2.16 (s, 3H, CH3sNH),
1.20 (t, J = 7.1 Hz, 3H, CH3); **C-NMR (101 MHz,
CDCls) o(ppm) 173.9 (NHC=0), 171.7 (O-C=0),
139.5 (ArC-CH), 129.0 (ArCH), 128.7 (ArCH), 126.5
(ArCH), 63.6 (C-3), 61.7 (OCHy), 57.9 (C-5), 55.9 (C-
4), 31.1 (NHCHs3), 14.1 (CHa). all-cis 5¢: TLC (Ethyl
acetate, R = 0.26); H-NMR (400 MHz, CDCly)
Jd(ppm) 7.33-7.29 (m, 3H, ArH), 7.18-7.16 (m, 2H,
ArH), 6.64 (s, 1H, CHsNH), 5.00 (d, J = 9.6 Hz, 1H, H-
5), 4.10 (d, J = 9.1 Hz, 1H, H-3), 3.81-3.76 (m, 1H, H-
4), 3.73-3.61 (m, 2H, OCH,), 2.15 (s, 3H, CHsNH),
0.93 (t, J = 7.3 Hz, 3H, CHs); 3C-NMR (101 MHz,
CDCls) o(ppm) 175.3 (NHC=0), 169.7 (O-C=0),
137.7 (ArC-CH), 128.8 (ArCH), 127.2 (ArCH), 126.9
(ArCH), 61.2 (C-4), 59.4 (C-3), 57.6 (C-5), 52.1
(OCHy), 31.1 (NHCHg3), 13.8 (CHs).
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Results and Discussion
4-carbethoxy-3-hydroxy-2-0xo-5-phenyl-3-pyrroline
(1) were prepared through one-pot multicomponent
reaction (MCR) by refluxing equimolar sodium diethyl
oxalacetate and benzaldehyde with excess aqueous
ammonia in ethanol as developed by Metten et. al.
(Scheme 1) [15]. The product was more stable in the
enol rather than the keto form, consistent with previous
findings [16-19]. The moderate yield was compromised
for the ease of the purification process and overall
facile procedure.

Afterwards, treatment of 1 with ammonium formate
gave enamino ester 2 with a good yield via Leuckart
reaction (Scheme 2) [2,3]. Hydrogenation of 2 in the
presence of 10% Pd/C in acetic acid for 22 hours was
ineffective, recovering the starting material. To our

Sodium diethyl oxalacetate Ammonia

best knowledge, there is yet to be a report on a
successful reduction of primary enamino esters such as
2. Wang and co-workers described that the enamino
group has to be protected prior to the hydrogenation to
gain successful conversions [20]. Other works of
literature suggested that there should be at least one
substituent on the enamino functionality for the
procedure to work [7-13]. Perhaps, the conjugated =
system and alternating intramolecular hydrogen
bonding form very stable 6-membered resonance
structures (Figure 3) therefore preventing interaction
with the metal catalyst.

However, methylamination of 1 in the presence of
formic acid afforded secondary B-enamino ester (4),
which was then reacted through four different
reduction systems (Scheme 3).

I : EtOH ©
H E——
Reflux N
" H

Benzaldehyde

1 keto-enol
tautemerisation

HO.

_
N
0" H
1

(42%)

Scheme 1. Synthesis of 4-carbethoxy-3-hydroxy-2-oxo-5-phenyl-3-pyrroline (1) via one-pot MCR

o]
- N oo
° o) H™ "O NH, O
H HoN
SN EtOH N
N Reflux
o7 o
1

(62%)

- o. [
o 0o
H,, Pd/C HoN
—X—
AcOH N
" H

Scheme 2. Amination of 1 and the attempt to catalytically hydrogenate 2 over Pd/C

275



Ayisy Amirul Afti etal: DIASTEREOSELECTIVE REDUCTION OF ENDOCYCLIC B-ENAMINO ESTER:
AN APPROACH TO PREPARE DIASTEREOPURE MULTISUBSTITUTED
PYRROLIDINE B-AMINO ESTERS

.H H _-Ho Hy
o SN o|’ N
EtO Z o EtO Z o
NH NH
Ph Ph
Hi.  _Ho Hy  _Hy
O/ \|N/ O/ \|N/
EtO N o) EtO N o
NH NH
Ph Ph

Figure 3. Intramolecular hydrogen bonding and the resonance structures of 2.
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Scheme 3. Methylamination of 1 and various reduction protocols of 4.
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Pd/C  hydrogenation of 4  displayed low
diastereoselectivity (d.r. = 42 : 19 : 39) of three
separable mixtures of B-amino ester diastereomers (5a-
c) with low vyields (4 to 10%) (Table 1 ).
Hydrogenation of 5 in the presence of Pd(OH). on
charcoal was more diastereoselective (d.r. =51 : 3 : 46)
than Pd/C but afforded an even poorer yield (0.1 to
2.2%) of isomers (5a-c). Both catalytic processes
involved the syn addition of hydrogens onto the double
bond resulting in a nearly equivalent d.r. of 5a (cis-
trans) and 5c (all-cis) products with a minor anti
addition causing the formation of 5b (all-trans)
product, in agreement with one of our previous
findings [17].

The treatment with sodium borohydride, NaBH, and
acetic acid to  form in  situ  sodium
triacetoxyborohydride, NaBH(OAc)s failed to reduce
compound 4. On the other hand, reduction using
sodium cyanoborohydride (NaBHs:CN) in acidic
medium gained the mixture of 5b and 5c¢
diastereomers, giving superior stereochemical control
(d.r. = 64 : 36) than catalytic hydrogenations, with
better yields. Deustch et. al. observed similar
diastereomeric selectivities when reducing acyclic B-
enamino ester derivatives by the same protocol [8].

Table 1. Stereoselective reduction of 4

Isolated Product Yield (%)*

Reducing Agent

Diastereomeric ratio

5a 5b 5c (d.r.)**
Pd/C, H> 10.3 45 9.6 42:19:39
Pd(OH)./C, H, 2.2 0.1 2.0 51:3:46
NaBH(OAC)s3 - - -
NaBHs;CN - 34.7 194 64 : 36

*1solated yield of each diastereomeric product obtained after purification by column chromatography.
**Diasteremeric ratio (d.r.) was determined based on the isolated yield after column chromatography.

All resulting diastereomers were studied through
nuclear magnetic resonance (NMR) experiments to
assign their configurations. For instance, Nuclear
Overhauser Effect Spectroscopy (NOESY) correlation
between the hydrogen at C-4 (3.01 ppm) and aryl
proton (7.35 ppm) in 5b (all-trans) product confirmed
that both the hydrogen and the phenyl ring are on the
same side (Figure 4) whereby in 5c (all-cis) product,
the correlation between the hydrogens at C-4 (3.86
ppm) and C-5 (5.11 ppm) were observed, indicating
their close proximities to each other. This claim is
supported by the low proton NMR (*H-NMR) chemical
shift value of the hydrogen on C-4 of 5b compared to
that of 5¢ due to the anisotropic effect of being near the
phenyl ring. Moreover, 5b diastereomer showed
significantly higher values of Jss coupling constant
than 5c¢ (Table 2).

Alternatively, the assignment of cis-configuration
between protons on C-4 and C-5 of 5c isomer can be
further proven by another anisotropy experienced by
protons of its ester moiety indicated by their lower
chemical shift values in comparison to those of 5a (cis-
trans) and 5b diastereomers. On another note, the
NOESY correlation between the hydrogen on C-4
(3.01 ppm) with methylamine proton (2.51 ppm) of 5b
led to the notion that the protons on C-3 and C-4 were
trans to each other while for 5a, its C-4 proton (3.35
ppm) correlated with the one on C-3 (3.60 ppm) thus
they were assigned as cis.

The mechanistic pathway that we proposed for these
catalytic hydrogenations is displayed in Scheme 4. Syn
addition of hydrogens on either side of the C=C of the
enamino ester caused both the methylamine and ester
groups to be on the same side. These structural changes
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gave rise to steric clashes between the ester and phenyl
ring that determined which conformer was more
favourable. The steric strain in 5c (ester and phenyl
groups located near to each other) contributed to a
slightly lower yield compared to the thermodynamic
product 5a (the groups were on opposite sides).

Anti addition of hydrogens by metal-catalysed
hydrogenation was initiated by the formation of an
enolate intermediate through the protonation of one of
the prochiral centres which are C-3 in 5b, the less
hindered site (Scheme 4). The following step involved
the addition of another hydrogen on C-4 selectively to
form a stable conformer whereby the ester group and
phenyl ring were situated on different planes (lower
steric strain) thus resulting in the trans-position
between the hydrogens on C-3 and C-4 [10].

NaBH:CN reduction began with a rate-determining
step of acid protonation on C-4 of 4 from either side of
the C=C of the enamino ester, thus forming respective
iminium intermediates (Scheme 5) [21]. Then, an
attack by cyanoborohydride from the less crowded site
(away from the phenyl ring) restored the nitrogen lone
pair electrons. The reagent selectively favoured the
formation of 5b over 5c due to the greater strain
between ester and phenyl groups in 5c¢, consequently
causing the latter to be less energetically stable.

The poor yield of Pd(OH), hydrogenation compared to
Pd/C and the unsuccessful reduction by NaBH(OAC);
can be explained by the bulkiness of the reagent
structures causing severe steric hindrance that

antagonized the reactions.

upfield

2.45 4.19-4.16
HiC-\HH' ) H:
3.60 = _C_ 124
Hil—~ S0 CH,
O N 5 ‘: zﬁa&
H
7.33
|4
cis-trans all-trans all-cis
5a 5b 5c
Figure 4. 'H-NMR shift values and NOESY correlations of diastereomers 5a-c
Table 2. Selected 'H-NMR data for diastereomers 5a-c in methanol-d,
Shift value, ¢ m Coupling constant, J (H
Compound (ppm) upling (H2)
H-3 H-4 H-5 H-3 H-4 H-5
5a 3.60 3.35 4.99 8.4 —* 4.8
5b 3.95 3.01 4,73 9.6 8.5 8.2
5¢c 4.05 3.86 5.11 6.9 6.9 6.4

*H-4 of 5a showed a multiplet pattern
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cis-trans all-trans all-cis
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Scheme 4. Proposed mechanistic pathways for Pd and Pd(OH). hydrogenation of 4
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Scheme 5. Plausible reaction mechanism for reduction of 4 by NaBH3CN.

Conclusion
Overall, the stereochemical control for this class of
functional group depends strongly on the position of
the ester group in regards to the phenyl ring after the
protonation/reduction steps i.e. if they are on the same
plane, the lower the preference for the formation of
said diastereomer. This brief experiment shows that
endocyclic p-enamino ester (4) can be reduced with
excellent diastereoselectivity by NaBHsCN (d.r. = 64 :

280

36), in addition to its moderate turnover percentage
(54.1%). Hydrogenations on Pd and Pd(OH), surfaces
suffered from poor selectivities (d.r. =42 : 19 : 39 and
d.r. = 51 : 3 : 46, respectively) and yields (0.1 to
10.3%) with unexpected anti additions of hydrogens
while NaBH(OAc)s reduction recovered the starting
material. Nevertheless, we have successfully employed
some of these reduction strategies to prepare chiral
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cyclic B-amino ester with satisfying diastereomeric
purity.
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Abstract

Simple sample preparation was investigated and developed to selectively determine Cr(V1) in wastewater samples or effluents
based on the liquid-liquid extraction principle using tetrabutylammonium hydrogensulfate (TBAHS) as the ion-pair reagent in an
acidic medium. TBAHS was prepared in an organic solvent to improve the extraction efficiency. The extracted Cr(VI) in the
organic phase endured the acid digestion, and its atomic absorption was measured at 357.9 nm. The influences of several
working parameters, namely, organic solvents (methyl isobutyl ketone-MIBK, dichloromethane-DCM, and chloroform), pH
values (lower than 1.0, 1.0, 2.0, and 3.0) in the aqueous phase, TBAHS concentrations in the organic solvent (0.02, 0.04, 0.05,
and 0.06 mol L), extraction duration (from 3 to 30 minutes), number of extraction cycles (single or repeated extraction), sample
preservation duration at ambient temperature, and co-existence of Cr(l1l) in the sample matrices, were investigated to discover
the optimized working parameters. The results showed that dichloromethane (DCM) was the most effective extraction solvent.
The most favorable conditions for complex formation were determined as follows: a pH of around 1.0 to 3.0; 0.05 mol L™
TBAHS prepared in DCM, triple extraction, and a shaking duration of 15 minutes for each extraction cycle. The calibration
curve was linear in the range of 0.05, 0.10, 0.20, 0.40, 0.60, 0.90, 1.2, 1.5 and 2.0 mg L™, and the regression equation was y =
0.1068x + 0.0012 with R? = 0.9994, exhibiting goodness of linearity. The method detection and quantification limit values were
estimated to be 0.012 mg Lt and 0.04 mg L%, respectively. The repeatability (RSDr = 0.71%) and reproducibility (RSDr =
1.1%) were favorable according to the requirements presented in Appendix F of AOAC (2016) for analytical method validation.
The proposed method was applied to real wastewater samples and spiked samples, showing very low Cr(VI) concentrations for
most samples and proper recoveries (91.1-109%).

Keywords: Cr(VI), Cr(lll), liquid-liquid extraction, TBAHS, dichloromethane, DCM, ion-pair reagent
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Abstrak
Penyediaan sampel yang mudah telah dikaji dan dibangunkan bagi penentuan terpilih Cr(VI) di dalam air sisa atau efluen
berdasarkan prinsip pengekstrakan cecair-cecair menggunakan tetrabutylammonium hidrogensulfat (TBAHS) sebagai reagen
pasangan ion di dalam medium berasid. TBAHS telah disediakan dalam pelarut organik bagi tujuan meningkatkan keberkesanan
pengekstrakan. Cr(VI) yang telah diekstrak di dalam fasa organik melalui penghadaman asid, dan serapan atom telah diukur pada
357.9 nm. Pengaruh parameter seperti pelarut organik (metil isobutil keton-MIBK, diklorometana-DCM, dan klorofom), nilai
pH (dibawah 1.0, 1.0, 2.0 dan 3.0) di dalam fasa akues, kepekatan TBAHS di dalam pelarut organik (0.02, 0.04, 0.05, dan 0.06
mol L), tempoh pengekstrakan (dari 3 hingga 30 minutes), bilangan kitaran pengekstrakan (pengekstrakan tunggal atau
ulangan), tempoh pengawetan sampel pada suhu sekitar, dan kehadiran bersama Cr(l11) dalam matrik sampel turut dikaji untuk
penentuan parameter kerja yang optimum. Hasil kajian menunjukkan diklorometana (DCM) paling efektif sebagai pelarut
pengekstrakan. Keadaan paling baik untuk penghasilan kompleks ditentukan seperti berikut: pH antara 1.0 hingga 3.0; 0.05 mol
L TBAHS disediakan dalam DCM, tiga kali pengekstrakan, dan masa goncangan ialah 15 minit bagi setiap kitaran
pengekstrakan. Lengkung kalibrasi adalah linear pada julat 0.05 hingga 2.0 mg L%, dan persamaan regresi ialah y = 0.1068x +
0.0012 dan R? = 0.9994. Had pengesanan dan kuantifikasi telah dihitung masing-masing pada 0.012 mg L*and 0.04 mg L.
Kebolehulangan (RSDr = 0.71%) dan kebolehhasilan semula (RSDr = 1.1%) adalah baik berdasarkan keperluan yang dinyatakan
dalam Appendix F of AOAC (2016) bagi validasi kaedah analisis. Kaedah yang dicadang ini telah digunapakai bagi analisis
sampel air sisa sebenar dan sampel yang dipaku, ia menunjukkan kepekatan Cr(V1) yang rendah dan perolehan semula yang baik

(91.1-109%).

Kata kunci: Cr(VI), Cr(ll), pengekstrakan cecair-cecair, diklorometana, reagen pasangan ion

Introduction
Chromium (Cr) has been known as the non-essential
and toxic element for human beings and animals
despite existing in trace quantities [1, 2]. The emission
of Cr into the environment is mainly derived from
metallurgical, electroplating, pigments, etc. The two
most common species of chromium are Cr(lll) and
Cr(VI), whereby Cr(VI) exhibits remarkably high
toxicity due to its higher solubility and flexibility than
Cr(111) [3, 4], 100 times more toxic than Cr(lll). Many
studies have indicated death risks from lung cancers
during working and direct exposure to Cr(VI).
Moreover, Cr(lll) is considered an essential micro-
nutrient and is responsible for blood glucose control
and lipid metabolism in mammals. Because of their
toxicity differences, the determination of total Cr
concentrations did not provide enough reliable and
accurate information to evaluate the toxicity potentials
toward the environment. Additionally, the selective
determination of Cr species has helped the scientists to
recognize their origins and behaviors to find adequate
solutions to remove these exposed pollutants from the
environment. Modern instrumental methods using 1CP-
OES or ICP-MS coupled with liquid chromatography
have met the requirements for direct analysis of Cr
species in various sample matrix due to their selectivity

284

and sensitivity [5, 6]. However, such methods are
costly and not easily equipped in many laboratories.
Therefore, another cheap, convenient, simple, and
effective analytical method by using selective solvent
or liquid-liquid extraction techniques (LLE) and
measured on the Flame-Atomic  Absorption
Spectrometry (F-AAS) analysis, a common instrument
for metal(loid)s quantification in various environmental
laboratories, should be developed for Cr(VI) detection
in complicated sample matrices such as wastewater.

For trace analysis of metal ions, solvent extraction has
become a popular technique to serve the analyte
enrichment and/or matrix removal purposes. Moreover,
such techniques allow to easy control of the volumes of
the aqueous and organic phases, which makes them
possible to be coupled with any potentially suitable
analytical methods for determining various metal ions.
Typically, the volume of organic solvent used in the
extraction is smaller than that of the sample volumes,
resulting in higher enrichment factors and lower
method limits of detection and quantification. At the
industrial scale, solvent extraction has been utilized in
chemical industries for the purification of chemical
elements and/or for the separation and concentration of
metals of interest [7, 8]. However, for the analytical
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method development, the single application of organic
solvents is usually faced with a lack of selectivity.
Therefore, in order to enhance the selectivity of the
LLE, complexing agents in organic solvents could be
used. The separation of Cr(I1l) and Cr(VI) using ion-
exchange and/or complex reagents in organic solvent
have gained considerable interests among the scientists
since the last few decades, e.g., zephyramine [9], bis(2-
ethyl hexyl phosphoric acid) in benzene [10], diphenyl
carbazide with isoamyl alcohol [11], and 4-methyl-3-
pentene-2-one [12]. In 2009, Kalidhasan and Rajesh
published the determination of Cr(VI) based on the
LLE using tetrabutylammonium iodide (TBAI) as an
ion-pair reagent in methyl isobutyl ketone (MIBK)
used as the extraction solvent [8]. The ion-pair
complex was back-extracted using ascorbic acid to
convert  Cr(VI) into free  Cr(lll) before
spectrophotometric measurement for quantification
purposes. The extraction of Cr(VI) using TBAB as the
ion-pair reagent in dichloromethane was performed
with 95% recovery [13].

As an emerging country with rapid development in
industrialization and urbanization, Vietnam has been
facing the risk of serious water pollution, as the heavy
metals discharged from industrial activities have
identified as a threat to public health and the safety of
the ecosystem. Notably, the wastewater from the
mechanical, electronic, dyeing, and tanning industries,
etc., potentially has high concentrations of heavy
metals, e.g., Cr, and in many cases, may exceed the
permitted levels. In the present study, we employed the
liquid-liquid extraction (LLE) using
tetrabutylammonium sulfate (TBAHS) as the ion-pair
reagent prepared in the extraction solvent of
dichloromethane to separate Cr(VI) from the effluents
into the organic phase before measuring the quantity
using Flame Atomic Absorption Spectrometry (F-
AAS). The preparation of TBAHS in the organic
solvent instead of in water aimed to assist the chemical
reaction between the analyte and the complexing agent,
then to increase the extraction yield for quantification
purposes. The parameters related to the LLE namely
the concentrations of ion-pair reagent, extraction pH
and solvents, reaction duration, numbers of extraction
cycles (repeated extraction), and sample preservation

as the co-existence of Cr(lll), were evaluated to
discover the optimized analytical conditions for real
wastewater application. Moreover, in this current
study, the ion-pair reagent was prepared in the
extraction organic solvent instead of in the aqueous
phase to increase the extraction efficiency, minimize
the interferences of co-existing ions and substances,
and improve the recovery of the proposed analytical
method for quantification purposes.

Materials and Methods

Chemicals and reagents

All chemicals and reagents, including a stock solution
of 1000 mg L™t chromium (111), methyl isobutyl ketone
(MIBK), dichloromethane (DCM), and chloroform,
were of the analytical grade and purchased from Merck
(Germany). A stock solution of 1000 mg L™ chromium
(V1) solution was prepared from potassium dichromate
(= 99.9%, Merck, Germany). Working standard
solutions of Cr(VI) were prepared daily by appropriate
dilution of the 1000 mg L™ stock solution using
deionized water (DIW, Millipore, USA) before each
use. lon-pair reagents of 0.05 mol L7
tetrabutylammonium hydrogensulfate (TBAHS) in
extraction solvents namely dichloromethane (DCM),
methyl isobutyl ketone (MIBK), and chloroform were
prepared by dissolving 7.608 g of TBAHS in 500 mL
of each of these solvents to obtain three different
solutions used as the extraction solvent. Sulfuric acid
of 1.0 mol L was prepared by properly diluting the
concentrated sulfuric acid in DIW. The Cr(VI) standard
solution of 1.0 mg L™ was prepared and used for
evaluating the effects of various analytical parameters
in the LLE, including types of organic solvents, pH
index in the aqueous phase, ion-pair reagent
concentrations in the extraction organic solvent,
shaking duration per each extraction cycle, and the
numbers of extraction cycles (single or repeated
extraction). For the assessment of sample preservation
at the ambient temperature, primarily due to the effects
of Cr(Ill) co-existence, Cr(Ill) and Cr(VI) standard
solutions were spiked into real wastewater samples to
obtain the concentrations of both species at 1.0 mg L™
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Liquid-liquid extraction

The single factor experiment of the standard solution
was used for optimizing the liquid-liquid extraction
(LLE). The LLE was set up as follows: 1.00 mL of 10
mg L Cr(VI) was added to 40 mL glass vial with a
cap. The solution pH was adjusted to different
investigated values, namely below 1.0, 1.0, 2.0, and 3.0
using 1.0 mol L sulfuric acid and sodium hydroxide
solutions. Then, 5.00 mL of TBAHS with various
concentrations of 0.02, 0.04, 0.05, and 0.05 mol L in
the extraction organic solvents was added to the sample
liquids to carry out the LLE. Three different organic
solvents of methyl isobutyl ketone or MIBK,
dichloromethane or DCM, and chloroform were
investigated to discover the most suitable extraction
solvent. The extraction was carried out by shaking the
sample glass vial for a certain duration (3, 5, 10, 15,
20, 25, and 30 minutes). Single, double, and triple
extractions were evaluated to find out the number of
repeated extractions required for the highest recovery.
All the organic phases were collected and transferred to
another glass vial before being evaporated to the
volume of around 1 mL by gentle heating at 60-70 °C.
Next, approximately 1 mL of concentrated nitric acid
was added. The mixture was continued to heat until the
volume observed was nearly 0.3-0.5 mL (do not heat to
dry). Finally, the residue in the reaction vial was
dissolved carefully in DIW and transferred to a 10-mL
volumetric flask. The solution was filtered through a
0.45-um membrane before measurement at 357.9 nm
on an atomic absorption spectrometer.

Flame atomic absorption
determining Cr(VI)

Cr(VI) determination after LLE was performed on a
flame atomic absorption spectrometer (AA-6650
Shimadzu, Japan), equipped with a chromium hollow
cathode lamp, an air-acetylene flame atomizer. The
wavelength, lamp current, and spectral bandwidth used
were 357.9 nm, 10 mA, and 0.5 nm, respectively. The
burner height was 12 mm and the gas flow rate were
3.0 L min’ The background correction using a
Deuterium lamp was applied for all measurements. The
calibration curve was developed based on the linear
relationship ~ between  the  Cr(VI)  standard
concentrations (i.e., 0.05, 0.10, 0.20, 0.40, 0.60, 0.90,

spectrometry  for
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1.2, 1.5 and 2.0 mg L) prepared in 0.5% (v/v) nitric
acid and the respective absorbance. The method limits
of detection and quantification (MLD and MLQ) were
determined by simultaneously analyzing 11 blank
samples using the optimized LLE and F-AAS
measurement. The estimated average concentration
value (X) and standard deviation (SD) were calculated
to apply in the following relationships [14, 15]: MLD =
X + 3SD and MLQ = 10/3*MLD. The repeatability and
reproducibility were evaluated by calculating %RSD;
and %RSDr for intra-day (six replicates, n = 6) and
inter-day (three separate days). The trueness of the
method was evaluated based on the recovery of the
spiked samples.

Application of the proposed method to determine
Cr(VI) in real effluent samples

A total number of 10 wastewater samples or effluents
were randomly collected from several industrial parks
around Ho Chi Minh City, based on ISO 5667-3:2003
[16] and ISO 5667-10:2020 [17]. The effluents were
collected from the wastewater drain pipes of textile and
electronics factories. The samples were contained in
acid-washed polyethylene bottles, filtered through a
0.45-um membrane (GE Whatman Membrane Filters,
GF/F), and stored at freezing conditions (—10 °C) until
further analysis. These samples were analyzed by the
proposed analytical method using the LLE procedure
for the selective determination of Cr(VI). Besides, the
Cr(V1) standard solution was spiked to these collected
effluents to carry out the recovery test based on the real
sample matrices, which aimed to assess the matrix
effects on the analytes of interest.

Results and Discussion

Effects of extraction solvents

There are two possible ways for the extraction of Cr(VI
from the aqueous phase to the organic phase. A
common approach is the formation of an ion-pair
complex in the aqueous phase, using an ion-pair
reagent in water. The formed complex was extracted
using a suitable organic solvent. However, the
produced TBA*—HCrO4 ion-pair complex is less polar,
and therefore poorly interactive with water. The
molecule has a large molecular size, and thus is less
stable in water, lowering extraction efficiency. Another
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approach is to prepare the ion-pair reagent in organic
solvents and carry out the LLE between aqueous and
organic phases. In the present study, to enhance the
extraction efficiency and minimize the interferences of
co-existing ions and substances, the later approach was
applied, i.e., the TBAHS was prepared in organic
solvents, then used for LLE. The formation of an ion-
pair complex could happen at the interface between the
aqueous and organic phases (mostly in the aqueous
phase) due to shaking effects. Such affects allow for
the analyte of interest to be transferred into the organic
solvent due to the stronger interaction formed by the
ion-pair complex with organic solvents [8]. In the
present study, three organic solvents were investigated
for their potential use as extraction solvents, i.e.,
MIBK, DCM, and chloroform. The extraction yield
(%) of Cr(VI) in the solvents (i.e., performing a single
extraction within 10 minutes) is presented in Figure 1.

In descending order, the highest yield was obtained in
DCM (97.4%), followed by chloroform (70.9%), and
MIBK (26.9%). The differences in extraction yields
could be due to the differences in the polarity of these
solvents, of which MIBK has a relatively high polarity,

and thus was less effective for extraction of Cr(VI).
Meanwhile, DCM (polarity index of 3.1) and
chloroform (polarity index of 4.1) are less polar than
MIBK [18, 19], thus exhibiting higher extraction
efficiency. Between DCM and chloroform, the former
exhibited a better extraction efficiency, which may be
due to the lower polarity and larger size of DCM
molecules that allow for more favorable solvation for
the ion-pair complex. The ion-pair complex is large in
size, held by relatively weak electrostatic forces
(Figure 3) but possesses enough stability to be
effectively extracted to the organic phase [20]. Due to
the large size of the formed complex, the organic
solvents with larger molecule sizes may provide
favorable conditions for better extraction yields than
that of smaller molecule sizes under the same working
parameters. Comparing between CCl; and CHCI; as the
extraction solvent, CCls with lower polarity was
reported to perform higher extraction efficiency [21,
22]. Therefore, in this current study, an ion-pair reagent
of TBAHS was prepared in DCM as a lower polar
extraction solvent for further experiments and
investigations to assure the highest extraction yield.
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Figure 1. The Cr(VI) extraction efficiency using different extraction organic solvents

Effects of pH index in the aqueous phase

Depending on pH, predominant speciation of
chromium could be changed to reach chemical
equilibrium, which typically includes the formation of

chromate (CrO4%), dichromate (Cr,0;*), hydrogen
chromate (HCrO4"), chromic acid (H.CrOa), hydrogen
dichromate (HCr.O;"), trichromate (CrsO1?), and
tetrachromate (Cr4O13%") [23, 24]. For instance, HcrO4-,
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Cr,0+%, and H,CrO4 dominated the acid medium [25].
The different chromium species in water remarkably
influence the extraction efficiency. The effects of pH
on the extraction efficiency were investigated in the pH
range from under 1.0 to 3.0. The extraction yield at
different pH values is presented in Figure 2.

The results showed that the Cr(VI) ion quantitatively
formed an ion-pair complex with TABHS at all the
investigated pH, resulting in the extraction yields
higher than 90%. Extraction yields generally remained
unchanged within the ranges of pH tested in this
current study (i.e., from less than 1.0 to 3.0). This
phenomenon could be attributed to Cr(VI) mostly
existing as HCrO4 in the medium with a pH < 4.0,
whereby the association was well-formed due to the
big radius of HCrO4s[26]. The TBA*—HCrOs ion

association was formed in the interaction between the
two phases (mostly in the aqueous phase) according to
the following schematic representation (Figure 3).
Therefore, the favorable pH for complex formation
may vary in a relatively wide range, and pH adjustment
in the sample preparation was not strictly (from very
acidic, pH lower than 1.0, to pH of 3.0) [8, 20]. At pH
> 4, lower extraction efficiency has been reported in
previous publications, e.g., Ouejhani et al. [7], Baig et
al. [21], and Kalihasan et al. [20]. The lower extraction
yield of Cr(VI) in the alkaline medium could be
explained due to the presence of dominant species, the
CrO4* and its potential hydrolysis [27]. In the present
study, we did not investigate the extraction at high
alkaline pH. The pH around 1.0 was chosen for further
experiments and investigations due to the easy and
convenient adjustment.
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Figure 2. The Cr(VI) extraction efficiency at different pH

NHSO, + HCrO,

liquid

Tetrabutylammonium hydrogensulfate
(TBAHS)

Shaking 10 mins

N--- HCrO,

Organic phase

Figure 3. The chemical reaction for the formation of the ion-pair association
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Effects of ion-pair reagent-TBAHS concentrations
in DCM

As mentioned before, the ion-pair reagent of TBAHS
was prepared in DCM to maximize the extraction
efficiency [13]. The effects of TBAHS concentrations
on the recovery were assessed, and the results are
presented in Figure 4. It has been known that the
formation of the ion-pair complex happens at the
interface between two phases. However, the lower
TBAHS concentration in the organic phase could lead
to the lower concentrations of TBAHS as the ion-pair
reagent at the interface, hence ineffective complexation
between TBAHS and Cr(VI). Therefore, higher
TBAHS concentrations were required to provide high
TBAHS contents for favorable for ion-pair formation.

Moreover, as shown in Figure 4, the chemical
equilibrium was shifted forward to form the ion-pair
complex when the concentrations of reactants
(TBAHS) were higher. The increasing recovery as the
concentration of TBAHS in DCM was increased was
observed as the lowest (67.1%) and highest (103%)
recovery was obtained at 0.02 mol L' and 0.05
mol L1, respectively. The TBAHS concentration of
0.04 mol L resulted in relatively lower recovery
(98.5%) and poorer precision (%RSD of 1.2%) than
that of 0.05 mol L (recovery of 103% and %RSDs of
0.68%). Based on the results, the 0.05 mol L' TBAHS
in DCM was used for further experiments to ensure the
most favorable recovery and precision.
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Figure 4. The extraction efficiency of Cr(VI) at different TBAHS concentrations in DCM

Effects of shaking duration and numbers of
extraction cycles

During the extraction period, the shaking activity
increases the interaction between Cr(VI) in the aqueous
phase (wastewater samples) and the ion-pair reagents
in the organic phase (DCM) at the interface of the two
phases, and thus increases the chances for the
formation of the ion-pair complex in the organic
phase. The effects of shaking duration on the Cr(VI)
recoveries are illustrated in Figure 5, which indicates
that the longer shaking duration led to higher

recoveries (i.e., 80.4% to 101%). We suggest that it is
necessary to apply sufficient shaking for a certain
duration to equilibriate the complex formation via a
chemical reaction in the complicated wastewater
matrices. In the present study, the recoveries mostly
remained unchanged in the extraction performed for
more than 15 minutes for each extraction cycle.
Therefore, 15 minutes was determined as the shaking
duration for each cycle of the extraction. In addition, to
ensure the quantitative extraction of Cr(VI), the
number of extraction cycles (i.e., repeated extraction)
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was investigated. Double and triple extraction
procedures were compared for their respective
recoveries. The results showed higher recovery in triple

than double extractions (i.e., 89.6% and 104%,
respectively), which reflected the high partition
coefficient of the complex in the organic phase.
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Figure 1. The variability of Cr(\V1) recoveries at different shaking duration values (from 3 to 30 minutes), using 5.0
mL of DCM containing 0.05 mol L™ TBAHS for 1.00 mg L™ Cr(VI) standard solution

Effect of sample preservation on Cr(VI) analysis
The effects of sample matrices were investigated to
obtain the most favorable sample preservation
conditions at the ambient temperature. Cr(lll) and
Cr(VI) standard solutions were spiked into the real
wastewater samples with free chromium to obtain the
concentrations of 1.0 mg L for both species to
calculate the recoveries of Cr(VI) at different
preservation duration values at the ambient
temperature. The sample preparation for Cr(VI)
analysis was carried out based on the optimized
conditions, as shown in Figure 6.

The filtered sample solution endured FAAS

measurement at 357.9 nm for quantification purposes.
The results in Figure 7 showed that the immediate
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extraction within an hour resulted in no significant
changes in the concentration of Cr(VI) as compared to
its initial concentration, while the longer preservation
duration resulted in lower recoveries (53.0% and
35.3% for 24-and 48-hour preservation, respectively).
The result could be due to the presence of organic
matters in the wastewater that may reduce Cr(VI) into
Cr(111) [28, 29] and/or the presence of other substances
that may interfere in the formation of Cr(VI) and the
ion-pair reagent complexes. Therefore, to ensure
reliable and accurate results, the wastewater samples
should be analyzed right after being transported to the
laboratory (within around one hour) or preserved at
freezing temperature to minimize the conversion of
Cr(V1) into Cr(l1I).
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(1) Pipette 10.00 mL of the samples and adjust to pH = 1.0 by 1 mol L~ H,SO,
A
(2) Add 5.00 mL of 0.05 mol L TBAHS in DCM
U
(3) Shake for 15 min and centrifuge at 4000 rpm for 5 min to collect the organic phase
U
(4) Repeat steps (1) to (3) for another two times (triple extraction)
U
(5) Gently heat the collected organic phases at 60-70 °C to about 0.50 mL and cool down
U
(6) Add 1.00 mL of conc. nitric acid and eliminate the acid residue
U
(7) Adjust the solution to 10.00 mL by DIW and filter through a 0.45-um membrane
prior to analysis on FAAS

Figure 6. Optimized preparation procedure for Cr(V1) analysis
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Figure 7. Recoveries of Cr(VI) in spiked samples with the co-existence of Cr(lll) at different preservation
duration values

Analytical method
Cr(VI)

performance for analyzing Technical Regulation on Industrial Wastewater) for

industrial wastewater disposed to domestic and non-

The selective determination of Cr(VI) in wastewater
following LLE with ion-pair reagent using FAAS was
evaluated. The results are presented in Table 1. The
estimated MDL and MQL were lower than regulated
values in QCVN 24: 2009/BTNMT (National

domestic water sources (0.05 and 0.1 mg L™) [30].
Therefore, the analytical method could be applied for
industrial wastewater control and management of
Cr(VI1) content. The calibration curve was established
based on the linear relationship between the chromium
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concentrations and their atomic absorption values,
which exhibited goodness of linearity (R? = 0.9994).
The %RSD; and %RSDr were used to evaluate the
repeatability (within one day) and reproducibility (for
three separate days) of the proposed analytical method,

which proved favorable according to the Appendix F of
AOAC (2016) [31]. Besides, the recoveries varied from
91.1 to 109%, demonstrating the result accuracy
obtained via the proposed method.

Table 1. Parameters for analytical method performance

Regression Equation ~ R? MDL MQL ~ RSDr RSDs Recoveries
(mgL™) (mgL™) (%) (%) (%0)
y =0.1068x + 0.0012 0.9994 0.012 0.040 0.71 1.1 91.1-109

The variability of Cr(V1) in the effluents

The sample preparation for Cr(VI) analysis in real
wastewater samples or effluents was carried out based
on the optimized procedure in Figure 6. The results of
Cr(VI1) analysis in real effluent samples are shown in
Table 2. Most of the wastewater samples exhibited
remarkably low Cr(VI) (i.e., below MQL values of
0.040 mg LY. The highest Cr(VI) in wastewater was
determined as 0.37 mg L The Cr(VI) standard
solution was spiked into all these samples for the

recovery test, which demonstrated favorable recovery
values (91.1-109%) according to the Appendix F of
AOAC (2016) [31]. The recovery test was conducted to
examine the matrix effects (mostly from the co-existing
ions and organic matters present in wastewater).
Therefore, the obtained high recoveries obtained in the
test demonstrated the effectiveness of the LLE using

the ion-pair reagent (TBAHS) for selective
determination of Cr(VI) in complicated sample
matrices.

Table 2. Analytical results of Cr(VI) in wastewater samples and recovery tests

Sample Cr(VI) Spiked Cr(VI) Recoveries RSD for
code (mgL-1) (mg L-1) (%) Recoveries (%)
S1 n.d 1.00 96.8 1.6
S2 n.d 1.00 91.1 2.1
S3 0.37 1.00 109 1.1
S4 n.d 1.00 102 1.8
S5 0.22 1.00 94.3 1.8
S6 n.d 1.00 95.3 1.8
S7 n.d 1.00 99.7 1.7
S8 n.d 1.00 96.8 1.1
S9 0.18 1.00 96.2 1.1
S10 n.d 1.00 96.8 1.4

n.d: not detected

Conclusion
The proposed analytical method for determining
Cr(VI) in wastewater or effluents demonstrated its
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good sensitivity and selectivity. The measurement was
performed on an inexpensive and common technique of
FAAS following the liquid-liquid extraction with
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TBAHS as the ion-pair reagent. The TBAHS was
prepared in the organic solvent to improve the
extraction efficiency due to the low potential of
interferences. Dichloromethane (DCM) was found to
be the most favorable organic solvent for the extraction
process. Various analytical parameters related to the
extraction procedure were investigated to discover the
optimized working parameters, including 0.05 mol L
TBAHS as the ion-pair reagent in DCM, aqueous
sample with pH index in the range of around 1.0 to 3.0
(i.e., before the extraction), triple extraction cycle or
triple extraction, and 15 minutes of shaking duration
for each cycle. The calibration curve was established
using a standard solution with a concentration ranging
from 0.05 to 2.0 mg L™ based on the linear relationship
between Cr concentrations and the respective atomic
absorption values at the wavelength of 357.9 nm. The
method limit of detection and quantification values
were estimated as 0.012 mg L and 0.040 mg L*,
respectively. This proposed analytical method could
serve as a simple and low-cost procedure to determine
the severely low concentrations of Cr(VI) in
wastewater samples or effluents, which indicated
proper recoveries (91.1-109%) for spiked samples
based on the Appendix F of AOAC (2016). Moreover,
the LLE approaches coupled with the addition of ion-
pair reagents may be applied for quantitative and
qualitative analysis of other ion metals for trace
analysis purposes.
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Abstract

Nowadays, Kaffir lime oil is one of the highly demand in the industries and sold with various market prices. But sometime the
most expensive price of kaffir lime oil does not guarantee the best quality of this oil. Currently, kaffir lime oil quality grading is
based only on human sensory evaluation such as smell and visual which accompanying with confusion and inconsistent result.
This is due to human sensory evaluations have limitations such as easily fatigue and unable to manage mass products of the oil in
time. This paper presents the classification of significant chemical compound of kaffir lime oil in the oil quality grading by using
Non-Linear Support Vector Machine (NSVM). The objective of this study is to classify the quality of kaffir lime oil whether it is
high or low in quality only by tuning the two different kernels into NSVM. This project has used up to 90 samples of kaffir lime
oil data from various high to low quality to prepare NSVM with two different kernels. The implementation of this project was
performed by using MATLAB version R2020A. The result appeared NSVM model with RBF kernel is better than NSVM model
with Polynomial kernel. It was discovered that RBF kernel was able to generate 100% accuracy, specificity, precision, and
sensitivity compared to Polynomial kernel. Since the finding and outcome were effective and significant, thus this study
contributes a lot of benefits for future study especially in kaffir lime field.

Keywords: non-linear support vector machine, radial basis function, polynomial, kaffir lime oil, high/low quality

Abstrak
Saat ini, minyak limau purut mendapat permintaan tinggi di industri, dan dijual dengan harga yang berbeda di pasar. Tetapi harga
minyak limau purut yang mahal tidak menjamin kualiti tinggi minyak ini. Pada masa ini, penilaian kualiti minyak limau purut
berdasarkan penilaian deria seperti hidung dan mata menimbulkan kekeliruan dan hasil yang tidak konsisten. Ini kerana penilaian
deria mempunyai batasan dan mudah letih dan tidak dapat menangani banyak sampel sekaligus. Oleh itu, kajian
inimembentangkan klasifikasi sebatian kimia yang penting dalam minyak limau purut untuk gred kualiti minyak dengan
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menggunakan Mesin Vektor Sokongan Bukan Linear (NSVM). Objektif kajian ini adalah untuk mengklasifikasikan kualiti
minyak limau purut sama ada berkualiti tinggi atau rendah dengan menyesuaikan dua kernel yang berbeza ke dalam NSVM.
Projek ini menggunakan 90 sampel data minyak limau purut dari berkualiti tinggi hingga rendah untuk melatih NSVM dengan
kernel yang berbeza. Pelaksanaan projek ini dilakukan dengan menggunakan MATLAB versi R2020A. Hasilnya menunjukkan
model NSVM dengan kernel RBF lebih baik daripada model NSVM dengan kernel Polinomial. Didapati kernel RBF mampu
menghasilkan ketepatan, kekhususan, ketepatan, dan kepekaan 100% berbanding dengan kernel Polinomial. Penemuan dan hasil
ini berkesan dan signifikan sekali gus akan mendorong dan memberi banyak faedah untuk kajian masa depan terutama dalam

bidag limau purut

Kata kunci: mesin vektor sokongan bukan linear, fungsi asas radial, polinomial, minyak limau purut, kualiti tinggi/rendah

Introduction

Kaffir lime oil or scientifically known as Citrus Hystrix
which is originate from Rutacae family can be found in
most Asian Countries. It was widely consumed in
Asian dishes and other few industries such as
aromatherapy, medicines, and fragrances. Despite all,
Kaffir lime oil can also be obtained from its peels and
leaves.  Currently, the oil quality grading was
performed manually based on human sensory
evaluation. It was observed based on the physical
properties of the samples. Human experienced and
perception on the oil long-lasting aroma, color and
odor is the only method to classify the quality of the
oil. Natural sensory quality evaluation method like this
produces less accuracy and subjective as it may vary
from everyone. Usually, the result performed by
natural sensory train grader were not consistent since it
may vary to each other and the process itself take a
high time consuming in the procedure [1-3]. Many
researchers encountered that essential oil can be
classified based on their chemical compound. This
method of classification is more accurate compared to
the human sensory evaluation [4]. The chemical
compounds of essential oil need to be analyzed in order
to classify the grading of their quality [5].

The quality of kaffir lime oil can be determined based
on their abundances of major chemical compound.
Many researchers found the major chemical compound
of kaffir lime oil was monoterpene components. The
monoterpene components discovered were Citronellal,
Limonene, B-pinene, o-pinene and Sabinene [6-9]
Besides that, caryophyllene was also identified by
Ngan et al., researcher from Vietham [10] and
terpinene-4-ol was found by Hongatanaworkit &
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Buchbauer as another major compounds of kaffir lime
oil [11].

Furthermore, to overcome the inconsistent result of
classifying oil grading and the amount time consuming,
this project proposed a latest technique of classifying
major compounds in Kaffir lime essential oil using
Non-Linear Support Vector Machine (NSVM) to
perform the automated grading. A SVM is a method in
supervised learning that usually used for classification.
SVM is used to overcome the problem of classification
and regression with linear or non-linear data [12, 13].
However, NSVM will be applied when the data
consumed can’t be easily separated with linear line.
Therefore, the kernels ought to be used to make non-
separable data into separable data. Kernels is used to
map out the data from the vector input into the high
dimension vector space [12]. In this project, the RBF
kernel and polynomial were choosing to be tuning into
NSVM. The abundance percentages (%) of major
compounds act as an input and will be supplied to
NSVM model develops by kernel. The output will
determine the quality of Kkaffir lime oil whether it is
low or high in quality. Hence, the oil quality and
grading of kaffir lime will be classified by using an
automated intelligent nonlinear support vector machine
(NSVM) which regards to their chemical compounds
and reduce the time-consuming during grading
processes.

Materials and Methods
Sample preparations
The 90 samples data of kaffir lime oil that contains
high and low in quality were used in this study that
contains high and low quality. These data were
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obtained from 15 samples Kkaffir lime oil before
applying synthetic data. 12 samples of kaffir lime oil
obtained in the market with different various brands.
All 12 brands kaffir lime oil was sent to Forest
Research Institute Malaysia (FRIM) to extract the
chemical compound by applying gas chromatography-
mass spectrometry (GC-MS). It was found kaffir lime
oil has almost 96 chemical compounds. Another three
samples kaffir lime oil data get from previous
researcher[7, 9, 14].

Z-score technique

The Z-score technique was utilised to group the data
and assign an explicit grouping to the data population
sample in this study. Previous studies have used Z-
score approaches to establish a specific set, with Z-
score being a widely used application for standardising
data and calculating a factor score. Thus, the Z-score
technique was applied to identify the significant
chemical compound of kaffir lime oil [4]. In this

technique, the two significant chemical compounds of
kaffir lime oil were found, which were B-pinene,
limonene, linalool, citronellal, and terpinene-4-ol. The
five chemical compounds were used as a marker
compound for the NSVM classification method. Table
1 shows samples kaffir lime oil was used in this project
and its significant chemical abundance (%). There are
11 HIGH samples and 4 LOW samples of kaffir lime
oil. Samples AA, AB and AC got from previous
researcher that were extract directly from Kkaffir lime,
so they were labelled as a high quality. Another. 8
samples HIGH kaffir lime oils are traded as high
quality by certified trader and some of them were
published as high-quality kaffir lime oil

The quality of kaffir lime oil was determined based on
its chemical abundance (%). The higher the
abundance(%) of this chemical, the higher quality of
kaffir lime oil [6, 8, 15-17].

Table 1. Significant Kaffir lime chemical constituents used for classification (Group' 1' for HIGH quality and '2'
for LOW quality

Abundance (%)

. ) ) ) . Group
B-pinene Limonene Linalool Citronellal Terpinen-4-ol
AA 16.8 19.8 1 7.8 2.8 1
AB 8.974 28.649 0.541 8.29 0.47 1
AC 9.321 26.446 0.687 6.63 1.0541 1
WS 1.42 0.52 7.19 60.06 0.99 1
FF 0.6 0.46 5.68 54.73 0.62 1
T 18.13 22.7 0.44 0 11.15 1
SS 0.56 0.37 7.4 79.39 0 1
SE 10.47 15.06 1.85 28.32 5.98 1
S 16.37 24.39 0.38 0 10.84 1
NL 1.16 0.42 7.35 60.65 0.85 1
DE 16.19 23.01 0.8 4.45 9.93 1
SP 0 16.8 2.48 0 0 2
C 0.19 18.49 2.14 0 0 2
B 0 0 12.38 51.05 0 2
LL 2.19 50.61 7.14 0 0 2
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Synthetic data

All 15 data was added with synthetic data to become
90 samples data to increase the performances
classification method[18]. Synthetic data was created
by adding the SNR signal to the original input-output
data. The synthetic data equations can be represented
as follows, as recommended by Sevgi [19]:

Ysynthetic = Ynsvm + Ysnr 1)

The original NSVM input-output data is Ynsvm, and
the SNR signal or random noise is Ysnr. The trend of
the original data and original data with synthetic data
should be the same. The calculation minimum,
maximum and median of synthetic data are done to
support the trend similarity.

Data pre-processing

Data pre-processing done for this experiment consists
of a holdout cross-validation strategy for splitting data.
The data is divided into ratios 80%:20% for training
data and for testing data that was recommended by the
authors [5, 20-22], which were for training data set it
has 72 samples while the testing data has 18 samples.
The ratio is applied in that manner due to the higher
number of the training data collected, hence the higher
accuracy results appeared on the model [22]. On the
other hand, the difference between these two data sets
is that the training data is used in model creation while
the test data is performed as the model output
prediction.
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Build the NSVM classifier model

In the real world, data is rarely linearly separable. Most
are non-linear. NSVM is modified by entering the
kernel functions into SVM. There are a few types of
kernel functions of NSVM: polynomial, quadratic,
RBF, and sigmoid [23]. When using NSVMs in
practice, it's especially vital to pick the correct kernel
parameters. Thus, this experiment will test two
different kernels to find the best kernel for modelling
the quality kaffir lime oil grading. The two different
kernels are the Polynomial kernel and RBF kernel. In
general, the RBF kernel is a good starting point. This
kernel nonlinearly maps samples into a higher-
dimensional space to handle the case where the
relationship between class labels and attributes is non-
linear, unlike the linear kernel[24]. The polynomial
kernel is selected because this kernel gives 100%
accuracy for agarwood oil grading in a previous study
[20] compared to the RBF kernel that is given only
89.5% [25].

The compounds gathered from the 90 samples of kaffir
lime oil were used to train NSVM with Polynomial
kernel and RBF kernel. The abundances (%) of the
chemical compounds act as input, and this input were
fed into NSVM model development, and hence the
output is set to be either '1' or low '2' quality. All the
analytical work was performed automatically by using
MATLAB software version R2020A. Figure 1 shows
the flowchart of NSVM modelling.
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Figure 1. Flowchart NSVM modelling

Performance’s measure

The performances for NSVM modelling were
measured by using the confusion matrix. Other than
that, measurements such as accuracy, sensitivity,
specificity, precision, and Mean Absolute Error (MAE)
would also be used to obtain more granular and precise
model-building results. The accuracy (ACC) is defined
as the effectiveness of the classifier. The calculation of
the accuracy is as follows [29]:

ACC=(TP+TN)/(TP+FN+FP+TN) (2)
Sensitivity (SENS) is defined as the rate of a true

positive. The effectiveness of a classifier to identify the
high quality of kaffir lime is as follow [29]:

SENS=TP/(TP+FN) 3)
The specificity (SPEC) is interpreted as the rate of the
negative. The effectiveness of a classifier to identify
the low quality of kaffir lime is as follows [29]:

SPEC=TN/(TN+FP) 4
Precision (PREC) is interpreted how often it is correct
when it predicts high quality of kaffir lime oil as

follow:

PREC=TP/(TP+FP) (%)
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Results and Discussion

The confusion matrix result is shown in Table 2 for the
polynomial kernel and Table 3 for the RBF kernel.
Where TP (True positive): Classified as HIGH quality
and the actual was HIGH quality, FP (False positive):
Classifies as HIGH quality but the real is LOW quality,
FN (False negative): classified as HIGH quality, but
the actual was LOW quality and TN (True negative):
classified as LOW negative and the actual is LOW
quality. From the result in table 2 and table 3, the value
of TP for Polynomial and RBF were 14 and the value
of FN for both kernels is also the same, which is 0. FP
value for table 1 was 4, while FP value in table 2 was
0. TN value in table 1 was 0 while TN value in table 2
was 4. This result shows that RBF kernel is better than
the polynomial kernel because the best model does not
have value of FP and FN.

Table 4 shows the comparison performances between
the polynomial kernel with RBF kernel. It is clearly
showing that RBF kernel is way better than
polynomial. RBF kernel can reach up to 100% of its
accuracy, sensitivity, specificity, precision, and 0%
mean absolute error (MAE) compared to the
polynomial kernel which only manage to achieve 100%
in its sensitivity, 66.78% accuracy precision, and 0%
specificity, and 0.22 for MAE. In general, the lower the
MAE, the better a model's ability to match a dataset.
We may compare the MAE of two distinct models to
see which one delivers a better fit to a dataset when
comparing them.

Table 2. Confusion matrix for polynomial

Data Class N=18

Classified as HIGH Classified as LOW

actual HIGH
actual LOW

TP=14
FN=0

FP=4
TN=0

Table 3. Confusion matrix for RBF

Data Class N=18

Classified as HIGH Classified as LOW

actual HIGH
actual LOW

TP=14
FN=0

FP=0
TN=4

Table 4. Confusion performances between polynomial kernel and RBF kernel

Performances Polynomial (%) RBF (%)
Accuracy 66.78 100
Sensitivity 100 100
Specificity 0 100
Precision 66.78 100
MAE 0.22 0
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Conclusion

This paper has successfully evaluated the Kaffir lime
oil quality either high or low by tuning in polynomial
kernel and radial basis function (RBF) kernel into
NSVM. The result shows RBF kernel was able to
produce 100% in its accuracy, specificity, precision,
and sensitivity compared to Polynomial kernel which
was able only to produce 77.78% in its accuracy, 100%
sensitivity, 0% specificity and 77.78% precision.
Hence it is also can be concluded that RBF kernel
parameter better than polynomial for kaffir lime oil
grading classification. Since the finding and outcome
were effective and significant, thus this study
contributes a lot of benefits for future study especially
in kaffir lime field.
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Abstract

This study aims to prepare phosphotungstic acid supported on hydrotalcite (PTA-HT) for one-pot hydrothermal cellulose
conversion into formic acid (FA). In this study, different percentages of PTA on HT (1, 5, 10, 15, 20, 25, and 33%) were
prepared and the catalytic activity was observed for two different parameters such as time (1 to 5 hours) and reaction temperature
(160 to 240 °C). The prepared catalysts were characterized using Fourier transform infrared (FTIR), X-ray powder diffraction
(XRD), Brunauer-Emmet-Teller (BET) and field emission scanning electron microscopy-energy dispersive X-ray spectrometry
(FESEM-EDX), while the production of FA was determined using ultra high-performance liquid chromatography (UHPLC). To
avoid bias, raw PTA and calcined HT were compared with varying percentages of supported PTA. PTA-HT was successfully
prepared through the impregnation method as confirmed by XRD, FTIR, BET and FESEM-EDX. According to the results, the
optimum condition for cellulose conversion into formic acid was when 25% PTA-HT was applied at 220 °C for 4 hours, with a
30% cellulose conversion and 18 % FA yield. Due to the acidity and redox properties of PTA, it has been demonstrated that
PTA-HT increased the catalytic activity by two-fold when compared to calcined HT alone (8%). The significance of this finding
opens new suggestion of bifunctional catalyst in cellulose conversion into FA.

Keywords: catalyst, cellulose, formic acid, hydrothermal, phosphotungstic acid

Abstrak
Tujuan kajian ini adalah untuk menyediakan asid fosfotungstik yang disokong dengan oleh hidrotalsit (PTA-HT) bagi proses
hidroterma penukaran selulosa kepada asid formik. Di dalam kajian ini, perbezaan peratus PTA ke atas HT (1, 5, 10, 15, 20, 25
dan 33%) telah disediakan dan aktiviti pemangkinan telah dijalankan terhadap dua parameter iaitu masa (1 jam hingga 5 jam)
dan suhu (160 hingga 240 °C). Pemangkin yang telah disediakan diperincikan menggunakan inframerah transformasi Fourier
(FTIR), pembelauan sinar-X (XRD), Brunauer-Emmet-Teller (BET) and mikroskopi imbasan pancaran medan-spektrometri
tenaga serakan sinar-X (FESEM-EDX) manakala asid formik yang terhasil ditentukan menggunakan kromatografi cecair
berprestasi ultra tinggi (UHPLC). Bagi mengelakkan keputusan yang berat sebelah dalam kajian, PTA tulen dan HT yang
dikalsin telah dibandingkan dengan perbezaan peratus PTA yang disokong. PTA-HT yang telah disediakan melalui kaedah
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impregnasi dicirikan oleh XRD, FTIR, BET dan FESEM-EDX. Berdasarkan keputusan, keadaan yang paling optimum bagi
penukaran selulosa kepada asid formik adalah apabila 25% PTA-HT digunakan pada 220 °C selama 4 jam dengan menghasilkan
30% penukaran selulosa dan 18% penghasilan asid formik. Oleh kerana ciri-ciri asid dan redoks yang dimiliki oleh PTA,
keputusan kajian telah menunjukkan bahawa PTA yang disokong oleh HT meningkatkan aktiviti pemangkin sebanyak dua kali
ganda berbanding HT yang telah dikalsin yang hanya menghasilkan 8% asid formik. Kepentingan kajian ini akan membuka
cadangan baru terhadap penggunaan pemangkin dwifungsi dalam penukaran selulosa kepada asid formik.

Kata kunci: pemangkin, selulosa, asid formik, hidroterma, asid fosfotungstik

Introduction

Biomass is a great alternative for carbon sources in the
production of platform chemicals as biomass originated
from plants and animals [1]. Numbers of researches
focused on forestry and agricultural residues as it is
non-edible to address food competition issues such as
wood [2], corncob waste [3] and rice husk [4]. Plant
biomass is made up of three main constituents:
cellulose, hemicellulose and lignin. Among these
constituents, cellulose has the highest percentage and
play important structural function for plant cell walls
[5, 6]. Cellulose is a polymer that is highly crystalline
due to rigid intermolecular bonds of hydrogen to
hydroxyl group and oxygen with nearby glycosidic
rings [7, 8]. Glycosidic bonds of cellulose causes
difficulty in depolymerizing cellulose, which required
highly reactive catalyst and rigorous experimental
conditions. In converting cellulose, many techniques
have been studied such as pretreatment of cellulose
using ball-milling [9], addition of oxidant [10], Fenton
reaction [11-13], hydrolysis [14, 15], ozonation [2] and
oxidation [16]. A successful cellulose conversion
provides production of important chemicals such as
formic acid [17-19], lactic acid [20, 21], levulinic acid
[22] and acetic acid [23]. Industries have been eyeing
formic acid (FA) due to its nontoxicity, noncorrosive,
easy handling and readily biodegradable qualities [24].
Formic acid is the most basic form of carboxylic acid
and is commonly used as a byproduct in a variety of
applications such as agriculture [25], cosmetics [26],
textile [27] and pharmaceuticals [28].

Mineral acids such as hydrochloric acid, sulfuric acid
and phosphoric acid have previously been used as acid
catalysts for cellulose conversion due to their strong
acidity and low cost, but these catalysts are highly
corrosive [29-33]. Therefore, improvement had been
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made to convert cellulose using solid acid catalyst such
as heteropoly acid [16], zeolite and
montmorillite [34]. The advantageous of using solid
catalyst is that it is less corrosive, easier to handle, and

zirconia,

separates the catalyst from the reaction medium.
Among all catalysts, heteropoly acid (HPA) catalyst
appears to be the most promising due to its strong
Bronsted acidity and redox property [35] that able to
hydrolyze and oxidize cellulose into FA. Nevertheless,
drawbacks of homogenous HPA are low thermal
stability, low surface area and easily soluble in polar
solvent [35]. Supporting HPA on a suitable support is
one way to heterogenized HPA, which can improve
product yield, selectivity, and reduce HPA's drawbacks
by providing more active sites and making it more
porous [14, 22, 35, 36]. In addition, hydrotalcite (HT),
a potential support material with a high surface area
and basic properties that may aid in the catalytic
conversion of cellulose, is one such material that has
been widely used—in flame retardance, neutralizing
additives, a base catalyst for cellulose conversion and
adsorbent [37-40]. Therefore, in this work, cellulose
conversion into FA by different percentages of PTA
(H3PW1,04) supported with HT (MgsAl2COs(16)-4H20)
were investigated to see the effects of temperature,
time and PTA amount towards the production of FA.

Materials and Methods

Materials

All reagents were analytical grade and used without
further purification such as hydrotalcite (Sigma-
Aldrich), microcrystalline cellulose and ethanol 99.5%
(Systerma) while formic acid 98-100% HPLC grade,
tungstophsphoric acid hydrate, orthophosphoric acid
and potassium dihydrogen phosphate were purchased
from Merck.
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Preparation of catalyst

The catalyst preparation starts with the reconstruction
pathway in which commercial HT was calcined at 450
°C for 4 hours under nitrogen gas to remove carbonate
ions. This step is to allow anions from raw PTA
solution to enter into the empty interlayer region later
[41]. The raw PTA was dissolved into deionized water
to the desired amount (1, 5, 10, 15, 20, 25 and 33% by
w/w%). Meanwhile, calcined HT was dissolved in
another beaker. Subsequently, dissolved PTA was
added dropwise into calcined HT solution. At this step,
calcined HT will reconstruct into its original shape
with new interlayer anions from PTA. This is because
calcined HT regains its original structure when exposed
to the aqueous solution [42]. Then, the mixture was
stirred for 4 hours to ensure that PTA and calcined HT
until both solutions were well-mixed. Lastly, the
mixture was dried overnight to remove the water from
the mixture forming a solid containing PTA and
calcined HT.

Catalytic experiment

Cellulose conversion was conducted in a 100 mL
hydrothermal reactor in which the contents of catalyst
and cellulose fed were 0.1 g and 0.05 g respectively.
Then, about 50 mL of deionized water was added. The
reactor was tightened and placed inside an oven. Once
reaction temperature and time were up, the cellulose
conversion started. As soon as the required temperature
and time were reached, the liquid product was filtered
using a syringe filter and the solid residue was filtered
using a vacuum pump. Cellulose conversion was
calculated according to Equation 1. The concentration
of FA was analyzed using the UHPLC system (1290
Infinity, Agilent Technologies) using Zorbax SB C18
column with an internal diameter of 21.2mm and 5Spm
particle size. The UHPLC system was connected with a
DAD detector measuring at 210 nm. 10 mM phosphate
buffer with pH adjusted to pH 2 was prepared, filtered
and degassed. The concentration of FA from the
sample was identified by comparing the retention times
with standards. Standards calibration was used for FA
quantification. The yield of FA was calculated using
Equation 2 [43].

Cellulose fed—(Solid residue—Catalyst
( Y ¥100% (1)

Cellulose conversion =
Cellulose fed

Liquid product

Formic acid yield =

(Stoichiometric coefficient FA from glucan)(:

Catalyst characterization

Nitrogen adsorption was done to differentiate specific
surface area, pore size distribution and pore volume of
PTA-HT, raw PTA, calcined HT and raw HT using
Brunner-Emmet-Teller (BET) model 3  Flex
Micromeritics. BET analysis started with degassing the
sample to remove unwanted adsorbed molecules inside
the sample pore. The thermal condition of degassing is
prior to thermal gravimetric analysis to ensure that the
sample was not destroyed during degassing. After
degassing, the sample was placed inside the sample
tube and liquid nitrogen was filled inside the dewar and
placed below the sample tube for BET analysis. Then,
phase characterization was carried out by X-ray
diffraction (XRD) model Mini Flex 600, Rigaku with
Cu Ka 1.54 (40 kV, 40 mA) X-ray radiation source at

Cellulose fed x 100 (2)

Mass of glucan

angle range 3° to 90°. In order to identify the crystalline
phase compositions, the diffraction patterns were
matched with Crystallography Open Database (COD).
Chemical functional groups identification was carried
out using Fourier Transform Infrared (FTIR) model
Nicolet™ iS50 FTIR Spectrometer, Thermo Scientific.
FTIR sample was grind using pestle and mortar until it
become fine and thin. The sample analysis started after
placing the sample onto the detector and background
scanning was done. Then, surface morphology of
sample was confirmed by Field Emission Scanning
Electron Microscope (FESEM) model JSM-IT 800
FESEM, Joel with accelerating voltage 20 kV. Sample
was coated with platinum using JEOL Smart Coater.
The FESEM images were paired with Energy
Dispersive X-ray Analysis (EDX) model Ultimax 45
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Oxford to confirm the presence of elemental

composition of each sample.

Results and Discussion

Catalytic activity

Three parameters were investigated to find the best
conditions for FA production from cellulose using the
PTA-HT catalyst: reaction time, temperature, and
amount of PTA. The influence of reaction time towards
FA production is displayed in Figure 1. To determine
the best reaction time, the temperature and amount of
PTA were kept constant at 180 °C and 5%,
respectively. From the results, FA yield increased
gradually from 0.08% to 0.22% between 1 to 3 hours
of the reaction time. The value then increased slightly
to 0.24% at 4 hours and remained constant until 5
hours. In the case of cellulose degradation, a longer
reaction time allowed higher degradation rates ranging
from 15% to 42% and does not achieve a plateau.
From the result, it is observed that reaction condition
for both cellulose degradation and FA yield at 180 °C
is very mild although the reaction time varies from 1
hour to 5 hours. This can be seen when the reaction
time was prolonged to 5 hours the cellulose
degradation is slightly increased from 30 to 44% while
FA vyield remain constant as shown in Figure 1.
Degradation of cellulose can be done independently
without the presence of catalyst as reported in previous
journal [44]. However, high temperature of water was
required range 320 to 400 °C but cellulose was able to
degrade into cellobiose, glucose and fructose [44].
Another study of cellulose degradation without
presence of catalyst also observed the same trend
where at 180°C degradation products such as acids,
furans and sugar were not detectable with only 12%
cellulose converted [45]. Meanwhile, as shown in
Figure 1, our experiment shows that at 180 °C,
cellulose degradation increases as reaction time
prolonged and FA was detectable and reached a plateau
at 4 hours reaction time. The production of FA which
may cause by the presence of 5% PTA-HT that
enhance cellulose degradation. This is because PTA
contains tungsten ions and oxygen ions that does have
an effect on hydrolysis and oxidation. Although

306

hydrolysis mainly took place in a high temperature
water medium, the production of the targeted product
requires oxidation of cellulose where PTA provide
additional oxygen located at bridging and terminal
oxygen atom. However, the reaction time, water
temperature and acidic strength of PTA was only able
to hydrolyse cellulose but this condition is not enough
to produce more FA. Hence, to improve this, we
further with the next condition at 4 hours reaction time
with the same amount of PTA to determine the suitable
temperature and amount of PTA on HT catalyst.

Subsequently, the effect of reaction temperature on FA
production was examined by varying the reaction
temperature from 160 to 280 °C. As illustrated in
Figure 2, a noticeable increment can be seen towards
cellulose degradation from 9% to nearly 50% with
prolonged temperature. FA yield also showed better
improvement with a maximum yield of 13.36% at 240
°C. However, a very slight change in FA yield was
observed between 220 °C (13.05 %) and 240 °C
(13.36%). From the graph, the trend of FA yield started
to decrease at 250 to 280 °C although cellulose
degradation increases. The suggested mechanism
pathway started with cellulose undergoes hydrolysis
which form glucose [46]. The glucose further
dehydrated into hydroxymethylfurfural (HMF) where
later rehydrated into levulinic acid and decomposed
into FA [47]. It is reasonable to speculate that higher
temperature promotes degradation of cellulose as stated
in [48] where cellulose can be degraded without the
presence of acid at high temperature. However,
previous journal [45] only highlighted the production
of monosaccharides but our study proved that with the
presence of PTA it enhances cellulose degradation
route until FA was produced at suitable temperature.
This occurs due to Bronsted acidity of PTA that highly
protonate ions during reaction took place. Although,
production of FA was a success, FA is an unstable
compound which can easily decomposed into CO;
[43][9]. Hence, selecting 220°C as our reaction
temperature is reasonable to avoid decomposition of
FA.
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Figure 1. Effect of reaction time on cellulose conversion and FA yield by PTA-HT catalyst. Reaction condition:
0.05 g cellulose, 0.1 g PTA-HT, the temperature at 180 °C and PTA loading on HT is 5%
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Figure 2. Effect of reaction temperature on cellulose conversion and FA yield by PTA-HT catalyst. Reaction
condition: 0.05 g cellulose, 0.1 g PTA-HT, 5% PTA-HT and 4 hours reaction time

The influence of PTA amount supported on calcined
HT was displayed in Figure 3. This investigation was
compared with blank experiment where catalyst was
not included during cellulose degradation. In Figure 3,
although cellulose was degraded in blank experiment,
FA yield was not obtained. However, other reactors
that contained PTA-HT yielded FA. This phenomenon
is possible to occur due to PTA criteria that is highly
protonic acid which speed up the cellulose degradation
[41]. Hence, FA can be obtained in 4 hours under
220 °C water temperature. A factor that allows

hydrolysis to happen in blank experiment is when
water medium is heated to high temperature but as
observed our solid acid catalyst improves the
hydrolysis rate and react further to form FA.
Furthermore, the degradation rate in blank experiment
was lesser as compared when PTA-HT was presence.
The formation of FA occurred due to cascade reaction
in which dehydration and rehydration took place before
FA was formed. So as Bronsted acid was placed in the
medium, hydrogen ions were highly dissociated which
speed up dehydration of glucose into HMF which later
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rehydrate into FA [44]. From our experiment, FA
production depends on the acidic strength of our
catalyst as FA yield increase with increasing amount of
PTA but the FA yield was inconsistent. However, FA
yield drops drastically to 0.08% when 33% of PTA-HT
was placed in reaction medium while highest yield of
FA (18%) was observed with 25% amount of PTA. To
our surprise, calcined HT alone produce 8% FA which
initially function as catalyst support.

Based on previous literature, calcined HT contains
medium-strong Lewis basic O?*-Mn™ pairs and
isolated O* as strong basic sites which promote
production of FA compared with uncalcined HT that
contain weak basic sites [49]. After cellulose was
hydrolyze, glucose was not dehydrated into HMF
instead isomerizes into fructose and retro-aldol forming
glycolic acid. Then, dehydrated into lactic acid which
later degraded into FA [50,51, 38]. From this, we
understand that two possible routes occurred during FA
production as illustrated in Scheme 1. PTA and HT

when combined together consist of both acid and base
sites. Having Bronsted acid feature increase
degradation rate of cellulose while the basic site of
calcined HT hindered decomposition of FA into carbon
dioxide. 25 % PTA-HT was chosen to further
investigate and characterize its properties in relation to
the catalytic reaction. 25% PTA-HT was compared
with calcined 25% PTA-HT to observe any difference
in FA production. Cellulose degradation from calcined
25% PTA-HT was better than blank and calcined HT.
The FA yield decreased drastically when PTA loading
are more than 25%. This might happen due to leaching
of PTA. Another similar study, compared uncalcined
tungsten-based zirconia and calcined tungsten-based
zirconia reported the same result [52]. From Figure 4,
the UHPLC result shows the formation of FA together
with other by-products that was obtained during FA
production. Although other by-products were obtained,
FA peak is one of the highest compared to the others.
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Figure 3. Effect of percentage PTA loading on HT on cellulose conversion and FA yield by PTA-HT catalyst.
Reaction condition: 0.05 g cellulose, 0.1 g PTA-HT and temperature at 220 °C
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Nitrogen adsorption-desorption analysis

BET measurement has been carried out on raw HT,
raw PTA, calcined HT and 25% PTA-HT. The
objective of this test is to evaluate the significance of
impregnating PTA with calcined HT. One of the
drawbacks implementing PTA as homogenous catalyst
is because of its low surface area and difficulty to
reuse. Hence, having large surface area and porous
catalyst support can overcome this. Few journals have
reported supported PTA with zirconia, activated carbon
and carbon foam but as far as our knowledge there is
no PTA supported with calcined HT for cellulose
degradation study. As shown in Table 1, raw PTA have

the lowest specific surface area as compared to 25%
PTA-HT. The main reason to calcined HT is to provide
larger surface area and porous surface to support PTA
and open more active sites during cellulose
degradation. If raw HT was not calcined and
impregnated with PTA, we assumed that our catalyst
will not be well supported as the surface area for raw
HT is small compared to calcined HT. The specific
surface area of 25% PTA-HT was significantly lesser
than calcined HT is because PTA was deposited inside
the pores of calcined HT. Hence, it is important to
calcined HT so that the surface area is still larger
despite being deposited with PTA.

Table 1. BET analysis of raw HT, calcined HT and 25% PTA-HT

Sample

Specific Surface Area

(m°/g)

Raw HT

Raw PTA
Calcined HT
25% PTA-HT

10.63
3.91
206.62
163.39

XRD analysis

XRD patterns of raw HT (26=11.58° 23.31° 34.42°
34.80°, 35.30°, 39.32°, 46.71°, 52.84", 56.32°, 60.65° and
61.98° and raw PTA (20=6.89° 8.62° 9.33° 9.5/
10.97°,11.66° 16.09°, 17.41°, 17.83°", 18.60"and 19.46°)
showed the typical crystalline structure of Mg-Al
layered double hydroxides and phosphotungstic acid
respectively. Meanwhile, the XRD peak of calcined HT
showed significant difference as crystallinity of raw
HT was destructed and formed amorphous mixed oxide

phase. This can be seen at 26=26.55°, 29.54° 39.52°

and 62.32° that showed an appearance of MgAl>O4
(spinel) (COD Card No. 5000120). Calcination of HT
also gave rise to weak and broad peaks that correlated
to MgO known as periclase (COD Card No. 9013246)
at 20=34.78", 43.29°, 60.70° and 79.03°. As shown in
Figure 6, XRD peak of 25 % PTA-HT showed the
presence of MgO at 26= 38.39°, MgAl,O4 (20=43.01°,
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62.95° and 79.77°) and (26=18.59°, 28.66°, 34.79° and
47.24°). This phenomenon is related to calcination of
HT that will generate mixed oxide and surface defects.
Hence, after calcination of HT at 450 °C for 4 hours,
original structure of HT lost water and carbonate ions
[53]. Removing water and carbonate ions that located
at interlayer region will allow incorporation of PTA in
MgO framework. Therefore, it is observed that 25%
PTA-HT peak follows calcined HT peak. From
Figure 4, cellulose peak was observed in sample 25%
PTA-HT after reaction because this sample was only
separated from liquid product using vacuum filter.
Although most peaks appear in 25% PTA-HT after
reaction sample, there is missing peak of periclase
which might cause from leaching due to reaction
condition. However, most of the peaks are maintained
in 25% PTA-HT after reaction sample.
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Figure 6. XRD patterns of (a) Raw HT, (b) Calcined HT, (c) Raw PTA, (d) 25% PTA-HT and (e) 25% PTA-HT

after reaction

Infrared spectroscopy

IR spectroscopy was used to confirm the presence of
PTA after impregnated with calcined HT. As shown in
Figure 7, raw PTA was observed to have significant
peaks of Keggin HPA at 1071 cm! (P-O), 970 cm’!
(W=0), 899 cm™! (W-O-W) and 729 cm™! (W-O-W)
that attributed to stretching vibrational peaks of Keggin
anions [54]. The peaks were not obvious because for
25% PTA-HT only 0.025g of PTA impregnated with
0.1g calcined HT. In the case of raw HT, peaks
observed at low peaks range between 900-500 cm'!
corresponded to metal hydroxides such as Mg(OH),
and Al(OH); [55]. Meanwhile, peaks near 937 cm’!

were caused by Mg-O and Al-O. The characteristic
peak of raw HT is at 1359 cm™ which is the carbonate
and 3403 cm™!' for O-H group [56]. The disappearance
peaks of metal hydroxides and weak peak of O-H at
3442 cm™ in calcined HT is due to loss of water [57,
58]. IR spectra for 25% PTA-HT, showed the
appearances of P-O (1003 cm™), W=0 (801 cm™),
W-0O-W (700 cm™) and Mg-O and Al-O (501 ¢cm™! to
532 cm’') peaks, which indicated the successful
impregnation between PTA and HT. This result can be
confirmed with XRD analysis and EDX analysis that
can show elements present in the sample.
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Figure 7. FTIR spectra of raw PTA, raw HT, calcined HT and 25% PTA-HT

FESEM-EDX analysis

FESEM was wused to characterize the surface
morphology of calcined HT and 25% PTA-HT as
shown in Figure 8. Both calcined HT and 25% PTA-
HT displayed a similar pattern of particles with
irregular shapes. This is because small amount of PTA
was impregnated with calcined HT which does not
provide any distinguish pattern between calcined HT
and 25% PTA-HT. Hence, EDX analysis is important
for us to detect the presence of PTA incorporated with
calcined HT that can be observed in Figures 9 and 10.
As reported before, phosphorus-based HPAs are
slightly more acidic than silicon-based HPAs [58]. The
importance of tungsten (W) and oxygen (O) inside
PTA is their proton affinity which contribute to its
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acidic site. As shown in Figure 7, the presence of
tungsten (W), phosphorus (P) and oxygen (O) indicated
the core elements of PTA. Calcination of HT remove
carbonate and water at the interlayer and formed mixed
oxide where only magnesium (Mg), aluminum (Al) and
oxygen were present in Figure 8. The empty interlayer
region will be filled with PTA elements and regains its
original structure. The unlabeled peaks were carbon
tape used for imaging. Both EDX results showed high
intensity of Mg, O and Al peaks which shows that
calcined HT is more dominant in 25% PTA-HT.
Hence, there is no significant difference between
FESEM images and FTIR results. Although, calcined
HT was dominant the amount of PTA far important
towards FA production.
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Figure 8. FESEM image of (a) calcined HT and (b) 25% HTA-PTA
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Figure 9. EDX analysis of 25% PTA-HT. Core elements belong to PTA were tungsten (W), phosphorus (P) and
oxygen (O). Meanwhile, magnesium (Mg) and aluminum (Al) belong to HT
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Figure 10. EDX analysis of calcined HT. Core elements belong to calcined HT were magnesium (Mg) and
aluminum (Al) belong to HT
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Conclusion

From our results, the FA production follows two
possible routes contributed by Bronsted acid of PTA
and basicity of calcined HT. The basicity of calcined
HT may also promote formation of FA while performs
well as catalyst support. Although calcined HT is
dominant in the catalyst, acidity of PTA plays major
role in degrading cellulose into FA. As reported, at
optimum condition, 18% FA was yielded together with
30% cellulose degradation which was two times higher
than calcined HT alone. To conclude this, the
temperature and acidity of catalyst influence the
cellulose degradation into FA. However, suitable
temperature acidity is required to avoid decomposition
of FA. Meanwhile, reaction time have minimal effect
towards FA yield. The cellulose degradation can be
done independently in water medium but regards to
temperature and acid catalyst, the reaction was
enhanced. Through catalyst characterization, PTA was
successfully impregnated with calcined HT as proved
from our results. According to the finding, FA was
successfully produced in moderate amounts. Optimum
condition for FA yield was as follows: 220°C, 4 hours
with 25% catalyst loadings.
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Abstract

ZnS has gained attention as an effective photocatalyst for the photocatalytic degradation method in wastewater treatment.
Photocatalysis is believed to be a promising solution to solve the problem of water pollution and remove organic pollutants.
Apart from other photocatalysts such as ZnO, TiO2 and MoS», ZnS is a developing photocatalyst in this degradation method due
to its large bandgap energy. This review paper comprehensively considered the preparation (hydrothermal, solvothermal, low
temperature, green synthesis, solid-state reaction, and microwave-assisted synthesis) of ZnS, application, and some challenges
that have been faced by photocatalytic degradation methods. The adsorption and photocatalytic properties of ZnS depend on the
different morphology and size formed by different methods. ZnS modification presents higher decomposition efficiency in
removing organic pollutants.

Keywords: metal disulfide, organic pollutants, photocatalytic degradation, sustainable water management

Abstrak

ZnS mendapat perhatian sebagai pemangkin cahaya yang terbaik untuk melakukan rawatan terhadap air yang tercemar.
Fotokatalisis dipercayai sebagai penyelesaian dalam menyelesaikan masalah air yang tercemar dan menyingkirkan pencemaran
semulajadi yang terdapat di dalam air. Selain daripada pemangkin cahaya seperti ZnO, TiO2 dan MoS2, ZnS dijadikan sebagai
pemangkin cahaya dalam kaedah pemulihan air kerana ZnS mempunyai tenaga jurang pita yang tinggi. Kertas kajian ini
merangkumi cara penyediaan (hidroterma, solvoterma, teknik suhu rendah, sintesis hijau, tindak balas keadaan pepejal, dan
sintesis berteraskan gelombang mikro) ZnS, aplikasi dan beberapa cabaran yang perlu di hadapi dalam proses rawatan air. Ciri-
ciri penyerapan dan fotokatalitik ZnS bergantung kepada perbezaan struktur permukaan dan saiz yang terbentuk dari perbezaan
penyediaan. Pengubahsuaian ZnS menunjukkan kecekapan penguraian yang tinggi kepada pencemaran semulajadi.

Kata kunci: logam disulfida, pencemar organik, penyingkiran fotokatalitik, pengurusan lestari air
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Introduction

Filtration, chemical precipitation, ion exchange
adsorption, electro deposition and membrane system
are several conventional methods of water treatment.
However, they exhibit slow and non-destructive effects
on some organic contaminants [1]. Application of
advanced oxidation methods such as photodegradation
is significant due to their complete degradation without
leaving any by-product behind. Photocatalysis has been
widely studied because it requires an exceptionally
simple procedure to generate free radicals that can
degrade organic pollutants [2]. Photocatalytic study can
be defined as the ability of some materials to speed up
a certain reaction as a catalyst in combination with
light including sunlight, UV and visible light. The term
‘photocatalytic’ designated reactions accelerated by
light but maintaining the same course as the thermal
reactions [3]. Photocatalytic activity is influenced by
the crystal structure, particle size, band gap,
dispersibility and hydroxyl of the catalyst.
Photocatalytic degradation is a study that is still
currently developing. Semiconductor photocatalysts
play an important role in photocatalytic activities.
Various studies were widely carried out by many
researchers globe. Among all
semiconductors, titanium dioxide (TiO) is the most
frequently used photocatalyst in study and research
regarding oxidation of organic pollutants. However, its
high potential for charge recombination has become a
limiting factor of TiO, for sunlight photocatalytic
applications [4].

around the

Meanwhile, the single semiconductor which is the
photocatalyst only consists
photocatalyst to degrade organic pollutant that shows
ineffective degradation rates, such as bismuth vanadate
(BiVOy), zinc oxide (ZnO) and cadmium selenide
(CdSe) [5]. ZnS is a II-VI semiconductor material that
exhibits a high excitation
approximately 40 meV. ZnS also has a band gap
energy of 3.7 eV and ZnS can be used as
semiconductor photocatalyst to degrade pollutants due

of one medium of

energy which is

to its non-toxic nature, highly negative reduction
potential of excited electrons and high rate of
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formation of electron-hole pairs that leads to higher
conduction band position in aqueous media [6,7]. A
study reported that ZnS is an important inorganic
material for various applications such as solar cell,
field effect transistor, photoconductors, sensors, light-
emitting materials and optical coating [8]. Moreover,
ZnS is chosen to be a photocatalyst because of its
direct wide band gap (e.g., = 3.7 eV), good mechanical
stability, highly efficient conductivity, and high
electron transfer ability, aside from the ZnS
nanoparticle having a high rate of success when doped
with the polyaniline matrix [6,5]. Thus, this mini
review aimed to examine the recent preparation
technique of ZnS and its application as a photocatalyst
in water remediation.

Fundamental of photocatalytic degradation
Photocatalytic degradation technology is one of the
advanced oxidation processes (AOP) that involves
semiconductor photocatalyst and oxygen to produce
radicals in which the activity is influenced by the
crystal structure, particle size, band gap, dispersibility
and hydroxyl of the catalyst. The basic principle of
photocatalyst activation mechanism can be seen in
Figure 1. During this reaction, these photons contribute
to the excitation of electrons (e) on the surface of
photocatalyst in the valence band when the energy of
the photons is higher than the band gap which makes
the e rise up into the conduction band and causes the
production of a hole (h*) in the valence band. These
separated holes and electrons can recombine and
release the absorbed energy to form heat. The excited
electrons that are now in the conduction band (e cg)
will react with oxygen (O,) to form superoxide radicals
(O2) or hydroperoxide radicals (HO,). Next, these
reactive oxygen species will be used for the
degradation of pollutants into water (H,O) and carbon
dioxide (CO;). Oy can be further used again in
secondary degradation steps where these reactions
could result in the oxidation of water molecules at the
positive hole in the valence band (h*vg) that produces
hydroxyl radicals (OH) and hydrogen ions (H*). Lastly,
the OH would react with pollutants and result in H,O
and CO> [9,10].



Malaysian Journal of Analytical Sciences, Vol 26 No 2 (2022): 318 - 333

)

CONDUCTION BAND

POTENTIAL e_ SRS

EXCITATION | o
TZ>®
NOLLVNIGNODTY

= >0

\\

ENERGY *§ h* h* h* h*

(‘ PHOTOREDUCTION
R

Ry 0:+ e > 0
POLLUTANT RFON" ) 1.0+ CO;
/7 O+ by SOH+ H'
(
\
PHOTOOXIDATION

Figure 1. Basic principle of photocatalysis [9]

Many studies have been carried out to test a variety of
light and mostly
implementation of UV light because this light provides

sources focused on the
enough photons to generate electron hole pairs within
the catalyst. Thus, it could perform efficiently in the
production of radicals and the oxidative degradation of
the toxic and dangerous pollutants [11]. Photocatalytic
processes can use artificial UV lamps and sunlight as
the radiation source in photocatalysis. Mostly used
artificial UV lamps that were mercury lamps that can
be divided into low pressure, medium pressure and
high pressure. Moreover, sunlight also has been used in
this reaction as nearly 4 to 5% of the sunlight that
reaches the surface of earth is in the range of 300 to
400 nm. ZnS is powerful as a photocatalyst in UV
range compared to visible range [12]. Furthermore,
sunlight has its own limitation because of its graphical
variation when compared with artificial UV lamps
[13]. Munawaroh and co-author stated that zinc
oxide/graphene oxide (ZnO/GO) had high adsorption

capacity and GO addition made the band gap narrower,
which prevented the recombination of electron and led
to high electron transfer on the ZnO [14]. The
photocatalytic activity of ZnO/GO is performed in
different irradiation times which are 15, 30, 45 and 60
minutes and the maximum wavelength is 665 nm.
Figure 3 shows that UV light is involved to activate the
photocatalytic properties of the material to form radical
species that lead to degradation of the methylene blue
dye into green compounds. From Figure 2, it is proven
that the longer the contact time, the more electrons
would be excited which contribute to production of
more h". Mechanisms (1) to (6) show the formation of
h* which contributes to formation of hydroxyl radicals
in the photocatalytic degradation. More production of
h* would increase the photocatalytic degradation. The
percent efficiency of degradation based on formula (7)
in methylene blue with ZnO/GO 1:2 is 94.05% [14].

Excitation: Photon (hv) + Semiconductor — e ¢g + h* v (D
Recombination: ¢” + h* — energy 2)
Oxidation of H,O: H,O + h* yg — e¢OH + H* 3)
Reduction of adsorbed Oz: O, + & — O,0" 4)
Reaction with H: O,e"+ H" — ¢OOH 5
Electrochemical reduction: €OOH + ¢OOH — H,0, + O, (6)
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Figure 2. UV-vis spectra of methylene blue with ZnO/GO (1:2) and under UV illumination [14]

Preparation of zinc sulfide

In general, ZnS can be synthesised via various methods
such as solution-phase reaction, hydrothermal,
solvothermal, exfoliation, high pressure autoclave
processes, physical vapour deposition (PVD) and
chemical vapour deposition (CVD). ZnS can be easily
synthesised with the aid of autoclave at high pressure
and low temperature without the need of a catalyst
[15]. At ambient conditions, ZnS possess two crystal
structures which are zinc blend (cubic) and wurtzite
(hexagonal), meanwhile at high pressure “rock salt”
crystalline shape can be achieved but only in case of
nanostructures of ZnS [15].

Hydrothermal method

Hydrothermal method refers to the heterogeneous
reactions for synthesising inorganic materials in an
aqueous media above ambient temperature and
pressure which is used to obtain nanoparticles,
generally at relatively high temperature which is
around 200°C by using an autoclave reactor and high
pressure. In order to get the desired size and shape of
ZnS, a capping agent is applied to control the size and
shape of ZnS such as surfactants, ligands, dendrimers
and polymers [16]. In hydrothermal synthesis, this
capping agent is used to control the nanometre size of
ZnS. Thioglycolic acid (TGA) is a common capping
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agent that has been studied for synthesising ZnS. It is
proven that ZnO/ZnS nanocable, ZnS/organic
composite nanoribbons and ZnS nanotube arrays have
been successfully synthesised by using TGA. In the
previous study, TGA was used to prevent the
chalcogenide nanocrystal accumulation which is
known as stability agents. Thus, TGA is a perfect
choice during the hydrothermal process as a capping
agent for self-assembly and crystal growth of ZnS
crystal to cluster. In this process, the temperature of
105°C is maintained during the autoclave for 7 hours.
Based on the transmission electron microscopy (TEM)
and selected area electron diffraction (SAED) in the
range of 50 to 150 nm as shown in Figure 3, the
morphology of ZnS crystal forms some loose spheres
by accumulation of small particles. Most of the organic
molecules are degraded because of the temperature that
took place during the process. The ZnS nanocluster is
formed at the final process due to only a part of the
TGA molecule which is diffused into the ZnS
nanoparticle. The SAED pattern also shows sharp rings
of (111),(220)and (3 1 1) planes of cubic zinc
blended ZnS that corresponded to the XRD study
Figure. 4. The size of the nanocrystals based on the
Scherrer formula (D= 0.89A/B cos 0), estimated from
the full width at half maxima (FWHM) of the (1 1 1)
diffraction peak is about 4 nm for synthesised
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nanoparticles which are much smaller than the
spherical diameters. This indicates that the clusters are
formed from nanocrystal mass assembly. It is fair to
assume that the TGA-assisted hydrothermal process
provides a great opportunity to scale-up other
chalcogenides morphology preparation [17]. Based on
a previous study, a composite of SnO»/ZnS prepared by
hydrothermal method at 180°C showed the highest
photocatalytic activity to degrade RhB [18]. The

photocatalytic degradation of 95% is reached at the 1
g/l SnO»/ZnS dosage with 10 mg/L initial RhB
concentration, 4.59 initial solution pH and 23°C. The
photocatalytic degradation of the RhB really fitted to
the first-order kinetic model and it is also showing the
decrease of initial RhB concentration with the increase
of SnO,/ZnS dosage. The composited SnO,/ZnS that
are prepared by hydrothermal method also showed a
stable performance during 5 runs of reuse [18].

(b)

(111)

Intensity (a.u.)

0 20 40 60

2 Theta (degree)

Figure 3. (a) TEM image of ZnS nanocluster; (b) Figure 4 XRD pattern of as-prepared ZnS nanocluster [17]

Solvothermal method

Solvothermal process refers to a heterogeneous
reaction involving the thermal decomposition of metal
complexes using the solvent mineraliser either by
boiling the contents in an inert atmosphere or in a
sealed vessel (autoclave). Solvothermal method
possesses  advantages  including energy
consumption and simple and also some disadvantages
including need for expensive autoclaves and Teflon
liners in stainless steel, which can lead to safety
problems  during processes and the
impossibility of studying in-situ reactions due to their
closed system [19]. Unlike hydrothermal route which
needs a surfactant, toxic template or capping agent to
control the size of ZnS morphology, solvothermal
method is without surfactant and needs propylene

less

reaction

glycol solvent at 140 °C for 12 hours to produce the
ZnS nanoplates. The SEM image in Figure 4 (a) of ZnS
exhibits flower-like morphology and a large amount of
quasi hexagonal plates which were produced via
solvothermal method.

However, in the solvothermal method, the right choice
of temperature is crucial. As can be seen in Figure 4
(b), higher temperature at 160 °C yielded non-uniform
and amorphous nature of ZnS. Obviously, this
condition via solvothermal technique did not favour the
synthesis of ZnS. This is due to the decreasing
crystallisation temperature which can be attributed to a
slight in photocatalytic activity,
temperatures higher than 140 °C mostly do not support
this method [20]. Song and co-worker carried out the
preparation of a ternary photocatalyst of zinc cadmium
sulphide by this method which was synthesised at a
maintained temperature of 120-140 °C for 3 hours [21].
The methylene blue (MB) was degraded by the
photocatalytic activity of zinc cadmium sulphide. 0.4 g
zinc cadmium sulphide photocatalyst was dispersed in
250 mL of MB solution. In this study, after a 1-hour
reaction time, at 120 °C the photocatalytic activity
showed the best photocatalytic activity compared to
140 and 130 °C as shown in Figure 5 below due to 120
°C being the lowest temperature so it is suitable for the
solvothermal method.

increase hence
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Figure 4. SEM image of as-synthesized product in propylene glycol for 12 hours: (a) 140 °C and (b) 160 °C [20]
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Figure 5. UV-vis absorbance spectra of sample treated at 120-140 °C [21]

Low temperature method

This method basically involves low temperature (below
100°C) by a chemical reaction that occurs between zinc
ions and reduces sulphide ions in ethanol as a reaction
medium. This method requires a strong reducing agent
to have a better control reaction such as hydrazine
hydrate to have better control to convert elemental
sulphur (Sg) to reactive sulphide ions (S*) by in-situ
reduction. The sulphide ions then react on impulse with
zinc ions, since zinc chloride and elemental sulphur
were used separately as sources of zinc and sulphur
[22]. Low temperature method exhibited preferable
characteristics as it is less toxic, less time consuming,
low cost and needs low temperature without any
solvent release, low waste and environmentally
friendly [22]. The less time consumption can be
observed when the reduction of Sg into S> took place in
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a very short time. The reaction can be represented in
Equation (7) [20].

Equation (7) showed a rapid process as it only takes a
few seconds (30-40 seconds) of the elemental sulphur
reduction to happen. The concentration of zinc before
and after reaction was calculated to know the yield of
the reaction by using an ICP-OES spectrometer. The
reading of the ICP-OES spectrometer showed 99%
consumption of zinc precursor in the reaction which
means a very high conversion yield of the precursor to
the final product was obtained. Study of the reaction
time impact showed that longer reaction times lead to
agglomeration of less particles to bigger ones. Hence,
the reaction time should be adjusted to form the
particles as soon as hydrazine hydrate has been added.
Figure 6 (a) shows UV-Vis absorption spectra of ZnS
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quantum dots at 60 °C with different reaction times of
2,3, 5,7 and 12 minutes which displayed that the size
of ZnS quantum dots were almost the same and that
longer time which was up to 60 minutes at 60 °C did
not influenced the particle size with absorption peak at
~257 nm. Meanwhile, Figure 6 (b) shows UV-Vis
absorption spectrum of ZnS quantum dots at 120 °C for
60 minutes. An absorption peak at 277 nm was

CoHyOH 60°C

1
ZnCly + oo+ NoHp H0 =205

= ZnS + 2HCI + Nyg Hyg + H20

observed which is red shifted as compared to the
absorption peak at 60 °C, displaying an increase in size
[22]. The photocatalytic activity of ZnS synthesised by
this method can be observed on the removal of MB
with a photocatalyst of ZnS under UV irradiation. This
study showed that ZnS succeeded in achieving removal
efficiency of 75% during photocatalytic degradation of
MB [23].
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Figure 6. (a) UV-Vis absorption spectrum of ZnS quantum dots at 60 °C for reaction time 2, 3, 5, 7, 12 minutes (a)

at 60 °C for reaction time 30 and 60 minutes (b) at 120 °C for 60 minutes [22]

Green synthesis method

Green synthesis method is a biological synthesis of
nanoparticles that basically uses plants or plant extract
which is low cost, nontoxic and environmental friendly
method. A study on glucose was used as both stabilizer
and capping agent while latex solution prepared from
Jatropha curcas L. In the Jatropha curcas L there were
curcacycline A (an octapeptide), curcain (an enzyme)
and curcacyline B (a nanopeptide) equipped inside as a
potential stabilizing and reducing agent [24,25].
Glucose is a monosaccharide that present in the plants
with five hydroxyl groups are arranged in its own
manners along its six-carbon backbone and it is
renewable, natural, large quantity and biodegradable.
Glucose is used in this method while zinc nitrate and
sodium sulfide as zinc and sulphur source respectively.
In this method, the resulting solution was heated at
70 °C up to 6 hours. The final product of this synthesis,
can be observed in the Equation (8). The ZnS that

obtained via this method, exhibited crystallinity peak at
28.38°, 47.73° and 56.50° as shown in Figure. 7. The
peaks were assigned to the cubic of ZnSas (11 1),
(220)and (3 11). The broad peaks in XRD indicated
the formation of nanoparticles. Thus, it proved that
ZnS nanoparticles succesfully synthesized by green
method by using glucose as capping agent [24].

This method can be observed in its photocatalytic
activity in a study by Kannan et al. (2020) involving
ZnS that had been synthesised using plant extract of
Tridax procumbens (T:ZnS). Biosynthesised T:ZnS
(40 mL) nanoparticles displayed high surface area
which was 131.84 m?/g and also exhibited larger pore
size which was 12.15 nm. This high surface areca was
able to promote more active sites, hence increasing the
photocatalytic ability to degrade MB achieved 98% of
degradation efficiency under visible light irradiation.
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Figure 7. XRD spectra of ZnS nanoparticles [23]

Solid-state reaction method

Solid state reaction method is a simple reaction for the
preparation of ZnS nanorods. This method utilises
simple techniques such as melting or grinding together
the starting materials or simply applying heat to a
mixture of starting materials and also without any
metal catalyst, solvent or templates. The nanoparticles
were prepared by one-step, typically solid-state
reaction of zinc chloride and sodium sulphide as zinc
and sulphide sources, respectively which will be
ground with mortar and pestle at ambient temperature

in sodium chloride flux. This method, however, needs
high temperatures because it involves precursors to
synthesise nanotubes by using a furnace at 800 °C for 2
hours for the heat treatment sample. Figure 8 shows
XRD spectra of final nanoparticle ZnS nanorods
fabricated by annealing precursor ZnS nanoparticle in
sodium chloride flux. The synthesised ZnS nanorods
have changed from cubic to hexagonal structure via
solid state reaction method [27].
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Figure 8. XRD spectra of final nanoparticle ZnS nanorods fabricated by annealing precursor ZnS nanoparticle in

sodium chloride [27]
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The photocatalytic performance is known to be
dependent on the crystallinity, morphology and surface
area that are able to enhance the recombination of
photogenerated electron-hole pairs. Jothibas et al.
(2018) showed the photocatalytic activity of ZnS doped
with nickel (Ni) that was synthesised by this method.
The ZnS doped Ni was used to degrade the MB. It
proved the MB concentration decreases in the presence
of ZnS doped Ni due to destruction of the homo and
hetero-poly aromatic ring present in the MB or the fast
degradation of the dye [27].

Microwave assisted synthesis method

Microwave (MW) assisted synthesis is a heating
method that uses ionic liquids (ILs) as MW absorbing
medium to synthesise the highly crystalline ZnS
quantum dots (QDs). Imidazolium or phosphonium
cations together with many types of anions ranging
from simple anions including halides to more complex
ones included bis(trifluoromethanesulphonyl) amide
based, are two types of ionic liquids that were used in
this method. The QDs that were synthesised as the final
product were less than 5 nm in size and of wurtzite ZnS
type. MW irradiation basically is a heating method
where the dielectric heating mechanism involves
bipolar polarisation and ionic conduction that allows
for faster reactions with higher yields and higher
purities without high vacuum requirements [22]. ILs
are considered as friendly environmental media that
can be replaced with other volatile and toxic organic
solvent. It is also exhibiting some properties of high
polarity, high thermal stability, high ionic conductivity
and a good solvent for both electrolyte and organic
compounds. Hence MW assisted with IL. method that
produced via ‘green’ synthesis route to produce the
nanoparticles [23]. The microwave-assisted synthesis
method to produce ZnS nanoballs with an average
diameter of 41.9 nm was composited with graphene
nanosheets (GNS) [29]. These ZnS nanoballs are made
up of many small self-assembled ZnS crystals with an
average size of 3 nm. 0.20 g of ZnS-GNS composite
was used to degrade the MB, resulting in the intensity
of the adsorption peaks of MB which gradually
diminished with increasing exposure time and finally

disappeared after about 32 minutes. This showed a
complete degradation of MB as no new absorption
peaks appeared in the visible and UV region.

Zinc sulfide as photocatalyst in photodegradation of
organic pollutant

Overall, from the syntheses listed above, they show
that photocatalytic performance of photocatalysts can
be influenced by their crystallinity, morphology, size
and surface area. Morphology-controlled synthesis are
increasing in popularity because of the structure that
decides the characteristics. Different sizes, morphology
and structure of materials exhibited different
properties. quantisation of particles with
semiconductors resulted in dramatic shifts of other

Scale

essential properties of the materials. Firstly, the
quantisation of the
characteristics of the semiconductor particle, with
ultra-small crystallites made up of a few molecular
units maintaining their subtle HOMOs (Highest
Occupied Molecular Orbitals) and LUMOs (Lowest
Unoccupied Orbital Molecular Orbitals). Next,
chemical and physical properties which are dedicated

scale affects the electronics

to electronic properties of the semiconductor really
depend on the size of the nanoparticles. The band gap
of the semiconductor becomes larger as the particle
size decreases and is related to an absorption shift at
shorter wavelengths hence, the level of valence band is
shifted to lower energy while conduction band are
strongly shifted to higher energies. To summarise,
Table 1 represents comparable methods of ZnS
preparation, properties and their degradation efficiency
towards degradation of pollutants.

On the other hand, many methods have been developed
to remove organic pollutants including
photodegradation ~ with  usage of ZnS as
semiconductor/photocatalyst. Among the
semiconductors/photocatalysts  mentioned  above,
degradation efficiency of ZnS also can be enhanced as
in binary and ternary photocatalysts.
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Table 1. Methods of preparation, properties, and their degradation efficiency

Methods of Particle Size

Pollutants Source Degradation  References

Preparation and Shape of Light Efficiency
Hydrothermal Clearly observed Methyl Orange UV lamp 70% in 120 [30]

lattice fringes indicate  (MO) min

that the particles are

crystalline.
Solvothermal The shape and size Rhodamine B UV lamp 98% in 90 [31]

are uniform and it is minutes

observed that all the

nanorods are well

dispersed.
Solid-state The orbital MO Visible 88% in 75 [32]
reaction composition of well- minutes

defined particles,

which has spherical

shapes
Green synthesis ~ Revealed the crystal Phenanthrene Visible 82% in 90 [33]

structures and obvious minutes

atomic planes for

single particles
Microwave Looked like 4-chlorophenol UV lamp 100% [34]
assisted agglomerated

spherical clusters with
particle size

Binary photocatalyst

Binary photocatalyst of ZnS is when ZnS is
composited with another filler for example graphene.
This composite (ZnS-graphene) can result in new
properties of photocatalysts. The photocatalytic activity
of ZnS-graphene was observed by degrading
methylene blue (MB) in water [29]. This study used a
graphene nanosheet and the UV-Vis spectrum in the
range of 300 to 800 nm is given in Figure 9. The
characteristic absorption peak of methylene blue
solution at 663 nm was selected as the parameter
monitored to detect the methylene blue concentration.
Figure 13 shows the evolution of absorption spectra of
MB in the presence of 0.20 g ZnS-graphene
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composites. It was found that the intensity of the
absorption peaks aligned directly to MB which
gradually declined with increasing exposure time and
finally vanished after about 32 minutes. There were no
new absorption peaks pop up in the visible and
ultraviolet region, showing the complete degradation of
MB. In addition, the photocatalytic activity of ZnS-
graphene can be observed to degrade 4-nitrophenol
(4-NP) [34]. The declining of absorption peak intensity
of nitrophenolate ion with ZnS-graphene was recorded
over time under simulated light to observe the
photocatalytic activity of the composite toward
reduction of 4-NP.
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Figure 9. Absorption spectra of a solution of MB with ZnS-graphene [29]

The reduction efficiency of ZnS-graphene and ZnS was
compared under simulated solar light illumination as
indicated in Figure 10 (a) and (b) respectively. The
time used for illumination was 70 minutes to achieve
87% of reduction efficiency with the composite while
it was only 34% with single ZnS under similar
experimental conditions. Hence, based on formula (10)
of reduction rate constant, kK shows the results of
pseudo-first order reduction kinetics of 4-NP where the
k of ZnS is 6 x 103 min' while ZnS-graphene
composite is 30 x 10 min’'. This shows that ZnS-

graphene composite results in better efficiency
compared to ZnS and 5 times higher k than ZnS
because of its synergistic effect between reduced
graphene oxide and ZnS where graphene is responsible
for an efficient photo-induced charge separation and
transportation [35]. Then, the photo-induced electrons
generated in the ZnS nanorod high-band gap pass from
its conduction bands to the 4-NP LUMO level through
the graphene sheets and reduce the 4-NP to 4-
aminophenol [35].
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Figure 10. (a) The comparison of the reduction efficiency versus irradiation time over ZnS and ZnS-graphene (b)
Plot of In (Co/C) for the photocatalysis of 4-NP solution with ZnS and ZnS-graphene composite [35]
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Ternary photocatalyst

Ternary photocatalyst is a photocatalyst that has a
three-system photocatalysis; for example, reduced
graphene oxide-ZnS-TiO, (rGO-ZnS-TiO;). The
photocatalytic activity of ternary photocatalysts of
rGO-ZnS-TiO; nanocomposite can be observed on its
application for crystal violet dye (CV) removal [36].
This combination is proven to be an -effective
photocatalyst for the treatment of wastewater. Through
this study, the result showed that almost 97% CV dye
was removed by adsorption and photodegradation at
temperature of 35 °C with initial dye concentration of
50 ppm and nanocomposite amount of 0.4 g/L. The
study was carried out with varied loadings of catalyst
to decide the optimal amount of rGO-ZnS-TiO,
nanocomposite prepared with the aid of ultrasonic
irradiation. Based on Figure 11, the overall
photocatalytic degradations are 94.83%, 97.02% and
96.30% obtained for 0.3 g/L, 0.4 g/L and 0.5 g/L of

rGO-ZnS-Ti0O; nanocomposite respectively. The results
also showed that the quantity of nanocomposite
increased from 0.3 g/L to 0.4 g/L. The degradation of
CV was also increased from 94.83% to 97.02%
independently and continuous increase in the
loading of rGO-ZnS-TiO; nanocomposite at 0.5 g/L
exhibited a marginal decline in the degradation, which
was meant to be at 96.30%. rGO-ZnS-TiO;
nanoparticles displayed strong adsorption abilities and
the excessive adsorption reduced the photocatalytic
activity. Hence, the distribution of impudent loaded
nanocomposite will hinder the UV light irradiation and
the restriction can result in an efficient usage of light
resulting in declining photocatalytic degradation of CV
dye. So, the result concluded that the optimal dose of
rGO-ZnS-TiO; is 0.4 g/L with the aid of ultrasonic
illumination to obtain effective degradation of CV dye
[36].

0.8 4

0.6 -

TIC,

0.4 1

0.2 1

0

-30 -20 -10 0

10 20 30 40 50
Time (min)

Figure 11. The effect of catalyst loading on degradation of CV dye [36]
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Table 2. Comparison between binary and ternary ZnS composites in photocatalytic degradation

Types of ZnS Pollutants Source of Degradation References
Photocatalyst Light Efficiency
Binary
ZnS-graphene methylene blue (MB) UV light 98% [29]
RGO-ZnS 4-nitrophenol Solar Light 87% [35]
Cadmium-ZnS Methyl Orange Visible light 90% [32]
ZnS layers of ZnS(en)x ~ Chromium IV Hg lamp 99% [37]
complex
Ternary
rGO-ZnS-TiO, crystal violet dye UV light 97% [36]
ZnS-TiO»/RGO Methylene blue Visible light 90% [38]
ZnO/reduced graphene =~ Methyl Orange Visible Light 100% [39]
oxide (rGO)/polyaniline
(PANI)
ZnO-ZnS@Pani 2-chlorophenol Visible Light 87% [40]
AgrS—ZnS loaded on Rhodamine B Visible light 95% [41]
cellulose

Conclusion organic dye and nitrophenols. Future studies can

Based on the overall review towards the application of
ZnS, it can be concluded that ZnS can be successfully
composited with conducting polymers
photocatalysts. ZnS was able to be prepared through
various preparations and methods resulting in different
sizes and morphologies based on their SEM and TEM
images. It is also proven that different sizes and
morphologies of ZnS would result in different reactions

and other

of ZnS towards photocatalytic studies. The smaller the
size of ZnS, the better the photocatalytic degradation of
organic pollutants. Moreover, ZnS can also act as a
photocatalyst in different forms including single
semiconductor, binary photocatalyst and ternary
photocatalyst. Ternary photocatalysts proved to be the
better photocatalytic as three media compositions
increased the photocatalytic behaviour of ZnS. This is
because ternary photocatalysts improved the electric
properties of the photocatalyst, hence improving the
photocatalytic degradation of organic pollutants. Last
but not least, it can be proven on the basis of the
analysis that ZnS exhibited a strong photocatalytic
activity to degrade organic contaminants such as

explore whether ZnS is able to act as a photocatalyst
which is a composite with conducting polymer.
Conducting polymer is widely used in applications
such as sensors because of its characteristics including
ease of synthesis, low density and conducting
properties. Conducting polymers show potential as it
can greatly increase conductivity has the advantages of
conventional organic polymers including strength,
plasticity, toughness and flexibility. It is believed that
composited photocatalysts with conducting polymer
increase the effectiveness of degradation because of the
increasing appropriate surface of the photocatalyst.
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Abstract

This work, using a batch study, revealed the performance of modified magnetite millscales with a cationic surfactant [cetyl
trimethyl ammonium bromide (CTAB)] (Fe304/CTAB MNS) in cadmium ion removal from aqueous solution. The self-assembly
method was employed to modify Fe;O4 with CTAB. As prepared Fe3;Oa limited the modification method to ex situ. Therefore, a
heterocoagulation method was used to self-assemble CTAB on Fe30s. The prepared magnetic nanosorbents (MNSs) were used
in batch adsorption to optimize cadmium adsorption. In addition, characterization with Fourier transform infrared spectroscopy
(FTIR) and transmission electron microscopy (TEM) revealed new characteristics of that modified Fe3O4 that contributed to the
enhancement of the adsorption efficiency (Q) to reach 21.6 mg/g. The higher removal percentage shown by Fe3;O4/CTAB MNS
was 89%, which confirmed the successful modification. Therefore, Fe304 modified with CTAB has higher potential to be used as
magnetic nanosorbent owing to lower cost of production with compatible adsorption capacity.

Keywords: stabilized magnetite, magnetic nanosorbents, cadmium solution, cation polymer, cetyl trimethyl ammonium
bromide

Abstrak
Kajian ini mendedahkan prestasi skala magnetit yang diubah suai dengan surfaktan kationik (setil trimetil ammonium bromida
(CTAB)) (Fe304 / CTAB), digunakan sebagai penyingkiran ion kadmium dari larutan akues melalui kajian kumpulan. Kaedah
pemasangan diri digunakan untuk mengubah Fe3Os4 dengan CTAB. Fe3Os yang telah disiapkan telah membatasi kaedah
modifikasi menjadi ex situ. Oleh itu, kaedah heterokoagulasi digunakan untuk memasang CTAB pada Fe3Os. Penjerap nano
magnetik yang disiapkan (MNS) digunakan dalam penjerapan kumpulan untuk mengoptimumkan penjerapan kadmium. Selain
itu, pencirian dengan spektroskopi infra merah transformasi Fourier (FTIR), dan mikroskopi elektron transmisi (TEM) telah
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mengungkapkan ciri-ciri baru Fe3Os4 yang dimodifikasi yang menyumbang kepada peningkatan kecekapan penjerapan (Q)
menjadi 21.6 mg/g. Peratusan penyingkiran yang lebih tinggi yang ditunjukkan oleh Fe;Os / CTAB MNS adalah 89% yang
membuktikan pengubahsuaian berjaya. Oleh itu, dapat disimpulkan bahawa modifikasi dengan CTAB berpotensi lebih tinggi
untuk digunakan sebagai penjerap nano magnetik kerana melibatkan kos pengeluaran yang lebih rendah dengan kapasiti

penjerapan yang serasi.

Kata kunci: magnetit stabil, penjerap nano magnetik, larutan kadmium, polimer kation, setil trimetil ammonium bromida

Introduction

Contamination of water is a serious global issue that
must be addressed. Contaminated water greatly affects
the human well-being. Even if people do not directly
drink the contaminated water, it may still cause harm to
seafood through the spread of contaminants. Cadmium
is a nonessential metal with a high exchange factor.
Zinc deficiency increases the risk of Cd poisoning.
Zinc acts as an antidote to the toxic effects of Cd. The
use of foods and grains (developed in soil polluted by
superphosphate compost and sewage slime), the use of
refined food sources (exposed to cadmium at specific
locations such as cadmium coating on iron and copper),
and the consumption of plastics have contributed to an
increase in zinc deficiency. Workers at the production
line of battery anodes and semiconductors are
particularly vulnerable to Cd poisoning. [1].

Cd is a heavy metal; it is a highly harmful industrial
and environmental pollutant. It is not biodegradable
and accumulates throughout the food chain as a result
of plant uptake in polluted soils, which poses a serious
health risk to humans. In Malaysia, the maximum
allowed Cd concentration in drinking water is 0.005
mg/L. Cd toxicity has been reported by many
researchers [2, 3, 4]. Any significant level of Cd in the
body causes rapid poisoning and liver damage. Renal
tubule failure is the cause of kidney disease [5]. Cd is
also harmful to endocrine organs, especially the
pituitary gland. Cd-containing compounds are strong
carcinogens [6]. According to Hotz et al. [7], there is
substantial evidence regarding the carcinogenicity of
Cd and Cd compounds in humans. Renal dysfunction,
bone degeneration, liver damage, and blood damage
have all been linked to chronic exposure to high levels
of Cd [5-7].

335

Ion exchange, membrane filtration, chemical reduction
and precipitation, adsorption on activated carbon,
nanotechnology treatments, electrochemical removal,
and advanced oxidation processes are some of the
traditional treatment techniques for removing heavy
metal contaminants from the environment or
wastewater effluents [4, 8-10]. Unfortunately, many of
these traditional techniques have significant drawbacks
such as low selectivity, high cost, partial removal, high
energy consumption, or the production of large
amounts of toxic waste. As a result, the demand for
safe, less expensive, and more efficient technologies to
from polluted water has

low-cost alternatives to

remove heavy metals
prompted research into
commercially available methods [10].

Currently, adsorption is widely accepted as a viable
and cost-effective approach for heavy metal
wastewater treatment. The adsorption process is
versatile in terms of design and operation, and it
typically produces high-quality effluent.

Adsorbents can also be renewed using an appropriate

treated

desorption procedure because adsorption is sometimes
reversible. Thus, extensive research was conducted to
identify the best adsorbents that are low-cost, mass-
produced in large quantities, and have a simple and
rapid separation process, ensuring that this technology
can replace the traditional method of removing heavy
metals in wastewater treatment [6, 9].

Owing to their unique features, nanometer-sized
materials have recently attracted considerable interest
among mainstream researchers. These materials have
been used in various areas including biotechnology,
design, biomedical science, and
materials science. The use of nanoparticles (NPs) as

science, natural
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effective adsorbentsfor heavy metals removal is
gaining popularity among scientists [10]. Compared to
micrometer-sized particles, NPs have a considerably
larger surface area to volume ratio and a shorter
diffusion path, which results in high extraction limit,
fast extraction of elements, and high extraction
efficiency.

Mill scale waste is a by-product of steel production that
occurs during the hot rolling process. The annual
output exceeds a million tonnes, and it may contribute
to ground contamination [11]. Thus, repurposing mill
scale in various applications may help to reduce waste
and transform it into a useful agent. Mill scale contains
50% of wurtzite (FeO), 10% of hematite (Fe»03), and
40% of magnetite (Fe304) [12]. Fe3O4 is a metal oxide
an amphoteric solid, allowing
protonation and deprotonation on the surface to
produce surface charge. This property is interesting for
studying the adsorption mechanism of heavy metals on
Fe304 because Fe3Oy easily reacts with the surrounding
particles. Therefore, each year [13-16],
synthetic approaches for extracting magnetite from mill
scales have been published. Furthermore, magnetite
nanoparticles are receiving more attention owing to
their superior magnetic properties and high specific
surface area. To extract high purity magnetite from mill
scale waste, Azis et al. developed a magnetic
separation process. Specifically, 1 T of external
magnetic field has been used for the extraction [12-14].

that behaves as

several

High-energy ball milling (HEBM) is a straightforward
approach for size reduction. This approach decreases
the size of particles from micrometer to nanometer
size. However, nano-sized magnetite is unstable and
readily oxidizes to form a new composite that does not
exhibit the unique high magnetization behavior.
Furthermore, because magnetite has a stronger
magnetic force, the agglomeration is higher among the
particles [11-15].

Therefore, the modification of the surface process may
help to reduce the agglomeration problems and the
unstable state of FesO4 NPs. CTAB is a cationic
polymer that can self-assemble with other composites

[16,17]. Previously, CTAB-modified Fe;Os NPs have
been used in removing dye. Faraji et al. believed that
CTAB was essential in the dye adsorption mechanism.
Therefore, they added CTAB into the dye solution, and
CTAB was expected to coat Fe3Os during the batch
adsorption experiment; finally, the particles were
separated together using an external magnetic field
[18].

In this work, Fe3O4 was magnetically extracted from
mill scale waste and underwent HEBM to become
nano-sized. Then, the prepared Fe;O4 was coated with
CTAB using an ultrasonication bath. The obtained
product was used in batch adsorption to remove Cd
ions from an aqueous solution. An equilibrium study
was performed to evaluate the relevance of using the
obtained material at an industrial scale. Thus, the
obtained adsorption capacity of the particles, which
was enhanced after coating with CTAB, indicates the
potential of using the obtained material in removing
heavy metals.

Materials and Methods

Sample preparation (adsorbent)

The first step of extraction was to remove the
impurities from raw millscales collected at a steel
factory in Malaysia. The manual removal of impurities
(e.g., stones, sand, dust, or pieces of plastic) that may
contaminate the samples was also performed. Then,
approximately 100 g of MS flakes was crushed using
conventional milling (Pascal Engineering, UK) for 24 h
under dry conditions, 700 rpm speed, and 10:1 BRP.
The first separation method was impurity magnetic
separation (IMS) used to extract the magnetic particles
from the RM. The iron oxides (I0) powder was placed
inside a glass tube (with a stopper at the bottom)
with deionized water (DI) (at room temperature of
22-24 °C) with the presence of a | T external field, as
shown in Figures 1 and 2. Then, the tube was manually
shaken for 10-15 min. Separation II: The Curie
Temperature Separation Technique (CTST) was then
used to remove stronger magnetic components from the
magnetic powder. Separations I and II of waste mill
scales were carried out in the same way as previously
reported by Azis et al. [12]. CTST's magnetite (Fe30.)
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output was dried in an oven at 120°C for 24 h. The
magnetite powder was processed for 8 h on a SPEX

Magnetic
particles

Stopper

1T
magnet

I

Glass
tube
Non-
magnetic
particles

Magnetic
particles

Non
magnetic
Particles

water

boiled
water

8000D milling machine with a 10:1 ball-to-powder
(BPR) ratio.

Hot

Figure 2. Set up for the curie temperature separation technique

FesO4/CTAB magnetic hanosorbents

CTAB with a 0.02 M concentration was prepared by
mixing the CTAB powder with deionized water and
stirred for 30 min in an ultrasonication bath. Then, 20
ml of CTAB solution at a concentration of 0.20 M was
mixed with 1.0 g of magnetite extracted from
millscales. After 30 min of mixing, an external
magnetic field was applied to the mixture, and the
collected magnetite coated with CTAB was dried in an
oven for 24 h at 60 °C. A summary of the modification
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method is shown in Figure 3. Next, agitation by
sonication in an ultrasonic bath for 20 min was
performed. The pH to perform this was at optimum for
the CTAB, which has a higher positivity and the
highest negativity potential for MNPs (via zeta
potential analysis). The pH was then adjusted by using
NaOH and nitric acid using the titration method. This
step was performed to increase the dispersity of Fe;O4
NPs in the CTAB. The Fe3;O04/CTAB was then
magnetically separated using an external magnetic field
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to separate the modified magnetic NPs from the
residue, as shown in Figure 3. The modified magnetic
NPs were collected and then rinsed twice before being
dried overnight in the oven at 60 °C. The dried samples
were then ground using a mortar to obtain a fine

CTAB — >
(powder)

powder of modified magnetic NPs. The surface
modification of magnetic NPs using CTAB is
summarized in Figure 3, the method was adjusted from
previous works [16, 18, 19].

M8 (powder) 5 '

.

Magnetic
stirrer

CTAB ge

30 min, 24°C
(1] [
Water /
bath — M8 -CTAB
Ultrasonic bath >

Figure 3. Summarized preparation steps of modified MNPs with CTAB

Adsorbate

All the compounds used to prepare the reagent
solutions were of analytical reagent grade. The stock
solution of cadmium nitrate (Cd(NO3)2) (99%, Sigma-
Aldrich, UK) (3 mg/L) was prepared by dissolving a
weighed quantity of the respective Cd(NOs); in
deionized water. The concentration of the metal
solution and pH used in this work were 3 mg/L with
pH 7, respectively. The pH of the solution was adjusted
by using sodium hydroxide (NaOH) and nitric acid
(HNO:3).

Batch adsorption experiment

The 100 mL of Cd solution was mixed with 10 mg of
Fe;04 nanoparticle adsorbent and placed in a vibrator
bath (variable speed reciprocal vibrator (model HY-8))
with a fixed 160 rpm for 5, 10, 15, 20, 25, 30, 35, and
40 min of contact time. All adsorption tests were
performed in a vibrator at room temperature (22-25 °C)

using accurately weighed amounts of adsorbents in a
covered bottle with adsorbate solutions of specific
concentrations. The pH of the solution was adjusted
from 1 to 10. The adsorption capacity at any time, Q:
(mg g'), was calculated according to the following
Equation 1:

Q=5 "Cuy (1)
m

where C, and C; (mgL/1) are the initial and residual Cd

ions concentrations at any time (min), respectively. The

volume of Cd ion solution was V (mL), and the mass

of dry adsorbent was m (mg). Equation 2 was used to

calculate the adsorption capacity at equilibrium:

g, =G =Cey )
m
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Removal efficiency and adsorption capacity

The removal percentage of metal ions refers to the
percentage of metal ions removed from the initial metal
concentration solutions. Equation 3 was used to
calculate the removal efficiency of Cd*" from the
aqueous solution.

Cd % Removal = % % 100% 3)
Sample characterization

Structural and phase composition

A JEM JEOL 2100 HR transmission electron
microscope was used to examine the sample
morphology, particle size, and atom arrangement (HR-
TEM). Spectroscopic analysis using the infrared FTIR
spectrometer was performed by recording infrared
spectra  (200-4000 cm™') (Thermo Nicolet, Model
Nicolet 6700). Atomic adsorption spectroscopy (AAS)
is a technique for determining the concentration of
heavy metals in a solution.

Results and Discussion
Morphology analysis
Figure 4a shows the HR-TEM images, which show that
aggregation occurred between the Fe;O4 nanoparticles
that were a range of 5-20 nm in size. The particle sizes

increased after coated with CTAB. The result is in
agreement with previous works [21, 18]. The
nanoparticles aggregated with higher dispersity,
indicating good connectivity between the grains due to
the higher magnetic forces and subjected to the
modification process. The agglomeration was reduced
after coated with CTAB [17]. Figure 4b shows images
of Fe;04 and Fe;04/CTAB nanosorbents with a scale of
20 nm. Table 1 represent the average value of Fe3O4
and Fe3O04/CTAB MNS. The average size of the
particles was calculated by using Image J. In total, 200
particles were used to determine the average particles.
Clearly, the modified Fe3O4 was a larger size due to the
presence of the CTAB layer on the particles. However,
this result was in contrast with the previous
publication, considering agglomerations [16-19]. The
smaller size is due to the measurement of the real sizes
of the particles without the occurrence of
agglomeration.

Figure 4. Fe304 extracted from (a) millscales waste and (b) Fe;04/CTAB
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Table 1. HR-TEM particle sizes

Adsorbent

HR-TEM Particle Size, drem

(nm)

Fes;0q4
FC304/CTAB

13.10
15.26

Phase analysis

Figure 5 shows the XRD spectrum of Fe3;O4, and
Fe304/CTAB MNS. As shown, diffraction peaks of all
samples after HEBM completely correspond to
standard pattern characteristic peaks of the magnetite
hexagonal inverse spinel structure (JCPDS: 98-005-
9302) 220 (30.1), 113 (35.45), 004 (43.07), 333

(56.97), 044 (62.47). As can be seen from the spectra,

the main peaks which correspond to hkl (113) were
observed to be broader as the milling time increased.
The spectrum after modified with CTAB not showing
any phase changes indicated that the modification
process preserve the phase. In addition, it proved that
the core shell of the MNS is still Fe3O4. This finding is
in agreement with the previous report [18].

113

Intensity (a.u)

004
220 f 333 )
Fe,0,/CTAB
ww‘w“w‘ww TORTIVITIEE L S

m«»w.w Mf-r“ N‘»MWNWWW‘WMWML

044

Fe O,

20 ()

Figure 5. XRD spectrum of Fe;O4, and Fe304/CTAB MNS

Optical analysis

Figure 6 shows the FTIR spectrum of FesOs,
Fe3;04/CTAB, and pure CTAB. CTAB's IR spectrum
(Figure 6) contains a band at 3420 cm™', which could
be attributed to the ammonium moiety's vibrations.
Two distinct CH bands vibrations of the —CH; group in
CTAB are responsible for the peaks at 2918 and 2848
cm!. The asymmetric and symmetric stretching
vibrations of N*~CHj3 are represented by the bands at

1630 and 1467 cm™', respectively, while the out-of-
plane —CH vibration of CHj3 is represented by the band
at 960 cm™'. Br- could be represented by the band at
720 cm™!. The signal at 566 cm™" in the FTIR spectrum
of Fe;04/CTAB MNS (Figure 5) reflects Fe-O of
Fe;04. The electrostatic interaction between Fes3O4
surface hydroxyl groups and the ammonium moiety in
CTAB (OH....N") could account for the bandwidth at
3430 cm ' [16-18].
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Figure 6. FTIR spectrum of Fe30O4 extracted from millscale waste and Fe;04/CTAB MNS

Figure 7 shows magnetic behavior of the magnetic
nanosorbents (MNS). The M-H curve indicated that
both MNS are ferromagnetic materials with 50 and 28
emu/g. In addition, magnetic hysteresis loops measured
at room temperature. The magnetization values

observed in nanostructure materials are smaller than

the corresponding bulk materials, assuming that is no
changes in ionic configurations occurred. The
reduction and lack of saturation after that are likely
related to the smaller particle size and high surface
areas, which could lead to some spin canting [ 12].

M, (emug’)
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—— Fe,0,/CTAB
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Figure 7. M-H hysteresis of Fe;O4 extracted from millscale waste and Fe3;04/CTAB MNS

Figure 8 shows that the formation of vesicular
Fe;04/CTAB. The coating showed self-assembly when
the pH was 7. At that pH, CTAB had a higher
positivity; meanwhile, Fe;O4 showed a higher negative
surface charge. Therefore, it electrostatically self-
assembled to form a vesicle [16]. The formation of the
vesicle provided new surface charge for the
nanoparticles. The new surface charge caused the
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repulsive force to increase. This is visible in the HR-
TEM images showing that nanoparticles with higher
dispersity formed. However, when more than a bilayer
micelle already formed, the excess CTAB reacted on
the surface, and the hydrophobic side formed a new
layer. Therefore, when we added more CTAB, it did
not increase the surface area; in fact, the surface area
likely decreased [22].
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Figure 8. Schematic mechanism of the coating process of Fe;04/CTAB MNS

Adsorption equilibrium studies

Effect of contact time

The influence of contact time on the adsorption
capacity of Cd ions on Fe3O4/CTAB is shown in
Figure 9. For the adsorption of Cd ions, the
adsorption amount, Q, grew rapidly at first and then
reached equilibrium in approximately 10 to 15 min.
The increase in driving force produced by the
concentration gradient of cations in solution and the
presence of a considerable number of active sites on
the surface of Fe;04/CTAB MNS could be attributed

to the fast adsorption rate in the incipient stage [13].
In the adsorption of Cd ions, a contact duration of 15
min was adequate to achieve equilibrium for
Fe304/CTAB MNS. The adsorption capacity of Fe3O4
is 10.01 mg/g; meanwhile, that of Fe;04/CTAB
MNS is 21.6 mg/g.
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Figure 9. Effect of contact time on the adsorption capacity and concentration at equilibrium of Fe;O4 and

Fe;04/CTAB

MNS
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Effect of solution pH

According to the findings of a previous paper [14],
adsorption can occur at various pH values. The pH
setting would aid in the optimal uptake of Cd ions. As
a result, the influence of solution pH on Cd ion
adsorption onto Fe3;O4/CTAB was investigated in the
pH range of 1 to 10, as shown in Figure 8. For both
modified and unmodified MNS, no adsorption was
detected at pH values of 1 and 2, while half Cd ion
absorption was recorded at pH 3 (>50%). Despite this,
the adsorption capacity of the solution gradually
increased from 3 to 6 and plateaued between pH 6 and
10. The ion exchange was responsible for the rapid
increase in adsorption before pH 6. As a result,
chemisorption, mainly ion exchange, is used
exclusively for adsorption. The increase in adsorption
after pH 6 could be due to electrostatic repulsion
between H30" ions and cationic Cd ions, which cause
Cd ions to be attracted to the Fe;04/CTAB's negative
surface charge. Van der Waal forces create an increase

in the amount of Cd ions on a solid's surface (including
dipole-dipole, dipole-induced dipole, London forces,
and possibly hydrogen bonding). The increase can be
explained as shown in Figure 6, where active hydroxyls
can be found on the adsorbent surface based on FTIR
data. These findings corroborate the intensity change in
the IR spectra, as shown in Figure 10 [19]. As a result,
the Q was highest at pH 9 for Fe;04/CTAB MNS with
20.19 mg/g; meanwhile, 10.03 mg/g of Cd was
removed by Fe;O4 MNS.
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Figure 10. Effect of pH on the adsorption capacity and concentration at equilibrium of Fe3O4 and Fe;O4/CTAB

MNS

Effect of initial Cd?* concentration
One of the criteria utilized to examine the equilibrium
of magnetic nano-adsorbents is initial concentration.
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The initial metal ion concentration serves as a driving
factor for breaking through the mass transfer barrier
between the adsorbent and the adsorbate medium. The
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Fe;04/CTAB MNS was first studied for its ability to
remove metal ions from aqueous solutions. For the
different beginning concentrations, the solution
concentrations were 1, 2, 3, 4, and 5 mg/L, with an
adsorbent dosage of 10 mg as the constant, as shown in
Figure 11. For model Cd ions solutions with starting
concentrations of 1 to 5 mg/L, the removal percentage
approached 95%. As a result, increasing the
concentration of Cd ions reduced the efficiency of Cd

ion removal slightly. Furthermore, once equilibrium is
reached, it will no longer be able to adsorb the other
ions. This same pattern was discovered in a few other
published studies [21, 22, 23].

25
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Figure 11. Effect of initial concentration on the adsorption capacity of the adsorption of Cd by using Fe;04/CTAB

Conclusion
In this study, Fe3;04/CTAB MNS was prepared via the
self-assembly method. The confirmation of success
was supported by the characterization via FTIR and
HR-TEM images before and after coating. Then, the
Fe;04/CTAB MNS was used as an adsorbent for
removal of Cd ions from aqueous solution. The
Fe;04/CTAB MNS showed excellent performance in
removing Cd ions from aqueous solution, which was
evaluated by the equilibrium studied. The affecting
parameters were studied, and the results showed that
the presence of CTAB significantly affected the
removal efficiency of the Cd ions. Due to the higher
dispersity and magnetically assisted separability of the
Fe;04/CTAB MNS, high adsorption capacities could
be obtained in a very short time. The reported data
should be useful for the design and fabrication of an

economically viable treatment process using batch or
stirred tank reactors for Cd ion adsorption. This work
involved a valuable contribution where the usage of
millscales successfully lowered the production cost of
the MNS.
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Abstract

Within the context of a circular economy, the recycling or valorisation of eggshells, which are typically discarded in landfills,
represents an opportunity. The primary compound in eggshells is calcium carbonate (CaCOs3), which can be decomposed into
calcium oxide (CaO) by calcination. This study examined the calcination conditions (temperature and contact time) for the
optimum CaCOs decomposition rate. The eggshell samples were pre-treated to eliminate dirt and unnecessary biological
substance, ground into powder and sieved. The primary physical and chemical characteristics of eggshell powder were studied,
including colour changes, mass loss, bulk density, moisture content, pH, thermal properties, and identification of chemical bonds
and compounds in a molecule. This study evaluated the physical and chemical properties of the synthesised CaCOs3 from
eggshells, moisture content, bulk density, pH, FTIR, and XRD. The results showed significant differences in the samples' colour
transition at various temperatures and contact times based on the physical observation. The TGA analysis showed that eggshell
powder decomposed at a temperature range of 600—900 °C. The FTIR results reported that for the calcine samples, the grey
powder consists of CaCOs, while the solid white powder consists of metal oxide content. Similar seven diffraction peaks were
observed in the XRD analysis for calcination at 900 °C and industrial CaO (32.25, 37.41, 53.92, 64.18, 67.41, 79.70, and 88.58).
The eggshell powder calcined at the temperature of 900 °C and contact time of 3 h was identified as an ideal condition for the
decomposition of raw eggshell powder based on FTIR and XRD analyses. Both results showed that CaO corresponded to the
wavelength spectrum and diffraction analysis of the sample.

Keywords: calcium carbonate, calcium oxide, eggshell, calcination
Abstrak
Dalam konteks ekonomi kitaran, terdapat peluang untuk mengitar semula kulit telur yang biasanya dibuang di tempat

pembuangan sampah. Sebatian utama dalam kulit telur ialah kalsium karbonat dan ia boleh diuraikan kepada kalsium oksida
melalui proses pengkalsinan. Kajian ini dilakukan untuk mengkaji keadaan kalsinasi (suhu dan masa pembakaran) yang sesuai
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bagi kadar penguraian kalsium karbonat yang optimum. Sampel kulit telur diproses terlebih dahulu untuk membuang kotoran
dan sisa biologi yang tidak diperlukan dan seterusnya dikisar menjadi serbuk serta diayak. Ciri-ciri fizikal dan kimia utama
serbuk kulit telur seperti perubahan warna, kehilangan jisim, ketumpatan, kandungan lembapan, pH, sifat terma, dan mengenal
pasti ikatan kimia dan sebatian dalam molekul telah dikaji. Untuk mengkaji ciri-ciri fizikal dan kimia sintesis kalsium karbonat
daripada kulit telur, ujian kandungan lembapan, ketumpatan pukal, pH, FTIR, and XRD dilaksanakan. Daripada pemerhatian
fizikal, hasil menunjukkan terdapat perbezaan dalam perubahan warna sampel pada pelbagai suhu dan masa pembakaran.
Analisis TGA menunjukkan serbuk kulit telur terurai pada julat suhu 600°C hingga 900°C. Hasil FTIR melaporkan bahawa
warna kelabu sampel terkalsin terdiri daripada kalsium karbonat sementara serbuk putih terdiri daripada kandungan oksida
logam. Terdapat tujuh puncak difraksi yang serupa yang dilaporkan dalam analisis XRD untuk kalsinasi pada suhu 900 °C dan
kalsium oksida (32.25, 37.41, 53.92, 64.18, 67.41, 79.70, dan 88.58). Pengkalsinan serbuk kulit telur pada suhu 900 °C selama 3
jam dikenal pasti sebagai keadaan yang sesuai untuk penguraian serbuk kulit telur mentah berdasarkan analisis FTIR dan XRD.

Kedua-dua hasil menunjukkan terdapat kalsium oksida berdasarkan spektrum gelombang dan analisis difraksi sampel.

Kata kunci: kalsium karbonat, kalsium oksida, kulit telur, kalsinasi

Introduction
Poultry egg is a cost-effective food source due to its
high protein and nutritional content [1]. The egg from a
chicken or hen (Gallus gallus domesticus, Linnaeus,
1758) is now a global mass-production industry. Quail,
duck, goose, turkey, and ostrich eggs are popular
choices. Both white and yellow yolks contain aqua,
protein, glucose, fat, and ash, but the proportions of
these components differ in every egg breed [2].
Essential lipids, proteins, minerals, and low-calorie
sources are also found in eggs. Egg products are
utilised applications,
including thickening, binding, leavening, glazing, and
garnishing [3]. A three-layered structure makes up an
eggshell: cuticle, spongeous, and lamellar layers. The
cuticle layer is the outermost layer, mainly made up of
proteins. Protein fibres coupled to calcium carbonate
(CaCO:s3) crystals form a matrix made up of spongey

in various food industrial

and lamellar layers. CaCOs accounts for 94% of the
eggshell, followed by calcium phosphate (1%),
magnesium carbonate (1%), and organic matter (4%)
[4]. The eggshell and albumen are two thin eggshell
membranes primarily of collagen, alkynes, alkanes,
amines, protein amides, and carboxylic acids [5].

Approximately 8 million tons of eggshell wastes are
produced annually worldwide [6]. Meanwhile, in
Malaysia, 70,686 tons of eggshell waste are produced
by various industries [7]. Eggshell waste is listed in the
European Union regulation as hazardous waste, and
this regulation leads to elevated costs of disposal
management [8-11]. In America, companies spend
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millions of dollars annually to dispose of eggshells in
landfills, and the capacity is reached by the fillings
[12]. The majority of eggshells are usually disposed to
landfills without being treated as eggshells are
considered unusable and have no commercial value
[13]. However, there have been many studies utilising
eggshells in various applications, such as agricultural
green chemicals [13, 14, 15], a low-cost catalyst for
biodiesel production [16], biofilter in wastewater
treatment [17], construction materials [18, 19, 20],
biomedical [21], health supplements [22], and craft
[23, 24]. [25] studied the effects of eggshell powder as
a supplementary material to produce recycled paper.

Various researchers have studied calcined eggshell
powder (CESP) waste as a source of calcium oxide
(Ca0). [26] studied calcined eggshells as a catalyst in
biodiesel production, [27] reported the characterisation
of nano-CaO based on eggshell waste, [28] studied the
CaO sorbents from chicken eggshells for enhanced
carbon dioxide (CO,) capture, [29] utilised calcined
eggshells to formulate mortar for building restoration,
[30] studied the effects of calcined eggshells as
biomaterials for the preparation of linear low-density
polyethene, [31] examined the effects of calcined
eggshell catalyst in the transesterification of waste
cooking oil, and [32] identified the
thermoluminescence properties of CaO powder
obtained from chicken eggshells.

The calcination process can decompose CaCOj; to CaO.
Calcination is a technique for extracting volatile
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chemicals from solids by heating them to a high
temperature, oxidising a portion of the mass, or making
them brittle [33]. Calcination is frequently thought of
as a purifying method. CaCOs is calcined using two
methods: combustion with CO»/oxygen gas (O) or
steam [34]. The process produces a completely
decomposed substance depending on the temperature
selected. CaCO; completely decomposed at the
temperature range of 500-900 °C [35]. Research by
[36] identified that seashell -calcination at the
temperature of 800 °C produced a higher amount of
CaO based on Fourier transform infrared (FTIR)
spectroscopy, scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDX), and
thermal gravimetric analysis (TGA) tests. Although
seashells and eggshells are made of CaCOs, their
structure is different. It can be seen through their
surface morphology. According to [37], the SEM
image for seashell (cockle) is platy-shaped. On the
other hand, the eggshell is porous and fibril [38].
Furthermore, based on the TGA result, the thermal
decomposition of ESP and seashell varied. [39]
established that the decomposition of raw eggshell
powder (RESP) was in the range of 600—850 °C, while
according to [40], the decomposition of cockle was in
the range of 500—700 °C. [41] indicated that calcination
was highly dependent on temperature, heating rate, and
particle size. [39] identified no significant differences
in the weight variation of eggshell powder samples
during calcination. It was observed that the optimum
operating conditions for the decomposition of CaCOs3
samples were 900 °C with a heating rate of 20 °C/min
and particle size of 0.3 mm. Therefore, it is established

Pre-treated eggshells

that the best temperature for CaCO; calcination is
800 °C and above.

Researchers have recently studied CaO derived from
eggshells for new green chemistry and catalyst by
reducing dependence on limestone. However,
variations in calcination temperatures and contact
hours have been reported. Therefore, this study aimed
at finding the ideal conditions in the calcination
process for converting CaCOj; from chicken eggshells
to CaO. The experiments were conducted based on two
parameters: contact time (h) and temperature (°C). The
primary physical and chemical characteristics of
eggshell powder were studied, including colour
changes, mass loss, bulk density, moisture content, pH
identification of

value, thermal properties, and

chemical bonds and compounds in a molecule.

Materials and Methods

Raw materials

Chicken eggshells were collected from local food truck
vendors. The eggshells were instantly washed with
gentle soap and tap water after being collected as
preparation for cleaning treatment. The eggshells were
boiled for 30 min [42]. This process is vital to avoid
biological contamination and decaying of the eggshells.
Next, the eggshells were cleaned by running tap water,
air-dried for 24 h at room temperature, and stored in a
dark-coloured container [43, 44]. The chicken eggshell
samples were ground using an electrical powder
grinder (SY-25) 2,000 W to obtain RESP. Then, the
RESP was sieved with a 500-um mesh to eliminate
granular sizes. Figure 1 shows the pre-treated eggshells
and ground eggshell powder.

Raw eggshell powder

Figure 1. Preparation of chicken eggshells samples

349



Nadia et al:

THERMAL DECOMPOSITION OF CALCIUM CARBONATE IN CHICKEN EGGSHELLS:

STUDY ON TEMPERATURE AND CONTACT TIME

Material’'s thermal stability and the fraction of
volatile components - Thermogravimetric analysis
TGA was performed using a Shimadzu TGA-50
thermobalance. In this study, approximately 8 g of
eggshell powder was heated at 50-950 °C in a nitrogen
atmosphere with a flow rate of 20 mL/min and a
heating rate of 25 °C/min [45].

Calcination of chicken eggshell
The eggshell powder samples were placed in closed
porcelain crucibles and calcined in a chamber furnace

(Carbolite ELF 11/14B) according to the eight
experiment sets as shown in Table 1. Two parameters
were varied to examine the calcination process (i.e.,
temperature (°C) and contact time (h)) with a constant
weight RESP (i.e., 20 g). Each calcination protocol was
done in triplicates. To avoid a reaction with moisture
and atmospheric air, the CESP was stored in flasks and
placed atop a desiccator after calcination [46].

Table 1. Calcination parameters

Parameter
No.  Sample Code Temperature Contact Time
(°C) (hour)
1 CESP Ts00-3 600 3
2 CESP Te00-4 600 4
3 CESP T790-3 700 3
4 CESP T700-4 700 4
5 CESP Tso0-3 800 3
6 CESP Tgoo-4 800 4
7 CESP Togo-3 900 3
8 CESP Tog0-4 900 4

Results and Discussion
Thermogravimetric analysis
TGA is carried out to determine the thermal stability of
a material and its fraction of volatile components by
monitoring the weight change that occurs as a sample
is heated at a constant rate. Based on Figure 2, four
reaction steps occurred in this experiment.

The first step showed that 1.13% mass decreased at

midpoint 84.23 °C. The temperature range at step 1 can
be considered as eliminating moisture of the sample.

350

[48] supported this statement, stating that biomass
drying is conducted in the range of 40-200 °C.
Referring to [49], the slight decrease of mass in the
second step was due to the decomposition of organic
matter in the range of 200-600 °C. The RESP started to
decompose from CaCOs to CaO and released CO, at
600 °C and ended at 850 °C in step 3. A slight mass
loss in step 4 at 950 °C can be referred to as the end of
the reaction.
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Sample: ESP 30-1000C 10Cmin 20 mi N2 , 7.4999 mg
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Figure 2. Thermogravimetric analysis of RESP

Calcination process

Calcination is the process of decomposing CaCOs; by
burning the compound at high temperatures. The
catalysts completely decomposed the
temperature range of 500-900 °C [39]. The optimum
temperature for the calcination of CaCO; from cockle
shell was 900 °C for 2 h with a particle size of 0.3 mm
inert conditions [41]. [13] supported this
statement and reported that the suitable temperature
and time for complete decomposition in the calcination
of CaCOs from duck eggshells were 900 °C and 1 h,
respectively. [50] and [40] argued that calcite fully
decomposed to form CaO at 800 °C. Based on these
studies, three conditions may affect the calcination
process. In this study, CaO is derived from eggshell
powder, as shown in Equation 3.

were at

under

CaCO;() — CaOgs) + COyg) 3)
The primary characteristics of CESP were studied and
recorded, including physical observation (colour
changes), moisture content, bulk density, and average
mass loss. Based on the TGA result in Figure 2, the
RESP decomposed in the temperature range of 600—
850 °C. Therefore, the range of calcination temperature
in this study was chosen from 600 °C to 900 °C. By
referring to Table 2, as the temperature increases, the
bulk density value decreases, and consequently, the

mass loss increases. From the result, it shows that
calcination temperature affected the reduction in mass
for eggshell powder. Different colour changes were
observed between uncalcined and calcined samples.
The colour of the uncalcined eggshell is light brown
based on its original colour. In comparison, a perfect
CESP should be solid white. Based on the result, low
calcination temperatures produced dark or grey colour,
whereas at high calcination temperatures, solid white
colour was obtained. More metal oxide (solid white
powder) was produced for higher calcination
temperatures. [51] stated that the higher temperature
would produce a higher amount of metal oxide and the
colour would become whiter. [41] established the
optimum temperature of 900 °C for CaCO;
decomposition. High temperatures are required for
CESP to produce perfect CaO. The dark powder
obtained at low temperatures indicates that eggshell
powder has not completely decomposed.

Compared to other manipulated variables, the samples
calcined at different contact times showed a massive
percentage of mass loss. This could be explained by the
longer calcination duration, which resulted in greater
mass loss [52]. The colour transition for different
contact times is presented in Table 2. Even though the
samples of eggshell powder were calcined at the same
temperature and weight, the calcination result was
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affected by the contact time. The formation of dark
grey powder at low contact time was due to a lack of
heat distribution. The grey powder at the inner part of
the sample showed that the heat was not well
distributed to the whole part of the sample. Therefore,
increasing the calcination period is one of the
significant ways to improve the formation of metal
oxide. [13] stated that higher temperature and longer
calcination time produced better CaO quality.

Moisture loss occurred during calcination, which
corresponds to the loss of water and/or gas of the
eggshell powder. In this study, the moisture loss
percentages of CESP in all conditions were too
insignificant, and therefore, could be ignored. [54]
stated that the decomposition of volatile materials (e.g.,
water and organic matter) occurred in the temperature
range of 30—400 °C. There were no changes in the
acidity of RESP and dark powder. Meanwhile, the
acidity for solid white powder changed to alkali.
Therefore, if the amount of dark powder is more

significant than solid white powder, the sample can be
considered as CaCO:s.

The bulk density values of eggshell powder calcined
with different parameters are tabulated in Table 2. The
solid white powder of CESP Tog.3 and CESP Togo-4
showed a softer and more refined texture. [13] reported
that calcination at 900 °C for 1 h reduced the particle
size of the samples. According to Equation 2, density is
inversely proportional to volume. The bulk density
decreased as the particle size increased [53]. The
volume depends on the particle size of the samples.

The pH of RESP changed to alkali when it was
calcined at high temperatures. The alkalinity value
increased as the temperature and contact time
increased. The samples of CESP7p04 to CESPogo4
showed an alkaline pH value of 12.70-13.26,
indicating the presence of CaO. The result is correlated
with previous findings, where the calcination
temperature of 700 °C produced sufficient CaO and
achieved the critical value of an alkaline solution [54].

Table 2. Calcination of ESP with different parameters

Mass Loss Moisture Bulk
Sample Physical Observation (%) Content Density pH
(%) (9/ml)
Uncalcined N/A 0.451 2.47 7.00
CESP Te00-3 0.84 N/A 1.38 9.36
CESP Te00-4 0.83 N/A 1.41 10.84
CESP T700-3 1.13 N/A 1.36 11.64
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Table 2 (cont’d). Calcination of ESP with different parameters

Mass Loss Moisture Bulk
Sample Physical Observation (%) Content Density pH
(%) (g/ml)
CESP T700-4 0.98 N/A 1.33 12.70
CESP Ts00.3 2.19 N/A 1.38 12.67
CESP Tgoo-4 2.99 N/A 1.33 12.85
CESP Togo-3 11.00 N/A 3.00 12.96
CESP Togo-4 11.43 N/A 3.33 13.26

Compounds identification

The FTIR analysis can be divided into three broad
regions. The first region is from 4000 cm?! to
3000 cm™!, which represents hydrogen bonding. The
second region, which is from 3000 cm™ to 1500 cm-
!, shows functional groups. Meanwhile, the third region
reveals the existence of biominerals. Based on physical
observation and pH values in Table 2, chemical
characterisation was conducted for the selected
samples of CESP T70().4, CESP Tg()o._?,, CESP T800_4,
CESP Typ.3, and CESP Toggo4. Sufficient CaO content
produced from the calcination of eggshells will make
the pH value reach the critical value of 12.7 [56].
Therefore, the FTIR analysis identifies the functional
groups present in the eggshells calcined at 900 °C with
different contact times.

Figure 3 below presents the FTIR spectra for CESP at
various temperatures and contact times. Small sharp
peaks were detected at 874 cm™! and 1417 cm for
CESP T700_3, CESP T700.4, CESP Tso().3, and CESP Tg()().
4. The bands at both wavelength indicated CaCOs in the
tested samples [55,56]. Another strong peak was
observed at 2516 cm™! due to the presence of CaCOs
[57]. According to [7], the observable peaks in the
range of 713-875 cm™' can be associated with the
presence of CaCOs. The observation by [58] for the
band at 1430 cm™' was attributed to the stretching
vibration of CaCOs. Meanwhile, the bands at 875 cm™
and 715 cm’! strongly corresponded to CaCOs [59].
The lowest band represents the weak band to indicate
CaCO:s.
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Sharp peaks were observed at 707 cm™ and 709 cm™'.
The wavenumber increased as the transmittance
increased intensely at the peak of 874 cm™'. Both peaks
are associated with in-plane deformation and out-plane
deformation modes of eggshell powder in the presence
of CaCOs, as described by [7]. The sharp, strong band
detected at 1560 cm™ is attributed to the oxidation
process [60].

An amine group was present at the band of 1055 cm™!.
According to [61], the presence of the functional
groups of amines and amides was observed due to the
chemical composition of fibrous proteins. As referred
to [62], CESP Togo3 showed a medium-sized peak at
1052 cm! corresponding to the stretching of both C-O

(a) CESP T700_3
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@a
=
o
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g
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(c) CESP Tso0-3
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in the C-OH bond. The peaks at 1424 cm™!' and 1422
cm’! indicated the presence of OH bonding. The
existence of hydroxide might be due to exposure to the
atmosphere during calcination [63]. Another significant
peak was detected at 2361 cm™ in regard to the
presence of O=C=0 bonds. The presence of O=C=0
bonds indicated the carbonation of CaO, as shown in
Equation 4 [64].

Ca(OH)? + CO, —» CaCO; + H,0 (4)
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Figure 3. The FTIR spectra for CESP at different contact times and temperatures

The XRD analysis was carried out to identify CaO in
CESP at different temperatures. Figure 4 illustrates the
results of XRD analysis for RESP and CESP at 900 °C
(CESP T900.3), 700 °C (CESP T7oo.3), and industrial
CaO as a reference. The intensity of CaCOj; showed the
primary compound of RESP. The diffraction showed
both distinct components of CaO and CaCOs3 for CESP

decomposition of CaCO; occurred, based on the
diffraction pattern (c). A similar study by [53] claimed
that CaO was absent at 700 °C. CESP T790.3 showed a
different peak pattern of CaO than CESP Tgg3 and
industrial CaO. Meanwhile, CESP Tgg.3 showed seven
diffraction peaks similar to the diffraction peaks of
industrial CaO. The simplified XRD analysis is shown

T7003. Thus, the intensity of CaCOs decreased in Table 3.
compared to RESP. At 700 °C, incomplete
800
700 %
600
£ 400 A
g a AA A A
= 300 e o ~ - o
o b A B [}[} 4 A A Calcium oxide
100 ¢ A ok l JL ﬁ .JLA. o @ A J.A.,. @ Calcium Carbonate
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Figure 4. XRD patterns of a) industrial CaO, b) CESP Togo.3, ¢) CESP T700-3, and d) RESP
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Table 3. X-ray diffraction results for CaO and CaCOj3 from synthesised eggshell powder

Sample Compound Angle (20)
CESP T700.3 CaCOs 28.78 47.25 62.73 71.79 84.88 - -
CaO 29.52 47.67 60.84 77.45 84.02 - -
CESP Tooo-3 CaO 32.25 37.41 53.92 64.18 67.41 79.70 88.58
Industrial CaO CaO 32.33 37.45 56.97 64.24 67.47 79.78 88.66
Conclusion 3. Laca, A., Paredes, B., Rendueles, M. and Diaz, M.

Different calcination temperatures and contact times
were applied in the calcination of eggshell waste to
decompose CaCOs into CaO. Based on physical
inspection, higher temperature and increased contact
time produced white powder,
identified as CaO. Among the studied calcination
conditions, the best conditions were the temperature of
900 °C and the contact time of 3 h. The CaO
synthesized from eggshells can be used in various
applications, such as in the laboratory (gas absorber),
construction (lime putty and cement production), soil

which was later

stabiliser, medicinal purposes, and others. Hence, it is
believed that calcined chicken eggshells can be an
alternative source of CaO to reduce the dependency on
limestone resources.
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Abstract

The growing interest in anthocyanins in plants has brought about the importance of investigating their pharmacological
properties. Sensitive and specific analytical methods are required to accurately analyze the anthocyanins present in samples. One
of the anthocyanins found in plants is cyanidin-3-O-glucoside. The objective of this study was to develop and optimize a rapid
resolution liquid chromatography (RRLC) method for cyanidin-3-O-glucoside determination in rat plasma. Spectrophotometric
analysis was performed to determine the best ultraviolet (UV) absorbance wavelength. Liquid-liquid extraction (LLE) and solid-
phase extraction (SPE) methods were compared to determine the best extraction method for cyanidin-3-O-glucoside in rat
plasma samples. The effects of varying the type and proportion of organic solvents, the type and concentration of buffer
solutions, flow rates, column temperatures, and UV wavelengths were examined. The optimized chromatographic method for
RRLC analysis of cyanidin-3-O-glucoside was a mobile phase composition of 0.1% trifluoroacetic acid aqueous solution and
acetonitrile in a ratio of 81:19, respectively, with a 0.5 mL/min flow rate, at 30°C column temperature and 525 nm detection
wavelength. SPE was our choice of final extraction method. Our findings revealed that the optimized RRLC method can be used
to determine cyanidin-3-O-glucoside in rat plasma.

Keywords: rapid resolution liquid chromatography, method development, cyanidin-3-o-glucoside, rat plasma

Abstrak
Kajian antosianin dalam rosel yang semakin meluas mengetengahkan kepentingan analisis sebatian tersebut untuk mengkaji ciri-
ciri farmakologinya. Kaedah analisis yang sensitif dan spesifik diperlukan untuk menganalisis antosianin yang terdapat dalam
sampel dengan tepat. Salah satu antosianin yang terdapat dalam tumbuhan ialah sianidin-3-O-glukosida. Objektif kajian ini
adalah untuk membangunkan dan mengoptimumkan kaedah kromatografi cecair resolusi pantas (RRLC) untuk sianidin-3-O-
glukosida di dalam plasma tikus. Analisis spektrofotometri dilakukan untuk memilih penyerapan ultraungu yang terbaik. Kaedah
pengekstrakan cecair-cecair (LLE) dan pengekstrakan fasa pepejal (SPE) juga dijalankan untuk menilai kaedah pengekstrakan

360



Nadiratul Asyikin et al:

DEVELOPMENT AND OPTIMIZATION OF A RAPID RESOLUTION LIQUID

CHROMATOGRAPHY METHOD FOR CYANIDIN-3-O-GLUCOSIDE IN RAT

PLASMA

terbaik bagi antosianin daripada sampel plasma tikus. Kesan mempelbagaikan jenis dan peratusan pelarut organik, jenis dan

kepekatan larutan penimbal, kadar aliran fasa bergerak, suhu turus dan panjang gelombang pengesan ultraungu telah diuji.
Kaedah pengoptimuman kromatografi menunjukkan komposisi fasa bergerak bagi larutan akueus asid trifluoroasettik 0.1% dan

asetonitril dalam nisbah 81:19, dengan kadar aliran 0.5 mL/min, pada suhu turus 30°C dan panjang gelombang pengesanan 525
nm adalah sesuai untuk analisis sianidin-3-O-glukosida. Kaedah SPE dipilih sebagai kaedah pengekstrakan terbaik kerana ia
menghasilkan puncak kromatogram yang lebih baik berbanding kaedah LLE. Kesimpulannya, kaedah RRLC yang dibangunkan
dalam kajian ini boleh digunakan untuk menentukan sianidin-3-O-glukosida dalam plasma tikus.

Kata kunci: kromatografi cecair resolusi pantas, pembangunan kaedah, sianidin-3-O-glukosida, plasma tikus

Introduction

Anthocyanins are polyphenolic pigments that belong to
the flavonoid group and are present in the vacuolar sap
of the epidermal tissues of flowers and fruits [1, 2].
These compounds are responsible for various colors of
plant organs, such as fruits, flowers, and leaves, and
they are also present in vegetables [1]. One of the
anthocyanins found in plants is cyanidin-3-O-glucoside
[3]. The ever-increasing evidence about anthocyanins
has drawn many researchers to investigate more about
these plant flavonoids. The increasing importance of
elucidating their health -promoting properties has
raised the need for specific tasks for their
determination methods.

The development of a combined extraction method—
spectrophotometric and chromatographic methods is
regarded as having the most significant impact on the
analysis of anthocyanins [3, 4]. Although Iliquid
chromatography has been the most employed technique
to identify or quantify anthocyanins [5], an advanced
and improved method of high-performance liquid
chromatography (HPLC), such as rapid resolution
liquid chromatography (RRLC), is currently applied in
anthocyanin research, as it offers better separation and
identification of specific components of anthocyanins.
Therefore, the objective of this study was to develop
and optimize an RRLC method for cyanidin-3-O-
glucoside in rat plasma. Spectrophotometric analysis
was performed to determine the appropriate UV
absorbance. Both liquid-liquid extraction (LLE) and
solid-phase extraction (SPE) methods were performed
to determine the best extraction method for cyanidin-3-
O-glucoside chloride in the rat plasma sample. We
tested the effects of varying the type and percentage of
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organic solvents, the type and concentration of buffer
solutions, flow rates, and column temperatures.

Materials and Methods

Chromatographic equipment

The chromatographic system and machine consisted of
the Agilent Technologies 1200 Series system consisted
of a binary pump, an autosampler, thermostat column
compartment, variable wavelength detector and a
vacuum degasser (Agilent Technologies, Santa Clara,
California, USA). The analytical column was Agilent
Reverse Phase EC-C18 (4.6 x 150 mm I. D, particle
size 2.7 pum) (Agilent Technologies, Santa Clara,
California, USA). The guard column was Agilent
Reverse Phase EC-C18 2.7 um (4.6 x 5 mm) (Agilent
Technologies, Santa Clara, California, USA).

Chemicals and reagents

All chemicals were HPLC grade. Acetonitrile (ACN),
S-sulfosalicylic acid dihydrate, ethyl acetate, methyl
tert-butyl ether (MTBE), methanol (MeOH), formic
acid (CH20,), phosphoric acid (H3PO4), hydrochloric
acid (HCL) and trifluoroacetic acid (TFA) were from
Merck® (Darmstadt, Germany). Diethyl ether was
from Fisher Chemical (Massachusetts, USA).

Drug standard and internal standard

The drug standard, cyanidin-3-O-glucoside chloride
was purchased from ChemFaces (catalogue no.
CFN99740) (CAS no. 7084-24-4). The internal
standard, cyanidin-3,5-O-diglucoside chloride was also
purchased from ChemFaces (catalogue no. CFN92138)
(CAS no. 2611-67-8).
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Standard stock solutions of cyanidin-3-O-glucoside
chloride (100 pg/ml) and internal standard, cyanidin-
3,5-0O-diglucoside chloride (100 pg/ml) were prepared
by dissolving 1 mg of each compound in 10 ml MeOH,
respectively. The solutions were then stored at -20°C in
clear vials and were protected from light with
aluminum foils. The working cyanidin-3-O-glucoside
chloride and internal standard solutions were prepared
fresh daily by diluting the stock solutions with the
mobile phase. The concentration of working solution
for internal standard and cyanidin-3-O-glucoside
chloride used for the optimization of chromatographic
conditions were 250 ng/ml and 500 ng/ml, respectively.

Preparation of plasma standard and samples

The rats used in this study were approved by the USM
Institutional Animal Care and Use Committee (USM
IACUC) [USM/IACUC/2019/(118)(1000)] and
supplied by the Animal Research and Service Centre
(ARASC), Health Campus, USM Kelantan, Malaysia.
Rats' blood was collected and stored in heparin blood
tubes before being centrifuged to separate the plasma.
Then, the rat plasma was stored at -80 °C within 8
hours of collection.

The fresh-frozen rat plasma was allowed to thaw
naturally on the bench at room temperature for
approximately 45-60 minutes. It was then vortexed for
a few seconds to ensure uniform distribution. The
plasma standard was prepared in the same ratio with
different volumes for each extraction method.

Spectrophotometry analysis

The spectrophotometric analysis of cyanidin-3-O-
glucoside chloride and the internal standard were
performed on a  Cary 100  UV-visible
spectrophotometer. Dilutions of aliquots of standard
stock solution (100 ug/mL) of both cyanidin-3-O-
glucoside chloride and internal standard were carried
out with 0.1% HCL in 75% MeOH to reach the
concentration range 10 ug/mL and 50 ug/mL. The
wavelength of range 300 to 700 nm was selected for
the quantitation of cyanidin-3-O-glucoside chloride and
internal standard.

Optimization of chromatographic conditions

We followed the RRLC optimisation guideline
provided by Agilent Technologies to equilibrate the
column and detector with 10 column volumes of the
mobile phase prior to use (1 — 5 mL) depending on
column size [6]. The approximate time to equilibrate
the instrument was 20 minutes to 45 minutes or until
the pressure pump reading was stabilized. The column
of RRLC should be equilibrated each time before use
and need to be performed when run for the new solvent
of different mobile phases. The pressure pump was
maintained at 147 bar during the equilibration process.
The effect of varying the type and percentage of
organic solvents, type and concentration of buffer
solutions, flow rates, temperatures and
ultraviolet wavelengths were tested.

column

Optimization of extraction methods

Liquid-liquid extraction (LLE) and solid-phase
extraction (SPE) methods were carried out to decide
which extraction method is more suitable to be used in
extracting the cyanidin-3-O-glucoside chloride from rat
plasma. The method which demonstrated the best
extraction results of cyanidin-3-O-glucoside chloride
and internal standard would be chosen for further
testing.

Liquid-liquid extraction

The LLE method was performed by referring to a study
conducted by Banaszewski et al. [7]. In this method, 50
pL of working cyanidin-3-O-glucoside chloride and
internal standard solutions were added to the 500 puL of
rat plasma. The freshly prepared plasma standard was
then acidified to pH 2 with CH,O; because anthocyanin
is more stable at low pH and then extracted with 1.5
mL of ACN. The sample was then centrifuged at
10,000 rpm for 15 minutes at a temperature of 4 °C.
After that, they were re-extracted with 1.5 mL MeOH.
The extracts were then pooled and the supernatants
were collected. Then, the supernatants underwent an
evaporation process in the pre-heated water bath at 35
°C, in vacuo using a vacuum pump. Next, they were
reconstituted in 250 pL  of mobile phase and
centrifuged at 10,000 rpm for 30 minutes at 4 °C.
Lastly, the samples were transferred to the amber vials
and immediately analyzed by RRLC. We also

362



Nadiratul Asyikin et al:

DEVELOPMENT AND OPTIMIZATION OF A RAPID RESOLUTION LIQUID

CHROMATOGRAPHY METHOD FOR CYANIDIN-3-O-GLUCOSIDE IN RAT

PLASMA

compared different extraction solvents to extract the
anthocyanin from plasma such as diethyl ether, ethyl
acetate and MTBE using the same procedure.

Solid-phase extraction

The SPE method was carried out by referring to a study
conducted by Harada et al. [8]. The cartridge was
firstly conditioned, by washing with 1 to 2 mL of
MeOH and then equilibrated with the same volume of
0.1% TFA aqueous solution. The plasma standards
were prepared by mixing 200 pL of cyanidin and
internal standard working solutions of selected
concentrations into 2 mL of the thawed plasma,
followed by vortexing the solution for 5 seconds. Then,
the plasma standard was subsequently mixed with 2
mL of 0.1% TFA aqueous solution and 100 pL of 20%
sulfosalicylic acid aqueous solution. After that, it was
vortex-mixed and centrifuged at 4000 x g for 20
minutes at 4 °C. The supernatant then was further
treated in the conditioned and equilibrated Sep-Pak
C18 cartridge. Next, the cartridge was rinsed with 2
mL of 0.1% TFA solution and subsequently purged

with air. The dried cartridge was then eluted with 2 mL
of MeOH and evaporated to dryness using a vacuum
pump at a temperature below 40 °C (35 - 37°C). The
resultant dry residue then was dissolved in 50 pL of
0.1% TFA aqueous solution. Afterwards, it was
centrifuged at 6000 rpm for 15 minutes at 10 °C using
an Ultrafree®-MC centrifugal filter (Merck, Germany).
Lastly, the solution was subjected to RRLC for
analysis.

Results and Discussion

Spectrophotometry analysis

The UV absorbances of cyanidin-3-O-glucoside
chloride and cyanidin-3,5-O-diglucoside chloride were
using a Cary 100 UV-visible
spectrophotometer ~ (Varian, California,  USA).
Spectrophotometry analysis of both cyanidin-3-O-
glucoside chloride and cyanidin-3,5-O-diglucoside
chloride showed that the maximum absorption was 524
nm, as shown in Figure 1. Thus, UV absorbance was
used throughout the study.

measured
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Figure 1. Spectrophotometry of the blank sample, cyanidin-3-O-glucoside chloride and cyanidin-3,5-O-diglucoside

chloride (internal standard)

Absorption spectroscopy, especially  UV-Vis
spectroscopy, has been extensively utilized to identify
anthocyanins and has revealed a lot about the structural
properties and identification of these molecules [9].
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From the results, the absorption peak of both cyanidin-
O-glucoside chloride and the internal standard emerged
at a wavelength of 524 nm. Using UV-Vis

spectroscopy,  absorption  peaks emerged at
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wavelengths of 266 nm and 530 nm, indicating that the
extract contains anthocyanin compounds [10]. UV-Vis
spectrophotometer demonstrated that absorption at an
absorption maxima (Amax) 536 nm was the specification
of anthocyanins [11]. A typical UV-Vis spectrum of
anthocyanin exhibits two basic absorbance clusters [9].
The first one is at 260-280 nm (UV area) and the
second at 490—550 nm (VIS region) (visible region), in
which the Amax in the visible range is typically
measured at 510-520 nm. The typical absorption bands
of anthocyanins are in the 490 to 550 nm region of the
visible spectra [12].

Optimization of chromatographic conditions: Type
and concentration buffer solutions

Three different buffer solutions were investigated: 5%
CH,O0; aqueous solution, 1% H3PO4 aqueous solution,
and 0.1% TFA aqueous solution with acetonitrile
(ACN) as the organic solvent. Each of the solvents was
prepared with different concentrations according to the
manufacturer’s datasheet, as well as based on
respective previous studies [8, 13]. The column
temperature, mobile phase flow rate, and wavelength
signal were kept constant. Among the three buffer
solutions, the mobile phase of 0.1% TFA aqueous
solution and ACN showed faster retention time and
good peak shapes, with the least peak tailing. Thus, this
combination of solvents was selected.

One of the factors that affects the retention of
substances in RRLC is the mobile phase composition
[14]. Buffers are usually used in mobile phases to hold
and adjust the pH constant. The pH of the mobile phase
is kept constant because it is always freshly prepared
before RRLC analysis. The acid is used to improve the
chromatographic peak shape and to provide a source of
protons in reversed-phase LC/MS [15]. In this method,
we also utilized isocratic elution, as it offers greater
simplicity, lower cost, simpler instrumentation, and no
need for column re-equilibration between consecutive
injections [16].

The percentage of organic solvents

We investigated three ratios of TFA:ACN: 90%:10%,
85%:15%, and 81%:19%. The column temperature,
wavelength signal, and mobile phase flow rate were

kept constant. The ratio combination was determined
based on the previous literature on anthocyanins [8].
Among the three ratios tested, only the 81%:19%
composition showed the presence of peaks. The
chromatograms of the other two ratios did not generate
any peaks, possibly due to differences in the percentage
of ACN used. The higher the percentage of acetonitrile,
the faster the retention time for anthocyanins. Hence,
the 81%:19% TFA:CAN combination was chosen
because it also exhibited a faster retention time and
good peak shapes.

Optimization of type of organic solvents

The selection of proper organic solvents is also
important for retaining substances in RRLC. The two
organic solvents tested, ACN and MeOH, are the most
commonly used solvents in RRLC. We tested ACN and
MeOH in combination with a 0.1% TFA aqueous
solution. The column temperature, mobile phase flow
rate, wavelength signal, and percentage of organic
solvent in the mobile phase were kept constant.

The results showed that using ACN as an organic
solvent generated peaks in the chromatogram, while
there was no peak when MeOH was used. This could
be due to the elution strength of the organic solvents.
ACN has a higher elution strength than MeOH [17].
Thus, at the same percentage of organic solvent in the
mobile phase, which was 19% for ACN and MeOH, we
observed shorter retention times for the analytes with
ACN than with MeOH. ACN has a lower viscosity
than MeOH [18]. Hence, with increasing column
temperature, the pressure also tends to decrease as the
viscosity of the solvent decreases. ACN is also often
used because of its low UV cut-off wavelength, which
is lower than that of MeOH (190 nm and 205 nm for
ACN and MeOH, respectively) [19]. Thus, ACN was
chosen for further investigation, as the chromatogram
showed peaks of cyanidin-3-O-glucoside chloride and
an internal standard .

Optimization of flow rates
Another chromatographic
chromatographic separation is the flow rate. Three
different mobile phase flow rates 0.5, 0.8, and 1.0
ml/min were investigated. The percentage of organic

parameter that affects
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solvent in the mobile phase, column temperature, and
injection volume were kept constant. An increase in the
flow rate will decrease the retention factor, thereby
resulting in rapid analysis [20]. A flow rate of 0.5
mL/min was chosen, as it displayed a good retention
time of about 4 min, good area counts, and good peak
shape. Although the peaks at other flow rates were
generated at a shorter retention time, they were not
chosen, as the increase in the flow rate caused a
reduction in the peak area. Increased flow rates may
shorten retention time, but they may contribute to band
broadening and a decrease in the column’s efficiency
[20].

Optimization of column temperatures

One of the important chromatographic conditions is
column temperature, as it is an important variable in
LC separation [21]. The column temperature was
optimized at three different temperatures: 30, 35, and
40°C. The percentage of organic solvent in the mobile
phase, wavelength signal, and mobile phase flow rate
were kept constant. The column temperature of 30°C
was chosen because it gave the best peak area ratio, as
recommended by the manufacturer.

Higher column temperatures can affect column
pressure due to their effect on lowering mobile phase
viscosities. Thus, a desirable lower systemic pressure
will be produced. This, in return, allows a lower linear

velocity for the chromatographic system and thus
produces a sharper peak [22]. In this study, although
column temperatures of 35 and 40°C generated shorter
retention times, the column temperature of 30°C was
selected because it also gave fast retention time and
better peak shape without compromising the peak area.
Further, a lower column temperature is preferable to
sustaining the stability of cyanidin, as a higher
temperature would result in a faster degradation rate of
anthocyanins [23]. High temperatures could also be
detrimental to the column’s packing when used over a
prolonged time [22].

Final chromatographic conditions

We performed the detection of cyanidin-3-O-glucoside
chloride and cyanidin-3,5-O-
diglucoside chloride at 525 nm with the ratio of mobile
phase at 81:19 (0.1% TFA:ACN) (v/v). The mobile
phase flow rate was set at 0.5 ml/min. The column
temperature was set at 30°C. Using the column
chromatographic conditions described above, the
average retention times for cyanidin-3-O-glucoside
chloride and cyanidin-3,5-O-diglucoside chloride were

internal  standard

4.4 min and 3.2 min, respectively , with a total run time
of 10 min and a stop time of 5 min (Figure 2).
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Figure 2. Chromatograms of standard solutions of cyanidin-3-O-glucoside chloride (3.221 min) and the internal
standard, cyanidin-3,5-O-diglucoside chloride (4.426 min)

365



Malaysian Journal of Analytical Sciences, Vol 26 No 2 (2022): 360 - 369

Optimization of liquid-liquid extraction method

The optimized chromatographic condition was applied
for the analysis of plasma samples using the LLE
method.

Effect of using different extracting solvents

The percentage recoveries of compounds extracted
using different solvents were calculated (Table 1). The
acetonitrile was chosen as the extracting solvent

because both the percentage recoveries of analyte and
internal standard were higher than those of the other
solvents. The internal standard was used in this test to
aid in quantification of analytes (anthocyanin) and
improve the accuracy and precision of the method.
Internal standard is used to compare the peak area of
target analytes to the peak area of internal standard to
obtain the peak area ratio.

Table 1. Percentage recoveries of cyanidin-3-O-glucoside chloride and cyanidin-3,5-O-diglucoside chloride by
liquid-liquid extraction method when different extracting solvents were used

Recovery for cyanidin-3-

Recovery for cyanidin-3,5-O-

| . . . . .
Solvent O-glucoside chloride (%) diglucoside chloride (%)
Acetonitrile (ACN) 72.85 119.05
Diethyl ether (Et,0) No peak seen No peak seen
Ethyl acetate (EtAc) 66.72 38.85
Methyl tert-butyl ether (MTBE) 110.46 44 .85

Optimization of solid-phase extraction method

The optimized chromatographic conditions were also
applied for the analysis of the plasma samples using
SPE.

Selection of final extraction method

The chromatograms of cyanidin-3-O-glucoside
chloride for both the LLE and SPE methods were
analyzed at concentrations of 500 ng/mL and 1000
ng/mL respectively. The recovery percentage of
cyanidin-3-O-glucoside chloride from LLE was
slightly better than that of SPE (72.85% and 68.36%,
respectively). However, the chromatogram generated
from the SPE method demonstrated better peak shapes
for cyanidin-3-O-glucoside chloride and the internal
standard compared to the chromatogram of the LLE
method. In addition, the chromatogram of the SPE
method showed less peak tailing compared to the LLE
method. The chromatogram of the SPE method also
exhibited similar retention times for cyanidin-O-
glucoside chloride and internal standard prior to
extraction. Hence, we chose SPE as the final extraction
method, as it yielded more favorable results than LLE

in the extraction cyanidin-O-glucoside chloride in
rat plasma based on the results of RRLC analysis
(Figure 3).

Extraction is a critical step in sample preparation, as
the presence of endogenous impurities in biological
fluids might cause interference in anthocyanin analysis.
SPE and LLE are among the extraction methods used
for anthocyanins, with increasing selectivity or
specificity and improved recoveries and reproducibility
[24]. In this experiment, we performed both methods to
determine the most suitable extraction method for
cyanidin-3-O-glucoside chloride.

LLE offers an advantage as an extraction method, in
that the technique is relatively cheaper than SPE.
However, this method requires costly and hazardous
organic solvents, which are undesirable for health and
disposal reasons [25]. LLE also requires a lengthy
analysis period, which can give rise to the possible
degradation of anthocyanins. By contrast, SPE
techniques can overcome many of the problems
associated with LLE, such as incomplete phase
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separations, less-than-quantitative recoveries, and the
use and disposal of large and expensive quantities of
organic solvents [25]. The only drawback of the SPE
compared to the LLE technique is that the cost of the
equipment required for SPE is higher than for LLE.
Another advantage of SPE is that this technique can be
used not only in preparing liquid samples and
extracting semi-volatile or non-volatile analytes but
also for solids that are pre-extracted into solvents [25].

From our results, although the percentage recoveries of
anthocyanin from the LLE method were slightly better
than those from the SPE method, we also considered
other factors. The chromatographic peak shapes
obtained with the SPE method were better than those
obtained with LLE. An optimum chromatographic peak
shape is important to ensure more accurate quantitation

of analytes. Abnormal peak shapes, such as peak
tailing, generate imprecise results. The chromatograms
of SPE displayed lesser peak tailing than those of LLE.
Peak tailing is one of the common chromatographic
peak shape distortions [26], which can occur for
several reasons, including the purity of the packing
material, a quality that can influence the peak shape
[27]. Contaminants in the material can enhance
secondary interactions, which lead to peak tailing.
Thus, using an extraction method that employs a
sample cleanup procedure will offer better results [26].
Here, the SPE method involved a filtration step that
used an Ultrafree-MC 0.45 pum filter unit before RRLC
analysis. Therefore, given its chromatogram results and
advantages compared to LLE, the SPE method was
adopted as the extraction method in this study.
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Figure 3. Chromatogram of cyanidin-3-O-glucoside chloride (4.609 min) and internal standard, cyanidin-3,5-O-
diglucoside chloride (3.065 min) at concentration 1000 ng/mL following SPE method

Conclusion
We successfully determined cyanidin-3-O-glucoside
chloride in rat plasma using RRLC analysis. The
spectrophotometry analysis showed that the maximal
absorbance of the compound was in the absorption
range reported in the previous literature. The
optimization of  chromatographic conditions
demonstrated that the mobile phase composition of
0.1% TFA aqueous solution and ACN in the ratio of
81:19%, respectively, with a flow rate of 0.5 ml/min, at
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30°C column temperature and detection wavelength of
525 nm, were suitable for RRLC analysis of cyanidin-
3-O-glucoside chloride. SPE was selected as the final
extraction method for cyanidin-3-O-glucoside chloride
and its internal standard.
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Abstract

The oil palm frond (OPF) biomass contains chemical characteristics, which makes it a potential alternative adsorbent in
wastewater treatment applications. In this study, the OPF sample was produced as biochar by using a top-lit updraft (TLUD)
gasifier. The maximum temperature of this process was 750°C and it yielded 20% w/w of biochar. The Brunauer—Emmett—Teller
(BET) surface area for the OPF biochar was 248.08 m?/g with an average pore size of 4.3 nm and categorised as mesoporous
adsorbent. The OPF biochar had a high carbon content of more than 70%, which was desirable for the alternative adsorbent. It
was discovered that the aromatic ring and aliphatic functional group was detected in the biochar based on the Fourier Transform
Infrared (FTIR) analysis which was commonly found in biochar produced at temperatures above 500°C. Based on the result
obtained from the adsorption test, the OPT biochar could provide a maximum removal of 64.65% of COD, with an initial COD
of 3960 mg/L. This study has found that the OPF biochar is suitable to be used as an alternative adsorbent for wastewater
applications.

Keywords: biochar, oil palm frond, adsorption, palm oil mill effluent

Abstrak

Pelepah kelapa sawit (OPF) mempunyai sifat kimia yang berpotensi sebagai bahan penjerap alternatif dalam aplikasi rawatan air
sisa. Dalam kajian ini, sampel OPF digunakan sebagai bahan mentah untuk menghasilkan biochar dengan menggunakan gasifier
top-lit updraft (TLUD). Suhu maksimum process ini adalah 750°C dan 20% wi/w biochar telah dihasilkan. Luas permukaan
Brunauer-Emmett-Teller (BET) untuk biochar OPF adalah 248.08 m?/g dengan ukuran purata saiz pori 4.3 nm dan
diketagorikan sebagai penjerap mesoporos. Biochar OPF mempunyai kandungan karbon yang tinggi melebihi daripada 70%,
yang merupakan ciri-ciri yang dikehendaki untuk penjerap alternatif. Berdasarkan analisis spektroskopi inframerah transformasi
Fourier (FTIR), kumpulan organik alifatik dan cincin aromatik dikesan didalam bahan ini. Kumpulan organik ini biasanya
ditemui dalam biochar yang dihasilkan pada suhu melebihi 500°C. Berdasarkan hasil kajian yang diperolehi daripada ujian
penjerapan, biochar OPT mampu memberikan menyingkirkan 64.65% COD daripada air sisa kilang kelapa sawit yang
mempunyai COD awal sebanyak 3650 mg/L. Kajian ini mendapati bahawa biochar OPF wajar digunakan sebagai penjerap
altenatif untuk rawatan sisa pepejal.
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Kata kunci: biochar, pelepah kelapa sawit, penjerapan, sisa efluen kilang kelapa sawit

Introduction

Crude palm oil (CPO), palm kernel oil (PKO), and
palm kernel cake (PKC) are the primary interests in
palm oil industry. In 2020, there were 5.87 million
hectares of palm oil plantations in Malaysia. The
production of crude palm oil (CPO) in the same year
was 19.14 million tonnes [1]. A total of 80 million
tonnes of biomass are generated annually in Malaysia,
with the majority from the palm oil industry [2, 3].
Biomass generated by the palm oil industry are mainly
produced from the harvesting of fresh fruit bunch
(FFB) at the plantation, and the processing of FFB in
mills. These biomasses include mesocarp fibre (MF),
empty fruit bunch (EFB), palm shell (PS), oil palm
fronds (OPF), oil palm leaflet (OPL), oil palm trunk
(OPT), and palm mill effluent (POME). The presence
of wastes creates a disposal problem, which requires
the implementation of a robust management strategy.

POME is one of the wastes generated from the palm oil
industry. POME is brownish wastewater generated
from the processing of FFB; it has a high amount of
organic contaminants and requires proper treatment
before it can be discharged into any water body.
Anaerobic and aerobic digestion treatments are the
common treatments used to remove the organic
contaminants in the wastewater, but both treatments are
not sufficient to comply with the standard set by the
Department of Environment (DOE) Malaysia, as
shown in Table 1 [4]. The final discharge of POME
from the biological treatment or palm oil secondary
effluent (POMSE) usually remains high in chemical
oxygen demand (COD) and biochemical oxygen
demand (BOD), with an average of 800 mg/L and 200
mg/L respectively. Furthermore, it is also dark in
colour, which is higher than the standard set by the
DOE [5]. This is due to the presence of lignin,
carotene, humic acids and other organic compounds
that are recalcitrant to biological treatments [6].
Another treatment that should be implemented to
polish the biologically treated POME, ensuring that it
complies with environmental legislation, is the
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adsorption technique, a technology that can be applied
to biologically treat POME as a polishing method. The
key benefits of this technology are that it is easy to
design, and it has a minimal initial investment. Natural
resources such as biomass, silica, and zeolite can be
used to make the adsorbent [7, 8].

Table 1. Environmental Quality (Industrial Effluent)
Regulation 2009

Parameter  Unit Standard

A B
cob mg/L 80 200
BODs mg/L 20 50
Colour ADMI 100 200
TSS mg/L 50 100

The biomass from this industry has the potentials to be
converted into valuable products. The potentials
include using OPT as building materials, OPF as the
precursor for ethanol production, OPS as an aggregate
in lightweight cement, MF as a growing media for
tissue culture, POME as a substrate for methane
generation, and OPL and EFB as mulch in plantation
[3, 9]. Some biomass, such as PKS and EFB, have
critical functions as fuel sources for mills and to
maintain soil conditions [10, 11]. However, there is
still a significant amount of biomass that are unutilised,
and measures should be taken to improve its
functionalities. In recent years, there is an increasing
amount of literature on the conversion of palm oil
biomass into biochar. Biochar is a carbon-rich material
produced from the thermochemical process. The
pyrolysis process is the common thermochemical
process utilised to produce biochar. However, scarce
attention has been paid to gasification as a
thermochemical process to produce biochar.

Gasification is defined as a thermochemical process to
convert carbonaceous feedstock into syngas (a mixture
of hydrogen, carbon dioxide, and methane), tar, and
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biochar at high temperatures (= 500°C) in oxygen-
deficit conditions [12, 13]. So far, this method has only
been applied for the generation of energy [14]. Most of
the literature on the gasification process only focus on
the optimisation of process parameters and the quality
of gas produced from this process [15, 16]. The solid
product of gasification, i.e., biochar, receives less
attention. In general, biochar is known as an effective
carbon sequestration strategy due to its recalcitrant
properties. Therefore, biochar produced from the
gasification process might have the same potentials as
biochar produced from other thermochemical
processes, i.e., fast pyrolysis, and hydrothermal
process. The characteristics of biochar are dependent
on the properties of biomass, the conditions of the
process, and the type of reactor used for the
thermochemical process.

Most literature on biochar are more focused on carbon
sequestration and soil conditioner. The potential of
biochar is not only limited to carbon sequestration and
soil application, but it also has the potential to be used
in other applications especially in water application.
However, there are limited studies done on the
application of biochar in water and wastewater
treatment. In a study on the application of biochar as an
alternative adsorbent, Huggins et al. [17] found that
biochar from the gasification process could reduce
phosphate, COD, and nitrogen ammonia in brewery
wastewater. Kearn et al. [18] proved that biochar
produced from the gasification process could remove
trace organic contaminants from drinking water.
Similarly, Kaetzl et al. [19] found that biochar was
found to reduce both organic and inorganic
contaminants from a municipal wastewater. Overall,
many studies highlighted that biochar was effective in
eliminating organic and inorganic pollutants from
water and wastewater [16-23] This could be due to the
high porosity of biochar or the presence of other
chemical species that aids the adsorption process [12,
25].

The utilisation of biochar produced from the
gasification process in wastewater application is an
interesting topic to be studied. This paper will focus on
biochar produced from gasification by using top-lit

updraft (TLUD) gasifier and oil palm frond (OPF),
which were used as the raw materials in this study. The
characteristics of the biochar and its performance to
treat biologically treated POME will be evaluated.

Materials and Methods

Source and preparation of biomass

The raw material used in this study was oil palm frond
(OPF). The OPF was obtained from a local plantation
located in Tampin, Negeri Sembilan. Figure 1 shows
the structure of OPF. The structure of the OPF consists
of the top section, middle section, and basal. Only the
basal part of the frond was used in this study as it was
easier for real-life application. The OPF was chopped
using a mechanical chopper with the particle size
ranging from 1-4 mm and rinsed with tap water to
remove any impurities. The OPF was then dried in a
vacuum oven for 24 hours to avoid rotting.

Stalk/Basal
(1/3 of frond)

Leaflet

Top and middle parts
(2/3 of frond)

Figure 1. Structure of OPF

Gasification of oil palm frond

The top-lit updraft gasifier (TLUD) was used to
produce OPF biochar, as illustrated in Figure 2. Before
the gasification process, the raw OPF was sieved to
ensure that the particle of the OPF was uniformed. The
uniformity of the size of feedstock was vital to ensure
that the feedstock was fully charred, and to achieve a
good airflow through the reactor body. The dried OPF
was weighed before it was filled into the gasifier. The
dried OPF was then placed into the gasifier about % of
the reactor body (approximately 600 g of dried OPF).
A small piece of paper or wood was used as rekindling.
The kindling was lighted, and it would burn strongly.
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The fan of the gasifier was turned on to provide air to
assist the gasification process. The temperature of the
process was monitored for quality control and
assurance. The dried OPF was burnt from top to
bottom until a bluish flame was formed. The blue
flame was an indicator that the OPF was fully gasifier.
The fan was then turned off and the gasifier was
allowed to cool. The OPF biochar was then sprayed
with some water to remove any ash and fine. The
biochar was cooled until it was cool enough for
handling.

The OPF biochar produced was weighted and the
percentage of yield of the biochar was calculated using
Equation 1.

Wy- W,

Y%Yield= x100 (1)

1

where W is a weight of biomass and W is a weight of
biochar.

Insulator
Reactor body

Biomass

=

Legends

= = = » Primary air flow

...... » Secondary air flow

Char chamber

Figure 2. TLUD gasifier

Characterisation of OPF

pH of biochar

pH is an indicator of the acidity and basicity of the
biochar. The pH of biochar can be a good indicator to
understand the oxygen complexes and functional
groups on the surface of biochar. The OPF biochar was
soaked in the deionised water (ratio of 1:25% wt./v
solid to water ratio) for one hour with agitation [26].
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The pH of the slurry was then tested with a pH meter
(Mettler Toledo).

Proximate analysis and ultimate analysis of raw
material and biochar

There were three components of proximate analysis
which were moisture content, ash content, and volatile
matter. The proximate analysis of raw OPF was done
using National Renewable Energy Laboratory (NREL)
method for all three analyses. On the other hand, the
proximate analysis of biochar was done using the
ASTM method (ASTM D2867-09, ASTM D5832-98,
and ASTM D2866-04).

The ultimate analysis of both raw OPF and OPF
biochar was carried out using a CHNS analyser. This
analysis was done to quantify the content of carbon,
hydrogen, nitrogen, and sulphur in both samples. All
four elements were analysed simultaneously.

Scanning electron microscopy analysis and
Brunauer—-Emmett-Teller surface area analysis

Scanning electron microscopy (SEM) analysis of raw
OPF and OPF biochar was carried out using Scanning
Electron Microscope SEM (FEI Quanta 450). BET
analysis was used to determine the surface area of
biochar in this study. The BET analysis was conducted
using a BET Surface analyser (Micromeritic) with N
gas adsorption at 77 K in relative pressure from 0.05 to
0.2. The samples were degassed for 2 hours at 200 °C.

Fourier transform infrared analysis

FTIR analysis was done to determine the functional
groups of the biochar. This analysis is vital to gain an
understanding of the chemical characteristic of biochar
and the adsorption mechanism of biochar. Before
conducting the FTIR analysis, the OPF biochar was
ground into powder and dried in an oven overnight to
remove any residual moisture in the biochar. The
sample was then mixed with potassium bromide (KBr)
with a ratio of 1:2000 (1 part sample: 2000-part KBr).
The mixture was then pressed into a pellet form by
using a hydraulic presser. The pellet was finally
analysed using the FTIR analyser (Nicolet 5700, FTIR,
Thermo Fisher Scientific, and Waltham, MA, USA).
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Adsorption test

The batch adsorption test was conducted to determine
the applicability of OPF biochar as an adsorbent for
wastewater treatment. The adsorbate used in this study
was palm oil mill secondary effluent (POMSE).
POMSE is the effluent generated after the biological
treatment of POME. It is high in chemical oxygen
demand. (COD). Method N0.8006 was used to measure
the COD of POMSE before and after treatment. The
measurement of COD was conducted using the APHA
potassium dichromate method. The measurement was
carried out in HACH COD high range vials by using
DR900 spectrophotometer and HACH COD reactor
(Model: 45600).

Next, the batch adsorption test was conducted using
100 ml of POMSE. The OPF biochar was added to the
conical flask containing 100 ml of POMSE. The
mixture of the OPF biochar and POMSE was then
shaken for 24 hours at 150 rpm using an incubator
shaker. The samples were withdrawn at a fixed time
interval. The adsorbent was separated from samples by
filtration. The filtrates were then analysed for COD.
The number of COD adsorbed per unit mass of the
adsorbent (gqe) was calculated according to the
following Equation 2 and the adsorption yield was
calculated by using Equation 3.

0.=(Co-C)x— @

%COD removal = % =100 (3)
i}

where, e is the number of COD adsorbed per gram of

adsorbent (mg/g); Co and C are the initial and final

COD concentrations (mg/L), respectively; V is the

volume of POMSE (L); and m is the mass of biochar

(9).

Results and Discussion

Gasification of OPF

The main products of the gasification process usually
consist of syngas, bio-oil, and biochar. The quantity
biochar product derived from the gasification process is
usually lower compared to other types of
thermochemical processes such as pyrolysis,
hydrothermal and torrefaction. For this study, the yield

of OPF biochar was 20%. The same yield of biochar
was obtained by Nsamba et al.[26] using the same
gasification system. The biochar obtained from the
gasification process is usually lower than other
thermochemical processes i.e., fast pyrolysis because
of the partial oxidation of carbon into carbon monoxide
and other flue gasses [27, 28]. Other than partial
oxidation of carbon in the biomass, the release of
volatile matter from the polymeric backbone of
carbonaceous feedstock also contributed to the yield of
the biochar. Apart from that, the temperature of the
gasification that is usually > 500 °C is good to produce
high porosity biochar [29, 30]. In this study, the range
of maximum temperature of the gasification process for
OPF biochar was 750 °C by controlling the speed of
the fan that improved the air supply. Studies on the
effect of temperature on the properties of biochar in
past studies found that the surface area of the biochar
was increased as the temperature of the
thermochemical increased [31, 32]. Increasing the
surface area of the biochar contributed to better
performance of biochar as an adsorbent as it can
remove more pollutants from wastewater. This trend
can be seen in earlier studies using orange peel biochar
for removal of cadmium from aqueous solution;
maximum removal of cadmium was obtained when the
orange peel biochar was produced at a temperature of
700 °C, which was then used as an adsorbent [33].
Other studies showed a similar trend in the removal of
chromium from aqueous solution [34, 35]. These
findings suggest that gasification biochar has the
potential to be used as an adsorbent.

Characterisation of OPF biochar

pH of biochar

The pH for OPF biochar in this study is alkaline
(pH=8) which is similar to the literature where most
biochar is best produced at temperatures higher than
400 °C [29, 30, 36, 37]. The alkaline pH of OPT
biochar is correlated to the presence of basic functional
groups on the surface of biochar, as shown in Figure 4.
Generally, raw biomass has a high number of acidic
functional groups. Figure 4 illustrates the presence of
acidic functional group in the raw OPF that
corresponded to the carboxylic acid functional group.
However, the band of the functional group diminished
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after the gasification process. The reduction of the
acidic functional groups was aligned to the reduction of
volatile matter of biomass as the temperature of the
process increased.

Apart from the reduction of acidic functional groups,
the alkalinity of OPF biochar was contributed by the
formation of the aromatic and aliphatic functional
group. The peak of the functional groups can be seen at
the band of 1200-1600 cm. The same findings can be
seen in a study conducted by Usman et al. [38] on the
production of biochar from the date palm waste. Other
studies had established that the pH of biochar increased
when the temperature of thermochemical increased
[38-40]. The presence of alkaline metal contributed to
the alkalinity of biochar [12, 42].

Proximate analysis and ultimate analysis

Table 2 shows the proximate analysis and ultimate
analysis for both raw material and biochar. Generally,
the value of each component changed after the
gasification process. Table 2 shows that the volatile
matter decreased sharply from 86.49% in raw OPF to
15.57%. This was due to the conversion of volatile
matter into more condensed aromatic structures and/or
may burn out which might help in the development of
the porous structure of biochar [43]. The raw OPF had
high volatile matter (86.49%), which was a good
indicator that the biomass is suitable to be used as a
feedstock for the thermochemical process. The
percentage of volatile matter obtained in this study is
closed to those obtained from other studies [11, 31, 11,
31].

Ash content is a vital indicator to determine the
suitability of the biomass as feedstock for the
thermochemical process. The ash content of the raw
OPF in this study is 0.92%, which aligned with
previous studies [11, 31, 44]. The ash content of the
biochar is higher than the raw OPF due to the
accumulation of inorganic material in the biomass after
the volatilisation of carbon, oxygen, and hydrogen
[45]. The fixed carbon content is significantly
increased from 12.59% in raw OPF to 68.34% in OPF
biochar. The ash content of OPF biochar is 13 times
greater than raw OPF; similar trend can be observed in
other studies [28, 36, 38, 46].

Table 2 provides the Carbon (C), Hydrogen (H),
Nitrogen (N), Sulphur (S) and Oxygen (O) content of
both raw OPF and OPF biochar. The C and N content
of the OPF biochar was significantly higher compared
to its original biomass. On the other hand, the O and H
content of the biochar is lower than its original
biomass. This may be due to the breakdown of carbon
and functional groups of the biomass during the
gasification which led to the formation of aromatic
functional groups [47]. The O/C and H/C ratio of the
biochar is found to be lower than the biomass, which
indicated the formation of aromatic functional and
reduction of hydrophilicity of the biochar [47], [48].

Table 2. Proximate analysis and ultimate analysis

Proximate Analysis (Yow/w)

Raw OPF OPF Biochar

Moisture content

Ash content

\olatile matter

Fixed carbon

Ultimate analysis (Yow/w)
Carbon (C)

9.95 3.71

0.92 12.38
86.49 15.57
12.59 68.34
41.87 76.97
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Table 3 (cont’d). Proximate analysis and ultimate analysis

Proximate Analysis (Yow/w)

Raw OPF OPF Biochar

Hydrogen (H)
Nitrogen (N)

Sulphur (S)

Oxygen (O)

O/C ratio

H/C ratio

pH

Porous characteristics
BET surface area, m/g
Pore Volume, cm?/g
Average pore size, nm

6.00 2.50
0.33 0.76
0.70 0.39
51.10 19.38
0.92 0.19
1.72 0.39

- 8

- 248.08
- 0.23

- 4.3

Scanning electron microscopy analysis and
Brunauer—-Emmett-Teller surface area analysis
SEM analysis was performed to analyse the
morphology of raw biomass and biochar. Figure 3
shows the morphology of raw material and biochar.
Figure 3 demonstrates a significant change in the
surface of OPF and OPL before and after the
gasification process. In Figure 3 (2), the surface of OPF
is very rough and less pore is visible whereas in Figure
3 (b) the surface of the OPF biochar is smoother than
raw OPF. More pores were visible for OPF biochar.
The formation of pores in the biochar are caused by the
release of volatile matter, decomposition of cellulose
and hemicellulose, which resulted in the complex
structure of biochar with multiple diameters of pore
[47, 49].

BET and BJH analysis were done on the OPF biochar
to analyse its surface area and characteristics of pores.
Table 2 provides the BET surface area, pore volume
and average pore size of OPF biochar. The BET
surface area of OPT biochar was 248.08 m?/g with an
average pore size of 4.3 nm. The OPF biochar can be
classified in the mesopore category as the average pore
size of OPF biochar fell within the range of 2-50 nm.
When compared to other studies, the surface area and
pore volume of OPF biochar found to be higher than
other studies which, on average pores, are lower than

150 m?/g [44, 50, 51]. Compared to commercial
activated carbon (AC), the AC has a larger surface area
and smaller average pore size which leads to high
affinity to low molecular weight compound but is less
efficient in the removal of high molecular weight
compound. The high molecular weight compounds are
commonly present in wastewater after biological
treatments as refractory pollutants. A study conducted
by An et al. [52] proved that a mesoporous lignite
adsorbent was effective in removing refractory
pollutants from biologically treated coal gasification
wastewater. The result of this study is aligned to the
findings from other studies using the same type of
wastewater, similar to the research by Gai et al. [53]
and Xu et al. [54]. The OPF biochar appears to have
the potential to be used as alternative adsorbent to
improve the characteristics of biologically treated
wastewater.
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he surface is rough and less pore

The surface is smoother and
more pore developed

Figure 3. (a) raw OPF (b) OPF biochar

Fourier transform infrared analysis

FTIR analysis was done to determine the functional
group of the biochar’s. Figure 4 compares the FTIR
spectra of both raw materials and biochar produced in
the gasification process. Overall, the spectra between
raw OPF and OPF biochar is different. In Figure 4, the
peak between 3200-3600 cm™ corresponded to the —
OH group with stretch vibration and carboxylic acid
functional group. The presence of broad —OH in the
raw OPF which attributed to the moisture content and
hydroxyl functional group found in lignin,
hemicellulose, and cellulose [54], [55]. The intensity of
the peak decreased after the gasification process. The
reduction of the intensity of the peak indicated that the
removal of moisture and volatile matter contributed to
the porous structure of the biochar [39], [56].
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There is a peak within the band of 2800-3000 cm™
which corresponded to the saturated aliphatic C—H
functional group. This functional group is associated
with the methylene functional group in cellulose [54,
56]. The peak within the band of 1700-1800 cm
represents the C=0 acetyl group associated with the
ester functional group in hemicellulose [55, 57]. This
band diminished after the gasification process due to
the integration of cellulose and hemicellulose. There
are some peaks within the band of 1600-1700 cm™ in
both biomass and biochar. These bands correlated with
the carboxylic acid functional group. However, the
peaks diminished after the gasification process is
aligned with the alkaline pH of the biochar.

The intensity of the peak within the band of 1500-1600
cmis abated. The peaks within this band correlated to
the aromatic hydrocarbon functional group of lignin
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C-C stretching vibration in the aromatic ring [55, 56].
The peaks within the band of 1000-1500 cm™
corresponded to the aliphatic and aromatic functional
groups. The intensity of the peaks was reduced in the
OPF biochar. This might be due to the partial
decomposition of lignin in the raw biomass. The
presence of aromatic aliphatic functional groups in the
biochar will provide the active sites to assist the
adsorption  process and contributes to the
hydrophobicity of the biochar. This can be seen in the
study conducted by Liu et al. [57] on the role of

functional groups in the adsorption of bisphenol A
(BPA) on activated carbon. The study revealed that the
modified AC provided 10% higher removal of BPA
compared to commercial AC. This was due to the
decrease of acidic functional groups in the modified
AC and stronger hydrophobicity than commercial AC
which leads to better BPA adsorption and more water
molecule exchange, which aligns with the findings by
Sidik et al. [58] on the OPL adsorbent with enhanced
hydrophobicity.

3449.39
I

OPF
biochar

2338.61

Raw 3371

%Transmittance

1562.42
1439.45

1087.5
I

1641.19 10394

4000 3600 3200 2800 2400

2000
Wavenumber, cm!

1600 1200 800 400

Figure 4. FTIR spectra of raw OPF and OPF biochar

Adsorption test

The wastewater used in this study was palm oil
secondary effluent (POMSE) obtained from a local
palm mill in Selangor. The POMSE is the effluent
generated from the biological treatment of raw POME
and it was still high in COD. This is a common
problem faced by palm oil mill operators [59]. The
high COD in the POMSE was contributed by the
presence of macromolecules, such as fulvic acid and
humic acid [60]. The initial concentration of COD is
3960 mg/L and the experiment was conducted in batch
modes. Figure 5 and Figure 6 show the reduction of
COD from POMSE by using OPF biochar as an
adsorbent. As shown in Figure 5, there is a significant
reduction of COD from POMSE. After 30 minutes of
contact time with OPF biochar, the COD of POMSE is
reduced from 3960 mg/L to 2100 mg/L. The COD of
POMSE continuously reduced as the contact time with
the OPF biochar increased.

From Figure 6, the maximum removal of COD is 64%,
in which it is achieved after 24 hours of contact time.
When compared to other studies, the biochar produced
in this study can provide better removal of pollutants
than other alternative adsorbent which on average can
only provide 55% removal of pollutants [44]. Other
than that, the performance of the OPF biochar in this
study was comparable to the coconut-based activated
carbon produced in the study conducted by Parveen et
al. [61]. After 24 hours of contact time, the removal of
COD from POMSE is constant. This is due to the
unavailability of active adsorption sites on the OPF
biochar [62], [63]. By comparing to the research
conducted by Razali et al. [64] using oil palm trunk
(OPT) biochar, the OPF biochar provided better
removal of COD than OPT biochar. This might be due
to the differences in characteristics of the biochar. In
comparison, the surface area of the OPF biochar is
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higher than the OPT biochar. Other than the surface
area, the OPF biochar has a higher pore volume

compared to OPT biochar which is in line with the
surface area of the biochar.
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Figure 6. Percentage removal of COD from POMSE

Conclusion
The gasification process proves that other valuable and
functional products (biochar) can be produced by using
OPF, which is currently used as mulching and
fertiliser. This study discovered that gasification
biochar that was specifically produced from raw OPF
has the potential to be used as adsorbents in wastewater
application treatment. The biochar from the
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gasification process can be used as soil conditioning
and in wastewater treatment as an adsorbent due to its
unique characteristic, low moisture content, low ash
content and high fixed carbon content. The OPF
biochar produced from this study has a large surface
area and high total pore volume which can be
potentially used as alternative adsorbent in the
adsorption process. The high carbon content and the
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presence of carbonyl compound and aromatic rings in
the biochar provide active sites that aid the adsorption
process. It was proven that OPF biochar can provide
more than 50% removal of pollutants from the
wastewater tested in this study compared to other
biochar produced in other studies.

A further study should be done on the application of
biochar as an adsorbent for wastewater application.
Further research on the factors and the kinetic of
adsorption using this gasification biochar should be
conducted to gain more understanding on the
mechanism involved in the adsorption process by using
gasification biochar.
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Abstract

In this study, the banana trunk-derived activated carbon (BTAC) used was prepared via zinc chloride (ZnClz) activation. BTAC
is used as an adsorbent to remove methylene blue (MB) from the aqueous solutions. The BET surface area, total pore volume
and pore diameters of the BTAC were 1329.5 m?/g, 1.16 cm®/g and 3.8 nm, respectively. The effect of adsorbent dosage, initial
concentration, contact time and solution pH were studied in batch experiments. The experimental data were analyzed by
Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich (D-R) adsorption isotherms model. Data analysis study via RMSE
and y? analyses suggested that Temkin isotherm model was the best fitted with the adsorption of MB on BTAC. The maximum
monolayer adsorption of MB onto BTAC was calculated to be 217 mg/g. Kinetic parameters were evaluated based on pseudo-
first-order (PFO), pseudo-second-order (PSO) and Weber—Morris intraparticle diffusion (IPD) kinetic models. The regression
results showed that a PSO model is more accurately representing the adsorption kinetics. While the plot of q: versus t¥2 for the
IPD model represented multi-linearity and proved that the adsorption processes occurred more than one step. Thermodynamics
parameters were determined between temperatures of 25 to 40 °C. The AG® and AH° values were negative and the overall
adsorption process was determined as spontaneous and exothermic. While the positive value of AS® proposed good affinity of the
MB molecules toward the BTAC. The results from this study suggested that BTAC could be a viable adsorbent in managing
higher concentrations of dyes from water and wastewater.

Keywords: adsorption, activated carbon, methylene blue, isotherm, kinetic
Abstrak
Dalam kajian ini, karbon teraktif daripada batang pisang (BTAC) yang digunakan telah disediakan melalui pengaktifan zink

klorida (ZnCl2). BTAC telah digunakan sebagai penjerap untuk menyingkirkan metilena biru (MB) daripada larutan akueus.
Keluasan permukakaan BET, jumlah isipadu dan diameter liang pori bagi BTAC masing-masing adalah 1329.5 m?/g, 1.16 cmq/g
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dan 3.8 nm. Kesan dos penjerap, kepekatan permulaan, masa kontak dan pH larutan dilakukan secara eksperimen kelompok.
Data ekperimen telah dianalisa menggunakan model Langmuir, Freundlich, Temkin dan Dubinin—Radushkevich. Analisa data
kajian melalui RMSE dan y? mencadangkan bahawa model isoterma Temkin adalah yang paling sesuai dengan penjerapan MB

pada BTAC. Penjerapan lapisan-mono maksima MB kepada BTAC dikira sebagai 217 mg/g. Parameter Kinetik telah dinilai
berdasarkan model kinetik pseudo-pertama (PFO), pseudo-kedua (PSO) dan resapan intrazarah (IPD) Weber—Morris. Hasil
regresi menunjukkan bahawa model PSO lebih tepat mewakili kinetik penjerapan. Sementara plot g: melawan t“2 untuk model
IPD menunjukkan garisan linear yang pelbagai dan membuktikan bahawa proses penjerapan berlaku lebih daripada satu langkah.
Parameter termodinamik telah ditentukan di antara suhu 25 hingga 40 °C. Nilai AG® dan AH° adalah negatif, maka keseluruhan
proses penjerapan telah ditentukan sebagai spontan dan eksotermik. Sementara itu, nilai positif bagi AS® mencadangkan bahawa
pertalian yang baik diantara molekul MB terhadap BTAC. Keputusan dari kajian ini mencadangkan bahawa BTAC mampu
menjadi penjerap yang berkesan dalam menguruskan kepekatan pewarna yang lebih tinggi dari air dan air sisa.

Kata kunci: penjerapan, karbon teraktif, metilena biru, isoterma, kinetik

Introduction

Wastewater effluent that contains dyes is a typical and
one of the major causes of environmental pollution.
The presence of dyes in the industries effluent poses
the most prominent problem since they are toxic and
the recalcitrant nature of dyes [1]. Typical biological
wastewater treatment plants cannot eliminate toxic
pollutants such as dyes since they were purposely
designed for organic and nutrient removal. Methylene
blue (MB) is an example of dye that is commonly used
in industry. MB is a heterocyclic aromatic chemical
compound. Thus, MB is highly toxic, carcinogenic and
its degradation process is difficult [2]. Therefore, MB
containing effluent must be treated appropriately
before discharge.  Previously, various advanced
oxidation methods have been introduced to treat dyes
polluted water, such as ozonation [3], photocatalyst [4]
and electrochemical treatment [5]. However, oxidation
or degradation of dyes might contribute to the
secondary pollutants. The other methods that have been
employed include reverse osmosis [6], coagulation-
flocculation [7], membrane filtration [8], ion
exchange[9] and adsorption [10]. Among these
methods, adsorption is a well-known and applicable
method of removing dyes contaminant water. In
addition, the adsorption process has emerged as a cost-
effective, efficient, and environmentally friendly
method of dye removal [11].

Recently, there are a variety of absorbents have been

introduced to treat dyes such as bio-composite [12],
nanoparticles [13], graphene oxide [14], forest wastes
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[15], polystyrene foam [16] agriculture waste [17].
Based on the current scenario, activated carbon (AC) is
the best adsorbent to treat textile effluent. Previously,
the preparation of AC by using low-cost precursor
from agriculture waste such as dates stone [18],
ashitaba waste [19], banana peel [20], almond and
walnut shells [21] have been employed extensively as a
new precursor in the production of AC. Most of the
mentioned researchers claimed that abundance and
continuous availability of the agriculture biomass are
the key motivation of their precursor selection. In
addition, the treatment and reuse of agriculture
waste should be implemented efficiently to obtain its
valorization and  achieve  sustainable  waste
management [22].

In Malaysia, biomass derived from agriculture such as
banana plantation is gaining increasing attention.
Banana widely planted in tropical country such as
Malaysia, thus it is not surprising that it is the major
biomass source. Instead of burning and disposing
naturally as an organic fertilizer, a better way would be
converting them into AC. Thus, this study used banana
trunk as a precursor to prepare AC. During preparation
of AC via chemical activation, the lignocellulosic
precursor is treated primarily with a chemical agent,
such as HsPO4, H2SO4, HNO3, NaOH, KOH, or ZnCl,.
According to Lewoyehu [23], during the activation
with ZnCl, the cellulosic material will be degraded,
results in charring and aromatization of the carbon
skeleton and creation of the pore structure. Hence,
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produced AC with high surface area and good
adsorption capacity.

However, in order to treat water-containing dye via
adsorption requires a deeper understanding especially
on the effectiveness of the adsorbent towards the
adsorbate. Therefore, the objective of the present work
is to introduce BTAC as an adsorbent and to examine
its effectiveness in removing MB from aqueous
solutions. The effect of adsorbent dosage, initial
concentration, contact time and solution pH were
studied in batch experiments. The experimental were
analyzed by Langmuir, Freundlich, Temkin, and
Dubinin-Radushkevich (D-R) adsorption isotherms
model. Kinetic parameters, rate constants, equilibrium
adsorption  capacities, and related correlation
coefficients were evaluated based on pseudo-first-order
(PFO), pseudo-second-order (PSO) and Weber—Morris
intraparticle  diffusion  (IPD)  kinetic  models.
Thermodynamics parameters such as AG°, AH°, and
AS° have also were evaluated.

Materials and Methods

Materials

In this study, the adsorbent used was BTAC with
particle size <215 um, which was obtained from our
previous study [24]. The BTAC was prepared from the
banana trunk and activated with ZnCl; at a temperature
of 640 °C. All the chemicals used in this study were of
analytical reagent grade unless otherwise stated. The
adsorbate used is a cationic dye, namely methylene
blue (Sigma Aldrich, Germany). The physicochemical
information of BTAC and MB were shown in Table 1.
MB adsorption data was used to obtain adsorption
isotherms, kinetic and thermodynamic study. Stock
solution of MB (1000 mg/L = 1000 ppm) was prepared
by dissolving 1 g of MB into 1 L distilled water. The
stock solution was further diluted with distilled water
to obtain the desired concentrations of MB in the range
of 75 to 125 mg/L.

Table 1. Physicochemical information of BTAC and MB[20]

Banana trunk derived activated carbon (BTAC)

Textural properties

Ultimate analysis (wt.% dry basis)

BET surface area (m?%g) 1329.5 Carbon (wt%) 84.1
Mesopore surface area (m?/g) 1152.6 Hydrogen (wt%) 2.1
Micropore surface area (m?/g) 176.9 Nitrogen (wt%) 3.7
Total pore volume (cm®/g) 1.16 Sulfur (wt%) 0.2
Pore diameter (nm) 3.83 Oxygen (Wt%) 9.9
Physicochemical properties Proximate analysis (wt.% dry basis)
Bulk density (g/cm®) 0.6 Volatile matter (wt%) 25.1
lodine number (mg/g) 819.03 Fixed carbon (wt%) 74.7
PHpzc 3.7 Ash (wt%) 0.2
Methylene blue (MB)
Commercial name Methylene blue
/N Chemical name Methylthioninium chloride
Empirical formula C16H1sCIN3S
~ N /@SD\ N -~ Molar mass 319.85 g/mol
| ) | CAS number 61-73-4
Cl
Structure formula of MB Amax 664 nm
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Batch adsorption study

The batch adsorption procedure was utilized to
investigate the uptake of MB from aqueous solution
onto BTAC. For the effect of adsorbent dosage,
various dosage of BTAC ranging from 0.01 to 0.13 g
was added into 250 mL Erlenmeyer flasks containing
100 mL of 150 mg/L MB concentration. The influence
of initial concentration was explored using seven
different concentrations from 50 to 150 mg/L MB
solution. While the effect of contact time was
determined from initial until equilibrium contact time
is reached (5 to 360 min). The solution pH was varied
from 5.0 to 8.0 with constant another adsorption
parameter. The samples were then shaken at isothermal
temperature (25 +2 °C) at 125 rpm in an incubator
shaker. Each experiment was conducted with two
replications. Then, the samples were taken out and
filtered through a 0.45 um nylon membrane before
analysis to minimize the adsorbent's interference. After
that, the filtered solutions were analyzed for MB
uptake analysis by UV-visible spectrophotometer at
664 nm, which is the maximum absorption peak of
MB. The adsorption capacity of MB in the aqueous
solution was calculated by using Eq. (1) as follows:

q.=[(C, -CIV]/M M

where C. (mg/L) and C, (mg/L) respectively represent
the equilibrium and initial concentration of adsorbate,
adsorbent mass is denoted by M (g), and solution
volume is V (L). The isotherm parameters of the
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Langmuir and Freundlich, Temkin and Dubinin-
Radushkevich models were investigated using batch
experimental adsorption data at various C, studied. For
the kinetic studies, the experiments were carried out
similarly as described above. Approximately 2 mL of
MB solution was withdrawn at specific time intervals
using a plastic syringe. The MB concentration in the
liquid phase (C:, mg/g) was analysed as a function of
contact time (t). The adsorption capacity (ge) was
calculated using Eq. (2):

q.=[(C, -CHVI/M @)

where g is the amount of MB adsorbed per unit weight
of adsorbent at any time t (mg/g); C, and C; are the
initial and liquid-phase concentrations of the adsorbate
solution at any time t (mg/L), respectively; V is the
volume of the solution (L); and M is the weight of the
sorbent used (Q).

The thermodynamic studies were performed similarly
as adsorption equilibrium study. The adsorption
temperatures were varied from 25, 30, 35 and 40 °C
(x2 °C). These experiments were carried out in
incubator shaker at shaking rate of 125 rpm. The
BTAC dosage and MB concentration was fixed at 0.05
g and 125 mg/L, respectively. The adsorption capacity
of MB in the aqueous solutions was calculated by using
Eg. (1). All isotherm, kinetic and thermodynamic
studies were fitted with the experimental data using
their linear equations which were shown in Table 2.
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Table 2. The equations of isotherm, kinetic and thermodynamic studies

Parameters Equation Nomenclature
. Ce/0e = YKLt + Ce/Um
Langmuir R.= (1 +K,C,) (3)
- Lo . = amount adsorbate quilibrium (mg/g)
(.= amount adsorbate retained at time (mg/g)
Freundlich In(g,) = In(Kg) + /nIn(C,) (4) 0., = monolayer adsorption capacity (mg/g)
t = time (min)
_ ) k,= PFO rate constant (1/min)
Temkin 9= BIn(Kr) +BIn(C,); (5) k,=PSO rate constant (g/mg.min)
B=RT/b; ko= IPD rate constant (mg/g/min®*®)
In (qe): In (qs ) —BSZ : C; = thickness of the boundary layer (mg/g)
Dubinin- e=RTIn[1+1/C,;
Radushkevich E= 1/ @ ©)
Pseudo first In (qe — Qt) =1In(g,) — Kt @) C, = thickness of the boundary layer (mg/g)
order (PFO) K| = Langmuir adsorption equilibrium constant (L/mg)
C. = equilibrium concentration (mg/L)
C, = initial concentration (mg/L)
Prewdosecond /o= (ki) * e gy
order (PSO) K= Freundlic adsorption capacity constant (L/g)
b; = Temkin isotherm constant (mg/L)
R = gas constant (8.314 J/mol.K)
Intraparticle 0= kpt*® + C; (9) T =absolute temperature (K)
diffusion (IPD) g,= DR adsorption capacity (mg/g)
¢ = Polanyi potential
B = constant related to adsorption energy (mol?/kJ?)
E = free energy (kJ/mol)
InKp =~ AGO/RT . kp = adsorption equilibrium constant (I/mg)
Thermodynamic  InK, = (AS°/R)~(AH°/RT) " (10)  AGe= free energy (kJ/mol)

AG® = AH°-TAS°®

AH°= change in enthalpy (kJ/mol)
AS°= change in entropy (J/mol.K)

Results and Discussion
Effect of adsorption parameters on MB removal
In this study, the preliminary experiments to explore
the effect of several adsorption parameters were done
by batch adsorption technique. For batch adsorption,

the BTAC is mixed with the MB solution in an agitated
vessel for specific time. The effects of adsorbent
dosage, initial concentration, contact time and solution
pH on adsorption efficiency were presented and
described in the following subsections.
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Effect of adsorbent dosage

Adsorbent dosage is an important parameter that
affects the adsorption performance. This parameter is
essential to observe the maximum adsorption with the
minimum promising amount of adsorbent [25]. The
effect of adsorbent dosage was studied by added
different adsorbent dosage (0.01 to 0.13 g) into 100 mL
of 150 mg/L MB concentrations under. Figure 1(a)
shows the adsorption capacity and percentage removal
of MB as a function of the BTAC dose. Adsorption
capacity and percent removal of MB increased sharply
as the BTAC dose increased from 0.01 to 0.05 g.
However, an opposite trend was observed with the
additional increased of BTAC dosage beyond 0.05 g. It
was noticed that the adsorption capacity of MB start to
reduce gradually from 224 to 115 mg/g. Similar trend
reduction of adsorption capacity with additional
increased in adsorbent dosage were observed by Xue,
et al. [19], Muniyandi, et al. [10] and Fan, et al. [26].

250 : : 120
A Adsorption capacity B1% Removal
o~ g
of
3 200 | 100 _
E _ 3
=y : - 80 =
é 150 - 2
L =
) 60 z
- Rt
5 100 =
E B 40 =}
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0 0
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@
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While the percentage removal was further increased
and reached approximately 100% and did not show any
significant MB removal as the BTAC dosage beyond
0.09 g. The opposite relationship between adsorbent
dosage and removal of the MB was explained by the
existence of a greater number of available sorption
sites on adsorbent surface as described by Saif Ur
Rehman, et al. [27]. They claimed that the
concentration of adsorbate is fixed against an
increasing adsorbent dose. Thus, the MB per unit mass
of BTAC decreased leaving a number of active sites
uncovered at high dosage, subsequently leads to a low
adsorption capacity. Hence, considering minimal
dosage with the highest adsorption capacity, 0.05 g
BTAC dosage was selected as the optimum adsorbent
dosage and used for subsequent experiments to study
the influence of initial concentration, contact time and
solution pH.
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Figure 1. (a) effect of adsorbent dosage (b) effect of initial concentration, (c) effect of contact time and (d) effect of

solution pH on the adsorption of MB dye

Effect of initial adsorbate concentration

Initial adsorbate concentration is another important
parameter for adsorption study. Figure 1(b) shows an
opposite trend of the adsorption capacity and
percentage removal of MB as a function of initial MB
concentration. Similar observation was reported
previously for MB removal by using different type of
adsorbent including modified lignocellulosic materials
[28]. As per Figure 1(b), the adsorption capacity
increased from 98 to 252 mg/g when the initial MB
concentration increased from 50 to 200 mg/L. Higher
adsorption capacity at high initial concentration is due
to the generation of significant driving forces caused
by a pressure gradient as explained by Benhouria et al.
[29]. However, the percent MB removal gradually
decreased from 99 to 54% for a similar increase in MB
concentration. This observation related to the at low
concentration [30]. This results clearly indicated that
the adsorption process is highly dependent on the
initial concentration of the solution. Based on the
results, MB concentration of 125 mg/L was selected as
an optimum concentration as the adsorption capacity
was 207 mg/L with the percent removal of 83%,
located in the middle of the graph. Thus, this initial
concentration was adopted for the next experiment.

Effect of contact time

The influence of contact time (5 to 360 min) on
adsorption capacity and MB percent removal is
presented in Figure 1(c). Both adsorption capacity and
percent removal increased as the function of contact
time. When the contact time was approximately 360
min (6 h), the adsorption efficiency reached 92% with
301 mg/g adsorption capacity. It was noticed that the
adsorptive removal of MB underwent two stages.
During the first stage (within 60 min), the adsorption of
MB increased quickly, followed by a slow adsorption
stage during which adsorption capacity increased
gradually. No further changed observed after 360 min
which can be related to adsorption process reached the
state of adsorbent—adsorbate equilibrium. This findings
suggesting that high attraction existed between MB and
the surface of the BTAC and the MB adsorption
occurred mainly on the surface at the beginning as
described by Li et al. [31]. However, with further
extended the contact time, limited surface-active sites
were accessible. Therefore, only a minor increase in
the adsorption capacity and MB percent removal were
observed and this finding mostly due to internal surface
adsorption Maneerung et al. [32]. This finding
suggested that significant contact time was needed for
the adsorbate to diffuse into adsorption sites surface
and internal pores of the adsorbent as mentioned by
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Jawad et al. [33]. As no further improvement in term of
adsorption capacity and MB percent removal were
noticed after 360 min, therefore it was determined as
an equilibrium contact time between MB and BTAC
and was used as a contact time for isotherm study.

Effect of solution pH

The effect of pH on the removal of MB has been
investigated. Solution pH was a key factor affecting
ionic dyes (anionic or cationic) adsorption because the
pH primarily influenced the surface charge on the
adsorbent [34]. The adsorption experiment of MB
onto BTAC was performed in 5.0 to 8.0 pH range,
at controlled temperature of 30 °C for 360 min.
Figure 1(d) shows the adsorption capacity and removal
efficiency of MB by BTAC under different pH. It was
notice that the adsorption capacity was lowest at pH
5.0 (174 mg/g) and the maximum adsorption capacity
of the dye was achieved at pH 6.5 (371 mg/g). Similar
trend was observed for percentage removal of MB. At
the lowest pH (at pH 5.0) the MB removal efficiency
was less than 60%. It showed that lower pH does not
favour the uptake of cationic dye from the system and
leads to electrostatic repulsion. This can be explained
as dissolving MB in water results in having positively
charged ions in the solution, thereby the positively
charged surface of the adsorbent tends toward
competing with the adsorption of the MB [35].
However, when the pH increased to 6.5, the MB
removal efficiency increased up to 91% due to the
decrease in electrostatic repulsion between the
positively charged MB and the surface of the BTAC.
While with further increase of pH to 7.0, removal
efficiency reduced to 85% and no significant changes
noticed as the pH increased from 7.0 to 8.0. According
to Banerjee and Chattopadhyaya [36], change in pH
affects the adsorptive process through the dissociation
of functional groups on the adsorbent surface that tends
to shift in equilibrium characteristics of the adsorption
process. The present findings were supported by earlier
reteaches who have reported the removal of MB onto
waste carpets derived AC [34] and . Thus, the solution
pH of 6.5 was selected as the optimum conditions for
adsorption of MB on the surface of the investigated
adsorbents.

391

Isotherm study

In order to study the adsorption behavior of MB in
detail, the data for equilibrium adsorption isotherms
were fitted into several isotherm models such as
Langmuir, Freundlich, Temkin and Dubinin-
Raduskevich. The parameters obtained in the isotherm
equation and a determination coefficient (R?) were
listed in Table 3. According to the linear regression
(R?) analysis method, it was observed that the values of
the correlation coefficients were slightly high (>
0.9300). Thus, it showed that the results fit these four
models very well. Based on the value of R? the
Langmuir isotherm model was the best fit with the
adsorption equilibrium data with R?=0.9998. However,
according to Misran et al. [2], R? is not adequate to
depict the applicability of the models to the
experimental data. Hence, a comparison was exhibited
between the calculated adsorption capacities at
equilibrium (ge) from the applied models and the
experimental values. Further analysis of the isotherm
data based on root-mean-square error (RMSE) and chi-
square (x?) analysis showed that the Temkin isotherm

model given the lowest values for RMSE and y?2

analyses. Therefore, Temkin isotherm model was
selected as the best fits with the adsorption of MB onto
BTAC since it demonstrates better agreement with the
experimental data.

Based on the Langmuir isotherm model on the linear
Eg. (3), the isotherm parameters, K. and maximum
adsorption capacity, qm can be determined from the
slope of the plot C./ge vs. Ce. In the conditions studied,
the maximum adsorption capacity at monolayer
coverage (Qm) was 217.4 mg/g. While the calculated R
values for the selected range of concentration studied
were in the range of 0.0045 to 0.0133. These values
were greater than zero showing favorable adsorption of
MB onto BTAC. Previous study, Ezechi et al. [37] and
Fan et al. [26] claimed that for favorable adsorption, O
< RL < 1; unfavorable adsorption, R. > 1; linear
adsorption, R, = 1; and adsorption process is
irreversible if R, = 0. For the Freundlich isotherm
model, the values of n and Kg can be calculated from
the plot of In ge vs. In Ce using Eqg. (4). Based on the
equation, the values of n and Kr were 6.9396 and 134.8
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L/g, respectively, with R? =0.9797. Temkin isotherm
represents the quantity of heat needed for the
adsorption by one layer of adsorbate on the surface of
the adsorbent [38]. Temkin isotherm constants were
determined from the slope and intercept from the plot
ge vs. In Ce based on the linear Eq. (5). The value of the
Temkin constant (B) was calculated to be 22.13 J/mol.
The value of B was greater than 1 indicates an
exothermic process [39]. While br and Ky were
calculated to be 1119 mg/L and 569.2 L/g,
respectively. The positive value of by proved that the
adsorption process was exothermic [35]. Ahmad et al.
[40] also observed comparable results for the
adsorption study of synthetic dyes removal using
pomegranate peel AC. The Dubinin-Radushkevich
adsorption isotherm is generally applied to express the
adsorption mechanism with a Gaussian energy
distribution onto a heterogeneous surface. Based on the
Eg. (6), the theoretical saturation adsorption capacity
(gs) and kag values were calculated to be 172.2 mg/g

and 4x108 mol?/J? respectively. While the value of

adsorption energy (E) was determined as 3.53 kJ/mol.
The value of E was noticed less than 8 kJ/mol implying
that removal of MB by BTAC involves physical
adsorption as reported by Xue, et al. [19]. Magnitude
of E is useful for estimating the mechanism of the
adsorption reaction [38]. Based on the result, it can be
concluded that strong physical interactions are the
driving force of MB adsorption onto BTAC, an
assumption supported as well by the great value of
saturation adsorption capacity.

The gm value of MB onto BTAC was then compared
with the adsorption capacities of ACs as prepared by
various agriculture waste as listed in Table 4. This
comparison data clarified that the BTAC is a highly
effective adsorbent due to its high surface area and
good adsorption capacity for MB dye removal from
aqueous solution.

Table 3. Langmuir, Freundlich, Temkin and Dubinin—Radushkevich constants for MB adsorption

Langmuir Freundlich Temkin Dubinin-Radushkevich
am (Ma/q) 217.4 n 6.9396 B (J/mol) 22.13 0s (ma/q) 197.2
Ko(L/mg) 14838  Ke(L/g) 1348 F(TT((T%)L) éé;i Ed( lim;/f;) g;g§1°'8
R? 0.9998 R? 0.9797 R? 0.9671 R? 0.9304
RMSE 23.22 RMSE 11.60 RMSE 7.72 RMSE 14.48
X 37.72 X 458 X 2.27 e 5.74

Table 4. Comparison of MB adsorption capacities by different activated carbon materials

Raw Materials Surface Area (m?/g) MB gm (mg/g) References
Banana trunk 1329.5 217.0 This study
Ashitaba biomass 1505.4 3235 [19]
Sugarcane bagasse 709.3 136.5 [33]
Mangosteen peel 1832.0 871.5 [41]
Myristica fragrans shell 1462.0 346.8 [22]

Fox nutshell shell 2869 249.8 [42]
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Kinetic study

In this study, pseudo-first order (PFO) and pseudo-
second order (PSO) were used to examine the
experimental adsorption data, such as the examination
of the controlling mechanisms of the adsorption
process (chemical reaction, diffusion control, and mass
transfer). The parameter data of the PFO and PSO can
be determined from the slope and intercept of plot In
(ge— qv) against t and plot t/g; against t by the linear Eq.
(7) and (8), respectively. The parameters obtained in
the PFO and PSO equations, together with their R? and
Qe.cal IS listed in Table 3. It was found that the plots In
(de— qi) against t (Figure 2(a)) give a less linear
relationship and subsequently contribute to the low R?
values. In addition, the experimental and calculated
values of ge showed a significant difference. These
results indicate that the experimental data do not agree
with PFO kinetic model.

On the other hand, plot t/g: against t (Figure 2(b))
showed a linear relationship. The R? value (~0.999) for
the PSO kinetic model was relatively higher than the
PFO. Moreover, the Qe ca Values derived from the PSO
model were slightly close to the geexp value. Thus, these
results suggest that the PSO model provided a good
correlation for the adsorption of MB onto BTAC. Most
previous studies also report PSO Kinetics for
adsorption, such as the adsorption of MB onto forest
wastes [15], methyl orange onto pumpkin seed powder
[43], and adsorption of reactive orange by iron oxide
nanospheres [44]. The PSO kinetic model also verified
that the chemisorption was the rate-controlling step
over the whole adsorption process [45].

The IPD model was also tested because the PFO and
PSO kinetic models cannot identify a diffusion
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mechanism [46]. Intraparticle models parameters (kKip
and C) were calculated from the slope and intercept of
plot g vs. tY2 and summarized in Table 5. As shown in
Figure 2(c), plots of g vs. t¥2 present multi-linearity,
thus indicating that more than one step occurs during
the adsorption of MB onto BTAC. Similar patterns
have also been obtained by Kumar and Jena [42] and
Bedin et al. [47] . According to Shin and Kim [46], the
first portion is the fast adsorption or external surface
adsorption stage, where adsorbate (MB molecules)
migrates through the solution to the exterior surface of
the adsorbent (BTAC) particles (Stage ). This portion
was attributed to bulk diffusion. The second portion is
the gradual adsorption stage, where MB molecules
move within the particles (Stage I1). This portion is due
to intraparticle diffusion. The third portion is the final
equilibrium stage, where the MB molecules are
adsorbed at sites on the interior surface of BTAC
(Stage I11). Moreover, the observed multi-linearity also
suggests that intraparticle diffusion is not the rate-
limiting step [48]. It was observed from Table 5, the
value of kip1 and Kkipz increase with increasing MB
concentration from 75 to 125 mg/L. In addition, at
constant MB concentration, the values of kip:1 were
found larger than kip2. In other words, the adsorption
was rapidly at the initial stage and became slower
beyond this stage and no more adsorption occurred
when achieving the equilibrium. The magnitude in the
C; pattern with the changes of adsorbate concentrations
was not clearly observed. However, at the second
stage, C, values were noticed to decrease as the
adsorbate concentration increase. The reason behind
this due that higher adsorbent dosage will weaker the
boundary layer effect.
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Figure 2. (a) PFO, (b) FSO and (c) IPD model for the adsorption of MB onto BTAC
Table 5. PFO, FSO and IPD parameters for adsorption of MB onto BTAC
Kinetic Model
Concentration Qe.exp Pseudo First Order Pseudo Second Order
(mg/L) (mg/g) Qe,cal k1 R2 Qe,cal k2 R2
(malg) (1/min) (mg/g)  (g/mg.min)
75 205.4 62.8 0.0121 0.8841 208.3 0.0010 0.9998
100 255.8 106.5 0.0087 0.8740 250.0 0.0005 0.9992
125 316.2 1354 0.0071 0.8345 3125 0.0003 0.9984
Intra-Particle Diffusion Model
Concentration Kioy C, Kiba C,
(mg/L) 05 R? 05 R?
(mg/g.min®*) (mg/g) (mg/g.min®%) (mg/g)
75 28.722 49.421 0.9978 5.515 139.9 0.9565
100 35.816 33.619 0.9936 9.192 136.3 0.9710
125 36.448 40.151 0.9767 19.173 98.0 0.9957
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Thermodynamic study

The slope and the intercept of the plots of In Kp versus
1/T using the Van’t Hoff plot (figure not shown) are
used to determine the AH® and AS° values. From the
values of AH® and AS°, AG® can be calculated using
Eqg. 10. According to the data presented in Table 6,
Gibbs free energy (AG°) values for MB were in
between -25.83 and -26.34 kJ/mol as the temperature
rose from 25 to 40 °C. These negative AG® values
indicate that spontaneous sorption takes place. In
addition, the value of AG®° was observed to increase
(less negative) with decreasing temperature, suggesting
rapid and more spontaneous adsorption at lower
temperatures. In addition, the calculated AH® value was
-15.57 kJ/mol. The negative value of AH® for the
adsorption process indicates that the adsorption was an

exothermic process [15]. Furthermore, these results
indicate weak attraction forces between the adsorbate
and the BTAC. The low value of AH® (less than 40
kJ/mol) implies loose bonding between the adsorbate
molecules and the adsorbent surface. In the case of
entropy (AS°®), it was found to be 33.87 J/mol.K. The
positive value of AS° resulted from the increased
randomness due to the adsorption of MB, which
suggested good affinity of the solute molecules toward
the BTAC and increased randomness at the solid-
solution interface during the fixation of MB molecules
on the active site of the BTAC. A similar finding was
also reported by Alver et al. [12] for the adsorption of
methylene blue on magnetic alginate/rice husk bio-
composite.

Table 6. Thermodynamic study for adsorption of MB

Temperature Kad AG° AH® AS°
°C (L/g) (kJ/mol) (kd/mol) (J/mol.K)
25 28.48 -25.83
30 25.51 -26.00
35 23.54 -26.17 -15.57 33.87
40 21.16 -26.34
Conclusion that BTAC could be a viable adsorbent in managing

The present investigation revealed that BTAC is a
promising adsorbent to remove MB from aqueous
solutions. The equilibrium data fitted well to Langmuir,
Freundlich, Temkin and Dubinin-Radushkevich
isotherm models. Based on error analysis study via
RMSE and y? analyses, Temkin isotherm model was

the best fitted with the adsorption of MB on BTAC.
Maximum monolayer adsorption based on Langmuir
was calculated to be 217.4 mg/g. Thermodynamic
parameters such as free energy changes (AG°),
enthalpy (AH®) and entropy (AS°) were evaluated
between temperatures of 25 °C and 40 °C. The AG®
was noticed progressively decrease from -25.83 to -
26.34 kJ/mol as the temperature increase. The AH® and
AS° values were found to be -15.57 kJ/mol and 33.87
J/mol.K respectively. The results showed that the
overall adsorption process was exothermic and
spontaneous. The findings from this study suggested
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higher dye problems associated with textiles industries
effluent.
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Abstract
This review explores the contributions of natural resources with diverse disciplines which offers the insights into the design of
greener chemical analysis. The discussion was focused on the published works in our group where a diverse range of natural
reagents used in the determination of various environmental analytes has been highlighted, aiming to discuss the initiatives and
applicability of the usage of alternative natural reagents and substitute synthetic methods in optimizing analytical processes,
which in turn would lead to cost-effective and time-efficient in handling analytes assay. By exploring the potential of natural
reagents, the sustainability in green chemical analysis could be promised in coming near future, especially in convincing for the
talent and challenge for ASEAN in this new normal chemical analysis.

Keywords: green analytical chemistry, natural reagent, natural material, local wisdom, sustainable chemistry

Abstrak

Ulasan ini membincangkan sumbangan reagen semula jadi dalam pelbagai disiplin ilmu yang dapat memberikan gambaran
mengenai analisis kimia hijau. Perbincangan in fokus kepada penerbitan yang telah diterbitkan oleh kumpulan kami di mana
beberapa jenis reagen semula jadi yang digunakan dalam penentuan pelbagai analit persekitaran akan diutamakan, bagi
membincangkan inisiatif dan penerapan penggunaan reagen semulajadi alternatif dan kaedah sintetik gantian dalam
mengoptimumkan proses analisis, supaya analisis dapat dikendalikan secara kos efektif dan cekap masa. Dengan menerokai
potensi reagen semula jadi, kesinambungan dalam analisis kimia hijau akan dapat dijanjikan dalam masa terdekat terutamanya
dapat memberikan keyakinan dalam bakat dan cabaran di ASEAN dari segi analisis kimia di norma baru ini.
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Introduction

Green chemistry concept was first devised in the early
of 1990s, which is practically about 30 years ago [1, 2].
This concept is laid on the foundation of twelve
principles for green chemistry which can be described
as ecological approaches in molecules and materials
making, reactions, and processes that are meant to
provide a safer human health with the effort in
minimizing or removing the use and production of
harmful constituents. Evolving from here, green
analytical chemistry has adopted the green chemistry’s
twelve principles to focus on the development of
analytical methodologies and techniques with greater
commitment in preservation of the environment and
safety of operators. These two concepts, the green
chemistry, and the green analytical chemistry, are
closely associated with sustainable chemistry, which is
the scientific notion that strive for efficiency
improvement in natural resources utilization as to
fulfill the human needs and requirement for chemical
products and services. Sustainable chemistry
encompasses the design, manufacture and use of
efficient, effective, and more environmentally benign
and friendly on chemical products and processes. This
also serves the United Nations Sustainable
Development Goals (UN SDGs) on the universal call
to act in protecting the planet by integrating balance in
between development involving social, economic, and
environmental sustainability [3].

Having said that, a global consensus on how to assess
and appraise the greenness of an analytical method has
not yet been achieved, but several green metric tools
have been proposed towards this goal [4]. Apart from
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the development in experimental techniques and
instrumentation designs, which both are crucial for
quality improvements in chemical analyses; efforts and
attempts are being made to reduce or minimizing the
undesirable impact of chemical analyses on the
environment, and to enable sustainable development
principles being embedded and implemented within
analytical laboratories. As shown in Figure 1, the
current trend in analytical practices is depending on
high-performance instruments which emphasize on
sensitivity, selectivity, and precision. Such laboratory
design and set-up always required skillful human
resource, and utilize enormous amounts of chemicals,
solvents, as well as energy [5]. The similar practice
was applied in almost all academia institutions in
developed countries as well as for the laboratories
setting in industry, where most of them rely on high-
end instruments to generate most of the analytical
information which applicable for process control, or
environmental conditions assessment and evaluation
[6]. Nevertheless, despite the capability of such
designed-laboratories, there is an urgent need for
simple indicator-type sensors in market that able to
offer adequate precision and specificity, easy to handle
thus do not require trained personnel, and while during
operation, little or no waste generation thanks to
volume minimization, which in return consume
negligible amounts of energy or none, and still capable
to obtain chemical information from the point-of-care,
including on-site process analysis for the widest use.
Such sensor characteristics would also link to cost-
effective operation.
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high performance methods with maximum sensitivity,
selectivity and precision; highly skilled personal; consume
large amounts of chemical, solvents and energy

sufficient specificity and accuracy: trained personal;

reliable real-time monitoring and testing methods with
consume small amounts of chemicals, solvent and energy

automation, miniaturization, and system integration with
high throughput for multiple tasks.

Huge demand

simple indicator-type sensors; anyone;
wasleless; no energy needed

Trends in research

Figure 1. Comparison of the needs and trends in analytical chemistry. Reproduced with adaptation from [5]

Thus, one of the purposes of green analytical chemistry
is to discover alternative reagents or substitutive
synthetic methods which can reduce or minimize the
usage of hazardous or poisonous chemicals. This
suggestion may at first seem to be counteract to one of
the best adhered principles of analytical chemistry, in
which typically reagents of the highest purity grade are
accounted for minimization of reagent blanks and
impurities interferences. Nevertheless, in some cases
there may be the possibility in replacing or substituting
this highly purified reagents (which contributing to the
costing in analysis) without compromising or
bargaining the success of the assay determination.
Under the typical condition of analytical experiments, a
reagent is normally required in a small amount, or a
crude extract which contains the essential active
reagent are sufficient to get the analysis done. This is
where the use of such natural reagents is highly
desirable attributed to its simplicity in their preparation
as well as the inherent or zero energy and chemical
waste prevention. The ASEAN countries including
Thailand and Malaysia are rich in natural resources.
Utilizing a variety of natural resources existing in this
region for health, chemicals, nutrient tests, and as
natural dyes have been exercised as one of local
wisdoms. Such wisdoms have long been employed in
local peoples for improvement of life quality, for
example using the fermented tea leaf like Miang as
health supplement and snacks [7], which in return
becomes the major source of income and tourism
activities for one of the village in northern Thailand.

Natural dyeing craftsmanship in textile industry has
been kept alive thanks to discovery of various extracts
from local plant such as mangosteen tree (Garcinia
dulcis) [8] which offers bright yellow color, indigo
leaves (Indigofera tinctoria) which contributes the blue
color and coconut barks which attributed to pinkish
brown color [9]. A team of chemists, focusing on the
development of green chemical analysis techniques,
has adapted the wisdoms in modern chemical analyses.
In many parts of Thailand alone, there has been some
regional handling of guava leaves as the sign or as an
indicator towards the presence of iron in ground water.
The appearance of darker color of water upon contacts
with the guava leaves helps local villagers in making
some decisions (or “screening test”, as for today term),
such as whether the water is suitable for cloth washing,
due to the strain that tends to deposited on the cloth,
attributed to the iron presence in the water source; or it
can lead to pre-treatment decisions such as applying
alum into the ground water prior consumed for
drinking or cooking use. This example of local wisdom
has never been published nor any scientific explanation
is available until Settheeworrarit et al. reported the
investigation of natural guava (Psidium guajava L.,
Myrtaceae family) leaf extract as an alternative natural
indicator for quantification of iron using the flow
injection technique [10]. This is just one of the many
examples which showcase on how the natural resources
can work perfectly in applying chemical analysis in
such green analytical approach.
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From the Scopus database, trends in research works
based on keywords “natural reagent” in “chemistry”
have shown an increasing pattern as displays in
Figure 2. This indicates an encouraging direction
among analytical chemist in effort towards green
analytical chemistry which adopted natural reagents as
the active materials in performing assay testing. It is
worth to notice that scientific articles contribution from
our group are sharing the similar development.
Different examples of the use of natural reagents for
derivatization have been published as indicated by the
used database. Natural reagents are consisted of
extracts from various sources including the vegetables,
plant-based, bacteria, or animals that required minimal
treatment (extraction process) and among them, natural
compounds contained in plants were able to distinguish
themselves as the imperative key to green analytical
chemistry initiatives.

Herein in this review, we have pin-pointed the
published works done on natural reagents and
materials, particularly in green analytical chemistry by

our group to discuss its scientific potential as part of
the ASEAN consortium efforts. The scope of
discussion was designed to fortify the geographical
advantages in this southern Asia region where each
country is sharing the similar bioresources that could
be explored further in various scientific exploration as
well as collaboration and networking. One of the
advantages of the reported works here is that it could
help in shorten the needs of screening a vast range of
natural compounds, hence open the opportunity to
adopt the similar plant species for further exploration.
A diverse range of natural reagents used for the
determination of various environmental analytes has
been highlighted, aiming to critically discussed the
initiatives and applicability of the use of such
alternative reagents and alternative synthetic methods
in optimizing analytical processes, as a way to provide
the required information in a manner that is
environmentally friendly, prioritize sustainability with
the least possible consumption of materials, energy,
and generating less or zero waste along the way.

w - wn (=) ~
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NUMBER OF PUBLICATIONS

results from Scopus

Grudpan group
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Figure 2. Number of publications obtained from Scopus database using the keywords of “natural reagent” (m) in

chemistry and with “Grudpan” (m) (searched on 31 August 2021)

Natural reagents used in chemical analysis

Table 1 represents some natural reagents extracts
which can be found in plants that grew in ASEAN
countries. The tropical forests in this region offer a
unique natural heritage which has been evolved for
over a hundred million years, resulting in rich flora and
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fauna with spectacular biodiversity. Currently, these
are in much demand due to their efficacy, safety, and
minimal side effects. Sample treatment which involves
both the extraction of the analytes and the purification
of the sample extract obtained, is still considered the
bottleneck of the entire analytical procedure, despite



Malaysian Journal of Analytical Sciences, Vol 26 No 2 (2022): 399 - 414

much progress on automation and miniaturization has
been accomplished. It is still the most labor-intensive
and time-consuming analytical step, accounting for 60—
80% of the total analysis time. These steps can affect
both, the accuracy and precision, and green analytical
features of analytical methods. Extraction of plant
materials can be done by various conventional and
nonconventional extraction procedures including
maceration, infusion, percolation, digestion, decoction,
Soxhlet extraction, ultrasound-assisted extraction,
turbo-extraction, countercurrent extraction, microwave-
assisted extraction, ultrasound extraction, supercritical
fluid extraction, solid-phase extraction, and column
chromatography. Considering the aforementioned
information, it is easy to imagine that substantial
efforts have been made in recent years to simplify the
overall sample preparation steps and to tailor it to the
green analytical chemistry principles. Major efforts of
scientists have been devoted to miniaturization of the
extraction device; development of new sorbent
materials with advanced properties; reduction and
replacement or elimination of toxic and hazardous
organic solvents; reduction of sample volume and
extraction time, and maximizing extraction efficiency
and selectivity, among others. The natural reagents
reported here can be obtained in a greener approach of
extraction which only involving the use of water and
ethanol as the organic solvent. The extracted chemical
species have shelf-life of up for weeks provided with
proper storage in fridge, thus allowing repeatability of
experiments easily without restriction in chemical
stocks.

Based on previous reported works, the chemical
species which are active to certain analytes are listed.
These active compounds are operating on the principle
of colorimetric, where upon interacts with target
analyte, the color changes will provide information on
types of analytes as well as its concentration range, by
performing the image analyzing via open source (free)
color applications such as ImageJ and Color Grab. It
should be noticed that for an analyte detection, the
coloration visualization may be attributed to presence
of different ligands from the reagents active
compounds that forming chelation or binding with the
analyte itself. This explains the versatility of various

active compounds as they may obtain from different
plants as of same species or family, yet capable to
provide the equal analyte quantification. For instance,
the anthocyanins species that active towards acidity
measurement, can be obtained from butterfly pea,
orchid and beetroot [11, 12]; iron can be quantified
using phenolic compounds from green tea and guava
leave [13, 14]. It is then of interest to explore which
local plants would be use of in each analyte detection.
By combining the efforts and intellectual of analytical
chemists, natural products expertise, biologist,
computational modeling, along with the advantages of
ASEAN geographical, many plant species as natural
reagents could be explored further. Such strategy one
day may offer benefits in the possibility where we
would be on self-reliance in using the reagents from the
bioresources in our region, and with less dependent
from the big chemical companies, thus affording the
cost-effective in handling analytes assay; and time-
efficiency where chemical delays arise from delivery
would no longer be an issue.

Despite the detection limits and linear ranges are
probably constrained by higher blank values
originating from the reagents themselves, and the
limitation of the detection systems used, yet the assay
determination in analytical chemistry does not restrict
to maximum sensitivity, rather to the applicability
towards the targeted detection range. The trend of
having high precision and sensitivity which restricted
to advance instrument and highly trained personnel is
not able to support the demand in analytical testing
especially in those resources-limited countries. While
most of these examples focus on agricultural, clinical
or wastewater samples, which have higher analyte
concentrations, the use of natural reagents for trace
analytical purposes, e.g., in environmental waters, are
possible to accomplish when the enhanced analytical
control of flow injection-based or sequential injection
analysis is utilized in combination with intrinsically
sensitive detection methods such as
chemiluminescence. Thus, when applied with
recognition of their limitations, natural reagents,
especially when used in combination with flow-based
systems, can offer an alternative approach to
sustainable and greener analytical measurement.
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Table 1. Natural regents obtained from plants used in chemical analysis

Analyte

Active Species

Common
Name

Scientific Name

Ref.

Photo of the Plant

Availability

Acidity and
iron

Acidity

Anthocyanins

Anthocyanins

Anthocyanins

Phenolic
compounds

Anthocyanins

Butterfly pea
flower

Orchid flower

Beet root

Tea

Butterfly pea
flower

Clitoria ternatea L.

Dendrobium Sonia

Beta vulgaris subsp.
Vulgaris

Camellia sinensis (L.)
Kuntze

Clitoria ternatea L.

Introduced into:
Cambodia, Laos,
Myanmar,
Thailand,
Vietnam, Brunei
Darussalam,
Philippines,
Singapore,
Indonesia,
commercial hybrid

Commercial

hybrid

Introduced into:
Vietnam, Thailand

Native to: Laos,
Myanmar,
Thailand, Vietnam
Introduced into:
Cambodia

Introduced into:
Cambodia, Laos,
Myanmar,
Thailand,
Vietnam, Brunei
Darussalam,
Philippines,
Singapore,
Indonesia,
commercial hybrid
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Table 1 (cont’d). Natural regents obtained from plants used in chemical analysis

Analyte

Common
Name

Active Species

Scientific Name Ref. Photo of the Plant Availability

Benzoyl
peroxide

Aluminum

Aluminum

Copper and
acidity

B-carotene
compound

Pumpkin

Polyphenolic Indian almond
compounds leaf

Heartwood of
Indian
radwwod/
Sappan tree

Homo-
isoflavonoid
compounds

Starch Rice

Anthocyanins Butterfly pea

flower

Introduced into:
Thailand,

I Myanmar,
Vietnam,
Indonesia

Cucurbita moschata [15]
Duchesne

Native to:
Cambodia,
Myanmar,
Philippines,

| Thailand,
Vietnam, Brunei
Darussalam,
Indonesia,
Malaysia,
Singapore

Terminalia catappa L. [16]

Native to:
Cambodia, Laos,
Myanmar,

~ Thailand, Vietnam
! Introduced into:
Brunei
Darussalam,
Indonesia,
Malaysia,
Philippines,
Singapore

Caesalpinia sappan L. [17]

Introduced into:
Brunei
Darussalam,
Cambodia,
Indonesia, Laos,
Myanmar,
| Malaysia,
Philippines,
Singapore,
Vietnam, Thailand

Oryza sativa L. [18]

Introduced into:

" Cambodia, Laos,
Myanmar,
Thailand,
Vietnam, Brunei
Darussalam,
Philippines,
Singapore,
Indonesia,
commercial hybrid

Clitoria ternatea L.
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Table 1 (cont’d). Natural regents obtained from plants used in chemical analysis
Analyte Active Species Common Scientific Name Ref.  Photo of the Plant Availability
Name
Iron Polyphenolic Guava leaf Psidium guajava L. [10] Introduced into:
compounds Brunei
Darussalam,
Malaysia,
Thailand,
Singapore,
Indonesia
Iron Polyphenolic Green tea Camellia sinensis (L.) [13] Native to: Laos,
compounds Kuntze Myanmar,
Thailand, Vietnam
& Introduced into:
Cambodia
Iron Phenolic Guava leaves Psidium guajava L. [14] Introduced into:
compounds Brunei
8l Darussalam,
Malaysia,
__ Thailand,
Singapore,
Indonesia,
Iron Phenolic Pomegranate Punica granatum L. [19] Introduced into:
compounds Peels Laos, Thailand,
Vietnam
Iron Mimosine Leucaena leaf  Leucaena [20] Introduced into:
leucocephala (Lam.) Cambodia,
de Wit Indonesia, Laos,
Philippines,
Thailand, Vietnam
Iron Phenolic Betel nut Areca catechu L. [21] Native to:
compounds - Philippines

# % Introduced into:

KAs Cambodia, Laos,
' Thailand,

| Vietnam,

L Malaysia, Brunei

Darussalam,

Indonesia
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Table 1 (cont’d). Natural regents obtained from plants used in chemical analysis

Common
Name

Analyte Active Species

Scientific Name

Ref. Photo of the Plant Availability

Nitrite Phenolic Miang
compounds

Kitam.

Camellia sinensis var. [22]
assamica (J.W.Mast.)

Native to: Laos,
* Myanmar,
‘" Thailand, Vietnam

Natural reagents for green analytical procedures
Pertaining to the effective experimental measurement
stage, greener analytical procedures and experimental
setup are inherent to automated flow-based instrument
setup, owing to their capability in reducing the
consumption and needs of reagent and solvent and to
the possibility of incorporating decontamination of
wastes on-line. The development of flow-analysis-
based techniques best suited in realizing such ideology.
The flow analysis approach offers a feasible means of
employing natural reagents for green chemical
analysis.

Guava leaf extract is one of the widely studied natural
reagent where its chemical compounds may serve as
whitening essence, anti-bacterial, anti-pigmentation,
and in diabetes prevention. Besides, guava leaf extract
is an alternative natural compound used to identify
ferrous (Fe?*) metal through flow injection method. In
one of the reported works by Hartwell and her co-
workers, by using a simple flow injection system, the
scientific explanation behind the use of guava leaf
extract as an alternative reagent to quantify iron(ll) in
water samples has been revealed. Chemical and
physical properties of the extract, including its stability
and ability to form chelation complexes with iron(ll)
and (l1I1), respectively, spectroscopic characteristics,
the appropriate solvent medium used for extraction,
and its potential to be used for quantification of iron in
water samples were tabulated in detail. Minimization
on guava leaf extract consumption was achieved via
using the modified reverse flow injection manifold
with two lines, where the reagent was injected into the
buffer solution which was later mixed with the flow of
sample solution. Such in-situ design displayed a better

sensitivity and detection limit as compared to the
conventional flow system. This is presumably
attributed to higher amount and a concentrated iron
solution are being introduced via pumping as compared
to injection along the line. [10]

Some of the works discussed as follows, although were
not registered in the above search (Table 1), they
engaged with the deployment of natural reagent. A
simple simultaneous quantification of two metals-iron
and manganese in ground water via sequential injection
spectrophotometry was reported by utilizing the
astilbin crude which extracted from Smilax china L.
root. This natural reagent can be found easily in one of
those common plants that grown in many tropics and
subtropics worldwide. The extraction was done with
methanol solvent at room temperature and the solid
astiloin  was obtained after evaporation and
recrystallization steps. By dissolving the natural
reagent with buffer solution, the mixtures were
sequentially aspirated into the holding coil and the
reactions with iron(lll), manganese(ll) and astilbin
which took place in the flow cell was monitored by
measuring absorbance change at the visible light
wavelength. The applicability and simplicity setup
which demonstrated in this work indicates that the
proposed system and the easily obtained reagent are
useful for ground water analysis. [23].

A simple and cost-effective analytical device for
determination of ammonia which based on gas
pervaporation and diffusion method is proposed [24].
This user-friendly device is consisted of a well
microplate as a donor chamber and the butterfly pea
flower extract was applied as natural indicator. The
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butterfly pea flower which having an intense blue color
flower is easily grown in the ASEAN region. In this
reported work, the flower extract was immobilized on
the paper as the acceptor sensor. The anthocyanin color
pigments from this flower extract are strongly
influenced by the degree of acidity upon contact which
changed the structure of the pigment and displaying
color changes accordingly to different pH values.
Using the reagent immobilization method on paper
allows the microliter-scale solution handling. Such
principle can reduce the consumption of reagent and
the analyte itself. On the reported work, the sample
preparation started by converting the ammonium ion
into ammonia by using the solution in alkalinity range.
The next procedure is allowing the ammonia gas
pervaporation and diffusion across the PTFE
membrane into the natural indicator which has been
pre-immobilized on the filter paper. The colorimetric
change (color appearance) on the paper was then
detected by either a smartphone camera or naked eye
which offer the quantitative or semi-quantitative
analysis, respectively. Such simple paper sensor was
successfully applied for real samples in ammonia
detection that are widely found in the swine farming
wastewater and chemical fertilizer samples. On top of
that, the developed ammonia sensor could concurrently
perform triplicate runs of 18 samples in just 15
minutes, which in return can generate 72 samples in
one-hour timeframe. This proposed device with
pervaporation and diffusion method offers on-site
assay and green chemical analysis with relatively high
throughput while at the same time display the example
of cost-efficiency.

Several extracts from natural sources- vegetables and
plant-based, namely carrots, leaves and flowers of
peacock plants (Caesalpinia pulcherrima) were
acquired through maceration and boiling procedures by
using ethanol and water as solvents. Such extracts are
being tested to detect lead(ll), the poison heavy metal
which mainly found in agriculture or industrial
ecosystem. After performing the screening using the
reagents which have been prepared, the researchers
from Indonesia discovered those which can form
complexes between ligand compounds of plant extract
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with lead(ll), via the observation of color change, were
only the flowers of the peacock plant (Caesalpinia
pulcherrima). As such, the sequential injection analysis
(SIA) system for determination of lead(Il) in this work
by employing the peacock flower extract as the natural
reagent was developed. The discovery of using such
natural reagent offers the advantages, once again, cost-
effective and feasibility due to the easily available
plant itself, inexpensive experimental setup,
environmentally friendly, and the reagent can form the
stable complex with the target lead ion [25].

In the recent published work, phenolic species of the
guava leaf extract was used as natural reagent which
responsible for chelation with the ferrous metal ions
and leads to color formation. Such observation serves
as a detection tool for the small and portable paper-
based analytical devices (PADs) which can operate
without any complicate supporting equipment, thus it is
well-suited for point of care applications in places
especially where budget is limited. The novel PAD
reported here has been fabricated using a home-based
printer with the design that able to complete replication
test of iron analysis via a single run which in turn
offers the versatility of having standards for calibration
and duplicate or triplicate of sample analysis;
concurrently under one analysis. Calibration plot in the
concentration range from 0 to 20 ppm iron(lll) was
plotted based on the gray color intensity against iron
concentration [26].

Natural materials used in chemical analysis

Various natural materials have been proposed for the
use in chemical analysis, as represented in Table 2.
They serve as platforms in colorimetric assays, in
combining with the use of information technology (IT)
devices including smartphone, webcam camera, and
scanner, or via naked eyes, to perform the images
analysis as the mode of detection. Such arrangements
offer the benefits, such as easily accessible to local
available materials, biodegradable, portable in terms of
smartphones, and with simple fabrication (using home-
based printer to complete the process). All the listed
pros eventually will lead to cost-effective and user-
friendly analytical applications.



Malaysian Journal of Analytical Sciences, Vol 26 No 2 (2022): 399 - 414

Table 2. Natural materials used in chemical analysis

Material Analyte Reagent Detection Detection Advantages Ref.
Principle Device
Paper Ammonium  Alkaline Gas Smartphone  High sample through  [24]
solution and  pervaporatio put, local available
butterfly pea  n, diffusion materials,
flower method and biodegradable
extract acid —base materials, portable
equilibrium
Paper Acidity Red maple Acid-base Smartphone  Local available [27]
and leaf extract equilibrium materials,
cotton biodegradable
cloth materials, portable
Paper Iron, Iron: 1,10- Iron: Smartphone  Replication analysis [26]
phosphate, phenanthroli  complex of a sample within a
water ne/guava formation single run, local
hardness leaf extract reaction available materials,
phosphate: phosphate: biodegradable
molybdenu complex materials, portable
m blue formation
water reaction
hardness: water
Eriochrome  hardness:
black Tand  complexome
EDTA tric titration
Cotton Anionic Methylene lon Smartphone  Local available [28]
thread surfactant blue association materials,
biodegradable
materials, portable
Cotton Total Total Redox Smartphone  Local available [29]
thread phenolic phenolic reaction materials,
contentand  content: biodegradable
antioxidant  Folin- materials, portable
capacity ciocalteu
antioxidant
capacity
12, 2-
diphenyl-1-
picryhydraz
yl (DPPH)
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Table 2 (cont’d). Natural materials used in chemical analysis

Material Analyte Reagent Detection Detection Advantages Ref.
Principle Device
Noodle Acidity and  Acidity: Acidity: Webcam Local available [18]
copper bromothymo  acid-base camera/ materials,
| blue/ equilibrium  scanner biodegradable
butterfly pea  copper: materials, self-
flower redox indicating platform
extract reaction and
copper: complex
starch and formation
potassium
iodide
Kaolin Acidity Phenolphtha  Acid-base Naked eye Reusable, local [12]
clay lein/ thymol titration available, materials,
blue/ biodegradable
butterfly pea materials
flower
extract

Natural reagents with synthetic materials

From the green analytical perspective, new analytical
tools can be obtained via modification or combination
of conventional molecules with synthetic materials and
forming a kind of hybrid system. Such tactics set off a
promising strategic way in getting synergistic and
additive effect achieved from either the natural
reagents or the synthetic materials. In the work
reported by Rujiwatra et al., [22] miang (Camellia
sinensis var. assamica) leaves from northern Thailand
are being fermented and blended with silver (Ag)
nanoparticles (NPs) which can be applied as
colorimetric agents for nitrite determination. The
working principle behind this work is depends on
employing p-aminobenzoic acid as aiding reagent, and
a camera phone as a detector to capture the color
changes upon interaction of Ag-miang NPs with the
target analyte. As an effort to design the synthesis route
become more environmentally benign, crude water
extracts of miang leaves, which are abundantly
available locally throughout the year in two forms, i.e.,
non-fermented and fermented miang, were used as
natural reagents. Unique color of AgNPs can be
obtained via controlling the morphology and sizes of
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AgNPs itself. Thus, the Ag-miang nanocomposites in
turn providing the rapid, simple, and selective tool for
the determination of nitrite.

On another reported work by Rujiwatra et al., [30], the
team has demonstrated a sustainable way of reducing
the waste generation, which in turn offers the potential
in minimizing the impact on the environment. Such
approach is achieved via the consumption of crude
water extract from the ground longan (Dimocarpus
longan Lour) seeds industry in northern Thailand,
which annually discarded in large amount. This
untreated wastewater was being used as the natural
reagent, serving as the starting material for the green
synthesis of ZnO photocatalyst. By using the simple
and rapid microwave synthesis, phytochemicals from
longan seeds such as flavonoids, catechins, vitamins,
proteins, and sugars can be employed as either the
capping or reducing agents, or both at same time which
driven the ZnO nanoparticles synthesis. Such green
synthesis of ZnO nanoparticles can be employed
further for wastewater treatment of the local textile
dyeing industry and contributing to the circular
economy in the region.
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Natural new normal
education

Covid-19 has deeply affected the education sector
globally as it forced many schools and colleges to
remain closed temporarily. For most science students,
their hands-on experience working as a real scientist in
school and university laboratory are limited during this
lockdown period, whereas in some region, certain
students are inaccessible to fully stocked and supported
teaching lab owing to limited funding. Despite such
scenarios have created many problems; one can harness
it as an opportunity for profound changes in our
practical education approach that will align our
teaching laboratories with those where we conduct our
research, by adopting green chemistry principles to the
practice of science education lab work. We live in a
golden age of easy-to-access instrumentation thanks to
smartphones which can be used as detector in chemical
analysis. The difficulties of having to set up a
measurement almost from scratch, without technicians
to prepare equipment and solutions, could help
inculcate a spirit of improvisation. By combining these
factors, lab-at-home teaching is ready in action. Some
of the examples using natural reagents extracted from
plants as alternative low-cost tools in teaching
chemical analysis, especially in school laboratories that
ought to operate within a stiff budget. In some of the
universities in Thailand, the ready-to-use natural
reagents were introduced in the academic year of 2019
in science and pharmaceutical science courses. They
were also employed in lab-at-home sessions and E-
workshops. One of the examples was using the natural
reagent kit for iron assay in water quality testing which
adapted from Thai local wisdom using guava leaves.
The kit was equipped with dry guava leaf powder that
served as natural reagent in the assay, iron(l11) standard
and buffer solutions, sample vials, 96-wells microplate
as reaction platform and a manual. The camera from
smartphone was used as the detector to monitor the
difference in color intensity of the reaction product
which attributed by the reaction in between iron(lll)
and phenolic compounds in the natural reagent.
Students from six different universities have received
the kit via postage during the pandemic lock-down
period and had benefits from this lab-at-home practice
[31]. The initiative of using modern green chemical

reagents in chemistry

analysis in the online classroom setting received great
feedback from teachers and learners as the chemicals
involved utilized locally available bioresource as the
natural reagent for green analysis in chemistry
education which supports the sustainable education in
Thailand. The method is now being employed by an
increasing number of institutions. The team has
demonstrated that their experience in conducting this
green analytical research can be incorporated into the
new normal style of teaching [32].

Challenges in natural reagents application

Natural reagents hold great promise for addressing
global humanitarian needs including the goals of
sustainable development. The sources of natural
reagents and their applications are numerous, yet they
are still largely an untapped resource. Use of natural
reagents as a source of greener and cheaper reagents
for a range of analytical tasks should not be seen as an
option just for the developing world, but as something
that is equally applicable worldwide. Opportunity
should be valued when a natural reagent can be
legitimately substituted for a purified or synthetic
material, without compromising the viability or quality
of the analytical process. Despite not explored here,
there is also great potential to utilize food grade or
domestic chemicals in a range of analytical procedures,
again without prejudice to analytical quality. However,
most current developments are not immediately
translatable to outside-the-lab scenarios which differ in
terms of resource-accessible and resource-limited
aspects. Resource-accessible settings include scenarios
whereby technology is deployed with essentially
unlimited access to resources and experienced
personnel. Resource-limited settings refer to situations
marked by limited or no access to resources and
expertise, which unfortunately most part of ASEAN
fall in this category. Such challenges necessitate the
time constraints in accessing commercially available
chemicals especially when dealing with the long
duration of waiting period for procurement. The
increasing prices of reagent grade chemicals may
restrict the accessibility as well. For instance, when
students extract an indicator from plant tissue, and
applied in an acid base titration or extracting the acid
phosphatase from potatoes and used in the study of
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enzyme behavior and kinetics, costing of such
experiments can be varied by 30 times as compared to
procuring of 50 units acid phosphatase from a major
US supplier which costs about $60 dollar with ca. $2
for a sack of potatoes. Students studying such
fundamental analytical and biochemical behavior
would gain an appreciation for the important role of
natural product chemistry.

Conclusion

This mini review discusses the simple natural reagents
and natural materials which were developed from a
century-old local knowledge in the rural area, and
through the combining with today technology, such
phenomenon  contributes to green  chemistry,
principally in green analytical chemistry aspect,
leading to sustainable chemistry which could serves
many goals of the United Nation Sustainable
Development Goals (UN SDGs). Research of such
direction has gained of interest as indicated by the
increasing trends in publications. ASEAN is rich in
bioresources, there are talent and challenges in
development of utilizing natural reagents and natural
materials for chemical analysis in new normal chemical
analysis. To meet the talent and challenge, works
across disciplines with networking would enhance the
targets. Apart from analytical scientists, researchers in
the other fields including, natural product,
computational chemistry, chemometrics, other fields of
chemistry, computer scientists etc. should work
together. The work would reflect: Local issue- Global
impact- Sustainable world.
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Abstract

Christia vespertilionis (L. f.) Bakh. f. is well-known for treating various contagious diseases. This plant has been recognised
among researchers and locals to have anti-inflammatory properties and has thus become popular for treating cancer. Two types
of C. vespertilionis are acknowledged which are green and red. The green C. vespertilionis has been widely studied by many
researchers, however just a few have studied the red type. This study was carried out to optimise the extraction method of red C.
vespertilionis leaves by different extraction techniques (maceration and Soxhlet extraction) and solvents (methanol and ethanol)
to yield bioactive phytochemicals using gas chromatography-mass spectrometry (GC-MS). The components were identified
through GC-MS via comparisons as guided by the National Institute of Standards and Technology Mass Spectral Library 2011
(NIST 11, version 2.0g). According to the four (4) samples of red C. vespertilionis leaves using maceration of methanol (RMM),
maceration of ethanol (RME), Soxhlet extraction of methanol (RSM), and Soxhlet extraction of ethanol (RSE), seventy-one (71)
bioactive phytochemicals were identified. Eleven (11) major bioactive phytochemicals (abundance of > 4%) were identified
namely, acetic acid, butyl ester; 1-butanol, 3-methyl-, acetate; heptanoic acid, propyl ester; hexanoic acid, 3-oxo-, ethyl ester;
phenol, 3,5-bis(1,1-dimethylethyl)-; 1-octadecene; 4-O-methylmannose; .alpha.-d-mannofuranoside, methyl; 2-undecene, 9-
methyl-, (E)-; n-hexadecanoic acid; and 1-octadecanol. Only seven (7) out of eleven (11) compounds were reported to have
biological activities. Among those samples, RSM was the most effective using correlation coefficient between abundance (%)
and retention time (minute(s)) with a significant difference at P < 0.05.

Keywords: Christia vespertilionis, gas chromatography-mass spectrometry, phytochemicals, maceration, Soxhlet extraction
Abstrak

Christia vespertilionis (L. f.) Bakh. f. dikenali secara meluas dalam merawat pelbagai penyakit berjangkit. Tumbuhan ini diakui
di kalangan penyelidik dan penduduk tempatan tentang kelebihannya sebagai salah satu ubat tradisional yang mempunyai sifat
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anti-radang serta digunakan secara meluas dalam merawat barah. Terdapat dua jenis C. vespertilionis iaitu jenis hijau dan merah.
C. vespertilionis hijau telah banyak dikaji oleh penyelidik dan hanya sedikit yang dikaji untuk jenis merah. Kajian ini dijalankan
untuk mengoptimumkan kaedah pengekstrakan daun C. vespertilionis merah dengan teknik pengekstrakan yang berbeza
(pengekstrakan maserasi dan Soxhlet) dan pelarut (metanol dan etanol) untuk menentukan fitokimia bioaktif melalui
kromatografi gas-spektrometri jisim (GC-MS). Komponen tersebut dikenal pasti melalui GC-MS dengan membuat perbandingan
dari data rujukan Institut Piawaian dan Teknologi Nasional 2011 (NIST11-MS, version 2.0g). Berdasarkan 4 sampel daun merah
C. vespertilionis melalui maserasi metanol (RMM), maserasi etanol (RME), pengekstrakan Soxhlet methanol (RSM) dan
pengekstrakan Soxhlet etanol (RSE), tujuh puluh satu (71) sebatian fitokimia dikenal pasti. Sebelas (11) sebatian fitokimia utama
(> 4 % kawasan puncak) juga dikenalpasti seperti asid asetik, butil ester; 1-butanol, 3-metil-, asetat; asid heptanoik, propil ester;
asid heksanoik, 3-okso-, etil ester; fenol, 3,5-bis (1,1-dimetiletil)-; 1-oktadekena; 4-O-metilmanos; .alpha.-d-manofurosida,
metil; 2-undekena, 9-metil-, (E)-; asid n-heksadekanoik dan 1-oktadekanol. Hanya tujuh (7) daripada sebelas (11) sebatian yang
dilaporkan mempunyai aktiviti biologi. Di antara sampel tersebut, RSM adalah yang paling berkesan dengan menggunakan

pekali korelasi antara kebanyakan (%) dan masa pengekalan (min) dengan perbezaan yang signifikan pada P < 0.05.

Kata kunci: Christia vespertilionis, kromatografi gas-spektrometri jisim, fitokimia, maserasi, pengekstrakan Soxhlet

Introduction

Christia vespertilionis (L. f.) Bakh. f. is a family of
Fabaceae that is known as butterfly wing because of its
shape, which is similar to that of a butterfly wing. This
plant possesses the ability to cure several diseases due
to it having various biological activities such as anti-
cancer, anti-inflammatory, anti-proliferative and anti-
plasmodial properties [1, 2, 3]. In Malaysia, C.
vespertilionis leaves are consumed by cancer patients
and have gained great popularity among Malaysians,
including researchers who are keen to explore and
discover the real potential of this plant.

C. vespertilionis is known to potentially exhibit various
bioactive secondary compounds that can be used in
food and pharmaceutical areas [4]. Previous studies
revealed the presence of bioactive secondary
compounds in C. vespertilionis such as alkaloid,
phenol, fatty acid, triterpene and alcohol [2]. The aerial
part of C. vespertilionis is revealed to contain
corynoxidine and palmitine [2]. C. vespertilionis also
possesses great anti-proliferative activities in MTC
cells and is excellent in anti-plasmodial activities using
aqueous-methanol extracts [1,2]. Other studies showed
that C. vespertilionis extract has a high inhibition on
cancer cells such as human medullary thyroid
carcinoma and human intestinal neuroendocrine
tumours [5]. In addition, C. vespertilionis exhibits
moderately as an anti-malaria which is against the 3D7
malaria parasite and literally can be used for malaria
treatment [6].
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Today, people have developed high interest in
traditional plants, as a substitute for synthetic drugs.
Plant comes from nature and safe to use. It is also low
cost and has less negative side effects [7]. However,
the World Health Organization (WHO) has noted that
inappropriate practices of using traditional plants for
treatment can have dangerous effects. Therefore,
further study is necessary to ascertain the efficacy and
safety of plants for human consumption. While many
studies of C. vespertilionis have been conducted, there
is no study available on bioactive phytochemicals of
red C. vespertilionis leaves using gas chromatography-
mass spectrometry (GC-MS). GC-MS is one of the
techniques that separates individual compounds in the
form of a mass spectrum and measurement of the
abundance of chromatography [8]. Identification of
compounds in GC-MS is achieved by comparing mass
spectrum of sample with the reference National
Institute of Standards and Technology Mass Spectral
Library 2011 (NIST11-MS) based on matching system.

Prior to that, before GC-MS, red C. vespertilionis
leaves need to undergo extraction to separate the target
products from the raw materials. Currently, solvent
extraction is widely used in natural plants and herb
medicines. Selection of solvent is also a crucial part for
solvent extraction. The solvent with a shorter
differences of polarity value to the polarity of the
solute, is expected to perform better. As regarding the
technique of extraction, there are two commonly used
methods namely as maceration and Soxhlet extraction.
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These methods were most of the time given acceptable
results, however Soxhlet can be time-consuming
although requires a small amount of sample compared
to maceration. Therefore, this research aims to optimise
the extraction method of red C. vespertilionis leaves in
different extraction techniques (maceration and Soxhlet
extraction) and solvents (methanol and ethanol) to
yield bioactive phytochemicals using GC-MS.

Materials and Methods

Plant material

Red C. vespertilionis was collected from Floranika
Nursery Sungai Buloh, Selangor (Malaysia), located at
a latitude and longitude of 3° 13' 6.7764" N, 101° 34'
18.1704" E, respectively. The voucher specimen was
authenticated by Dr Yong Kien Thai from Plant
Taxonomy, Rimba I[lmu, University of Malaya. The
voucher specimen of red C. vespertilionis (KLU
50025) was placed at the herbarium of the University
of Malaya, and left to air-dry for 7 to 8 days. Leaves
were ground with a blender to obtain coarse powder for
extraction and were kept in a closed jar until further
use.

Maceration

1 g of dried leaves powder of red C. vespertilionis was
immersed into a 100 ml of methanol, MeOH (Merck,
Germany), ethanol, EtOH (VWR
Chemicals, American) in a 250 ml conical flask,
separately. The samples were left in a water bath at 40
°C for 48 hours. The extracts were filtered and
evaporated with rotary evaporator at 45 °C until they
were concentrated. The extracts were filtered again to

and absolute

remove any solid particles and kept tightly closed in a
microcentrifuge tube at 4 °C until further use.

Soxhlet extraction

1 g of dried leaves powder of red C. vespertilionis was
extracted with 200 ml of MeOH (Merck, Germany),
and absolute EtOH (VWR Chemicals, American) using
a Soxhlet apparatus, separately. The samples were left
in a water bath at 40 °C for 48 hours. The extracts were
filtered and evaporated using a rotary evaporator at 45
°C until they were concentrated. The extracts were
filtered again to remove any solid particles and kept

tightly closed in a microcentrifuge tube at 4 °C until
further use.

Gas chromatography-mass spectrometry analysis
Samples were diluted to 500 ppm with the respective
solvents into 1.5 ml vials. The GC-MS analysis was
done at the IPPP Central Laboratory Facilities,
University Malaya, Kuala Lumpur, Malaysia. Model of
GCMS-QP2010 Ultra (Shimadzu, Tokyo, Japan) was
used for the GC-MS analysis. This model is a single
quadrupole gas chromatograph-mass spectrometer that
produces stable and affordable analyses for complex
compounds. 0.5 ul of the sample was auto-injected into
the system. The system was supplied with a capillary
column of RTX5MS with length x diameter of 30.0 m
x 0.25 mm and a 0.25 pm of thickness. The injection
temperature was set to 200 °C which possessed a
splitless injection mode. The initial temperature was 50
°C (3 minutes) with an accelerating rate of 10 °C (1
minute) to 300 °C (10 minutes). Helium gas was used
with 47.8 cm/second of linear velocity. Electron
ionisation (EI) mode at 70 eV with a spectral range of
35 m/z-500 m/z was performed for mass spectra
results. The ion source temperature was fixed at 150 °C
and the interface temperature was at 230 °C with a
solvent cut-off time of 3 minutes. The start time was
set at 3.0 minutes and the final time was adjusted at 33
minutes. The total flow programmed was 21.6
ml/minute with a column flow of 1.69 ml/minute. The
compounds were determined based on the
interpretation of mass spectrum with standard reference
spectral using the National Institute of Standards and
Technology Mass Spectral Library 2011 (NIST11)
version 2.0g databases.

Statistical analysis

The correlation between abundance and retention time
of the sample was determined using GraphPad Prism
8.0.2, where Pearson’s correlation coefficient test was
conducted and the difference was considered
statistically significant when P < 0.05. Chemical
structure drawing was applied on the website:
https://chemwriter.com/.
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Results and Discussion

GC-MS chromatogram and bioactive
phytochemicals
GC-MS is important to identify bioactive

phytochemicals in a complex compound using a
technique of separation in a GC system and measuring
on a mass spectrometer that comes with an electron
ionisation (EI) ion source. There are two electron
ionisation (EI) main spectrum library: main and
replicate with a total of 212,961 and 30,932 mass
spectra, respectively. NIST11-MS library has a total of
346,757 retention index for 70,835 compounds that
were extracted based on column type, column class,
data type and program type [9]. Through GC-MS
analysis showed seventy-one (71) phytochemicals from
four (4) samples that consist of major and minor
compounds. Major compounds
abundance larger than 4% [10] as shown in Table 3.
The conditions of the samples were shown in Table 1.

consisted of an

Bioactive phytochemicals of the
presented in Table 2 and the GC-MS chromatogram of
the abundance of samples shown in Figure 1. GC-MS

samples were

analysis for RMM resulted in a total of sixteen (16)
peaks (according to Figure 1(a) and Table 2). There are
three (3) major compounds, namely: acetic acid, butyl
ester (81.967%); 1-butanol, 3-methyl-, acetate
(4.246%) and 4-O-methylmannose (7.778%). RME
resulted in a total of thirty (30) peaks (according to
Figure 1(b) and Table 2). There were seven (7) major
compounds, namely: 1-butanol, 3-methyl-, acetate
(27.414%); heptanoic acid, propyl ester (5.700%);

phenol,  3,5-bis(1,1-dimethylethyl)- (6.232%); 1-
octadecene  (6.079%); .alpha.-d-mannofuranoside,
methyl (10.247%); 2-undecene, 9-methyl-, (E)-

(5.505%) and 1-octadecanol (4.152%).

Furthermore, RSM resulted in a total of thirty-three
(33) peaks (according to Figure 1(c) and Table 2). Five
(5) major compounds were identified, namely: acetic
acid, butyl ester (11.655%); 1-butanol, 3-methyl-,
acetate (31.037%); hexanoic acid, 3-oxo-, ethyl ester
(5.549%); 4-O-methylmannose (21.491%) and n-
hexadecanoic acid (4.465%). Lastly, RSE resulted in a
total of thirty-seven (37) peaks (according to Figure
1(d) and Table 2). Four (4) major compounds
comprised: 1-butanol, 3-methyl-, acetate (6.414%);
phenol, 3,5-bis(1,1-dimethylethyl)- (5.950%); 4-O-
methylmannose (4.085%) and n-hexadecanoic acid
(8.733%).

Previous study found other major compounds on red C.
vespertilionis leaves extract such as 10-undecenoic
acid (5.00%), 6-methylheptyl-2-propenoate (4.96%), 2-
(2-benzothiazolylthio)-1-(3,5-dimethylpyrazolyl)-
ethanone (2.70%), tetrahydro-2-methyl-thiophene
(61.77%) and phytol (8.59%) [11]. Another study also
found that C. vespertilionis leaves methanolic extract
exhibited hexadecanoic acid (4.87 %), 9,12,15-
octadecatrienoic acid (7.82%), phytol (6.97%), 2-
propenoic acid (8.75%) and cyclododecane (7.04%)
[12]. These previous study outcomes also can be found
in Table 2 such as 9,12,15-octadecatrienoic acid,
phytol and hexadecanoic acid.

Table 1. Conditions of samples

Plant Technique Solvent Sample Code Temperature — Time
(°C) (hours)
MeOH RMM
Maceration EtOH RME 40 48
Red
C. vespertilionis MeOH RSM <64.7
Soxhlet extraction 5
EtOH RSE <78.37
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Figure 1. GC-MS chromatogram abundance (%) versus retention time (min) of a) red C. vespertilionis methanolic
leaves extract in maceration (RMM); b) red C. vespertilionis ethanolic leaves extract in maceration
(RME); ¢) red C. vespertilionis methanolic leaves extract in Soxhlet extraction (RSM); d) red C.
vespertilionis ethanolic leaves extract in Soxhlet extraction (RSE)

Table 2. Phytochemicals compounds found in red C. vespertilionis leaves based on abundance and retention time

Abundance (%)

Bioactive Phytochemicals Retention Maceration Soxhlet
Time (min)  ——Ne0H  EtOH  MeOH EtOH
(RMM) (RME) (RSM) (RSE)
1 Acetic acid, butyl ester 3.683 81.967 - 11.655 -
2 1-butanol, 3-methyl-, acetate 9.179 4.246 27.414 31.037 6.414
3 4H-pyran-4-one, 2,3-dihydro-3,5- 9.815 0.551 2.533 3.694 1.221
dihydroxy-6-methyl-
4 1-dodecene 10.459 - - - 1.256
5 3-tetradecene, (Z)- 10.461 - 1.657 - -
6  Dodecane 10.590 - 0.975 - -
7 1,3-diisobutyrin, trimethylsilyl 11.817 1.886 - 1.537 -
8  Heptanoic acid, propyl ester 13.140 0.497 5.700 - -
9 Hexanoic acid, 3-oxo-, ethyl ester 13.160 - 0.456 5.549 2.839
10 1-tridecene 13.446 0.114 3.924 - -
11 I-tetradecene 13.449 - - 0.127 2.314
12 Tetradecane 13.555 - 2.295 0.221 2.977
13 Cyclotetradecane 13.775 - 0.214 - -
14 Phenol, 3,5-bis(1,1-dimethylethyl)- 15.150 0.779 6.232 0.578 5.950
15  2-hexyl-1-octanol 15.570 - 0.394 - -
16  1-octanol, 2-butyl- 15.801 - 0.526 - -
17  1-hexadecene 16.072 0.145 0.328 - -
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Table 2 (cont’d). Phytochemicals compounds found in red C. vespertilionis leaves based on abundance and
retention time

Abundance (%)

Bioactive Phytochemicals Retention Maceration Soxhlet
Time (Min) 1600 EtOH  MeOH EtOH
(RMM) (RME) (RSM) (RSE)
18  1-octadecene 16.077 - 6.079 - 0.919
19  1-heptadecene 16.079 - - 0.115 2.307
20  Pentadecane 16.162 0.123 1.865 - -
21  Nonadecane 16.167 - - - 2.808
22 Hexadecane 16.170 0.202 - 0.147 -
23 Dichloroacetic acid, 4-hexadecyl ester 16.253 - - - 0.778
24 2-undecene, 3-methyl-, (Z)- 16.254 - 1.019 - 2.063
25  1,2-benzenedicarboxylic acid, mono(2- 16.269 - - 0.321 -
ethylhexyl) ester
26 4-O-methylmannose 17.404 7.778 - 21.491 4.085
27  .alpha.-d-mannofuranoside, methyl 17.421 - 10.247 - -
28  1-hexanol, 5-methyl-2-(1-methylethyl)- 17.958 - 0.231 - -
29  Cyclohexane, 2-butyl-1,1,3-trimethyl- 18.173 - - - 0.898
30 1-decanol, 2-hexyl- 18.176 - 0.510 0.042 0.501
31  1-pentadecene, 2-methyl- 18.214 - - - 0.768
32 Cyclopropane, 1-methyl-1-(1-methylethyl)- 18.400 - - - 1.384
2-nonyl-
33 2-undecene, 9-methyl-, (E)- 18.430 - 5.505 - -
34 1-heneicosanol 18.431 - 2.156 - 2.416
35  4,5-heptadien-2-ol, 3,3,6-trimethyl- 18.435 - - 0.028 -
36 n-heneicosane 18.501 - - - 2.011
37  Undecane, 3-methylene- 18.594 - - - 2.466
38  Tridecane, 3-methylene- 18.595 - 1.300 - 1.299
39  2-pentadecanone, 6,10,14-trimethyl- 19.039 - - 0.054 0.333
40  1,2-benzenedicarboxylic acid, bis(2- 19.392 - - 0.330 -
methylpropyl) ester
41  Hexadecanoic acid, methyl ester 19.895 - - 0.105 -
42  Heptacosanoic acid, methyl ester 19.900 - - 0.205 -
43 1-eicosanol 20.282 - - 2.888 -
44  Methyl di-tert- 20.284 - - 2471 -
butylhydroxyhydrocinnamate
45  n-hexadecanoic acid 20.291 0.772 3.090 4.465 8.733
46  Dibutyl phthalate 20.392 - - 0.974 -
47  Octacosanol 20.558 - 0.804 - 2.149
48  1-octadecanol 20.561 0.048 4.152 - -
49  3-eicosene, (E)- 20.562 - - 0.051 -
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Table 2 (cont’d). Phytochemicals compounds found in red C. vespertilionis leaves based on abundance and

retention time
Abundance (%)
Bioactive Phytochemicals Retention Maceration Soxhlet
Time (Min) - —\1e0H EtOH  MeOH EtOH
(RMM) (RME) (RSM) (RSE)
50  Heneicosane, 11-(1-ethylpropyl)- 20.607 - - - 1.042
51  1-docosene 20.816 - 0.345 - -
52 1-tetradecanol 21.502 - - - 0.373
53 Phytol 21.798 0.480 1.775 0.488
54 1,1,1,3,5,7,7,7-octamethyl-3,5-bis- 21.808 - - - 2.692
(trimethylsiloxy)-tetrasiloxane
55  Methyl 9-methyltetradecanoate 21.901 - - 0.131 -
56  9,12,15-octadecatrienoic acid, methyl ester, 22.090 - - 1.379 -
(Z,2,7)-
57  9,12,15-octadecatrienoic acid, (Z,2,Z)- 22.092 0.267 1.343 2.365 1.696
58  Tetradecyl trifluoroacetate 22.253 - - 1.035 -
59  Octadecanoic acid 22.255 0.146 0.500 1.608 1.376
60  1-tetracosanol 22.498 - - - 2.074
61  2,4-pentadien-1-ol, 3-pentyl-, (2Z2)- 22.659 - - 0.206 -
62  9-(3,3-dimethyloxiran-2-yl)-2,7- 22.660 - 0.753 - -
dimethylnona-2,6-dien-1-ol
63  1-dodecanol, 2-octyl- 24.091 - - - 0.626
64  Heptasiloxane, hexadecamethyl- 24.377 - - - 2.794
65 Hexacosane 25.151 - - - 1.338
66  Diisooctyl phthalate 25.679 - - 0.472 1.550
67  Docosane 25.954 - - - 0.657
68  Eicosane 26.730 - - - 0.595
69  Squalene 27.788 - - - 2.107
70 Cholesta-4,6-dien-3-ol, (3.beta.)- 30.174 - - 0.068 -
71  .alpha.-tocopheryl acetate 30.522 - - 0.034 -
Quantity of identified compound 16 30 33 37

Optimisation of extraction

Correlation was used between abundance and retention
time of the sample in GC-MS for all compounds found.
Maceration using MeOH (RMM) was significantly
high at P < 0.011 (Figure 2). When using EtOH
(RME), the significant difference was at P < 0.049. In
Soxhlet, the significant difference was high in MeOH
(RSM) with P < 0.009 and there was no significant
difference in (RSE) which was at P < 0.104. The
smaller the P value, the more significant it is. A total of

422

seventy-one (71) abundance were analysed for each
sample. The results indicated that significant difference
between abundance and retention time increased when
using Soxhlet extraction particularly in MeOH.

Extraction methods using different solvents play an
important role to exhibit bioactive phytochemicals.
Based on Figure 2, abundances of compounds are
exhibited more when using Soxhlet extraction and
MeOH. A previous study stated that the polarity of
MeOH could be the reason for the high exhibition of
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compounds [13]. Other study stated that using MeOH
produces high bioactive phytochemicals particularly
compounds that cure inflammation which is extracted
from the branches of S. buxifolia [14]. It was also
revealed that MeOH is a solvent that is more effective
in extracting secondary metabolite compounds from M.
viridis than any other plants in the Lamiaceae family
[15].

The technique of extraction is also one of the factors
that contribute to the effectiveness of bioactive
phytochemicals attribution. Based on Figure 2, more
compounds were exhibited using Soxhlet extraction as
compared to maceration. Soxhlet extraction offered

more efficiency and was less time-consuming as
compared to maceration. Other researches obtained
similar results in Nepeta leucophylla and Potentilla
atrosanguinea aerial parts when using Soxhlet
extraction where it exhibited significantly higher, and
attained maximum percentage yields than maceration
[4, 16]. Therefore, for red C. vespertilionis leaves,
Soxhlet extraction obtained highest compounds
attribution as compared to the maceration technique.
Overall, red C. vespertilionis leaves work efficiently
using Soxhlet extraction and MeOH as a solvent.
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Figure 2. Correlation between abundance (%) versus retention time (min) of a) RMM b) RME c¢) RSM and d) RSE

Major bioactive phytochemicals

Four (4) samples (RMM, RME, RSM and RSE) of C.
vespertilionis leaves extract, detected seventy-one (71)
bioactive phytochemicals, which consisted of major

and minor compounds using GC-MS, as presented in
Table 2. The abundance presented for each sample is
shown in Figure 1. Through this analysis, it was found
that eleven (11) major compounds achieved higher than
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4 % of the abundance from all of samples as presented
in Table 3.

The eleven (11) major bioactive phytochemicals were
acetic acid, butyl ester (81.967%), 1-butanol, 3-methyl-
, acetate (31.037%), heptanoic acid, propyl ester
(5.700%), hexanoic acid, 3-oxo-, ethyl ester (5.549%),
phenol, 3,5-bis(1,1-dimethylethyl)- (6.232%), 1-
octadecene (6.079%), 4-O-methylmannose (21.491%),
.alpha.-d-mannofuranoside, methyl (10.247%), 2-
undecene, 9-methyl-, (E)- (5.505 %), n-hexadecanoic
acid (8.733%), and 1-octadecanol (4.152%).

The n-hexadecanoic acid and 1-octadecanol possessed
anti-inflammatory activities [17,18]. The antimicrobial
agent was revealed by 1-butanol, 3-methyl-, acetate,
[19]. Ethyl acetate root extract of C. vespertilionis
showed the highest total phenolic content that is
responsible for good anti-inflammatory and anti-
microbial properties [20,21]. Meanwhile, 1-octadecene
possessed anti-cancer property [22, 23]. Based on the
previous study, C. vespertilionis extract has viability
against various cell lines such as WRL68 (normal
liver), CRL 2522 (fibroblast), HepG2 (liver
carcinoma), MCF-7 (breast cancer) and HaCaT
(keratinocyte) with the IC50 values of 1.93, 1.51, 1.63,

1.74 and 1.22 mg/ml, respectively [24]. Four (4)
compounds had antibacterial activities that included n-
hexadecanoic acid, 4-O-methylmannose, 1-octadecene
and phenol, 3,5-bis(1,1-dimethylethyl)- [23, 24, 26-30].

Most of the compounds possessed anti-oxidants,
including 1-octadecanol, n-hexadecanoic acid and 1-
octadecene [18, 23, 26, 31]. C. vespertilionis ethyl
acetate: methanol extract has significantly exhibited the
highest DPPH scavenging activity with the IC50 value
of 0.549 + 0.02 mg/mL [32]. Acetic acid, butyl ester
was the most abundant compounds that is beneficial as
an antifungal and antitumour [33]. C. vespertilionis
inhibited tumour growth and increase survival time of
mice induced with S180 AND H22 tumour cells [34].
Another known compound was phenol, 3,5-bis(1,1-
dimethylethyl)- which acts as an antiseptic, disinfectant
and flavourant [24, 29]. No biological activity was
reported for heptanoic acid, propyl ester; hexanoic
acid, 3-oxo-, ethyl ester; .alpha.-d-mannofuranoside,
methyl and 2-undecene, 9-methyl-, (E)-. Therefore,
only seven (7) out of eleven (11) major compounds
were reported their biological activities.

Table 3. Major bioactive phytochemicals of red C. vespertilionis leaves

Abundance (%)

Name of Compound/ Rt Maceration Soxhlet Formula MW Structure Biological
Chemical Classes (Min) Properties
MeOH EtOH MeOH EtOH
(RMM) (RME) (RSM) (RSE)
Acetic acid, butyl ester 3.683 + + Ci6H1202 116 Antifungal,
(Carboxylic acid ester) Antitumor
81.967 11.655 ? [33]
1-butanol, 3-methyl-, acetate 9.179 + + + + C7H1402 130 Antimicrobia
(Carboxylic acid ester) ° [19]
4.246 27414 31.037 6.414 °
Heptanoic acid, propyl ester 13.140 - + Ci0H2002 172 No activity reported
(fatty acid ester) mﬁ
5.700 o
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Table 3 (cont’d). Major bioactive phytochemicals of red C. vespertilionis leaves

Abundance (%)

Name of Compound/ Rt Maceration Soxhlet Formula MW Structure Biological
Chemical Classes (Min) Properties
MeOH EtOH MeOH EtOH
(RMM) (RME) (RSM) (RSE)
4 Hexanoic acid, 3-oxo-, ethyl 13.160 - - + - CsH1403 158 No activity reported
ester C@QO
(fatty acid ester) 5.549 bl
5 Phenol, 3,5-bis(1,1- 15.150 - + - + C14H20 206 H Antiseptic,
dimethylethyl)- 0 disinfectant,
(phenolic ester) 6.232 5.950 flavouring,
antibacterial [24,29]
6 1-octadecene 16.077 - + - - CisHse 252 Antibacterialal,
(Alkene hydrocarbon) mm antioxidant,
6.079 anticancer [22, 23,
26]
7 4-O-methylmannose 17.404 + - + + C7H1406 194 o Antibacterial [27, 28]
(aliphatic ether alcohol) LU
7.778 21.491 4.085 “~ o
/Cl
H’
8 alpha.-d-mannofuranoside, 17.421 - + - - C7H1406 194 o No activity reported
methyl o, 0
(methyl mannoside) 10.247 0/
HO'
OH
9 2-undecene, 9-methyl-, (E)- 18.430 - + - - Ci2Has 168 No activity reported
(hydrocarbon)
5.505 7
H
10 n-hexadecanoic acid 20.291 - - + + Ci6H3202 256 Anti-inflammatory,
(fatty acid) antibacterial,
4.465 8.733 W antioxidant [17, 30,
o 31].
11 1-octadecanol 20.561 - + - - CisH3s0 270.5 Anti-inflammatory,
(fatty alcohol) m antioxidant [18].
4.152
Total of major compounds 3 7 5 4
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Conclusion

This study revealed that red C. vespertilionis leaves
have wvarious bioactive compounds that has high
potential to treat diseases. Red C. vespertilionis leaves
possessed biological activities of anti-inflammatory,
antitumour, anticancer, antibacterial, antimicrobial,
antioxidant and antifungal properties. The compounds
were greatly exhibited from Soxhlet extraction and
MeOH as a solvent. Conclusively, this study achieved
success in identifying bioactive phytochemicals of red
C. vespertilionis leaves in different techniques and
solvents. Further study needs to be done to isolate
bioactive phytochemicals and investigate its biological
activities. A comparison to green C. vespertilionis
needs to be analysed to observe the differences in terms
of bioactive phytochemicals and biological activities.
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Abstract
Penang Assam Laksa is a sour, fish-based soup popular in Malaysian street food. The content of heavy metals (Cd, Hg, and Pb) as
well as essential minerals (Fe, Ca, Na, and K) in ready-to-eat Penang Assam Laksa food samples collected from five stalls over
three different days was determined using flame atomic absorption spectrometry (FAAS), a Flow Injection Mercury System
(FIMS), and inductively coupled plasma optical emission spectrometry (ICP-OES) after a wet-digestion procedure. Statistical
analyses such as Student’s t-test and an inter-day precision study were conducted on the obtained results. The wet-digestion
procedure was found to be effective, with recoveries above 85%. Meanwhile, an inconsistency in element content was observed
for food samples collected on different days. Based on Student’s t-test, both FAAS and ICP-OES were suitable for detecting and
quantifying heavy metals and essential minerals in the food samples.

Keywords: Penang Assam Laksa, heavy metal, essential minerals, street food

Abstrak
Asam Laksa Pulau Pinang adalah sup masam yang berasaskan ikan. Kandungan logam berat (Cd, Hg, Pb) serta mineral penting
(Fe, Ca, Na, K) dalam Asam Laksa Pulau Pinang (makanan sedia dimakan) yang dikumpul dari lima gerai terpilih pada tiga hari
berbeza telah ditentukan menggunakan FAAS (spektrometri penyerapan atom nyalaan), FIMS (sistem merkuri suntikan aliran)
dan ICP-OES (spektrometri pancaran optik induktif gabungan plasma) selepas prosedur pencernaan basah. Analisis statistik
seperti Ujian-t pelajar dan kajian ketepatan antara hari telah dijalankan ke atas keputusan yang diperolehi. Prosedur pencernaan
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basah didapati merupakan kaedah yang berkesan dalam mencerna sampel makanan dengan pemulihan lebih daripada 85%.
Sementara itu, ketidakselarasan kandungan unsur diperhatikan daripada sampel makanan yang dikumpul pada hari yang berbeza.
Berdasarkan Ujian-t pelajar, kedua-dua FAAS dan ICP-OES sesuai untuk pengesanan dan penentuan logam berat dan mineral

penting dalam sampel makanan.

Kata kunci: Asam Laksa Pulau Pinang, logam berat, mineral penting, makanan jalanan

Introduction

Food is a fundamental requirement for sustaining life.
The rapid acceleration of the human population has led
to the creation of various kinds of foods, including
street foods, which are defined as ready-to-eat foods
and beverages that are prepared and/or sold by street
vendors [1]. Generally, street foods are rich in macro-
and micro-nutrients. Macro-nutrients such as
carbohydrates, fats, and proteins are needed in
relatively large amounts, as they provide energy to the
human body, while micro-nutrients in food comprise
vitamins and inorganic minerals such as calcium (Ca),
potassium (K), and iron (Fe). Essential minerals are
present in small quantities but play significant roles in
human biology, especially as catalysts for enzymatic
activities [2-5]. For example, sodium (Na) and K are
common electrolytes that drive the transmission of
signals along nerves as well as maintain water balance,
while Fe is a principal component in hemoglobin
production, which is responsible for oxygen
transportation [6-8] in blood. Either inadequate or
excessive intake of essential minerals will adversely
affect human health. Hypocalcemia, also known as low
blood calcium levels may result in tetany, whereas
hypercalcemia may lead to kidney-stone formation
(nephrolithiasis) [7].

Street foods can readily become contaminated with
heavy metals such as cadmium (Cd), lead (Pb), and
mercury (Hg) due to environmental pollution, which is
all the more common in modern times [9]. Heavy
metals are substances that occur naturally and are often
present in the environment at trace levels [10]. Heavy
metals have caused widespread concern due to their
tendency to accumulate in selective human tissues
(liver, brain, and kidney) and not decay over time.
These characteristics will eventually lead to various
types of disorders, such as peripheral neuropathy and
different cancers9. Previous studies have shown that
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humans are exposed to heavy metals via the ingestion
of contaminated food and beverages [3, 9, 10]. Hence,
is has become necessary to perform food analysis in
order to assess food quality and safety.

Food analysis is a challenging task in analytical
chemistry; the presence of heavy metals and essential
minerals in trace quantities, as well as the complex
nature of food matrices, have only increased its
difficulty. Proper and efficient sample preparation
followed by a highly sensitive instrumental analysis is
often required to obtain quality element-content data in
food [11]. There are numerous types of sample
digestion methods that have been successfully
employed in determining element content in diverse
food samples. Dry-ashing and wet-digestion
procedures are well established methods, and their
efficiency has been reported in previous studies. Dry
ashing is known to be effective in digesting organic
materials in food samples, but it is time-consuming and
prone to losses due to volatilization and/or retention
problems [9, 12, 13]. Wet digestion is relatively
simple, rapid, and inexpensive compared to dry ashing.
This procedure benefits from small sample quantities
and greater flexibility, as the sample weight and
digestion conditions can be changed accordingly.

In recent years, numerous analytical techniques have
been developed for determining element content in
food samples. These techniques include neutron
activation analysis (NAA), voltammetry, atomic
absorption spectrometry (AAS), inductively coupled
plasma optical emission spectrometry (ICP-OES), and
inductively coupled plasma mass spectrometry (ICP-
MS) [4, 9, 10, 14, 15, 16]. Among these techniques,
AAS (including flame atomic absorption spectrometry,
FAAS, and graphite furnace atomic absorption
spectrometry, GFAAS), ICP-OES, and ICP-MS [4, 15]
are well established as mainstays in food analysis
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because of their rapidity and effectiveness in detecting
and quantifying elements in samples at extremely low
concentrations [4, 10, 11, 16]. In addition, flow
injection analysis (FIA) using devices such as the Flow
Injection Mercury System (FIMS) is also employed, as
it combines the advantages of flow injection and
atomic absorption measurement into a compact Hg
analyzer [17].

In Malaysia, Penang is well known as a food paradise
due to its wide variety of street foods. These foods
reflect the multicultural makeup of the state, which has
citizens of Chinese, Malay, and Indian descent. One of
the most famous Penang street foods is Penang Assam
Laksa, which is a broth made of shredded fish
(Kembung fish or mackerel) and finely
vegetables [cucumber, onions, red chilies, pineapples,
lettuce, fresh mint, and torch ginger (in Malay: bunga
kantan)][18]. An increased interest in street foods has
led to public concern about their safety and quality,
owing to their socioeconomic importance as well as
nutritional value. However, there is a paucity of proper
studies and data on this kind of fresh, ready-to-eat
food, as most studies focus on raw, uncooked foods or

sliced

commercialized food products. Thus, there is a need to
perform a proper scientific study to obtain a general
picture of the nutritional content of Penang Assam
Laksa. Such information can help prove the safety of
the food and increase confidence among consumers.

This study mainly aimed to detect the essential
minerals (Ca, Fe, Na, and K) and heavy metals (Hg,
Cd, and Pb) in Penang Assam Laksa by using FAAS,
FIMS, and ICP-OES. The safety of the food was
further assessed by comparing the element content
collected food
permissible levels stated in Malaysia Food Act 1983
and Food Regulations 1985 [19], as well as the
recommended dietary allowance (RDA) from U.S.
Dietary Guideline 2010 [18]. Finally, a simple
comparative study was performed to evaluate the
agreement between the results provided by these two
different groups of techniques.

obtained from samples to the

Materials and Methods

Chemicals and Standards

Concentrated nitric acid (HNOs, 65%, Merck, USA)
and hydrogen peroxide (H>O., 35%, Hmbg, India) were
purchased from local chemical suppliers. Commercial
1000-ppm standard stock solutions (Perkin Elmer
Laboratory preparation, USA) containing elements of
interest were used to prepare working standard
solutions, all of which were freshly prepared prior to
analysis. Ultrapure water was produced by a Milli-Q
System (Millipore, Bedford, MA, USA) and used for
solution preparation as well as sample digestion.

Sample Collection and Handling

Fifteen food samples (Penang Assam Laksa) were
purchased from five selected areas throughout Penang
Island on three different days, all of which were
cooked and ready-to-eat. Upon purchasing, the solid
ingredients (sliced vegetables and noodles) and the
broth of the samples were packed separately with leak-
proof nylon bags. During sample preparation, the solid
ingredients were soaked in the broth and left for 20
min. After that, the mixture was filtered, and the broth
was collected for further treatment.

Wet Digestion of Samples

The wet-digestion procedure performed in this work
was adopted from a study by Salau and Hassan [5].
Three 5-mL aliquots of previously filtered broth
samples were transferred to three conical flasks. Ten
mL of HNOs; was added to the sample and left
overnight (24 h) in a fume hood. The following day,
further digestion was carried out by adding a mixture
of HNO3 and H,Os. Details about the procedure and its
steps are summarized in Table 1. The solutions were
filtered with white filter papers (WHATMAN,
qualitative filter papers, 125-mm diameter) and then re-
filtered with a syringe filter. Then, the filtered solutions
were diluted with ultrapure water to 100 mL and
transferred into polyethylene sample bottles and kept in
a refrigerator.
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Table 1. Wet digestion procedure for samples
Step Ultrapure water HNOs added  H20: added Heating Time
added (mL) (mL) (mL) (°C) (min)
1 - 10 - - Overnight
2 - 5 2 100 30
3 - 10 4 100 30
4 30 5 2 100 30
5 30 10 2 100 20
Recovery Study collected on Day 3 were run separately with a new

Standard solutions containing the elements of interest
were prepared at three different concentrations: 6.00,
8.00, and 10.00 ppm, except for those of Hg, which
were prepared at 0.10, 0.15, and 0.20 ppm. Five-mL
samples of the prepared food were spiked with 0.5 mL
of the standard solutions. The spiked samples were
prepared in triplicate at each concentration.
Simultaneously, unspiked blank solutions containing 5
mL of food sample and 0.5 mL of ultrapure water were
prepared as well. These spiked and unspiked samples
then went through the digestion procedure as described
above before subsequent instrumental analysis.

Instrumental Analysis

A Perkin Elmer AAnalyst 400, a Perkin Elmer FIMS
100, and a Perkin Elmer Optima 8000 were used for
FASS, FIMS, and ICP-OES analyses of the target
elements, respectively. All the instruments were
equipped with WinLab 32 computer software for data
acquisition. For every target element, calibration was
performed prior to instrumental analysis. The
calibration curves for all elements were plotted as
absorbance intensity against concentration in ppm
(with the exception of ppb for Hg analysis) using
Microsoft Excel, and correlation coefficients, R?, for all
curves were determined. Working standard solutions of
certain concentrations were prepared accordingly by
diluting the 1000-ppm standard stock solutions. The
standard stock solutions were drawn by using
micropipette. Samples collected on Days 1 and 2 were
run on instruments at the same time, while samples
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calibration cycle. The concentrations of the working
standards for each element remained unchanged for the
first and second runs.

Statistical Analysis

Student’s t-test was performed by means of Excel in
order to determine whether the two methods
(FAAS/FIMS and ICP-OES) gave significantly
different results. Meanwhile, an inter-day precision
study was conducted for the samples collected on
different days by expressing the repeatability in terms
of relative standard deviation (RSD).

Results and Discussion
Recovery and Efficiency of Wet
Procedure
The accuracy and efficiency of the wet digestion
procedure performed on the spiked samples at three
different concentration levels were evaluated in

Digestion

triplicate. The average recovery (%) of all target
elements is presented in Table 2, which shows that the
recoveries for all the target elements were satisfactory -
more than 85% of the elements were recovered from
the spiked samples. In FAAS, the highest digestion
efficiency was achieved for Cd at 96.1%, whereas Pb
exhibited the lowest efficiency at 86.3%. In contrast,
Hg exhibited the highest average recovery percentage
in ICP-OES (94.5%). Based on this recovery assay, the
efficiency of the digestion procedure used in this work
was confirmed.



Malaysian Journal of Analytical Sciences, Vol 26 No 2 (2022): 429 - 438

Table 2. Average recovery for all targeted elements

Elements Average Recovery (%)
FAAS/FIMS ICP-OES
Hg 91.6 94.5
Cd 96.1 85.8
Pb 86.3 91.7
Fe 94.0 90.3
Ca 91.7 91.1
Na 93.5 93.5
K 94.1 86.9

Instrumental Analysis of Studied Foods

Linearity of Analysis: Every elemental analysis carried
out via FAAS, FIMS, and ICP-OES consisted of two
calibration cycles, as the food samples were run in two
batches. All the calibration curves exhibited linearity,
with R? values greater than 0.99, except for Hg via
ICP-OES, as well as K and Na via FAAS, which gave
slightly lower R? values. As an overall observation, all
the calibration curves demonstrated a linear response
within a particular range. It was noted that both
calibration cycles for the elements generated different
regression equations and R? wvalues, but these
differences were quite small and negligible, as they did
not possess any significant meaning.

Detection of Essential Minerals in Studied Food
Samples: The mineral-content ranges of the food
samples were compared to the RDA for minerals
according to U.S. Dietary Guideline 2010, as shown in
Table 3. Since the RDA values stated in the guideline
are in units of mg/day, for ease of comparison, an
assumption was made wherein the mineral content
presented in the Tables 3 and 4 under this section is
normalized as that in 250-mL samples. Adequate Fe
intake is crucial to prevent anaemia [2]. It was noted
that the order of Fe content for each sample collected at
different locations showed the same pattern for the
three different collection days. The highest detected Fe
content was 1.98 mg/L by FAAS and 1.51 mg/L ICP-
OES. According to U.S. Dietary Guideline 2010 [8],
adult females and males are recommended to take

approximately 18.00 mg and 8.00 mg of Fe per day,
respectively. In general, all the studied food samples
were considered to have adequate levels of Fe for an
adult male older than 19 years. However, the Fe
content was insufficient for an adult female because
they experience the Fe losses associated with
physiological processes (menstruation) [8].

Calcium is the most abundant cation in the human
body. According to U.S. Dietary Guideline 2010 [8],
an adult is recommended to take 1.00 x 103 mg of Ca
daily as an upper intake level (UL). From Table 3, the
highest detected Ca content was 3.25 x 10% mg/L
(FAAS) and 2.61 x 10? mg/L (ICP-OES). The high Ca
content in the studied food samples was most probably
due to mackerel, the main ingredient of the food
samples, since it was reported in a previous study that
mackerel contains high levels of Ca, ranging from 1.60
x 103 to 1.80 x 10° mg/L [20]. All the studied food
samples were considered to have adequate Ca levels
for an adult older than 19 years.

For Na, adequate intake (Al) levels are used instead of
RDA, since the latter could not be determined. The
determined Na concentration of all the studied food
samples approached the Al level and was less than the
UL. The highest Na levels were 1.23 x 10° mg/L
(FAAS) and 1.44 x 10° mg/L (ICP-OES). The Na
content in the studied food samples was most likely
due to salt (sodium chloride), which is added to
enhance taste. Based on the obtained results, the
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studied food samples were considered to have adequate
Na levels. However, the consumption of Penang Assam
Laksa is advised to be reduced in order to avoid
excessive Na intake.

Potassium is important for building muscle as well as
metabolizing proteins and carbohydrates [8]. The
highest concentration of K was detected at 1.52 x 103

mg/L and 6.67 x 10> mg/L for FAAS and ICP-OES,
respectively. The Al level for K established by U.S.
Dietary Guideline 2010 is approximately 4.70 x 103
mg/day; all the studied samples were considered to
have sufficient K, most likely because of the mackerel
- the main ingredient of the broth [21].

Table 3. Ranges of Fe, Ca, Na, and K contents in the studied food samples detected by FAAS and ICP-OES
(assuming 250 mL of broth per serving unit)

Range of Concentration Detected

Element (mg/L) Recommended Dietary Allowance
FAAS ICP-OES
Fe 5.48 x 10! to 5.57 x 107 to 18.00 mg per day (female above 19 y.0.)
1.98 1.51 8.00 mg per day (male above 19 y.o.)
Ca 3.96 x 10 to 1.18 x 10% to 1.00 x 10 mg per day
3.25 x 10? 2.61 x 102 (male and female above 19 y.o0.)
Adequate Intakes
Na 7.32 x 10% to 6.87 x 10% to 1.50 x 10 mg per day
1.23 x 103 1.44 x 103 (male and female above 19 y.o0.)
K 1.92 x 102 to 1.44x10%t0  4.70 x 103 mg per day
1.52 x 10° 6.67 x 10? (male and female above 19 y.o0.)

*All values are expressed as a mean in ppm or mg/L
* y.0. =years old

* Recommended dietary allowance and adequate intakes (Source: US DA & US DHS 2010)[8]

Detection of Heavy-Metal Contents in Studied Food
Samples: The concentration of heavy metals detected
in all food samples was tabulated and compared to the
permissible levels stated in Malaysia Food Act 1983
and Food Regulations 1985 [19], as seen in Table 4.

Cadmium affects cell proliferation, differentiation, and
apoptosis; it also inhibits both cellular respiration and
oxidative phosphorylation at low concentrations [22].
In this study, Cd was not detectable via ICP-OES for
all samples, while it was detectable via FAAS. This
observation does not lead to the conclusion that the
samples were free of Cd. Instead, the results only
suggest that Cd was undetectable in ICP-OES, as
FAAS was able to give readings. Basically, the Cd

434

content in the studied food samples ranged from 7.80 x
102 to 2.85 x 10" mg/L (in FAAS determination). This
concentration level was relatively low and did not
exceed the permissible level stated in Malaysia Food
Act 1983 and Food Regulations 1985 [19], which is
1.00 mg/L.

The FIMS used in this study was a dedicated Hg
system coupled with a high-sensitivity Hg detector
[17]. This instrument was designed purposely for Hg
quantification with an extremely low detection limit (as
suggested by the user manual of the instrument) of less
than 5.00 x 10°® mg/L, as compared to the much higher
5.10 x 10 mg/L for ICP-OES. In other words, ICP-
OES is not sensitive enough to detect Hg at trace
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levels; thus, it yielded no readings or measurements in
this study. The Hg detected in most of the food samples
was present at trace amounts ranging from 9.00 x 10
to 8.10 x 107> mg/L, lower than the permissible level of
5.00 x 102 mg/L as stated in Malaysian Food Act 1985
[12]. Meanwhile, Hg was undetectable in a few
samples.

The Pb levels in the food samples were significantly
higher than those of Cd and Hg. According to Malaysia
Food Act 1983 and Food Regulations 1985 [19], the

permissible level of Pb in food is 2.00 mg/L.
Unfortunately, the majority of the samples contained
excessive Pb levels, which possibly originated from the
raw ingredients used to prepare the foods, such as fish,
spices, and vegetables. This finding is of great concern,
as Pb was classified as a “human carcinogen” by
International Agency for Research on Cancer (IARC)
in 1993 [23]. Excessive Pb intake can cause severe
brain and kidney damage. Moreover, a high intake of
(or exposure to) Pb may cause miscarriages in pregnant
women [10, 24].

Table 4. Ranges of Cd, Hg, and Pb contents in the studied food samples detected by FAAS/FIMS and ICP-OES
(assuming 250 mL of broth per serving unit)

Range of Concentration Detected

Elements (mg/L) Permissible Level in Malaysia
FAAS/FIMS ICP-OES
Cd 7.80 x 102 to n.d. 1.00 mg/L
2.85 % 10!
Hg 9.00 x 10" to n.d. 5.00 x 102 mg/L
8.10 x 1073
Pb 2.87105.26 1.27 to 5.04 2.0 mg/L

*All values are expressed as a mean in ppm or mg/L
*n.d = non-detectable

*Permissible Level in Malaysia (Source: Malaysia Food Act 1983 and Food Regulations 1985, 2017 [19]

Statistical Testing

Student’s t-test: The results provided (Table 5) by the
two types of analytical instruments, FAAS/FIMS and
ICP-OES, were compared using Student’s t-test. There
was no significant difference (at a confidence level of
95%) in the results of essential minerals as determined
by FAAS and ICP-OES. However, there was a
significant difference found in the heavy-metal results.
This indicated that both FAAS and ICP-OES were
suitable for the detection and quantification of essential

minerals in food samples. For heavy metals, both
analytical instruments failed to show a good correlation
between the obtained results. Perhaps this was
associated with the trace levels of heavy metals in the
food samples and the sensitivities of the instruments.
Thus, the suitability of an instrument in detecting and
quantifying heavy metals in food samples is dependent
upon its detection limit.
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Table 5. Summary of Student’s t-test for all targeted elements

Elements t-calculated t-critical Result

Fe 1.24 No Significant difference
Ca 1.67 No Significant difference
Na 1.91 No Significant difference
K 1.25 2.15 No Significant difference
Cd 11.2 Significant difference
Hg 3.18 Significant difference

Pb 8.11 Significant difference

*Student’s t-test performed at a 95% confidence interval

Inter-day Precision Study

An inter-day precision study was performed in order to
assess the consistency of the determined content of
minerals and heavy metals in the studied food samples.
Sample collection was repeated on three different days
at selected locations. The precision of repeatability is
expressed as %RSD. In general, the acceptable level
for %RSD is less than 10%[8]. Overall, almost all the
elements exhibited a %RSD value above 10%, which
suggests the inconsistency of the content of heavy
metals and minerals for samples collected on different
days. The variability of the element content is most
likely a result of the ingredients comprising the food
samples. However, it is difficult to ascertain the exact
cause for such variation, as there are a wide variety of
factors involved.

Conclusion
The heavy metals (Cd, Hg, and Pb) and essential
minerals (Fe, Ca, Na, and K) present in Penang Assam
Laksa collected from different areas were successfully
characterized by using both FAAS/FIMS and ICP-
OES. Cadmium and mercury were detected in Penang
Assam Laksa at trace levels, whereas lead was found at
levels higher than those permitted by Malaysian Food
Act 1983 and Food Regulations 1985. Most of the
Penang Assam Laksa contained adequate levels of iron,
calcium, potassium, and sodium. As determined by
Student’s t-test, both FAAS and ICP-OES can be
satisfactorily used in the detection and quantification of
minerals, while an inter-day precision test showed
variability of the element content in food samples
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collected on different days. Moreover, the wet-
digestion procedure was efficient and suitable for
digesting the food samples. In general, this work
represents the first scientific study on the element
content in Penang Assam Laksa, one of the most
famous street foods in Penang. However, the findings
stated above cannot be generalized to all Penang
Assam Laksa samples, as this study just focused on
five selected locations. Instead, this work serves as
valuable direction for other researchers in the field.
Further studies are needed in order to provide a full
picture of the nutritional content in Penang Assam
Laksa.
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