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Glutaraldehyde-crosslinked chitosan/carboxymethyl cellulose was synthesized as a sorbent for
the solid-phase extraction (SPE) of Pb ions. This study optimized the SPE method for Pb?*
preconcentration. SPE parameters such as pH, sample concentration, loading and eluting flow
rates, and reusability were investigated. The Pb2* concentration retained in the sorbent was
analysed using AAS (atomic absorption spectrometry), while the sorbent was characterized using
FT-IR (Fourier transform infrared) spectroscopy and SEM-EDX (scanning electron microscope-
energy dispersive x-ray). The optimum parameters for SPE were pH 6, an initial Pb concentration
of 10 mg L and flow rates for both loading and elution of 9 mL min-1. The highest efficiency
achieved under these optimum conditions was 98.98 %. However, this efficiency reduced with
repeated sorbent usage to 82.34 % in the second cycle and 40.22 % in the fifth cycle.

Keywords: Chitosan; carboxymethyl cellulose; glutaraldehyde; crosslinking; solid-phase

extraction

Received: January 2023; Accepted: February 2023

Heavy metals are commonly released into the
environment through wastewater as pollutants which
can be very dangerous to human health [1], [2]. A
pollutant is any material in the environment that has
undesirable consequences, affecting the environment's
well-being, diminishing quality of life, and possibly
causing death [3]. Such material must exceed an
established tolerance limit, which could be either
desirable or acceptable [4]. Therefore, the removal of
heavy metals is essential since they can persist in water
bodies (e.g., surface waters, groundwater and drinking
water) and the food chain [5]. So far, various methods
for heavy metal removal have been investigated
[6]. These methods are mainly based on separation
techniques aimed at purifying analytes from mixtures
[7], such as precipitation, ion exchange, adsorption,
electrodialysis and filtration [8]. Among these methods,
adsorption is the most efficient, cost-effective and
environmentally friendly [9].

Heavy metals with a high level of toxicity, such
as lead (Pb), can cause severe nervous system problems
[8]. As a trace metal, Pb may be present in plants, soil,
food and water. Industrial waste from sectors including
the battery, fuel, foundry, refining and other chemical
industries is the largest source of the lead that ends up
in the environment [10]. If disposed of directly into the
environment, these heavy metal contaminants can pose
a very hazardous risk to living beings [11]. Additionally,
the natural cycles of nature, such as food chains, can
impact the distribution of these heavy metals. Utilizing
degradable materials is one strategy to prevent lead
pollution from becoming more prevalent in the
environment. The adsorption method is one approach

that has several benefits, including a relatively straight-
forward procedure, comparatively high effectiveness
and efficiency, and the absence of hazardous side
effects [12].

Recent research on adsorption methods has
mainly been focused on adsorbent development.
Biopolymer adsorbents have gained much attention
due to their favourable properties, including being
environmentally friendly, biocompatible and bio-
degradable [9]. Three main groups of biopolymers have
been modified and investigated in many studies: natural
rubber, lyocell fibre and chitosan-based sorbents [13].
Chitosan and its derivatives have been widely studied
as adsorbents for heavy metal removal in wastewater
treatment [9] because these materials have a high
affinity for adsorbing many pollutants from aqueous
solution [14]. Several studies have used modified
chitosan as an adsorbent for Cd, Pb, Pd, and Pt [1],
[9], [15]-[17]. To become a sorbent, chitosan must
be modified as in its natural form it lacks solubility,
is very fragile and has a highly rigid molecular chain
[18]. This statement is supported by Qin et al. [19],
who stated that chitosan only demonstrates antibacterial
activity in an acidic solution, which is typically
attributed to its poor solubility above pH 6.5. The
structure of chitosan itself supports chemical and
physical modification because of the presence of
reactive hydroxyl and amino groups [20].

Carboxymethyl cellulose modified with chitosan
sorbents has been commonly applied in the batch
method. Unlike chitosan, carboxymethyl cellulose is
easily soluble in water [21]. Hence, this difference in
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solubility is typically bridged by the presence of a
crosslinking agent that stabilizes the structure of both
materials throughout a wider pH range. Huang et al.
[22] synthesized chitosan-crosslinked graphene oxide/
carboxymethyl cellulose as an adsorbent for methylene
blue, with an adsorption capacity of 3,190 mg/g. In
addition, Manzoor et al. [23] used EDTA-modified
chitosan-carboxymethyl cellulose to adsorb Cu(ll),
with an adsorption capacity of 142.95 mg/g. They
also conducted another study using chitosan and
carboxymethyl cellulose to synthesize arginine-cross-
linked chitosan-carboxymethyl cellulose beads for the
adsorption of Pb?* and Cd?* [9]. These prior studies
utilized the batch method in their adsorption process.
There are no studies available to date on this sorbent
in a solid-phase extraction (SPE) method.

SPE is a preferred method for metal removal
because of its simplicity [24]. The basic principle of
SPE is the preconcentration of analytes from a sample
solution by adsorption on the solid sorbent [25].
However, this method has a drawback: low selectivity
[26]. Therefore, modification of the sorbent surface was
suggested to overcome this problem [26]. Further
modifications such as crosslinking may also be done to
enhance the stability of the sorbent [27]. Thus, the
present study aims to synthesize glutaraldehyde-cross-
linked chitosan/carboxymethyl cellulose as a sorbent
for Ph?* adsorption using the SPE method. This sorbent
was expected to have high efficiency in retaining Pb
ions. In addition, we investigated SPE parameters such
as pH, initial sample concentration, flow rates (loading
and elution), and sorbent reusability.

EXPERIMENTAL
Materials

Materials used in this study were high molecular weight
chitosan powder (Sigma-Aldrich; > 75% deacetylation;
Mw = 310,000-375,000 Da), carboxymethyl cellulose
(Sigma-Aldrich; Mw = ~90,000 Da), glutaraldehyde
25% (Sigma-Aldrich), acetic acid, Pb(NOs)2, NaOH,
HNOs, and Na;EDTA.

Equipment

A Fourier transform infrared spectrometer (FT-IR,
Prestige-21, Shimadzu) and a scanning electron
microscope-energy dispersive x-ray (SEM-EDX,
JEOL JSM 6360LA Phenom-BSD Detector) were
used to characterize the sorbent before and after the
SPE process. An atomic absorption spectrometer (AAS,
Perkin Elmer 400) was used to obtain concentration
data from the sample. A digital pH meter (ATC) was
used for pH adjustment. A glass column was used as a
cartridge. A dosing/peristaltic pump (INTLLAB) was
used to control the flow rate.

Solid-Phase Extraction of Pb(ll) Using Glutaraldehyde
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Synthesis of sorbent

The sorbent was made using three primary materials:
chitosan, carboxymethyl cellulose and glutaraldehyde.
Chitosan was dissolved in 80 mL of 2 % acetic acid by
stirring for 2 hours. The mixture was then poured onto
1.72 grams of carboxymethyl cellulose. 100 pL of 25
% glutaraldehyde was added to the mixture which
was stirred for 2 hours. The mixture was then added
dropwise into 100 mL of NaOH 0.1 M solution using
a syringe to form beads. These beads were then
neutralized using double distilled water. The beads
were dried at 50 °C in the oven for 24 hours to obtain
a dry sorbent for SPE application.

SPE Parameter Assays

The parameters tested in this study were pH, initial Pb
concentration, loading and eluting flow rate and
reusability. All tests used 25 mL of Pb solution, two
cycles of sample loading, and 10 mL of 0.1 M Na,EDTA
as eluent. The pH testing was varied from pH 2 to
8. The Pb initial concentration was determined
by conducting the SPE process at various Pb ion
concentrations, namely 5, 10, 15, 20, and 25 mg L.
The loading flow rate was varied at 9, 12, 15, 18, and
21 mL min’. The same variations were also applied to
the eluting flow rate tests. Finally, the reusability tests
were conducted under the optimum conditions with 5
cycles of the SPE process. Figure 1 illustrates the SPE
equipment setup used in this study.
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Figure 1. SPE equipment setup.

RESULTS AND DISCUSSION
FT-IR Characterization

This study successfully synthesized a sorbent from
chitosan (CS) and carboxymethyl cellulose (CMC)
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with glutaraldehyde (Glu) as a crosslinking agent.
Glutaraldehyde was chosen as it is the most common
crosslinker in the chitosan matrix due to its high
stability [28]. The synthesized sorbent was characterized
using FT-IR spectroscopy to study its functional groups.

Figure 2 shows the FT-IR spectra of CS,
CMC, and CS-Glu-CMC. Based on Figure 2(a), the
absorption peaks at 3448 and 1644 cm™ indicate the
N-H stretching and bending of chitosan, respectively.
In addition, the broad band observed at 3456 cm!
indicates the O-H stretching vibration of the hydroxyl
group. The peaks at 2931 and 2889 cm™ are due to the
C-H stretching of chitosan. In addition, the peak at
1383 cm? corresponds to C-N stretching, and the
broad band occurring around 1064 cm-! was assigned
to the primary alcohol C-O stretching as well as O-H
bending vibrations. The spectra of CMC (Figure 2(b))
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showed characteristic bands at 3447, 1603, 1318, and
1064 cm™® ascribed to O-H stretching, C-O stretching
of the carboxyl group, C-H bending, and C-O ether
from the carboxymethyl group, respectively [29],
[30]. Based on Figure 2(c), the crosslinking process
shifted the peak to 3432 cm-1, suggesting that
the hydrogen bonding between CS and CMC was
interrupted by glutaraldehyde's presence. Furthermore,
the peak at 1644 cm™ was not present, while a sharp
peak formed at 1654 cm™ due to the formation of a
Schiff base (imine linkage of C=N) between the
aldehyde group in glutaraldehyde and the amino group
in chitosan [28]. Based on the proposed chemical
structure of the sorbent (Figure 3) and examination
of the spectra, the active sites that played a role in
the formation of complexes with Pb?* may be -N=
and -OH. Table 1 summarizes the FT-IR spectral
interpretation results.

Figure 2. FT-IR spectra of (a) Chitosan (CS), (b) Carboxymethyl cellulose (CMC), and (c) Glutaraldehyde-
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crosslinked chitosan/carboxymethyl cellulose (CS-Glu-CMC).

Table 1. FT-IR spectral interpretation.

Wavenumber(s) (cm™) Functional groups References
3456, 3447 O-H stretching [31]-[34]
3448 N-H stretching [35]

2931, 2889 C-H stretching [36]-[39]
1654 C=N [40]

1644 N-H bending [41], [42]
1603 C-O stretching [43]

1383 C-N stretching [44]

1318 C-H bending [45]

1064 C-O stretching, O-H bending [46], [47]
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Figure 3. The proposed reaction mechanism for the formation of glutaraldehyde-crosslinked
chitosan/carboxymethyl cellulose.

Figure 4 compares the FT-IR spectra of CS-
Glu-CMC, the Pb-adsorbed sorbent, and the Pb-
desorbed sorbent. There were some discrepancies in
the functional groups of the CS-Glu-CMC sorbent
owing to Ph?* adsorption. The O-H stretching vibration
peak in the sorbent before SPE was at 3432 cm™2.
However, in the Pb-adsorbed sorbent and Pb-desorbed
sorbent, there was a shift in the O—H stretching
vibration from 3432 to 3448 cm™. This shift occurred
because Pb?* ions had absorbed onto the surface of

%  Transmitance
3432

3448

the CS-Glu-CMC, and the change in wavenumber is
conceivable due to the interaction of the —OH group
with Pb?* ions. In addition, the CS-Glu-CMC peak of
the Pb-adsorbed sorbent shifted from 1654 cm™ to
1638 cm™. This is due to the interaction of Pb?* ions
with the nitrogen atom of the imine bond. The peak
shift from 1638 cm™ in the Pb-adsorbed sorbent to
1628 cm! for the desorbed sorbent was caused by the
removal of Pb?* ions, which were replaced by Na* ions
from the Na,EDTA eluent.
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Figure 4. FT-IR spectra of (a) CS-Glu-CMC, (b) Pb-adsorbed sorbent, and (c) Pb-desorbed sorbent.
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Figure 5. Morphology of the CS-Glu-CMC sorbent: (a) before SPE application, (b) during adsorption of Pb, (c)
after elution, and (d) after 5 cycles of SPE (3000x magnification).
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Figure 6. Effect of pH on preconcentration of Ph?* using SPE.

SEM Morphology

The morphology of CS-Glu-CMC before adsorption,
during adsorption, after elution, and after 5 cycles of
the SPE process were analysed using SEM. The smooth
surface of the CS-Glu-CMC sorbent in Figure 5(a)
was due to the crosslinking reaction between chitosan
and carboxymethyl cellulose [48]. However, spiral-
like structures remained on the sorbent's surface, most
likely due to the remaining carboxymethyl cellulose.
Compared to Figure 5(b), the spiral portion was not
present as it would have dissolved during the loading
process due to carboxymethyl cellulose’s solubility in
water. Figures 5(c) and 5(d) illustrate the unevenness
generated by the elution process. Figure 5(d) was more

uneven than Figure 5(c) as it had been eluted five
times. This indicates that the sorbent might have
experienced swelling.

Effect of pH

Figure 6 illustrates the effect of pH on the pre-
concentration of Pb ions using the SPE method. The
efficiency (%) at various pH values showed that Pb
was adsorbed optimally at pH 6, with an efficiency of
95.43 %. At pH values below 6, the excess protons in
an acidic environment would have occupied the active
sites of the CS-Glu-CMC, preventing Pb?* ions from
binding. In addition, protonation of the sorbent may
also result in a decrease in efficiency [49]. As the



67 Muhammad Rizza Umami, Dwi Siswanta
and Mudasir Mudasir

amount of Pb(l1) adsorbed in the acid solution decreases,
the amount of Pb(ll) desorbed would also decrease
proportionately. On the other hand, at pH > 6, the
decrease in efficiency was caused by competition
between OH- ions and the sorbent in binding Pb2* [49].

Effect of Initial Pb Concentration

Based on Figure 7, the highest efficiency was obtained
at a concentration of 10 mg L (93.62 %). This is
because the adsorption process reached saturation at
this point, reducing the sorbent's capacity to load Pb.
According to Almomani et al. [50], the concentration
of metal ions in wastewater affected the adsorption
rate: as the concentration increased, the adsorption
capacity of the adsorbent decreased. This was also
corroborated by the findings of Zhang et al. [51],
which indicated that the adsorbent's adsorption capacity
decreased above the optimal concentration because
the adsorbent’s outer layer became saturated and could
no longer absorb the existing metal ions.

Loading and Eluting Flow Rate

The loading and eluting flow rate test results are
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presented in Figure 8. Based on these results, the
faster the loading flow rate, the less the adsorbed
Pb. This is in line with the research by Bakircioglu et
al. [52], which implied that the faster the loading flow
rate, the lower the absorbance towards the analyte. At
a loading flow rate of 9 mL min%, Pb would be in
contact with the sorbent for longer than when other
flow rates were applied. The efficiency obtained at a
flow rate of 9 mL min was 97.44 %, which was the
best overall result.

The elution stage entails the exchange of analyte
ions for H*. A suitable eluent should successfully elute
the analyte in a defined volume to maximize analyte
recovery [53]. Na;EDTA was chosen as the eluent in
this study because Pb?* has a stronger affinity to this
ligand than to the sorbent. Many studies have shown
that Na;EDTA can be used effectively to recover
many heavy metals from sorbents [54]. Based on
Figure 8, the eluting flow rate of 9 mL min resulted
in the highest efficiency of 98.98 %. The faster the
flow rate, the poorer the efficiency, as the analysis
time is shortened [25]. In other words, the contact time
between the eluent and the Pb?* retained in the sorbent
is reduced.
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Figure 7. Effect of initial Pb concentration on SPE efficiency.
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Figure 8. Effect of loading and eluting flow rate on SPE efficiency.
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Figure 9. Effect of sorbent reusability on SPE efficiency.

Flow rate significantly impacts the amount of
Pb that can be adsorbed. This is directly proportional
to the contact time between Pb and the sorbent; the
higher the flow rate, the shorter the contact time,
and thus the lower the amount of Pb adsorbed [55].
The slower the flow rate, the longer the contact
time between the eluent and the bound metal ions
on the sorbent, increasing the likelihood of cation
exchange.

Reusability

The recovery of metal ions while preserving sorbent
efficiency through multiple reuse cycles is a critical
challenge when determining the economic worth of
the entire uptake process [56]. Five consecutive uptake
operations were performed on the sorbent to account
for the decrease in SPE efficiency. The efficiency
decreased from 94.81 % to 40.22 % after five
adsorption cycles (Figure 9). This may have occurred
because of the swelling caused by water in the sorbent
cavity during frequent use. Aradjo et al. [57] reported
that the polymer chains did not have time to reorganize
and acquire stability by self-assembly. In addition,
there were no efficient polymer entanglements that
promoted disintegration and dissolution resistance.

According to Siyal et al. [58], sorbents must

possess high adsorption and regeneration capacities
for application in the treatment of polluted water. The
adsorbent regeneration process aims to enable the
adsorbent to be reused. Furthermore, regeneration aims
to restore the active sites of the sorbent so that it can again
bind to Pb and rearrange the groups used in the
adsorption and elution processes [59]. The loss in
effectiveness of the sorbent regeneration process is due
to the inability of the adsorbent to absorb Pb, which
renders the elution process incapable of entirely
removing the complexly attached Pb from the
sorbent [60].

Table 2 compares the data on Pb adsorption
efficiencies of several adsorbents from prior studies.
Comparisons were only made with studies that reported
efficiency since the present study did not provide
adsorption capacity data. In addition, there were no
studies found that reported chitosan/carboxymethyl
cellulose adsorption efficiencies. In order to avoid
misleading comparisons, only studies focused on the
adsorption efficiency of Pb are presented. Based on
Table 2, the current study achieved a higher adsorption
efficiency compared to previous research. In addition,
the SPE method only required a short amount of time
compared to the batch method. However, more
research into this method is required to improve the
sorbent reusability results.

Table 2. Adsorption efficiencies of Pb?* in the literature.

Sorbent/Adsorbent Efficiency Adsorption References
method

Modified orange peel 96 % Batch [61]

SiO/graphene composite 84.23 % Batch [62]

Powdered activated carbon 83 % Batch [63]

Iron oxide magnetic nanoparticles and Ca-

alginate immobilized Phanerochaete >90 % Batch [64]

chrysosporium

Glutaraldehyde-crosslinked 98.98 % SPE This work

chitosan/carboxymethyl cellulose
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CONCLUSION

The synthesis of a CS-Glu-CMC sorbent was
successfully carried out through the bead formation
process. The active sites on this sorbent had the
potential to adsorb Pb2* ions via the SPE process. The
optimum SPE conditions obtained in this study were
pH 6, an initial Pb concentration of 10 mg L™, and
both loading and eluting flow rates of 9 mL min™.
These conditions resulted in an efficiency of 98.98 %.
However, the consecutive use of CS-Glu-CMC sorbent
in the SPE process gave unsatisfactory results. This
was because swelling occurred when the sorbent was
reused, making the target metal difficult to desorb.
The adsorption efficiency dropped from 94.81 % to
40.22 % after five cycles of the SPE process.
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