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Abstract

Contamination of Cr(VI) is of global concern, whereas the innovation in wastewater treatment is required. Combination of
bentonite and cellulose could produce an effective adsorbent to treat Cr(VI)-containing wastewater. The aim of this study was to
investigate the use of composite bentonite/cellulose (B/Cell) to remove Cr(VI) in the aqueous media, in which the bentonite was
collected from local sources. The Na-bentonite was firstly prepared before proceeding to cellulose embedment. The resultant B/Cell
was characterized for its functional groups, morphology, and crystallinity. The Cr(VI) adsorption capacity and removal efficiency
were determined based on batch adsorption. Our findings revealed that the B/Cell composite with a 4:1 bentonite-to-cellulose mass
ratio exhibited the highest removal efficiency (85.68%) among tested formulations. Fourier-transform infrared spectroscopy,
scanning electron microscopy, and X-ray diffraction analyses confirmed the successful integration of cellulose and structural
modification of bentonite. Optimal adsorption was achieved at pH 3, 180-min contact time, and 10 g/L adsorbent dosage. Isotherm
modeling showed excellent fits for Sips (R* = 0.9992) model, with maximum adsorption capacity reaching 192.56 mg/g. Kinetic
analysis indicated pseudo-second-order kinetics (R* = 0.959, g, = 1.018 mg/g), suggesting a chemisorption mechanism. These
results highlight the potential of the B/Cell composite as an efficient and low-cost adsorbent for Cr(VI) removal from aqueous

environments.
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1. INTRODUCTION

With heightened industrial activities, pollution of
heavy metals, including chromium (Cr), has
become a globally environmental concern [1]. Cr
(VD) is the most common form of Cr found in the
environment [2]. The concentration of Cr in the
environment can be widely varied. A study of an
ultramafic environment in Greece revealed that
groundwater Cr concentrations ranged from 0.5 to
131.5 pg/L, exceeding the safety limit for drinking
water [3]. In an area impacted by heavy traffic, Cr
concentrations in various sources of water could
range from 0.04 to 2.23 mg/kg [4]. In a leather
tanning industrial region of South India,
groundwater concentrations ranged from 0.01 to
0.19 mg/L, with 66% of samples surpassing the
safety threshold [5]. This is concerning since this
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metal could adversely impact various organisms,
including humans [6][7]. In the
environment, chromium can bioaccumulate, posing
a potential threat to the organisms or even human
food [8][9].
environment heavily impact women, particularly
because of the carcinogenicity of the heavy metal
[91[10].

Bentonite, particularly when modified as
organoclay, has been shown to be a reliable
adsorbent for treating Cr(VI) in water [11][12]. A
study reported organo-bentonite had a high
adsorption capacity for Cr(VI), with optimal

aquatic

through chain Contaminated

conditions at a pH of 3.4 and an adsorbent amount
of 0.44 g, yielding a maximum adsorption capacity
of 10.04 mg/g [13]. Following an optimization,
magnetic bentonite was reported to exhibit nearly
complete removal of Cr(VI), reaching 98.89%
removal at a 6 mg/L concentration [14]. This
improved by
biopolymers onto the clay surface. On the other
hand, cellulose is a biopolymer that is not only

potential can be embedding

highly abundant in nature, but also possesses high
adsorption capacity against various heavy metal
[15][16]. Therefore, the present study aimed to
prepare a composite based on cellulose and
bentonite. Previous studies reported that embedding
cellulose increased Cr(Ill) removal efficiency by
5.0-6.5% compared to non-modified organoclay
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Table 1. Composition variations of bentonite and cellulose in the preparation of B/Cell composite.

Composition (%)

Label Bentonite (g)  Cellulose (g) Bentonite Cellulose
Bentonite 5 0 100 0
Cellulose 0 5 0 100
B/Cell 4:1 4 1 80 20
B/Cell 3:2 3 2 60 0
B/Cell 2:3 2 3 40 60
B/Cell 1:4 1 4 20 50

Figure 1. Photographed images of (a) Na-Bentonite, (b) cellulose, and B/Cell with compositions of (c) 1:4,
(d) 2:3, (e) 3:2, and (f) 4:1.

[17]. In another study, interlayer modification of
bentonite using cellulose resulted in effective
removal of hazardous dye contaminants (maximum
adsorption capacity of 140.85 mg/g) [18]. However,
most existing studies focused either on Cr(IIl) or
organic contaminants, and limited attention has
been given to the application of cellulose-bentonite
composites for Cr(VI) removal. Furthermore,
Indonesian natural bentonite—despite being locally
abundant—remains underutilized in biopolymer-
based composite development. To address this gap,
the present study aims to prepare and characterize a
cellulose-bentonite composite using Indonesian
bentonite for the efficient adsorption of Cr(VI).

2. MATERIALS AND METHODS

2.1. Materials
Materials used in this study were natural

bentonite, alpha-cellulose, K,Cr,05, 1,5-
diphenylcarbazide, NaCl 1 M, AgNO;, H,SO,,
ethanol, acetone, deionized water, HCI 0.1 M and
NaOH 0.1 M. Otherwise specifically described, all
materials were procured from Merck (Selangor,
Malaysia) with analytical standard quality. Natural
bentonite was collected Aceh Utara Regency, Aceh,
Indonesia.

2.2. Preparation of Na-bentonite

Upon collection, bentonite in a powder form was
rinsed with deionized water and dried in an oven
(105 °C; 5 h). Thereafter, the bentonite (50 g) was
added into a Beaker glass containing 500 mL NaCl
1 M, and subsequently stirred for 24 h at room
temperature (25+1 °C). The formed precipitate was
washed using deionized water until the chloride ion
was completely removed. The bentonite paste was
then dried in an oven (105 °C) for 24 h, and further

[§) PANDAWA



J. Multidiscip. Appl. Nat. Sci.

crushed and sieved (100 mesh) to obtain Na-
bentonite fine powder.

2.3. Preparation of Bentonite/Cellulose

Composite B/Cell was prepared by mixing Na-
bentonite and cellulose powders with varied
concentrations in 100 mL deionized water as
presented in Table 1. After being stirred for 24 h at
220 rpm and room temperature (251 °C), the
composite was sequentially collected, oven-dried
(105 °C, 24 h), and crushed to obtain the fine
powder.

2.4. Characterization

Composite B/Cell was characterized using
Fourier transform infrared (FT-IR) Prestige 21
(Shimadzu, Kyoto, Japan), where the infrared
absorption observation was performed from 4000 to
500 cm™. We also employed Shimadzu XRD- 700
(Kyoto, Japan) to investigate the crystalline
characteristics of the resultant composite. The
scanning was carried out from 26 = 10° to 80° at a
rate of 2°/min using Cu Ka radiation generated by
an X-ray tube operating at 40 kV and 30 mA.
Moreover, the surface morphology of the resultant
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Figure 2. Effect of bentonite and cellulose compositions on the adsorptive removal of Cr(VI) by composite
B/Cell.
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Figure 3. FT-IR spectra of Na-bentonite, cellulose, and B/Cell before and after used in Cr(VI) adsorption.
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Figure 4. SEM images of Na-bentonite and composites B/Cell before and after used in Cr(VI) adsorption.

adsorbent investigated through images
generated by scanning electron microscope (SEM)
Jeol. Jsm-6510 LA (Tokyo, Japan). SEM analysis
was carried out at 12 kV under 5,000x
magnification.

was

2.5. Batch Adsorption

Batch adsorption was carried out on Cr(VI) 25
mg/L with a volume of 20 mL (neutral pH). Upon
the addition of adsorbent into the Cr(VI) solution,
the container was sealed with aluminum foil and
stirred at 200 rpm at 25 °C. To observe the effect of
contact time, the batch adsorption was carried for 30
to 300 min with 30 min interval with Cr(VI) initial
concentration of 25 mg/L and pH 7.7. To observe
the effect of initial pH, the batch adsorption was
carried on Cr(VI) 25 mg/L for 3 h with pH variation
from pH 1 to pH 8. Adjustment of the initial pH was
carried out by the drop-wising HNO; and KOH to
decrease and increase the pH level, respectively.
Effect of adsorbent mass was investigated by
varying the adsorbent weight from 0.1 to 0.5 g with
0.1 g interval, where the initial concentration, pH, as
well as contact time were set at 25 mg/L, pH 3, and

180 min. The adsorption isotherm was constructed
based on the variation of initial Cr (VI)
concentrations (25 to 125 mg/L), performed under
optimum operating conditions. After the batch
adsorption, the filtrate was collected and adjusted
with 5 drops of H;PO, and H,SO, 6 M,
respectively, until the pH reached 2. Subsequently,
the solution was added with deionized water (50
mL) and complexing agent 1,5-diphenylcarbadzide
4x10° M (0.2 mL). The remaining Cr(VI)
concentration following the adsorption was
calculated based on the absorbance at 566 nm using
a UV-vis spectrophotometer (Uvmini-1240,
Shimadzu, Kyoto, Japan). Each adsorption batch
was performed in ftriplicate, where the data are
presented as meantstandard deviation. Isotherm
and kinetic modelings were carried out on Rstudio
version 4.4.1 (Posit, PBC, Boston, MA, USA).

3. RESULTS AND DISCUSSIONS
3.1. Optimum Composition

The resultant composites and its raw materials
are presented in Figure 1. Natural bentonite is
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expected to contain rich Ca®* that is likely to show
non-swelling property. To ease the introduction of
cellulose into the bentonite structure, hence, Ca**
should be replaced with other ions such as Na'. The
introduction of cellulose, further resulted in the dark
coloration of the adsorbent which could
qualitatively indicate the presence of cellulose. In
the present study, the preparation of B/Cell
composite undergo a low temperature process. This
is in accordance with previous study that did not
involve heating process in preparation of bio-
polymer-clay composites, and found efficient
adsorption of Cr(VI) of more than 80% [19][20].
Effect of raw material compositions of B/Cell
composites on Cr(VI) removal is presented in
Figure 2. Sharp increase of adsorption capacity or
efficiency was observed on B/Cell
composite with bentonite:cellulose ratio of 4:1. The
adsorption capacity as well as removal efficiency of
aqueous Cr(VI) by B/Cell 4:1 were 0.085 mg/g and
85.68%, respectively. When compared with the neat
bentonite, the removal efficiency increased by

removal

33.5%. In previous studies, combination of bio-
polymer chitosan and bentonite resulted similar
adsorptive removal efficiency of over 80% [21]
[22]. Increase of adsorption capacity of cellulose-
based clay composites pollutant
removals was also reported by previous studies [23]

on various

-[25]. Significant increase at a ratio where bentonite
was four times higher than cellulose content is

probably due to the blockage of the bentonite
crystalline region by the cellulose molecules [26].
Since it showed the most optimum adsorption, the
following investigations performed on
composite B/Cell 4:1.

Were

3.2. FT-IR

FT-IR spectra of Na-bentonite, cellulose, along
with B/Cell before and after used as adsorbent are
presented in Figure 3. At a wavenumber range of
3600-3000 cm™, assigned for stretching vibration
of O-H, the band was broader when the cellulose
was embedded. The broadening of the spectral band
is an indication of the hydrogen interaction
involving the O—H moieties [27][28]. Typical IR
spectral peaks of bentonite was observed at around
790, 530, and 1030 cm™ which were assigned to Al
(Mg)OH bond, Si—-O—Al bond, and stretching Si—O
—Si, respectively. Taken altogether, the embedment
of cellulose onto Na-bentonite involved hydrogen
interaction. Moreover, IR spectra of the B/Cell after
the adsorption showed no vibration of Cr(VI)
complex bonds. This suggests that the adsorption of
Cr(VI) on the composite surface was dependent on
electrostatic force [29].

3.3. SEM

SEM images of the Na-bentonite, as well as B/
Cell before and after being used for Cr(VI)
adsorption are presented in Figure 4. Sharp-particle
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Figure 5. XRD diffractogram of Na-bentonite and composites B/Cell before and after used in Cr(VI)
adsorption.
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Figure 6. Effects of (a) contact time, (b) initial pH, and (c) adsorbent mass on the adsorptive removal of
Cr(VI).

like was observed for Na-bentonite. Such structure
is common for mineral morphology [30][31].
Following the cellulose introduction, a bulkier
surface was observed, corroborating our speculation
on the role of cellulose in blocking the bentonite
structure. When the SEM images were taken on the
adsorbent after the batch adsorption, the structure
was observed to be swollen which was the
characteristic of Na-bentonite and cellulose. The
swelling is favored when it comes to adsorption in
aqueous media as it allows more adsorbate to reach
the binding sites [29][32].

3.4. XRD

XRD characteristics were observed for the Na-
bentontie and composite B/Cell, where the
diffractograms are presented in Figure 5.

Predominant crystalline peaks were observed at 20
21.91°, 26.61°, and 27.66° in Na-bentonite
diffractogram, suggesting the characteristics of

montmorillonite. This finding is similar with a
previous study on the natural product, where they
found high proportion of montmorillonite
bentonite [33]. Herein, crystalline peaks at 20 =
20.82°,21.91°, 23.61°, and 26.61° were observed in
B/Cell diffractogram. Increases in peak intensity
were observed in multiple peaks including (26 =
20.82°, 21.91°, 23.61°, and 26.61°). Increase in
peak intensity indicated the rearrangement of
crystalline structure following the introduction of
cellulose. This rearrangement is characterized by
the expansion of the interlayer spacing, which is
attributed to the exchange of Na' ions in the clay
galleries with the positively charged cellulose [27]
[34].

in

3.5. Determining the Best Operating Parameter
The effects of operating parameter variations on

Cr(VI) adsorption onto the B/Cell composite are

presented in Figure 6. The highest adsorption was
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obtained after 180 min adsorption. Shorter or longer

contact time results in slightly lower adsorption.
Initially (usually during the first 1
observation), the adsorption was driven by physical

force, such as diffusion and other water-adsorbent
interactions. This phase was not observed in our

study, since the observation started at 30 min.
Reduced adsorption observed afterward (>180 min)
was thought to be derived from the leachate, as the
adsorbate had formed layers distant from the
adsorbent active sites. We further observed the

min of

highest adsorption at initial pH 3, where the lowest
adsorption was found in basic pH range (pH 7-8).
At pH 3, the removal efficiency reached 99% with
adsorption capacity of 0.99 mg/g. High adsorptive
removal at acidic pH range, was suspectedly caused

by the negative speciation of Cr(VI) into HCrO,
and Cr,O;>. Since the bentonite, cellulose, and its
combination had positively charged survey, the

electrostatic

attraction favored adsorption of

negatively charged ions (in this case are into HCrO4
“and Cr2072'). Increase in pH level could alter the
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Figure 7. Freundlich, Langmuir, Sips, and Temkin fitting curves of the Cr(VI) adsorption onto B/Cell.

Table 2. Estimation of isotherm parameter of composite B/Cell for Cr (VI) adsorption.

Isotherm model

Freundlich
1

qe = KrC, ,-’ne
Langmuir

_ Qmche
9% =1+x,c,
Sips

_ QusKCF

e =11 r.cr

Temkin

g. =B x Ln(AC,)

Parameter
Kr

n

R2

Qm

Ky

R2

Qms

Ks

Estimated value
2.305 mg/g
1.435

0.9995
27.154 mg/g
0.073 L/mg
0.9921
192.560 mg/g
0.012 L/mg
0.725

0.9992

4.056

1.452

0.9406

Note: K, Freundlich isotherm constant; n, Freundlich adsorption intensity; Q,,, Langmuir maximum adsorption capacity; K;, Langmuir isotherm
constant; Qms Sips maximum adsorption capacity; Ks, Sips isotherm constant; ns, Sips heterogeneity factor; B, related to heat adsorption (J/mol);

A, Temkin binding constant (L/g).
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Figure 8. Pesudo-first-order and pseudo-second-order kinetic fitting curves of the Cr(VI) adsorption onto
B/Cell.

Table 3. Estimation of kinetic parameters of composite B/Cell for Cr (VI) adsorption.

Kinetic Model
Pesudo-first-order
a: = qo.(L—e 15"
Langmuir

kaqit
=11 k,qZt

Parameter Estimated Value
Je 0.9501 mg/g

ki 0.044 min"'

R’ 0.8209

Je 1.018 mg/g

k, 0.078 g/mg.min
R’ 0.9590

Note: k;, rate constant of pseudo-first-order; k,, rate constant of second-order; t, contact time.

adsorbate to have positive charge, thus resulting in
electrostatic repulsion with the adsorbent.

Mass of adsorbent was observed to affect the
adsorption of Cr(VI), where the removal efficiency
and adsorption capacity is expected to have inverse
correlation. A removal efficiency of 93.33% was
reached, when 0.2 g composite B/Cell (equivalent
to 10 g/L) was used. Higher adsorbent mass was
likely to result in decreased the adsorption,
particularly when the adsorption capacity was
observed. Effect of adsorbent mass could be
explained by the density of absorbate in the aqueous
media, where lower density resulted in reduced
diffusion. The more the adsorbent added, the
smaller the adsorbate density following the
effective removal. In comparison with a previous
study, Cr(IIl) reached optimal adsorption with
adsorbent mass of 7 g/L and contact time of 90 min
[35]. Taken altogether, the most efficient removal

was reached when the contact time, initial pH, and
adsorbent mass were 180 min, pH 3, and 10 g/L,
respectively.

3.6. Adsorption Isotherm

The adsorption behavior of Cr(VI) was initially
modeled using two-parameter isotherm models,
namely Langmuir and Freundlich. The fitting
curves are presented in Figure 7 and the estimated
isotherm parameters are presented in Table 2. The
Langmuir model yielded a high maximum
adsorption capacity (Qy, = 27.154 mg/g) with strong
correlation (R* = 0.9921), suggesting a favorable
monolayer adsorption process. The Freundlich
model provided an even better fit (R* = 0.9995),
with Kg = 2.305 mg/g and n = 1.435, indicating
multilayer adsorption with favorable intensity (n >
1), suggestive of chemosorption. Given the
excellent fit of both models and the possibility of
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heterogeneous surface interactions, we further
applied the three-parameter Sips isotherm. This
model demonstrated the highest adsorption capacity
(Qms = 192.560 mg/g) and maintained a very good
fit (R* = 0.9992), supporting a hybrid mechanism
combining features of both Langmuir and
Freundlich models. The Temkin model, which
assumes that the heat of adsorption decreases
linearly with increasing surface coverage due to
adsorbate—adsorbent  interactions, showed a
relatively lower fit (R* = 0.9406), with B = 4.056
and A = 1.452. This suggests that while such
interactions may be present, they play a less
dominant role compared to the
heterogeneity and capacity effects captured by the
Sips model. Overall, the Sips model best described
the Cr(VI) adsorption process, accounting for both

and  heterogeneous  adsorption

surface

monolayer
characteristics.

Similar to a previous study, the modified
bentonite adsorbent had a higher likelihood to
follow the Freundlich than the Langmuir
assumptions, while the best fitness was observed in
the Sips isotherm model [11]. Our data are also in
line with adsorptive removals of heavy metals (Co
and Cd) using Slovak bentonites that follows Sips
model with ng of less than 1 [36]. In comparison
with another adsorbent such as magnetic graphene,
the Qps only reached 5.17 mg/g in removing Cr(VI),
suggesting the superiority of our newly developed
Indonesian organoclay [37]. In previous research,
however, only Freundlich-like adsorptive behavior
of Cr(VI) onto bentonite was observed [38][39].

3.7. Adsorption Kinetics

The adsorption kinetics of Cr(VI) were evaluated
using pseudo-first-order and pseudo-second-order
models. The fitting curves are presented in Figure §,
and the estimation results are summarized in Table
3. The pseudo-first-order model showed a moderate
fit (R* = 0.8209), with an equilibrium adsorption
capacity (qe) of 0.9501 mg/g and a rate constant (k;)
of 0.044 min™, indicating that this model may not
fully capture the underlying mechanism, especially
during the initial phase of adsorption. In contrast,
the pseudo-second-order model exhibited a better fit
to the experimental data (R* = 0.959), with a q. of
1.018 mg/g and a rate constant (k;) of 0.078 g/
mg-min. This stronger correlation suggests that the

adsorption process is primarily governed by
chemisorption, involving electron sharing or
exchange between Cr(VI) ions and active sites on
the adsorbent. This interpretation 1is further
supported by the Freundlich adsorption intensity
value (n = 1.435), which is greater than 1,
confirming the favorable and chemical nature of the
adsorption.

In a reported investigation on the Slovak
bentonite, the pseudo-second-order kinetic shows
higher compability than that of pseudo-first-order
[36]. Similarly, a published study reported a pseudo
-second-order kinetic model as the best fit for Cr
(VD) adsorption onto a graphen oxide nanohybrids
(R* = 0.994-0.999), with higher adsorption
capacities (qe up to 7.45 mg/g) [40]. Furthermore, a
study employing an anion exchange resin-based
adsorbent, reported g.= 0.805 mg/g and k, = 0.031
g/mg-min for Cr(VI) at pH 3, with R* of 0.989
under pseudo-second-order kinetics [41]. A similar
trend was observed in another study using a PEI-
functionalized magnetic Zr-MOF composite, where
Cr(VI) adsorption reached equilibrium within 30
minutes and followed the pseudo-second-order
model with high correlation (R* > 0.99) [42].
Although the adsorption capacity in the present
study is relatively lower as compared to previous
studies [40]-[42], the rate constant observed (k, =
0.078 g/mg-min) suggests a faster uptake than many
nanocomposites, making it promising for short
contact-time applications.

4. CONCLUSIONS

Composite B/Cell was prepared by embedding
cellulose onto bentonite resulting in alteration of
bentonite crystalline structure, morphology, and
surface charge. Such changes benefit the adsorbent
function to entrap Cr(VI), resulting in effective
removal from the aqueous media. A Cr(VI) removal
efficiency of over 90% obtained when the operating
conditions were set at 180-min contact time, initial
pH 3, and adsorbent mass of 0.2 g. Isotherm and
kinetic analyses suggest that Cr(VI) adsorption onto
the composite occurs through a heterogeneous
multilayer process involving chemisorption at the
active sites of the composite surface. In conclusion,
the adsorbent has the potential for wastewater
management, particularly in removing Cr(VI).
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These findings suggest that the composite shows
promise for practical wastewater treatment
applications. However, further studies are needed to
evaluate its regeneration capacity, reusability across
multiple cycles, and performance under real
industrial wastewater conditions. In addition,
assessing the feasibility of large-scale production
and operational challenges—such as handling,
stability, and integration with existing treatment
systems—will be essential. Future research should
also explore combining this composite with other
treatment technologies (e.g., filtration or advanced
oxidation) to enhance overall treatment efficiency

and cost-effectiveness.
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