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ABSTRACT

In this article, we have described the adsorption behavior of a biocomposite adsorbent prepared from
crystalline cellulose of jute and kaolinite clay (locally available as Bijoypur clay). Despite lacking
structural advantages such as smectite type montmorillonite clay used in other composites, this cel-
lulose-clay composite showed good adsorption capacity. Cellulose was extracted from jute fiber and
clay was modified with a surfactant named dodecylamine to prepare the biocomposite adsorbent.
Effect of pH and contact time was investigated to figure out chromium adsorption capacity of the
adsorbent. Maximum adsorption capacity was obtained at pH 4. The concentration of chromium in
the test solution was determined by UV-spectrophotometer. The morphology of the composite was
investigated using scanning electron microscope. Differential scanning calorimetry and thermograv-
imetric analysis of composite were carried out to investigate thermal behavior of the composite. The
composite was characterized before and after adsorption experiment using Fourier-transform infrared
spectroscopy and X-ray diffraction to validate the interaction of adsorbate chromium with adsorbent.
Adsorption data of chromium by the adsorbent was analyzed according to Freundlich, Langmuir,
Dubinin-Radushkevich, and Temkin adsorption models. Maximum adsorption capacity calculated
from Langmuir isotherm model was 11.76 mg g™ which was closer to results obtained experimentally.
Pseudo-first-order, pseudo-second-order, and intraparticle diffusion kinetic models were proposed
to understand the mechanism controlling the adsorption process. Moreover, this biocomposite was
easily regenerated in sodium hydroxide solution and a maximum chromium desorption of 81.9% was
achieved, which enabled the scope of reusability. Finally, a mechanism was proposed with illustra-
tion to show the adsorption potential of the composite.
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1. Introduction

Last few decades have witnessed relentless expansion
of urbanization and industrialization. This tremendous
growth has brought about quite a few unwanted compli-
cations. Disturbance in ecosystem and threats to human
health have been escalated by unadvised and improper
release of hazardous materials to the environment as part
of industrial wastes. Chromium, a heavy metal extensively
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used in compounds indispensable to tanning, metallurgy,
textiles, and electroplating, etc., industry, has become a
major concern for environmentalists due to its deleterious
impact on human health. Chromium can exist in oxidation
state ranging from 2+ to 6+, but in natural environment the
most common oxidation states of chromium are chromi-
um(IIl) and chromium(VI) [1]. While chromium(III) is less
toxic and plays a significant role in glucose metabolism,
chromium(VI) is starkly dangerous to aquatic life as well as
human health and reportedly carcinogenic [2]. Moreover,
the less harmful chromium(Ill) can be oxidized to chro-
mium(VI) in the soil in presence of manganese oxides [3].
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So, it is of paramount importance to regulate the level of
chromium released into nature by industries. To save the
nature from further incorrigible damage, rigorous rules and
regulations have been imposed regarding emission of haz-
ardous materials such as chromium into nature [4]. The US
Environmental Protection Agency has set a maximum con-
taminant limit of 0.1 mg L for total chromium in drinking
water [5]. While World Health Organization (WHO) has set
stricter maximum permissible limit of total chromium in
drinking water at 0.05 mg L™ [6]. Therefore, the significance
of chromium removal from industrial effluent is undeniable.

The precarious nature of hazardous metals and different
organic toxification has led to development of wide range
of treatment methods such as precipitation [7], coagulation-
flocculation, sedimentation, flotation, filtration, membrane
processes [8], electrochemical techniques [9], biological
process [10], adsorption [11,12], and ion exchange methods
with selectivity for specific types of ions [13,14]. Moreover,
there have been some novel methods for combating organic
pollutants. Sharma and Kumar et al. reported some works
based on newly developed photodegradation [15-19] and
photoozonation [20] methods. Among these techniques,
adsorption has generated undeniable interest due to its
economical approach, easy operation, and high efficiency.
Adsorption can be defined as the selective transfer of solute
onto the surface or into the bulk of a solid. Adsorption can
proceed through different mechanisms such as intraparticle
diffusion, external mass transfer, and adsorption at sites [21].
Adsorption equilibrium is a dynamic state where the adsorp-
tion of adsorbate molecules onto adsorbent surface is equal
to the rate at which they desorb. While adsorption isotherm
correlates the amount of adsorbate retained or released form
liquid or gaseous phase to a solid phase. This correlation
is graphically expressed with a curve by plotting amount
adsorbed against concentration or pressure. The equilibrium
isotherm is used to predict models of adsorption and adsorp-
tion system design. Moreover, various parameters and ther-
modynamic hypothesis can provide with a prediction about
adsorption mechanism, surface phenomena, and degree of
affinity of the adsorbent [22-26].

Cellulose, the most abundant natural polymer, is a
polysaccharide containing hydroxyl groups in its structure,
which act as a potent site for chromium adsorption. While
clay is a readily available hydrous aluminosilicates contain-
ing exchangeable cations and anions on the surface, which
work as active sites for heavy metal adsorption. A composite
from these two biomaterials was fabricated to study chro-
mium adsorption capacity by Santhana et al. [27], where the
clay used was montmorillonite which is a 2:1 smectite type
layered silicate [28]. We intended to investigate chromium
adsorption capacity of crystalline cellulose-clay composite
prepared from a structurally different type of clay. So, in our
work a locally available kaolinite type clay, named Bijoypur
white clay, is used to fabricate the composite. Unlike mont-
morillonite clay, kaolinite has 1:1 structure and there is no
substitution of Si** with AI*"in the tetrahedral layer and no
substitution of AI** with other ions (e.g., Mg*, Zn*, Fe*, Ca*,
Na’, or K*) in the octahedral layer. But as a result of presence
of broken edges on the clay crystals, kaolinite has a small
net negative charge. This negative charge, although small, is
responsible for the surface not being completely inert [29].

In this study, a bioadsorbent was fabricated from crys-
talline cellulose and modified kaolinite clay to investigate
chromium adsorption capacity. A thorough study of this
composite’s adsorption capacity has been investigated to
figure out whether the structural difference has any signifi-
cant bearing on its adsorption capacity. Furthermore, adsorp-
tion isotherms and kinetic models were developed and
finally, a mechanism of adsorption process was proposed.

2. Materials and methods
2.1. Materials

Bijoypur clay was collected from Bijoypur area, Netrekona
district by the help of Bangladesh Insulator and Sanitary
Ware Factory (BISF), Mirpur, Dhaka, Bangladesh. Jute fiber
was purchased from the local market of Bangladesh. All the
chemicals used in this study were strictly analytical grade.
Dodecylamine was brought from Sigma-Aldrich, 3050 Spruce
Street, St. Louis, Sweden, hydrochloric acid from Merck
KGaA, 64271 Damstadt, Germany, and sodium hydrox-
ide was supplied by Loba Chemie Pvt. Ltd., 107, Mumbai
400005, India. Water was deionized for the purpose of using
in composite preparation and adsorption study.

X-ray diffractometer (Bruker AXS Diffractometer D8,
Germany) was used to carry out X-ray diffraction (XRD)
analysis. An ATR-FTIR (Attenuated Total Reflectance/
Fourier Transforms Infrared) spectrophotometer of model
FT-IR8400S spectrophotometer, Shimadzu Corp, Japan was
used. Spectroscopic grade dry KBr of 200 mg and 1 mg of
powdered sample were ground in agate mortar. Pellets were
formed from 100 mg of this ground mixture. Transmission
band mode in the range 4,000-400 cm™ was used to record
the spectra with resolution being 4 cm™ and hold time
5 min. Adsorption capacity was analyzed by a UV (Shimadzu
1700 UV) spectrophotometer. Scanning electron micrographs
(SEM) images were taken at 20 kV with a JSM-6490LA, Jeol,
Japan microscope. Differential scanning calorimetry (DSC)
analysis was done using a DSC-60 (Shimadzu Corp, Japan)
analyzer. The flow rate was maintained at 20 mL min™, tem-
perature rate at 10 min™, and it was carried out in aluminum
pan. In dry nitrogen environment heat change per gram of
sample was recorded at a constant temperature for 60 min
with a computerized system. Thermogravimetric analysis
(TGA) was done using TG-00260 machine form Shimadzu
Corp, Japan. To maintain inert atmosphere nitrogen gas
supplied and the samples were taken in an aluminum cell.
Temperature increase rate was maintained at 10°C min,
while hold time was 5 min. Initial and final temperatures
were room temperature and 600°C, respectively.

2.2. Preparation of composite

Crystalline cellulose-clay composite was fabricated
by the following methodology developed by Minhajul et
al. [30]. Clay was modified with organophilic surfactant
dodecyl amine [31] and crystalline cellulose crystal was
extracted from jute fiber by hydrolysis using 40% sulfuric
acid [32]. Modified clay was added to a 20 g LiOH-Urea-
Water solution which was then agitated and frozen to a tem-
perature of —12°C. Crystalline cellulose was added in this
mixture and stirred for 10 min at 1,200 rpm until complete
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dissolution. A proper blend of clay and crystalline cellulose
crystal was obtained which was then allowed to rest and
finally, acetone was added for crystalline cellulose regener-
ation. It was centrifuged again to separate crystalline cellu-
lose-clay composite from liquid phase. The weight of clay
and crystalline cellulose was varied to prepare composites
of different weight ratios in such a way that composite MC1
had clay and crystalline cellulose ratio of 2:1, composite MC2
had clay and crystalline cellulose ratio of 1:1, and MC3 had
similar 1:2 ratio.

2.3. Adsorption isotherm and kinetics study

Adsorption experiments were carried out in batch process
at room temperature of 30°C + 1°C. Chromium stock solu-
tion (1,000 ppm) was prepared by taking 0.2892 + 0.0002 g
potassium dichromate (K,Cr,0,) in 100 mL volumetric flask.
Stock solution was diluted to prepare desired 50 mg g™
concentration of 25 mL chromium solution. 0.1 g compos-
ite was taken for adsorption study and solution pH 4 was
adjusted by addition of 0.1 M NaOH and 0.1IM H,SO,. The
adsorption process was conducted using a reciprocating
shaker for 300 min. After completion, the composite mate-
rial was filtered from the solution and concentration of chro-
mium before and after adsorption experiment was measured
by a UV-spectrophotometer (Shimadzu 1700 UV) using
1,5-diphenyl carbazide procedure keeping wavelength fixed
at 540 nm. This experiment was carried out three times in
identical condition to ensure accuracy and reproducibility.
Adsorption capacity g, (mg g') was calculated using the
following equation:

(C,-C,)xV

W )

9. =

where C and C, are initial and equilibrium concentration of
chromium, respectively (mg L™). V is the volume of aque-
ous solution (L) and W is the weight of the adsorbent (g).
The removal percentage R(%) which is defined as the ratio
of differences in chromium concentration before and after
adsorption experiment using Eq. (2) as follows:

c-C
R(%)= =

£ %100 @)

i

where C, is the initial concentration of chromium in solution
(mg L) and C, is the remaining concentration of chromium
after adsorption (mg L™).

2.4. Regeneration of crystalline cellulose-clay composite

Desorption capability of adsorbents is a significant factor
as it determines the reusability of adsorbents. Desorption of
chromium from crystalline cellulose-clay adsorbent was car-
ried out according to Tewari et al. [33]. A typical procedure
for desorption of Cr(VI) from adsorbent MC1 composite was
studied by using 0.1 N NaOH as eluent. Cr(VI) adsorbed
composite was taken in 20 mL of 0.1 N NaOH into a 100 mL
conical flask. After 90 min of shaking at 280°C and 120 rpm,
the solution was centrifuged at 3,000 rpm for 10 min.
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The supernatant was analyzed for Cr(VI) concentration with
the same procedure as done for adsorption study.

3. Results and discussion
3.1. Characterization of composite

FT-IR spectra of composite MC1 were measured before
and after adsorption experiment and shown in Fig. S1. The
figure showed that the composite exhibited characteristics
peaks belonging to functional groups present in crystal-
line cellulose [34] and clay [35]. The peak assigned to -OH
stretching stood out at 3,459 cm™. Several more peaks due
to the stretching of -OH groups corresponding to the octa-
hedral cations could be found at 3,696, 3,668, 3,653, and
3,619 cm™. Significant peaks from clay mineral were found
at 1,114, 1,030, and 1,006 cm™ due to Si-O stretching modes.
Bending peaks of Al-Al-OH bonds were visible at 912 cm™.
A strong band at 2,900 cm™ was ascribed to C-H stretching
present in dodecyl amine surfactant attached to clay due to
modification. The band at 1,635 cm™ could be due to H-OH
bonding in water. In crystalline cellulose-clay composite, the
quaternary ammonium cation attached to the modified clay
created weak interaction with hydroxyl groups present in
crystalline cellulose structure. Adsorption of chromium on
the composite introduced deformation on the FT-IR spectra
of -OH (3,651 cm™) region (Fig. S1(b)). As negatively charged
bichromate ion was dominant in acidic solution of chromium
[36], this ion interacted prominently with oppositely charged
quaternary ammonium ion, resulting in palpable change in
FT-IR spectra. In fact, this notion was strengthened by the
presence of characteristic bond peak of Cr-O and Cr = O at
1,000-700 cm™ regions [27].

XRD analysis of the composite, illustrated in Fig. 1, was
carried out before and after Cr(VI) adsorption to investi-
gate the crystalline nature of the biocomposite. Similar XRD
analysis was carried out in other works to validate adsorp-
tion phenomena of the adsorbent [37-39]. Very distinct
sharp peaks were observed which confirmed the crystalline
nature of the composite. XRD patterns showed that differ-
ent types of clay phases were present in the biocomposite. It
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Fig. 1. XRD analysis of (a) MC1 composite before Cr(VI)
adsorption, (b) MC1 composite after Cr(VI) adsorption
(K =kaolinite, I =Illite, and C = crystalline cellulose).
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was found that clay was predominated with kaolinite phase
over other clay phases such as illite, chlorite, and quartz
which concurred with the reported values in the literature.
Peaks at 20 = 12.47°, 19.55°, 24.96°, 35.05°, 36.07°, 38.43°, and
50.23° were corresponding to the (001), (020), (002), (130),
(003), (202), and (004) planes, respectively, which were well
defined crystalline peaks of kaolinite [40,41]. At 20 = 22.55°,
corresponding to (002) plane, peak of crystalline cellulose
was observed [42]. Finally, peaks detected at 26 =20.90° were
for (100) plane of quartz and 26.76° were for (006) diffraction
plane of illite phase of the clay. Sharp and pointed diffrac-
tion peaks were found out in the patterns, which indicate the
crystallinity of the composite and also the ordered nature of
the layers of clays [43]. But after adsorption of chromium,
the composite exhibited noticeable difference in the pattern
(Fig. 1(b)). The distortion of peaks at 20 region corresponding
to 35°—40° implied changes due to adsorption of chromium
on the adsorbent structure [44].

The surface morphology of composite MC1 was investi-
gated by SEM. SEM of the prepared composite at different
magnifications is shown in Fig. 2. The figure revealed that
the surface (basal face) of the composite was irregular. There
was variable roughness on the surface of the composite and
broken edges on the contours. Two potential adsorption
sites, broken bond surfaces at the edge and basal faces, were
recognizable from the SEM images [45].

DSC and TGA thermograms are given in Figs. S2 and S3,
respectively. DSC and TGA results revealed different ther-
mal properties of the composites. Variation in weight ratio
resulted in change in thermal behavior. Higher clay percent-
age in composite MC1 exhibited lower thermal degradation
compared to composite with higher crystalline cellulose
percentage MC3. This also indicated that the composite was
able to withstand relatively high temperature (250°C) and
maintain its structural integrity [30].

3.2. Effect of pH

The effect of pH holds a very important role in decid-
ing the adsorption capacity of any adsorbent. The pH of
solution influences the adsorption capacity by altering the
surface properties of the adsorbent and ionic forms of chro-
mium in solution. Optimization of pH for chromium adsorp-
tion by crystalline cellulose-clay adsorbent was carried
out in pH range 2-10 while maintaining other parameters
fixed (chromium solution concentration 50 mg L, contact

20kV  X1,000 10um 09 30 SEI 20kV

X2,000 10pm.
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time 300 min, and adsorbent dose = 0.1 g). The pH range
was adjusted by addition of 0.1 M NaOH and 0.1M H,SO,.
The removal percentage was calculated using Eq. (2). From
Fig. 3 it is clear that the effective removal of chromium was
obtained between pH range 3.2-5.6 and maximum adsorp-
tion was found to be at pH 4, this is in accordance with
other previous works of chromium adsorption by similar
adsorbent [27,46].

This phenomenon could be attributed to metal ion inter-
action with functional groups present on the structure of
adsorbent material. Chromium can exist as HCrO;, CrOp?,
and Cr,0;* depending on the pH and concentration of the
solution [47]. But in lower pH range 3.8-5.5 chromium exists
predominantly as bichromate (HCrOj) ion. Moreover, at
lower pH, the H' ions available in adsorption medium pro-
tonated amines groups available on the composite structure
resulting in an electrostatic attraction between the positively
charged functional groups on adsorbent and negatively
charged metal ion adsorbate. While at higher pH, the depro-
tonation of hydroxyl groups created negatively charged
sites on the composite structure and the negatively charged
hydroxide ions in the solution started competing with sim-
ilarly charged chromate ion (CrO}") which is predominant
above pH 6. So, there was palpable reduction in removal
percentage of chromium at higher pH [27].

3.3. Effect of contact time

Contact time of adsorbent and adsorbate is also an
important parameter in determining equilibrium. The
removal percentage increases gradually until the equilib-
rium point is reached. Experiments to figure out effect of
contact time were carried out at fixed solution pH 4, 0.1 g
of adsorbent and chromium solution of 50 mg g7. The
removal percentage R(%) versus contact time are plotted in
Fig. 5S4 and it is clear that there was a gradual increase in
removal percentage of chromium until it reached 300 min.
After that there was no significant change in removal per-
centage, which indicated that equilibrium point was reached.
Crystalline cellulose-clay composite MC3 exhibited faster
adsorption in initial stage due to higher content of crystal-
line cellulose in the composite. But maximum chromium
removal percentage was observed for composite MC1 con-
taining higher clay content. The faster initial adsorption rate
of composite MC3 could be attributed to adsorption sites on
crystalline cellulose, these sites were able to get into contact

09'30 SEI 20kV  X5,000 Spm

Fig. 2. SEM images of composite MC1 (a) at x1,000, (b) at x2,000, and (c) at x5,000 magnification.
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Fig. 3. Effect of pH on removal percentage R(%) of chromium by
composites MC1, MC2, and MC3.

with adsorbate molecule faster than sites on clay structure.
But eventual better adsorption by composite MC1 might be
due to clay having multiple adsorption sites on the structure.
The maximum experimental adsorption capacity was found
to be 11.49 mg g™ for composite MC1 at pH 4 and contact
time 300 min.

3.4. Adsorption isotherms

In order to find out the sorption behavior of crystalline
cellulose-clay composite, study of adsorption isotherms was
carried out at room temperature. Composite used for adsorp-
tion isotherm study was MC1 which exhibited the highest
removal percentage R(%). Langmuir isotherm correlates
the equilibrium concentration of adsorbate and the amount
adsorbed on the surface of the adsorbent. It is based on three
assumptions that: (1) adsorption is monolayer in nature,
(2) all adsorption sites are of equal size and shape, and (3)
adsorbed molecules do not interact and adsorption is inde-
pendent of adjacent sites [48]. The Langmuir isotherm model
can be used to figure out maximum adsorption capacity by
fitting experimental data to Langmuir isotherm model [49].
The Langmuir equation in linearized form is as follows:

9 q4.b 4,

where C, is the equilibrium concentration of chromium in
mg L7, g, is the amount of chromium adsorbed at equilib-
rium in mg g7, g, is the maximum adsorption capacity in
mg g, and b is Langmuir constant (L mg™) related to energy
of adsorption. The characteristics of Langmuir isotherm can
be expressed by dimensionless separation factor, R, which is
given by the following equation:

R, = !
1+bC,

(4)

where C| is the initial concentration of chromium in mg L™
and b is the Langmuir constant (L mg™). R, value indicates
the chances of adsorption process being favorable when
0 <R, <1, linear when R, > 1, or irreversible when R, = 0.
The maximum adsorption capacity g, and Langmuir con-
stant b are obtained by plotting C /g,against q, from Eq. (3)
and calculating the slope and intercept from it (Fig. 4). The
Langmuir adsorption isotherm parameters are given in
Table S1. For the current adsorbent, the R, value is 0.10
which is between 0 and 1, thus establishing that adsorption
of chromium on crystalline cellulose-clay composite is under
favorable operating conditions [50,51]. A maximum homo-
geneous monolayer adsorption capacity (g,) was calculated
to be 11.76 mg g from Langmuir isotherm model for com-
posite MC1 which contains higher percentage of clay. This
could be attributed to availability of double adsorption sites
on clay surface. One is positively charged quaternary ammo-
nium ion in surfactant due to modification and the other one
being protonated Si-OH?*".

Freundlich isotherm model is governed by heterogeneous
multiplayer coverage. This model considers the logarithmic
energy decrease with increasing surface coverage which arises
from surface heterogeneity [52]. The linearized Freundlich
equation is written as:

loggq, =logK, +llogCe )
n

where g, is the amount of chromium adsorbed at equilibrium
mg g'. C, is the equilibrium concentration of chromium in
solution in mg L™, K, and n are Freundlich constants. K, and
n correspond to adsorption capacity and adsorption inten-
sity, respectively. K, and n values can be evaluated from the
intercept and slope of logarithmic plot of g, and C_ (Fig. 4)
and were obtained as 1.475 and 1.41 where R? is 0.9997. The
Freundlich adsorption isotherm parameters are given in
Table S1.

The Freundlich constant n was found out to be between
1 and 10. This showed a favorable adsorption process
and validity of classical Freundlich adsorption isotherm.
Moreover, a larger value of n indicated that there had been
effective interaction between adsorbent surface and chro-
mium. Correlation coefficient R? implied that the experimen-
tal results fit the isotherm model.

The D-R isotherm, also known as Dubinin—-Radushkevich
isotherm, predicts the adsorption energy and the nature of
adsorption mechanism. This isotherm is similar to Langmuir
isotherm but D-R isotherm does not assume homogeneous
surface or steady adsorption potential [53]. The linearized
D-R isotherm Eq. (5) is as follows:

Ing, =lng,, —Be’ (6)

where g, is the amount of chromium(VI) adsorbed at
equilibrium (mg g™), g, is the maximum adsorption capacity
(mg g), B is a constant related to adsorption energy, and &
is Polanyi potential which is equal to:

1
8—RT><1n[1+CJ (7)

e
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Fig. 4. (a) Langmuir adsorption isotherm, (b) Freundlich adsorption isotherm, (c) Dubinin-Radushkevich isotherm, and (d) Temkin
isotherm for chromium adsorption by crystalline cellulose-clay composite.

where R is the gas constant 8.314 x 102 k] mol™ K™ and T
is the absolute temperature in K. Fig. 4 shows a plot of In g,
versus &2 The values of B and g4, were evaluated from the
slope and intercept of this plot (Fig. 4) and are presented in
Table S1. The adsorption energy E was calculated using the
relation E = 1/¥(-2p) where B = -0.141 mol?kJ? it was found
to be +1.88. The positive value implied that this process
was an endothermic adsorption having adsorption energy
1.88 kJ mol!. This indicated the electrostatic interaction
between bichromate anion and adsorbent was endothermic
and would be favored by higher temperature.

The assumption of Temkin isotherm model is that the
heat of adsorption decreases linearly with surface coverage
because of adsorbent and adsorbate interactions. The linear
form of Temkin isotherm model is given by the following
equation [54]:

q, =$11’1KT +$lnce 8)

T T

where b, is the Temkin constant related to the heat of
adsorption (k] mol™), T is the absolute temperature (K), K,
is the equilibrium binding constant corresponding to max-
imum binding energy (L g7), and R is the gas constant
(8.314 x 10 kJ mol™ K™).

Temkin constants were determined form the slope and
intercept of In C, versus g, curve (Fig. 4(d)). The parameters of
Temkin isotherm are given in Table S1. The value of correla-
tion coefficient showed that Temkin isotherm model fit with
the experimental data. The bonding energy for ion-exchange
mechanism is about 8-16 k] mol™ and the adsorption energy
is less than —40 k] mol™ for physiosorption processes [55].
The value of b, in this work implied that the adsorption
process could be chemisorption.

3.5. Adsorption kinetics study

Different kinetics models were suggested to investigate
the nature of adsorbents and mechanisms which govern
the adsorption process. The goal was to find the best model
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that supported the experimental data and figure out kinetic
parameters of mass transfer of chromium from solution to
adsorbent. So, the experimental data of chromium adsorption
was tested using pseudo-first-order and pseudo-second-
order kinetic models. The linearized forms of pseudo-first-
order and pseudo-second-order kinetic models are shown
in Egs. (8) and (9) [56] as follows:

Pseudo-first-order model, log (qﬂ -q, ) =loggq, - kit )
© 2303
t 1t
Pseudo-second-order model, — = —+ — (10)
qt h qe

where g, is the amount of chromium adsorbed on the surface
at any time t, q, is the amount of chromium adsorbed at
equilibrium, & is the initial adsorption rate, and h =k,q > k, and
k, are first-order and second-order rate constant, respectively.
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The values of k, and g, of pseudo-first-order reaction are
obtained from the intercept and slope of the plot between
log (9,-q) versus t (Fig. 5(a)). While the values of k, and g,
are evaluated from the intercept and slope of plot between
t/q, versus t (Fig. 5(b)). The kinetic parameter data was tabu-
lated and compared in Table 1.

The validity of the kinetic model was evaluated on the
basis of correlation coefficient (R?). The adsorption data is
in accordance with pseudo-second-order model as the cor-
relation coefficient is higher (>0.99) compared with other
models. Maximum adsorption capacity g, values obtained
experimentally (11.49 mg g™') and calculated from the pseu-
do-second-order model (11.11 mg g™) are very close and this
authenticated validity of pseudo-second-order model for
this adsorption process. On the basis of assumption of pseu-
do-second-order model, it could be inferred that the rate-lim-
iting step was the chemical sorption involving valence forces
through sharing or exchange of electrons between adsorbent
crystalline cellulose-clay composite and chromium [49].

25 A b
20 A

154

t/q,

T T T
150 200 250

t

T
100 300

Fig. 5. (a) Pseudo-first-order, (b) pseudo-second-order, and (c) intraparticle diffusion plot for chromium adsorption by crystalline

cellulose-clay composite.
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Table 1
Kinetic parameters and intra particle rate constant for chromium
adsorption

Model Parameters Composite (MC1)
Pseudo-first-order k, 0.005

q, 2.964

R? 0.87
Pseudo-second-order K, 0.014

q, 11.11

R? 0.99
Intraparticle diffusion k, 0.18

The Weber and Morris [57] intraparticle diffusion model
parameters were calculated to determine whether film dif-
fusion or intraparticle diffusion is the rate-limiting step. The
model suggested that if the sorption mechanism is via intra-
particle diffusion then a plot of g, versus t** will be linear [27],
and intraparticle diffusion is the sole rate-limiting step when
such a plot passes through the origin. The Weber—Morris
intraparticle diffusion model [57] is given by Eq. (11) as
follows:
q,=kt*+C (11)
where g, is the amount of chromium adsorbed on the surface
atany time t. k, is the intraparticle rate constant (mg g~ min®).
C (mg g') is a constant related to the thickness of the bound-
ary layer: the larger is the value of C, the greater is the
boundary layer effect. The adsorption rate is influenced by
the following steps: (1) film or surface diffusion, in which
the adsorbate is transported from the bulk of the solution to
the surface of adsorbent, (2) intraparticle or pore diffusion,
in which the adsorbate species transfer into the interior part
of the adsorbent, and (3) adsorption of adsorbate on the
interior of adsorbent [58]. It is assumed that the adsorption
process is not prominently influenced by adsorption kinetics
as the adsorption process happens quite rapidly. The appli-
cability of intraparticle diffusion as rate determining step is
judged by Weber—Morris intraparticle diffusion model. From
Fig. 5(c), it is evident that, the plot was almost linear and the
presence of nonzero intercept implies that intraparticle dif-
fusion was applicable but not the only controlling step in
this adsorption process and the adsorption mechanism was
governed by more than one mechanism [59].

3.6. Proposed mechanism of adsorption

The favorable adsorption of Cr(VI) was observed in
weakly acidic medium. In lower pH, Cr(VI) exists in solu-
tion primarily as bichromate (HCrO;) anion [47]. In case
of crystalline cellulose, the only adsorption site is the -OH
groups present on the hydrocarbon structure. The inter-
action between crystalline cellulose and bichromate ions is
possible because of hydrogen bonding interaction between
the hydroxyl groups of crystalline cellulose and bichromate
anions [27].

On the other hand, two different sites for chromium
adsorption are available in clay. One of them is the broken
bond surfaces at the edge, while the other is the basal faces.
These basal faces have charges which originate from iso-
morphous substitution within both tetrahedral and octahe-
dral sheets [60,61]. The adsorption is due to mainly cation
exchange and surface complexation. In this case, the surface
at the amphoteric edges is the most relevant. This is because,
at lower pH the hydroxyl group on the clay surface is con-
verted to Si-OH?*, resulting in interaction between bichro-
mate ion (HCrO;) and clay surface. Moreover, modification
of clay with dodecyl amine has incorporated -NH, group
into the structure. In acidic medium, this amine -NH, is con-
verted into -NHj. So, there is electrostatic attraction between
positively charged -NH; and negatively charged bichromate
ions. Another theory can be proposed based on Pearson’s
classification [62]. According to Pearson’s classification, chro-
mium is categorized as a hard acid and nitrogen is classified
as a hard base. This can be used to explain the variety of com-
plexation reactions. As they are both strong, good interaction
between the positively charged protonated amine group of
modified clay and negatively charged bichromate anion can
be expected. Based on the experimental results and the infor-
mation of the literature a proposed mechanism of chromium
adsorption by crystalline cellulose-clay composite in weakly
acidic medium (pH 4) is shown in Fig. 6.

3.7. Regeneration of crystalline cellulose-clay composite

Regeneration study plays a significant factor in determin-
ing the commercial potential of any adsorption procedure.
In this experiment, a maximum chromium desorption of
81.9% was achieved, which indicated that the Cr(VI) loaded
composite could be successfully regenerated. The result of
the study showed that adsorption of Cr(VI) was not com-
pletely reversible but Cr(VI) ions could be desorbed from the
surface of the composite. However, only ion exchange and
physiosorption adsorbed Cr(VI) were desorbed [63]. The
desorption process could be attributed to addition of NaOH
which increased pH, consequently, decreasing H" ion in the
solution. This in turn, brought about changes in functional
groups attached to the adsorbent structure. Consequently,
chromium adsorbed on the adsorbent surface due to electro-
static attraction and hydrogen bonding was released back to
the solution.

3.8. Comparison with similar adsorbent

Many different types of adsorbents have been reported in
literature for chromium adsorption [64,65]. The adsorption
capacity of crystalline cellulose-clay composite was com-
pared mainly with other similar polysaccharides, cellulose,
or clay-based adsorbents reported in literature. The compar-
ison is shown in Table 2 and it is evident from the table that
crystalline cellulose-clay composite has competitive adsorp-
tion capacity for chromium. But crystalline cellulose-ka-
olinite clay composite exhibited lower adsorption capacity
compared with crystalline cellulose-sodium montmorillon-
ite composites [27]. This could be attributed to difference in
clay structure. While sodium montmorillonite clay has inter-
molecular spacing and Na' plus other ion exchange sites,



M.M. Islam et al. / Desalination and Water Treatment 123 (2018) 265-276 273

@ =Hag,

— =Electro static attraction

...... = Hyddrogen bond

.
H

Cellulose

) _Dodecylamine

NF o NF
ﬁé\‘ %

¢ Clay Surface

X

Y

Fig. 6. Proposed mechanism of chromium adsorption by crystalline cellulose-clay composite in weakly acidic medium (pH 4).

Table 2
A comparison of adsorption capacity of similar adsorbents

No Name of adsorbent

Adsorption capacity (mg g”') Reference

Sugar bagasse (cellulosic adsorbent)
Maize corn (cellulosic adsorbent)
Silica gel chitosan composite

Activated carbon (from peanut shell activated with H,PO,)
Activated carbon (from peanut shell activated with KOH)

® N TN

Crystalline cellulose-kaolinite clay composite

Chitosan-sodium montmorillonite (unmodified clay) composite

Hexadecyltrimethylammonium bromide (HDTMA) modified montmorillonite clay

5.75 [66]
9.36 [67]
3.0 [66]
7.28 [68]
3.5 [69]
46.73 [65]
13.89 [64]
11.76 This work

kaolinite clay lacks interlayer cation exchange capabilities,
thus resulting in lower adsorption of chromium. Two acti-
vated carbon adsorbents were included in the table to show
that this adsorbent has adsorption capacity close to activated
carbon obtained from peanut shell activated with KOH, but
activated carbon activated with H,PO, outperformed the
adsorbent.

4. Conclusion

An adsorbent prepared from inexpensive and readily
available materials crystalline cellulose and clay exhibited
competitive chromium adsorption capacity in aqueous solu-
tion. Maximum adsorption capacity (11.76 mg g™) exhibited
by the composite was better than what similar composites
exhibited in other literature. Moreover, the experimen-
tal data successfully fitted Langmuir isotherm model and
Freundlich isotherm model which indicated both homog-
enous and heterogeneous adsorption process were appli-
cable for this adsorption process. The pseudo-second-
order model described the kinetics of the adsorption process

and established the notion that chemisorption was a pos-
sible adsorption mechanism. The experimental data fitted
the Weber-Morris intraparticle diffusion model, which
indicated the applicability of intraparticle diffusion for
this adsorption process. The composite showed maximum
chromium adsorption capacity at pH 4, which could be
attributed to hydrogen bonding and electrostatic interaction
between adsorbent and adsorbate. DSC and TGA thermal
analysis showed good thermal stability of the composite.
The adsorption was validated by FTIR and XRD analysis,
where adsorption of chromium on the composite structure
brought about significant alterations to the peaks. Not only
effective removal capacity, but this composite was also
able to exhibit impressive desorption capability. This offers
scope for reusability of the composite and makes the adsor-
bent economically feasible for real-world utilization. Lastly,
from this work we could conclude that adsorption capacity
of composite prepared from kaolinite type clay was affected
due to structural difference. Composite prepared from this
type of clay exhibited lower adsorption capacity than the
one made from smectite type of clay.
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Fig. S1. FTIR analysis of (a) composite MC1 before adsorption,
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Fig. S2. DSC analysis of composite (a) MC1, (b) MC2, and
(c) MC3.
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110 Table S1

Different parameters of Langmuir, Freundlich, Dubinin-
Radushkevich, and Temkin isotherms.

Langmuir isotherm g, (mgg™) b(Lmg’) R R?

L

2 11.76 0.282 0.105 0.99
c

E- Freundlich isotherm K, n R?

8 1.475 141 0.99

Q

~ Dubinin— B (mol2 k%) E (K mol") R

% Radushkevich 1.475 1.88 0.86

=

isotherm

| Temkin isotherm b, (k] mol™) k, (Lg™) R?
30 |- 1.154 3.479 0.94
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Fig. S3. TGA analysis of composite (a) MC1, (b) MC2, and
(c) MC3.
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Fig. S4. Effect of contact time on chromium adsorption by
crystalline cellulose-clay composite.



