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Abstract

In this present work, organo-modified rice husk (SMRH) adsorbent was prepared by using cetyltrimethyl ammonium
bromide (CTAB) for removing Congo red (CR), a model anionic dye, from aqueous solution. The FTIR analysis indicated that
CTAB was adsorbed onto the surface of rice husk. The adsorption was found to be favored at a lower pH. The amount of CR
uptake was found to increase with increasing the initial CR concentration and contact time but decrease with increasing the
amount of adsorbent. The equilibrium adsorption data were fitted well with the Langmuir model. The adsorption kinetics showed
that CR adsorption onto SMRH followed the pseudo-second-order model. It was found that intra-particle diffusion was not the
only rate-determining step. Thermodynamic studies revealed that CR adsorption onto SMRH was spontaneous and endothermic

in nature.

Keywords: adsorption, Congo red, modified rice husk, kinetics, thermodynamics

1. Introduction

One major pollution problem stems from the release
of large volumes of wastewater from various industries, such
as textile, paper, printing, cosmetics and pharmaceuticals, due
to the presence of a large number of synthetic dyestuffs (Roy
& Mondal, 2017; Xi et al., 2013). These colored compounds
have several negative effects, not only on the aquatic life due
to reduction of light penetration and photosynthetic activity,
but also on human beings because of their toxicity and
carcinogenic nature (Munagapati & Kim, 2016).

Congo red (CR) is a benzidine-based anionic diazo
dye, commonly used in the textile, paper, printing and other
industries (Mane & Babu, 2013). This synthetic dye is highly
water-soluble and not easily biodegraded or photodegraded
due to its structural stability (Zenasni, Meroufel, Merlin, &
George, 2014). It is also known to metabolize to carcinogenic
products and causes irritation to the skin, eyes and gastro-
intestinal tract (Roy & Mondal, 2017). Therefore, dye removal
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from wastewater is an important issue. Several physico-
chemical and biological methods such as coagulation-
flocculation, ozonation, advanced oxidation, liquid-liquid
extraction, biosorption and adsorption have been widely
employed for the decolorization of dye containing wastewater
(Zenasni, Meroufel, Merlin, & George, 2014). Among these
techniques, adsorption is a well-known separation technique
that provides an effective and attractive treatment method for
the removal of soluble organic pollutants like dyes from
wastewater. This approach offers several advantages including
simple design, easy operation and handling, insensitivity to
toxic substances, and low operating costs (Mane & Babu,
2013). Activated carbon is a highly efficient adsorbent for the
removal of various dissolved organic pollutants from
wastewater; however, the high cost of commercial activated
carbon limits its use in wastewater treatment. Therefore, there
is a need to search for low-cost and effective adsorbents.
Recently, agricultural by-products and wastes, such as
Eucalyptus wood saw dust (Mane & Babu, 2013), peanut husk
(Sadaf & Bhatti, 2014), wheat straw (Zhang et al., 2014), and
magnolia leaf (Yu et al., 2016), have been used as alternative
adsorbents to remove various dyes from aqueous solutions.
Rice husk is an abundant low-cost agricultural by-
product from the rice milling industry. Chemical composition
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of rice husk is similar to organic fibers, consisting of
cellulose, lignin, hemicellulose, and silicon dioxide (Luduefia,
Fasce, Alvarez, & Stefani, 2011), and it has been used as an
adsorbent to remove several dyes from aqueous solution (Safa,
& Bhatti, 2011). However, it is well-known that natural
agricultural by-products have low adsorption capacity, which
can be enhanced through physical and chemical modifications
(Munagapati & Kim, 2016). Some researchers used a cationic
surfactant to modify an agricultural by-product to remove
anionic ions. Cetyltrimethyl ammonium bromide (CTAB) was
used to modify some agricultural by-products such as
silkworm exuviae (Chen, Zhao, Wu, & Dai, 2011), sawdust
(Ansari, Seyghali, Mohammad-khah, & Zanjanchi, 2012) and
wheat straw (Zhang et al., 2014), with promising results in
removal of anionic dyes. However, few studies have assessed
using rice husk modified by CTAB for dye adsorption. Thus,
this study was conducted to evaluated CTAB modified rice
husk for the removal of CR from an aqueous solution. The
effects of various parameters on the adsorption, such as
solution pH, contact time and initial dye concentration, were
investigated. The adsorption isotherm, kinetics, and a
thermodynamic study have been carried out to determine the
mechanism of CR adsorption onto modified rice husk.

2. Materials and Methods
2.1 Materials

Congo red (M.W. = 696.68 g/mol) was provided by
Ajax Finechem Pty Ltd. and used without further purification.
The stock dye solution of 1.0 g/L was prepared by dissolving
the required amount of CR in distilled water. The other
solutions of desired concentration were prepared by diluting
from the stock solution. Cetyltrimethyl ammonium bromide
(M.W. = 364.46 g/mol) was purchased from Ajax Finechem
Pty Ltd. All the reagents used in this study were of analytical
grade and all of the solutions were prepared with distilled
water.

2.2 Biosorbent preparation

Rice husk (RH) collected from a local rice mill was
washed repeatedly with tap water for several times to remove
the adhering dirt. Then it was washed with distilled water
several times and dried in an oven at 110°C for 3 h. Dry rice
husk was ground and then sieved to obtain particle size in the
range 90-354 um (175 to 45 mesh).

To modify the rice husks, 15 g of the dried rice husk
was mixed in 200 mL of CTAB solution (1.5 wt%). The
suspension was then shaken in shaker machine at 120 rpm at
room temperature for 24 h. The mixture was filtered and
washed several times with distilled water until no bromide
ions were detected by adding a 0.1M AgNOs solution to the
filtrate. The sample was dried in an oven at 110°C for 12 h
and stored in an air-tight container. The obtained product was
labelled as surfactant-modified rice husk (SMRH).

2.3 Characterization of SMRH

FTIR spectra of RH and SMRH were recorded with
a Fourier transform infrared absorption spectrophotometer
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(FTIR-2000, Perkin Elmer) using the KBr disc method. The
sample spectra were collected over the range 4000-400 cm!
with a resolution of 4 cmL.

The pH-zero point of charge (pHpzc) was measured
by preparing 0.01 M NaCl solution at pH 3-11. 0.2 g of the
adsorbent was added to 50 mL of each solution. After a
contact time of 24 h, the final pH was measured. The
difference between the initial and final pH was plotted against
the initial pH. The pHrzc is the point where pHfinal — pHinitial =
0 (Kaur, Rani, & Mahajan, 2013).

2.4 Batch adsorption experiments

The experiments on CR adsorption by SMRH were
of batch type at 303, 313, 323, and 333 K. The adsorption
experiments were conducted with the four initial concentra-
tions 25, 50, 75, and 100 mg/L of CR. 0.5 g of SMRH was
added to 50 mL of a CR solution of known concentration in a
250 mL Erlenmeyer flask. The suspension was then shaken in
a water-bath shaker at 120 rpm. The dye solutions were
separated from the adsorbent using centrifugation, for samples
collected at predetermined time intervals. The supernatant
concentration was determined using a UV-vis spectrophoto-
meter at the maximum absorbance wavelength of 520 nm. The
effect of pH on the dye adsorption was studied by adjusting
pH from 3 to 11 using 0.1M HCl or 0.1M NaOH solution.

The amount of CR adsorbed at time t and the
percentage removal of CR by SMRH were calculated using
the following equations:

CcC -C,)V
q :M 1)
t W
c. -C
% CR Removal = 0 t 100 ()]

0

where Co and C: (mg/L) are the CR concentrations at initial
and a given time t, respectively. V (L) is the volume of dye
solution, and W (g) is weight of the adsorbent.

2.5 Adsorption kinetics studies

Adsorption kinetics informs about the adsorption
mechanisms and rate-determining steps. In order to investigate
the mechanism of the dye adsorption from aqueous solution,
various kinetic models were fitted to experimental data.

In the present work, the pseudo-first-order, pseudo-
second-order, Elovich, Bangham’s, and intra-particle diffusion
kinetic models were tested for their applicability to CR
adsorption onto SMRH. The suitability of the kinetic models
was evaluated based on the linear regression coefficient of
determination (R?).

2.5.1. Pseudo-first-order kinetic model

The linearized form of the pseudo-first-order model
is (Roy, & Mondal, 2017):

In(q, -a,) =, @
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where ge (Mg/g) is the amount of CR adsorbed at equilibrium,
gt (mg/g) is the amount of CR adsorbed at any time t (min)
and ki (1/min) is the pseudo-first-order rate constant.

A plot of In(ge — qt) versus t yields a straight line
whose slope and y-intercept can be used to determine the
pseudo-first-order rate constant (ki) and the equilibrium
adsorption density (ge) respectively.

2.5.2. Pseudo-second-order kinetic model

The linearized form of the pseudo-second-order
model is (Lin et al., 2013):

o1 @)

where ka2 (g/mg-min) is the pseudo-second-order rate constant.

A plot of t/qt against t gives a straight line from
which ge and kz can be determined from the slope and y-
intercept.

2.5.3. Elovich equation

The simple Elovich model equation is generally
expressed as follows (Tamilselvi, Asaithambi, & Sivakumar,
2016):

o :%In(ab)+%lnt 5

where a (mg/g-min) is the initial adsorption rate of the Elovich
equation and b (g/mg) is an another constant related to the
extent of surface coverage and activation energy for
chemisorption.

The slope and y-intercept of the linear plot of qt
versus In t were used to determine the values of the constants
aandb.

2.5.4. Intra-particle diffusion model

The intra-particle diffusion model has been applied
to elucidate the diffusion mechanism, and it is expressed as
(Weber Jr., & Morris, 1963):

_k Y2
q =k 77 +C (6

where kia (mg/g-minY?) is the intra-particle diffusion rate
constant and constant C (mg/g) relates to the width of the
boundary layer. According to this model, the plot of gt versus
t¥2 should be linear and pass through the origin, if the intra-
particle diffusion is the only rate-controlling step (Tamilselvi,
Asaithambi, & Sivakumar, 2016).

2.6 Thermodynamic studies

To further assess the adsorption process taking place
between CR and SMRH, thermodynamic parameters such as
standard Gibbs free energy change (AGP), standard enthalpy
change (AH?%), and standard entropy change (AS?) were
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determined. These parameters were determined using the
following equations (Baek, ljaghemi, O, & Kim, 2010;
Tamilselvi, Asaithambi, & Sivakumar, 2016):

AGY = RTIn Ko @
C c.-c C
K ——a_0 e_0 4 ®)
0 ¢C C C
e e e
AGY = AHO —TAsO )
0 0 0
k- 860 aH%1 as )
0~ RT R T R

where R (8.314 J/mol.K) is the universal gas constant, T (K) is
the absolute temperature, K is the equilibrium constant, and Ce
(mg/L) is the equilibrium CR concentration. The values of
AHO and AS? were determined from the slope and intercept of
the van’t Hoff plot (i.e., plot of In Ko versus 1/T), respectively.

3. Results and Discussion
3.1 Characterization

The FTIR spectra of RH and SMRH are presented in
Figure 1. The spectrum of the adsorbent displays many
adsorption peaks, reflecting the complex nature of the
materials. The broad and strong band located at 3424 cm
was attributed to —OH stretching vibrations, indicating the
presence of —OH groups in the cellulose, hemicellulose and
lignin (Sadaf, & Bhatti, 2014). The peak at 2920 cm™ was
attributed to stretching vibrations of C—H bond in a methylene
(—CHy) group (Pathania, Sharma, & Siddiqgi, 2016). The peaks
located at 1734 and 1647 cm! were assigned to C=0 bonds in
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Figure 1. FTIR spectra of (a) RH and (b) SMRH.
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carboxylic groups (Munagapati & Kim, 2016). The peak at
1095 cm could be assigned to stretching vibrations of C-OH
bond in cellulose. The higher intensity at 1095 cm? was
probably due to the superposition of C-OH stretching
vibrations in the 1000-1200 cm* range with Si-O stretching
vibrations. The peak at 803 cm™? was due to stretching
vibrations of Si—O bond and the peak at 468 cm™ belonged to
bending vibrations of siloxane bonds (Si-O) (Tavlieva,
Genieva, Georgieva, & Vlaev, 2013).

Comparison of FTIR spectra for RH and SMRH
shows that the adsorption band of —CH3 at 2923 cm was
stronger while the shoulder peak of —-CH> at 2857 cm™ was
slightly reduced. This was due to increased aliphatic carbon
content (from CTAB) in the SMRH, indicating CTAB on
SMRH surfaces.

3.2 Batch biosorption studies

3.2.1. Effect of initial solution pH

Figure 2 shows that the maximum CR sorption was
at pH 3.0 followed by significant decrease in CR sorption with
increasing pH. The maximum sorption capacity of CR was
found to be 7.57 mg/g at the optimum pH. The CR removal by
SMRH decreased from 78.64 to 56.26% over pH range 3.0-
11.0. At low pH, the SMRH surfaces are positively charged,
increasing CR removal by electrostatic attraction between the
positively charged surface of SMRH and anionic CR. On the
other hand, lower CR adsorption at higher pH may be due to
the presence of hydroxide ions competing with the sulfonate
groups (—SOs7) of CR for biosorption sites. A similar result
has been observed for CR adsorption in prior literature (Xi et
al., 2013). In order to not create complications with pH
adjustments, CR solutions without pH adjustment were used.
The CR solution had pH of 6.6-6.8.

The trends in these experiments could be further
confirmed on the basis of pHpzc, indicating the type of surface
active centers and the adsorption ability of the surface. The
pHrzc of SMRH was 5.0, as shown in Figure 3. This indicates
that at pH < 5.0, SMRH surfaces are positively charged,
which improves anionic dye removal by electrostatic
attraction, whereas at pH > 5.0 the SMRH surfaces become
negatively charged and electrostatically repel the CR anions.
So, anionic dye adsorption is favored at pH < pHpzc, where
the SMRH surface becomes positively charged.

3.2.2. Effect of adsorbent dosage

The removal of CR increased from 24.04% to
75.29% on increasing the SMRH dose from 2 to 20 g/L
(Figure 4). Likely a higher SMRH dose provided more
adsorption sites to which the dye molecules can attach
(Dawood & Sen, 2012). However, the adsorption uptake of
CR decreased from 12.08 mg/g to 3.81 mg/g with increasing
adsorbent dose. This is probably due to a split in the
concentration gradient between adsorbate and adsorbent.
Therefore, the amount of dye adsorbed onto unit weight of
adsorbent decreased with increasing the adsorbent mass,
decreasing de with adsorbent mass concentration (Dawood &
Sen, 2012; Roy & Mondal, 2017).
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Figure 2. Effect of initial pH on CR adsorption by SMRH (Co: 100
mg/L, adsorption dosage: 10 g/L, pH: 3-11, Temp: 303 K,
contact time: 210 min).
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Figure 4. Effect of adsorbent dosage on CR adsorption by SMRH
(Co: 100 mg/L, adsorption dosage: 2-20 g/L, pH: 6.6-6.8,
Temp: 303 K, contact time: 210 min).
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3.2.3. Effect of initial dye concentration

As shown in Figure 5, the CR removal decreased
with initial CR concentration in the biosorption process. This
is consistent with previous studies reported in the literature
(Pathania, Sharma, & Siddiqi, 2016; Xi et al., 2013), and can
be attributed to the limited number of vacant adsorption sites
on SMRH, which become saturated at a certain dye concentra-
tion (Xi et al.,, 2013). Moreover, the adsorption capacity
increased rapidly with initial dye concentration, which may be
due to an increase in the concentration gradient (Mane &
Babu, 2013).

3.2.4. Effect of contact time

Figure 6 shows that the adsorption capacity
increased with contact time at all initial dye concentrations,
and the equilibrium was attained within 120 min. The
equilibrium time increased from 30 to 120 min on increasing
the initial dye concentration from 25 to 100 mg/L. This is
probably due to competition for the surface active sites at
higher adsorbate concentration slowing down the equilibration
(Nandi et al., 2008). In addition, the adsorbed amount rapidly
increased in the beginning and gradually approached
equilibrium. The rapid initial adsorption is probably due to the
availability of the active sites on the adsorbent surface. After a
period, the remaining active sites cannot be occupied because
of repulsive forces between the dye molecules on the
adsorbent surface and in the bulk phase (Roy & Mondal,
2017). Another reason is that the biosorbent surface for dye
adsorption was large in the initial stage and then dye
molecules on the surface slowly diffused into the interior sites
of the adsorbent particles (Pathania, Sharma, & Siddiqi,
2016).

3.3 Adsorption kinetics

Adsorption kinetics models are important for
understanding the kinetic behaviour and assessing the rate-
limiting step. The pseudo-first-order, pseudo-second-order,
Elovich, and intra-particle diffusion models were applied to
CR adsorption onto SMRH.

The values of ki, R?, Qeexp and gecal for the pseudo-
first-order model at different CR concentrations were
evaluated from Figure 7a and are presented in Table 1. This
table shows that the experimental data did not agree with the
pseudo-first-order model, as the R? ranged from 0.2005 to
0.9482. Moreover, the theoretical gecal Values for the pseudo-
first-order model are significantly lower than the experimental
Qe.exp Values.

The experimental kinetic data were then analysed
using the pseudo-second-order model, as shown in Figure 7b.
The R? for the pseudo-second-order model was significantly
better than for the pseudo-first-order model, and the
theoretical gecal and experimental geexp Values are very close
to each other. Hence, CR adsorption onto SMRH can be well
described by the pseudo-second-order model (Pathania,
Sharma, & Siddiqi, 2016). The k2 decreased from 1.0990 to
0.0106 min-t on increasing the initial CR concentration. This
phenomenon may be due to lesser competition for the
adsorption sites at lower initial CR concentration. At higher
initial CR concentration, the competition for the adsorption
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Figure 5. Effect of initial concentration on CR adsorption by SMRH

(Co: 25-100 mg/L, adsorption dosage: 10 g/L, pH: 6.6-6.8,
Temp: 303 K, contact time: 210 min).
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Figure 6. Effect of contact time on CR adsorption by SMRH (Cy:
25-100 mg/L, adsorption dosage: 10 g/L, pH: 6.6-6.8,
Temp: 303 K, contact time: 0-210 min).

sites will be stronger, and the adsorption rates were con-
sequently decreased (Dawood & Sen, 2012).

The Elovich equation is used to describe chemi-
sorption. The initial adsorption rate (a) decreased from
7832.0595 to 2.0796 mg/g-min on increasing the initial CR
concentration. This is consistent with the results obtained from
the pseudo-second-order model. The R? was between 0.6458
and 0.9689, indicating that CR adsorption onto SMRH did not
follow the Elovich equation.

The transfer rate of dyes from aqueous solution to
biosorption surfaces may be controlled by film diffusion,
intra-particle diffusion, or by a combination of both mecha-
nisms. If the diffusion (internal surface and pore diffusion) of
dye molecules inside the adsorbent is the rate-controlling step,
then the Weber-Morris plot of gt versus t¥2 should show a
linear relationship in the experimental data. Figure 7d shows
that these curves are not linear over the whole time range.
This indicates that CR adsorption onto SMRH was controlled
by more than one type of diffusion process. This plot can be
separate into two linear regions. In the first linear region, the
dye molecules diffused from bulk solution to external surface
of SMRH and mass transfer rate was very fast. This could be
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(a) Pseudo-first-order kinetics, (b) Pseudo-second-order kinetics, (¢) Elovich kinetic model, and (d) Intra-particle diffusion kinetic

model for CR removal by SMRH (Co: 25-100 mg/L, adsorption dosage: 10 g/L, pH: 6.6-6.8, Temp: 303 K, contact time: 0-210 min).

Table 1.

time: 0-210 min).

Pseudo-first-order

Kinetic parameters for the removal of CR by SMRH (Co: 25-100 mg/L, adsorption dosage: 10 g/L, pH: 6.6-6.8, Temp: 303 K, contact

Co (mg/L) e.ep (MY/Q) Ge. cate (MY/Q) ki (min™) R’
25 2.116 0.1552 0.0120 0.2005
50 3.694 0.7372 0.0198 0.5727
75 5.394 2.0975 0.0199 0.6153
100 6.127 3.6577 0.0203 0.9482
Pseudo-second-order
Co (mg/L) Q. calc (MQ/Q) k2 (g/mg-min?) R?
25 2.0826 1.0990 0.9997
50 3.7362 0.0837 0.9997
75 5.5179 0.0241 0.9980
100 6.5175 0.0106 0.9990
Elovich
Co (Mmg/L) a (mg/g-min) b (g/mg) R?
25 7832.0595 7.4681 0.6458
50 30.5698 2.4746 0.8388
75 3.9631 1.2244 0.9450
100 2.0796 0.9519 0.9689
Intra-particle diffusion
Co (Mmg/L) Kia1 (Mg/g-min*?) C, (mg/g) R?
25 0.1833 1.1176 0.9041
50 0.3361 1.4526 0.9561
75 0.3991 1.7871 0.9619
100 0.4875 1.5255 0.9874
Intra-particle diffusion
Co (Mmg/L) Kia2 (Mg/g-min*?) C, (mg/g) R?
25 -0.0055 2.149 0.7372
50 0.0087 3.5498 0.2985
75 0.0165 5.5018 0.1102
100 0.0997 4.6954 0.9639
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attributed to boundary layer diffusion. The second stage of
adsorption was very slow, where the intra-particle diffusion of
CR into pores is the rate-limiting step (Mane & Babu, 2013).
Moreover, the plots do not give straight lines passing through
the origin (i.e., C+0), indicating that intra-particle diffusion
was involved in the adsorption process but was not the only
rate-limiting step (Dawood & Sen, 2012). In Table 1, both kid
and Ci increase with initial CR concentration. An increase in
the initial CR concentration will produce a higher con-
centration gradient resulting in faster diffusion and quicker
adsorption (Nassar, Daifullah, Kelany, & Farah, 2015).

3.4 Adsorption isotherms

The adsorption isotherm is important for the
description of the equilibrium nature of adsorption. It
describes how the adsorbate molecules interact with the
adsorbent and gives an idea of the adsorption capacity of the
adsorbent (Dawood & Sen, 2012). In this work, two well-
known models, the Langmuir and Freundlich isotherms, were
chosen to investigate the adsorption behavior.

Langmuir, Co 1 +LCe 12)
Qe quL Um

Freundlich, logge =logKg +1IogCe (13)
n

where gm (mg/g) is the maximum monolayer adsorption
capacity and K. (L/mg) is the Langmuir isotherm constant
related to the free adsorption energy. The values of gm and K.
were calculated from the slope and intercept of a linear fit to
Ce/ge versus Ce, respectively. Similarly the Freundlich
constants Kr and 1/n were determined from the intercept and
slope of a linear fit to log de versus log Ce, respectively.

Langmuir and Freundlich models fitted the
experimental adsorption data with the R? values of 0.9878 and
0.9725, respectively (Table 2). The Langmuir isotherm gave a
better fit than the Freundlich isotherm.

The significant characteristics of the Langmuir
isotherm can be assessed from a dimensionless constant called
separation factor, R, which is defined by (Sadaf, & Bhatti,
2014):

1

- - 14
1+ KLCO ( )

RL

The R was 0.3048, 0.1798, 0.1275 and 0.0988 with
the four different initial CR concentrations, and all of these
being in the range 0-1 indicate that the adsorption process was
favorable (Lin et al., 2013). In Table 2, 1/n was calculated
from the Freundlich model and was in the range 0-1, also
indicating that CR adsorption onto SMRH was favorable
(Munagapati, & Kim, 2016).

3.5 Adsorption thermodynamics

In Table 3, negative values of AG® are observed,
indicating that CR adsorption onto SMRH is thermo-
dynamically spontaneous by its nature. The AHC is positive
(7.305 kJ/mol), indicating that CR adsorption onto SMRH is
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Table 2. Isotherm parameters for the adsorption of CR by SMRH
(Co: 25-100 mg/L, adsorption dosage: 10 g/L, pH: 6.6-6.8,

Temp: 303 K, contact time: 210 min).

Isotherm model Parameter Values R?
Langmuir gm (Ma/g) 7.3943 0.9878
K. (L/mg) 0.0912
RL 0.3048
Freundlich 1/n 0.5033 0.9725
Kr (mg/g) 1.0151
Table 3. Thermodynamic parameters for the adsorption of CR by

SMRH (C,: 100 mg/L, adsorption dosage: 10 g/L, pH: 6.6-
6.8, Temp: 303-333 K, contact time: 210 min).

T(K) AG® (kimol) AP (ki/mol)  AS® (J/mol.K)
303 ~1.7265

313 -2.0246

203 s 7.305 29.806
333 26207

endothermic. Further, the positive value of AS® (29.806
J/mol-K) shows strong affinity of SMRH to CR and increasing
randomness at the solid-solution interface during CR adsorp-
tion onto SMRH.

4. Conclusions

This study revealed that CTAB modified rice husk
is an effective adsorbent for CR removal from aqueous
solution. CR removal was strongly dependent on pH of
solution, adsorbent dose, initial CR concentration, and contact
time. Equilibrium studies showed that Langmuir isotherm
gave a better fit to experimental data than Freundlich
isotherm. The adsorption capacity of CR on SMRH was 7.39
mg/g at 303 K. Kinetic studies revealed that CR adsorption
was well fit by a pseudo-second-order model. Thermodynamic
studies demonstrated that CR adsorption onto SMRH was
spontaneous and endothermic by its nature.
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