¢! Desalination and Water Treatment 63 (2017) 203-211
February
www.deswater.com

o doi: 10.5004/dwt.2017.20166

Kinetic, isotherms and thermodynamic studies in the removal of 2-chlorophenol
from aqueous solution using modified rice straw
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ABSTRACT

In this study, rice straw was crushed into a particle size of 1-2 mm and treated with hydrochloric acid.
The changes in surface morphology of rice straw before and after the acid treatment were obtained by
SEM images. Moreover, the surface functional groups of rice straw were characterized by FI-IR analysis.
The ability of acid treated rice straw to remove 2-chlorophenol (2-CP) from aqueous solution was eval-
uated in batch adsorption process. The percentage removal of 2-CP using modified rice straw remained
almost constant while increasing the pH from 3 to 5 and further increases in the solution pH caused a
decrease in the removal of 2-CP from aqueous solutions. The adsorption process was very fast and an
apparent equilibrium was attained within 60 min of contact time and the kinetic data fit better to pseudo
first-order kinetic model. The equilibrium sorption data were analyzed by Langmuir, Freundlich, Temkin,
Dubinin-Radushkevich and Redlich-Peterson isotherm models. Equilibrium data fit well to the Langmuir
model and a maximum adsorption capacity was found to be 26.712 mg/g at 20°C. The adsorption capacity
increased at higher temperature which indicates that sorption of 2-CP by modified rice straw was endo-
thermic. Free energy of adsorption (AG®), enthalpy (AH®), and entropy (AS°) changes were calculated to
predict the nature of adsorption. The estimated values for AG® were decreased from —34.726 to -39.472 as
the temperature increased from 20 to 60°C, and this result infer that a spontaneous process occurred in the
adsorption of 2-CP by modified rice straw. Therefore, this investigation suggests that acid modified rice
straw can be employed as an effective and low-cost adsorbent for removal of 2-CP from aqueous solutions.
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1. Introduction chemical which is announced as priority water pollutants
by EPA [3]. Chlorophenols are derivatives of phenols, which
have one or more chlorine in their structure. Various types of
industrial processes such as high-temperature coal conversion,
petroleum refining and the manufacture of plastics, resins, tex-
tile, iron, steel and paper have significant role in releasing of
* Corresponding authors. chlorophenols into aquatic environment [3,4]. Chlorophenols

are very toxic, highly soluble in water and stable in the

In recent decades, a remarkable increase in environmen-
tal pollution occurs due to diverse application of various
chemicals in industries [1,2]. Chlorophenols are an important
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environment. An intake to human body may probably cause
serious problems such as increasing of respiratory rate,
weakness, tremors, seizures and coma. Moreover, they can
accumulate in tissues and involves in formation of mutation
and cancers [4,5]. Furthermore, previous studies have shown
that a very low concentration of chlorophenols (~0.01 mg/L) is
able to create unpleasant taste and odor in water [6]. Therefore,
the elimination of these compounds from water and wastewa-
ter is very important to protect the human health.

Various techniques have been employed for the
removal of chlorophenols from water. Due to the simplic-
ity of operation and low cost, the adsorption process has
advantages over other techniques in pollutant removal
from aqueous solutions [7,8]. Owing to the large spe-
cific surface area, well-developed porosity and elegant
surface-containing functional groups, activated carbon
is widely used for adsorption of phenols and its deriv-
ative compounds from aqueous solutions. However, use
of activated carbon is not feasible due to the high cost of
the commercial activated carbon [9,10]. Recently, many
researchers focused on inexpensive and efficient adsor-
bents as an alternative material to commercial activated
carbon [10-12]. Agricultural wastes are widely applied
for this proposes and they were found to be suitable
potential adsorbents in the removal of phenol and its
derivatives compounds [12,13]. Rice is abundantly culti-
vated in Iran; therefore, rice straw is a one of the larg-
est agricultural by-product in this country. Rice straw is
commonly burned after harvesting to prepare the field
for the next crop, which in turn releases carbon dioxide
(CO,) as the principal product of the combustion along
with carbon monoxide (CO), nitrogen oxides (NO ) and
relatively less amount of sulphur dioxide (SO,) and meth-
ane (CH,). Moreover, it has been reported that burning
of crops residues contribute harmful pollutants in air
such as polycyclic aromatic hydrocarbons (PAHs), poly-
chlorinated dibenzo-p-dioxins (PCDDs), and polychlori-
nated dibenzofurans (PCDFs) which have toxicological
behaviour and particularly potential carcinogens [14,15].

Rice straw is one of major lignocellulosic waste that
has been used in several studies to remove various type
of pollutant; however, the application of rice straw for the
removal of phenol derivative compounds is scarce. Several
researchers report a significant increase in surface area
of materials due to acid treatment which consequently
improve the removal efficiency of pollutants from aqueous
solutions [16-18]. Moreover, it has been reported that rice
straw modified with citric acid and sulphuric acid were
successfully utilized for the removal of malachite green
and basic dye, respectively [19,20]. So it is assumed that the
modification of rice straw using hydrochloric acid possi-
bly will increase the surface area of rice straw and thereby
improve its efficacy in the removal of various pollutants
from aqueous solutions. Therefore, the aim of the present
work is to evaluate the performance of hydrochloric acid
treated rice straw for the removal of 2-chlorophenol (2-CP)
from aqueous solution. The effect of various parameters
such as solution pH, contact time, and initial 2-CP concen-
tration and temperature were investigated. Moreover, the
kinetic, isotherm, and thermodynamic modeling were also
conducted in this study.

2. Materials and methods
2.1. Preparation of adsorbent

Rice straw was collected from rice paddy in Sari city,
Iran. It was then sun dried and crushed into particle sizes in
the range of 1-2 mm. The crushed particles were then treated
with 0.1 M HCI for 5 h followed by washing with distilled
water and then it was kept in a shade until completely dry.
The resultant biomass was subsequently used in sorption
experiments.

2.2. Characterization of materials

The specific surface area of acid treated rice straw was
determined by the BET method using an ASAP 2000 appa-
ratus based on nitrogen adsorption—-desorption isotherms at
77 K. The FT-IR analysis was conducted using Nicolet 5,700
instrument, Thermo Corp, USA. The spectra were recorded
in the range of 400-4,000 cm™ to find out the information
regarding the bending and stretching vibrations of functional
groups which are responsible for the adsorption process. The
surface morphology of rice straw before and after acid treat-
ment were captured by scanning electron microscopy (SEM)
(Philips XL30).

The PZC (point of zero charge) of the modified rice straw
was determined by the pH drift method [17]. In brief, 500 mL
of distilled water was boiled in erlenmeyer flask for 20 min
to expel the dissolved CO,. The flask was capped with cot-
ton to avoid re-absorption of atmospheric CO, by water and
cooled at room temperature. Then, 0.01M NaCl solution was
prepared from CO, free water and 50 ml of this solution was
taken out in six different plastic bottles. The pH of solution in
each flask were adjusted to pH values of 2, 4, 6, 8, 10 and 12
by adding 0.1M HCI/NaOH solutions. Subsequently, 0.15 g
of the modified rice straw was added in each bottles and agi-
tated at 25°C for 24 h. The final pHs of each solution were
measured and a graph was plotted between initial pH vs.
final pH. The point at which the curve crossed the line pH,,__

equals to pH, . was taken as pH,,,. of the material.

1

2.3. Preparation of 2-CP solution

2-chlorophenol (2-CP) is a phenolic compound with
molecular weight of 128.56 g/mol. The structure of 2-CP is
shown in Fig. 1. The 2-CP (C.H,CIO) used in this work was
analytical grade procured from Merck, Germany. For adsorp-
tion experiments, the 2-CP solutions with concentrations in
the range of 10-200 mg/L were prepared by successive dilu-
tion of the stock solution (1,000 mg/L). Deionized water was
used for all experiments. All other chemicals used in this
study were of analytical grade.

2.4. Batch experiments

The adsorption of 2-chlorophenol using modified rice
straw was carried out in batch system. Various experimen-
tal conditions which may influence the adsorption of 2-CP
including initial solution pH, contact time, initial 2-CP con-
centration and temperature were tested under batch experi-
ments. In order to determine the effect of the initial solution
pH, the experiments was performed within the initial pH of
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3-11 with the initial 2-CP concentration of 50 mg/L at 25°C.
The effect of contact time was conducted with initial concen-
trations of 50 mg/L using 5 g/L sorbent at pH 3.0. The flasks
were agitated with 180 rpm under constant temperature 30°C.
The samples were taken at predetermined time intervals, cen-
trifuged and analyzed for the residual 2-CP concentrations.
Moreover, the concentration dependence data were collected
between 25-200 mg/L at pH 3.0. Also, the equilibrium sorp-
tion data were obtained at various temperatures of between
293 and 333 K. The experiments were performed in a rotary
shaker at 180 rpm using 200 mL Erlenmeyer flasks containing
a certain amount of modified rice straw in 100 mL of 2-CP
solution. After equilibrium, the samples were centrifuged at
3,600 rpm for 10 min and analyzed to determine the resid-
ual 2-CP concentrations. A temperature controlled water bath
shaker (SHZ-88, Shanghai, China) was used to control the
temperature. All pH measurements were carried out using a
pH meter (Model pHS-3C, Shanghai, China). The initial pH
of the solutions were adjusted to constant values by adding
different concentrations (0.01, 0.1, 1.0 M) of HCI or NaOH
solutions. The concentrations of 2-CP were measured by a
high-performance liquid chromatography (HPLC), Shelton,
CT, USA equipped with diode-array detector and a Polaris
C18 column. The mobile phase was a mixture of acetonitrile
and distilled water in the proportion of 45/55. The HPLC
pump was controlled at the flow rate of 1.0 ml/min, and the
UV detector was set at 280 nm. The reported concentration for
each sample is the average of three separate measurements.
The 2-CP removal efficiency (%), amount of 2-CP sorbed
per unit biomass at time t (g, in mg/g) and at equilibrium (g,
in mg/g) were calculated from Egs. (1)—(3), respectively [21].
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where C; is the 2-CP initial concentration (mg /L), C, and C,
are the concentrations at time ‘t’ and at equilibrium (mg/L),
respectively; 'V’ is the volume of the 2-CP solution (L); and
‘m’ is the weight of adsorbent (g).

3. Results and discussion
3.1. Characterization of material

The specific surface area of adsorbent is one of the most
important parameters as the adsorption capacity usually
increased with an increase in specific surface area. The BET
analysis has shown that the surface area of rice straw was
significantly increased after acid treatment and the surface
area of unmodified and modified rice straw were found to
be 58.5 and 80 m*/g, respectively. This result suggests that the
acid treated rice straw probably possessed higher affinity to
remove the pollutants from aqueous media. SEM technique
was employed to observe the surface physical morphology
of the materials. Fig. 2 shows the SEM micrographs of the
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Fig. 1. Structure of 2-chlorophenol (2-CP).
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Fig. 2. Scanning electron microscopy image of (a) rice straw (b)
modified rice straw.
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Fig. 3. The FT-IR spectra of modified rice straw before and after
adsorption of 2-CP.

modified rice straw before and after the acid treatment. The
cavities present on the surface of rice straw were visible from
the SEM micrographs. It is clearly to be observed that mod-
ified rice straw showed more open pore structure with vari-
ous size and shapes which may cause to increase an internal
surface area of the material.

In order to investigate the interaction between the func-
tional groups on the surface of rice straw and 2-CP, the mod-
ified rice straw were examined before and after adsorption
of 2-CP using FT-IR spectroscopy. As shown in Fig. 3, FT-IR
spectra obtained before and after the sorption of 2-CP showed
a similar pattern. The absorption band obtained at 3,449 cm™
is due to hydroxyl (O-H) group in cellulose and lignin and
a small peak obtained at 2,944 cm™ is assigned to the C-H
stretching mode [22]. Another intense peak at 1,655 cm™
is due to C=C stretching vibration and distinguish peak at
1,422 cm™ is attributed to C-O stretching vibration of carboxyl
group [22,23]. The other peaks obtained between 1,200 and
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1,000 cm™ are attributed to C-O group of cellulose, lignin and
hemicelluloses [24]. Also, a prominent peak at 1,028 cm™ and
a small weak peak obtained at 857 cm™ may corresponds to
Si-O stretching and Si-OH bending vibrations indicating the
presence of silica in rice straw [22,25]. Furthermore, it is to
be observed that the predominant peak obtained at the wave
numbers of 1,655 cm™ was significantly reduced after the
adsorption of 2-CP and a shift in wave number from 1,422 to
1,445 cm™ and 1,028 to 1,039 cm™ were occurred in the spectra
of modified rice straw before and after the adsorption of 2-CP.
These results indicate the reasonable amount of 2-CP were
adsorbed onto the modified rice straw and the shift in wave-
numbers suggest that carboxyl group were largely involved in
the removal of 2-CP using modified rice straw [26,27].

3.2. Batch experiments
3.2.1. Effect of pH

The pH of a solution is an important parameter affect-
ing the adsorption process as it affects both speciation of the
adsorbate and the surface binding site of the sorbent [28].
Fig. 4 shows that the uptake of 2-CP by the modified rice
straw was almost constant in the pH range of 3-5. However,
the adsorption of 2-CP decreased abruptly when the pH
value exceeds 5.0. The large reduction in 2-CP removal at
pH higher than 5.0 was attributed to ionic repulsion between
deprotonated 2-CP molecules and negatively charged sur-
face of the adsorbents. The pKa value of 2-CP is 8.56 which
suggests that 2-CP predominantly remain in undissociate
neutral phenol and start to dissociate above pH 8.56 and form
phenoxide ion. Moreover, the pH of the modified rice straw
was found to be ~5.0. At lower pH (pPH <pH, ), the adsor-
bent surface carries net positive charge while the adsorbent
surface charge is negative at the pH higher than the pH
(pH > pH, ). Therefore, it is assumed that the undissociated
species of 2-CP s preferred by the positively charge surface
of the adsorbents and result in higher percentage removal
at lower pH [21]. Besides, 2-CP possibly will dissociate into
phenoxide form at higher pH value which eventually cause
to reduced the removal of 2-CP from aqueous solutions due
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Fig. 4. Effect of pH on the removal of 2-CP using modified rice
straw (dosage = 6 g/L, C,=50 mg/L, T =298 K, and Contact time
=90 min).
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to the electrostatic repulsion between the negatively charged
of the adsorbent and adsorbate species [6]. An earlier report
also has shown that the removal efficiencies of 2-chlorophe-
nol, 3-chlorophenol and 4-chlorophenol by coir pitch car-
bon, rice straw carbon and rattan sawdust activated carbon,
respectively, were found to be higher at lower pH values and
decreases with increasing the solution pH [6,14,18].

3.2.2. Adsorption kinetics

Adsorption kinetic of 2-CP onto modified rice straw
and unmodified rice straw were investigated by measuring
the amount of 2-CP removed at various interval of time. As
shown in Fig. 5, the percentage adsorption increased rap-
idly at the beginning and the apparent equilibrium time
for the adsorption of 2-CP using modified and unmodified
rice straw were found to be 60 and 90 min, respectively. In
addition, Fig. 5 showed that the percentage removal of 2-CP
using modified rice straw was significantly higher than that
of unmodified rice straw. In this experimental condition, a
pseudo-first order kinetic model has shown the maximum
uptake of 2-CP by rice straw and modified rice straw were
7.773 and 9.792 mg/g, respectively.

The kinetic data obtained at various initial concentra-
tions of 2-CP were analyzed using pseudo-first-order (PFO),
pseudo-second-order (PSO) and intra particle diffusion mod-
els. The kinetic models were used in non-linear form and the
pseudo-first-order-kinetic model was taken as:

q,=q.(1-¢™) 4)

where g, is the amount of adsorbate removed at time ¢ (mg/g);
q,is the maximum uptake at equilibrium (mg/g), k, and ¢ are
the pseudo-first order rate constant (1/min) and the contact
time (min), respectively [17]. Moreover, the pseudo-second
order kinetic rate equation was utilized as:
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Fig. 5. Percenage removal of 2-CP at various contact time using
unmodified and modified rice straw (dosage = 5 g/L, C, =
50 mg/L, pH=3.0, T =303 K).
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where g, is the amount of 2-CP removed at equilibrium
(mg/g) for; g, is the amount of 2-CP removed at time ¢ (mg/g);
and k, is the pseudo-second-order kinetic constant rate
(g/mg'min) [29]. The non-linear plots of pseudo-first order
and pseudo-second order kinetic model for the removal of
2-CP using modified rice straw at various concentrations are
shown in Figs. 6 and 7, respectively.

The kinetic data collected at four different concentrations
fit well to non-linear pseudo-first order kinetic as the least
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Fig. 6. Non-linear plot of pseudo-first-order kinetic for the
removal of 2-CP using modified rice straw (dosage =5 g/L, C, =
25-200 mg/L, pH =3.0, T = 303 K).
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Fig. 7. Non-linear plot of pseudo-second-order kinetic for the
removal of 2-CP using modified rice straw (dosage =5 g/L, C; =
25-200 mg/L, pH =3.0, T =303 K).

Table 1

square sum (s*) obtained from pseudo first-order kinetic
model were found to be lower than that obtained for pseudo
second-order kinetic model. The rate constants and maximum
amount of 2-CP removed were calculated for the two kinetic
models and given in Table 1. Although the least square sum
obtained for the second-order kinetic model obtained at var-
ious concentration are relatively low, the calculated g, values
are comparatively higher than the values obtained from the
pseudo first-order kinetic model. The calculated values of g,
(g, cal) obtained from the pseudo first-order model perfectly
agreed with the experimental values of g, (7, exp). Therefore,
the results revealed that the non-linear pseudo first-order
kinetic model is best for describing the adsorption kinetics of
2-CP onto modified rice straw.

The adsorbate transport from the solution to the surface
of the adsorbent occurs in several steps. This phenomenon
may be controlled by one or more steps such as film or exter-
nal diffusion, pore diffusion, surface diffusion and adsorp-
tion on the pore surface, or a combination of more than one
step through the adsorption process [30,31]. Therefore, the
time dependent intra-particle diffusion of 2-CP from the sur-
face adsorption site to the interior site of modified rice straw
was analyzed by intra-particle diffusion model as given in
Eq. (6). The intra-particle diffusion equation was taken as:

1
q,=k, > +C (6)

dif

where k. is the intra-particle diffusion rate constant
(mg/g'min) and C is the intercept. The value of C relates to
the thickness of the boundary layer. The larger C implies the
greater effect of the boundary layer [32]. If the plot of g, vs. £
gives a straight line and pass through the origin, the adsorp-
tion process is controlled by intraparticle diffusion only.
However if the data exhibit multi-linear plots, two or more
steps must be involved in the sorption process. The value C
in Eq. (6) is a constant that gives an idea about the thickness
of the boundary layer [33]. The intra-particle diffusion plot
for the removal of 2-CP using modified rice straw is shown
in Fig. 8. From this figure, it can be observed that three con-
secutive steps were involved in the adsorption of 2-CP by
modified rice straw. The first linear section is attributed to
the surface adsorption which is also called external surface
adsorption. The second linear section describes the gradual
adsorption with intra-particle diffusion as a rate limiting
steps and the third section corresponds to the final equilib-
rium stage where adsorption becomes very slow and stable,
and finally attained the adsorption equilibrium [34].

Kinetic parameters for the adsorption of 2-CP using modified rice straw at various concentration

Conc. Dyonp Pseudo first order kinetic Pseudo second order kinetic

(mg/L) k, q, s k, q, s
(1/min) (mg/g) (g/mg/min) (mg/g)

25 4972 +0.068  0.067 +0.004 4.984 +0.062 0.008 0.019 +0.004 5.423 +0.052 0.422

50 9.783+0.097  0.056 +0.003 9.792 +0.093 0.039 0.007 +0.003 10.792 £ 0.115 1.422

100 17.652£0.128  0.058 +0.003 17.491 £0.124 0.527 0.004 +0.003 19.284 +0.132 3.647

200 26.284 +0.192 0.054 +0.002 26.472 +0.182 2917 0.002 £ 0.002 29.263 +0.195 19.517
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Fig. 8. Intra-particle diffusion plot for adsorption of 2-CP onto
modified rice straw (dosage =5 g/L, C; = 25-200 mg/L, pH = 3.0,
T =303 K).

3.2.3. Adsorption isotherms

Adsorption isotherm is basically important to describe
the nature of the adsorbents as well as the interaction
between the solutes and the adsorbents [35]. The Langmuir,
Freundlich, Temkin and Dubinin—-Radushkevich isotherm
models were used to describe the relationship between the
amount of phenol adsorbed and its equilibrium concentra-
tion in solutions.

The equilibrium adsorption data obtained at various
concentrations were evaluated by the following isotherm
models. The Langmuir isotherm is valid for monolayer
adsorption on a surface containing a finite number of iden-
tical sites. The model assumes uniform adsorption on the
surface and no transmigration of adsorbate in the plane of
the surface [36]. The linear form of the Langmuir adsorption
isotherm was taken as [37]:

A %

qe qm KL qm

where C, (mg/L) is the equilibrium concentration of the
adsorbate; g, (mg/g) is the amount of 2-CP adsorbed per unit
mass of adsorbent; g, is the maximum monolayer adsorption
capacity (mg/g) and K, is Langmuir constant related to rate
of adsorption.

Fig. 9 shows a linear relationship of C/g, vs. C, using
experimental data obtained, suggesting the suitable applica-
bility of the Langmuir model (R? > 0.997). The good fitting
of the model suggests monolayer coverage of modified rice
straw by 2-CP is significant at the outer surface of the adsor-
bent. Values of g, and K, were calculated from the plot of C /g,
vs. C, and the values obtained are given in Table 2. A dimen-
sionless constant separation factor (R,) of Langmuir isotherm
(Eq. (8)) was used to determine the favorability of the adsorp-
tion process [38]. The value of R, indicates the type of the
isotherm which maybe either unfavorable (R, > 1), linear
(R, =1), favorable (0 < R, <1) or irreversible (R, = 0).

1

R =—— 8
" 1+K,G, ®)

CJ/q.(gL)

C, (ng/L)

Fig. 9. Langmuir adsorption isotherm of 2-CP removal using
modified rice straw at various temperatures (dosage = 6 g/L,
C,=25-200 mg/L, pH=3.0, T=293-333 K, contact time= 120 min).

K, is the Langmuir constant and C, is the initial 2-CP con-
centration (mg/L). The R, values obtained at various tempera-
tures were given in Table 2. The fractional values obtained at
all the five different temperature indicate that the adsorption
of 2-CP using the modified rice straw is a favorable process.

The concentration dependence sorption data were ana-
lyzed with Freundlich adsorption isotherm. The Freundlich
equation is based on the hypothesis of multi-layer adsorp-
tion. The linear equation was utilized as follows [37]:

logg, =logK, +1logCg )
n

where K, and 1/n are the Freundlich constants related to
adsorption capacity and adsorption intensity, respectively.
Generally, the adsorption capacity of an adsorbent for a given
adsorbate enhances with an increase in K.

Temkin considered the effects of indirect adsorbate-

adsorbent interactions on adsorption isotherms. The heat of
adsorption of all the molecules in the layer would decrease
linearly with coverage due to adsorbate-adsorbate interac-
tions. Temkin isotherm in its linear form was taken as [35]:
g, =BInA+BInC, (10)
where B = RT/b, T is the absolute temperature in Kelvin and
R is the universal gas constant (8.314 J/mol-K). A is the equi-
librium binding constant and ‘b’ corresponds to the heat of
sorption.

Moreover, Dubinin-Radushkevich model, a more gener-
alized model compared to the Langmuir isotherm was used
for analyzing the concentration dependence data. This model
is based on the fact that there is no homogeneous surface or
constant adsorption potential. The linear form of (D-R) iso-
therm model was taken as [39]:

Ing, =lng, — K¢ (11)

where K is a constant corresponding to the biosorption
energy; g, is the theoretical saturation capacity and ¢ is
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Table 2
Adsorption isotherm constants for the removal of 2-CP using modified rice straw at different temperatures
Isotherm models 20°C 30°C 40°C 50°C 60°C
Langmuir
q, (mg/g) 26.712+0.125 26.943 +0.132 27.456 + 0.132 28.348 +0.153 29.853 +0.144
K, (L/mg) 0.087 +0.004 0.102 +0.003 0.195 + 0.004 0.277 +0.003 0.475 +0.002
R, 0.213 0.325 0.642 0.562 0.784
R? 0.997 0.998 0.999 0.998 0.999
Freundlich
K, (mg/g) 3.053 +0.081 3.267 £ 0.092 3.474 +0.064 3.786 +0.072 4.184 +0.053
n 5.076 +0.022 3.745 +0.025 3.003 +0.046 2.347 +0.033 1.845 +0.037
R? 0.863 0.852 0.871 0.894 0.914
Temkin
A(L/g) 1.505 + 0.008 1.218 +0.007 0.846 + 0.007 0.566 + 0.006 0.293 +0.005
B 9.266 + 0.054 12.146 + 0.065 13.297 +0.074 15.684 +0.071 19.146 + 0.093
R? 0.821 0.845 0.794 0.807 0.825
D-Radushkevich
q, (mg/g) 22102 +0.112 22423 +0.102 23.125+0.121 23.596 +0.135 24.616 +0.136
K.10* (mol?/ K-J?) 2.145 +0.021 1.663 + 0.009 1.096 + 0.008 0.946 +0.008 0.563 + 0.006
E (kJ/mol) 0.512 +0.005 0.586 + 0.006 0.645 + 0.006 0.714 +0.005 0.859 +0.007
R? 0.894 0.912 0.935 0.906 0.889
R-Peterson
k, (L/mg) 45.205+0.172 39.305 +0.157 37.646 + 0.168 29.178 +0.145 26.425 +0.137
aR (L/mg) 0.074 + 0.004 0.045 +0.003 0.257 +0.004 0.424 +0.005 0.672 +0.006
B 0.645 + 0.005 0.711 +0.004 0.825 +0.007 0.886 +0.006 0.912 +0.007
R? 0.795 0.831 0.804 0.776 0.845

the Polanyi potential which was calculated by below
equation:

e

. RTln[l +1J (12)
C

where R (k] mol? K) is the gas constant and T (K) is the
absolute temperature. Mean adsorption energy (E) was cal-
culated from the K value by the following relation:

E:1

1 (13)
(2K)?

Redlich and Peterson (R-P) have proposed an empirical
equation incorporating three parameters which may be used
to represent adsorption equilibrium over a wide concentra-
tion range, and can be applied either in homogeneous or het-
erogeneous systems due to its versatility. Therefore, the linear
form of Redlich and Peterson isotherm model was taken as:

ln(m—lj—lnaR+BlnCF (14)
9.

where k, (L/g) and a, (L/mg) are the R-P constants; 3 is the
exponent which has a value between 0 and 1 and C, the equi-
librium liquid phase concentration (mg/L) [40].

The results and correlation coefficients are presented
in Table 2. By comparing the correlation coefficients (R?), it
can be seen that the experimental equilibrium sorption data
were best described by the Langmuir model. The values of
R, were found within the range of 0.216-0.784 and this again
confirmed that the adsorption of 2-CP onto the rice straw
was favorable under the specified experimental conditions
in this study. This result suggests a monolayer coverage of
the surface of modified rice straw by 2-CP [41]. Moreover,
it was observed that the sorption capacity (g, ) and the K,
increase with increases in temperature. The maximum sorp-
tion capacity of various adsorbents along with modified rice
straw as determined by Langmuir adsorption isotherm are
given Table 3. It is obvious from Table 3 that the modified
rice straw possessed reasonably high sorption capacity for
the removal of 2-CP from aqueous solutions.

3.2.4. Thermodynamic analyses

To estimate the effect of temperature on the adsorption
of 2-CP onto modified rice straw, the extent of 2-CP removal
was evaluated at temperature of 293, 303, 313, 323, 333 K and
the enthalpy change (AH®) and entropy change (AS°) were
determined using the Van’t Hoff equation (Eq. (15)):

_AS° AHP

InK
M =R TR

(15)
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Table 3
Langmuir sorption capacity of 2-CP obtained for various adsor-
bents along with modified rice straw

Adsorbent Adsorption Refs.
capacity (mg/g)

Seed of Adenopus breviflorus  13.43 [42]

Azolla Filiculoides biomass 7.8 [43]

Rice straw derived ash 37.0 [44]
Carbonaceous adsorbent 50.3 [45]

Blast furnace sludge 20.4 [45]

Blast furnace dust 14.0 [45]

Modified rice straw 26.71 Present study

Table 4

Thermodynamic parameters obtained for adsorption of 2-CP
onto modified rice straw (Initial 2-CP concentration: 100 mg/L;
pH: 3.0 and contact time: 120 min)

Tem (K)  AG°(kJ/mol)  AH°(kJ/mol)  AS° (J/mol K)
293 -34.726 34.885 118.641

303 -35.913

313 -37.099

323 -38.285

333 -39.472

where K is the equillibrium constant obtained by taking
the ratio of maximum uptake of 2-CP by modified rice straw
(g,) and the equilibrium concentration (C)) of 2-CP, R is the
universal gas constant (8.314 J/mol-K) and T is the tempera-
ture (K) [46,47]. The values of AH® and AS° are determined
from the slope and intercept of the van't Hoff plots of In K|
vs. 1/T and found to be 34.885 kJ/mol and 118.641 J/mol-K,
respectively. It was suggested that the AH® value for phy-
sisorption is smaller than 40 kJ/mol; therefore, the AH°
value obtained suggests that the adsorption of 2-CP onto
rice straw occurred through physisorption process. The
value of AH® was positive which indicates that the adsorp-
tion reaction was endothermic [48]. The positive value of
AS° reflects the affinityof rice straw for 2-CP and suggests
an increased in randomness at the interface of solid and
solution during the adsorption process. Furthermore, the
free energy change (AG®) for the adsorption of 2-CP onto
modified straw at various temperatures were calculated
using the following equation (Eq. (16)):

AG® = AH® — TAS® (16)

The thermodynamic parameters obtained at various tem-
peratures are given in Table 4. The values of AG° were found
to decrease from —34.726 to —39.472 kJ/mol while increasing
the reaction temperatures from 293 to 333 K. The negative
values confirm the feasibility of the process and the sponta-
neous nature of the adsorption. The decrease in the negative
value of AG® with an increase in temperature indicates that
the adsorption of 2-CP on rice straw was more favorable at
higher temperatures [49].

4. Conclusions

The adsorption of 2-CP from aqueous solution using
modified rice straw was investigated under various experi-
mental conditions in batch method. The percentage removal
of 2-CP using rice straw remained almost constant while
increasing the pH from 3.0 to 5.0 and further increases in the
solution pH caused a decrease in the removal of 2-CP from
aqueous solutions. The adsorption process was very fast
and an apparent equilibrium was attained within 60 min of
contact time and the pseudo first-order kinetic model best
described the adsorption process. The equilibrium sorp-
tion data were analyzed by Langmuir, Freundlich, Temkin,
Dubinin-Radushkevich and Redlich-Peterson isotherm mod-
els. Equilibrium data fit well to the Langmuir model and a
maximum adsorption capacity was found to be 26.712 mg/g
at 20°C. The adsorption capacity was found to increase with
increasing temperature which indicates that sorption of 2-CP
by modified rice straw was endothermic. Free energy of
adsorption (AG®), enthalpy (AH®), and entropy (AS°) changes
were calculated to predict the nature of adsorption. The esti-
mated values for AG® were found to decreased from -34.726
to -39.472 kJ/mol as the temperature increased from 273
to 333 K, and this result infers that a spontaneous process
occurred in the adsorption of 2-CP by modified rice straw.
Moreover, AH® value obtained indicates that the adsorption
of 2-CP onto modified rice straw occurred via a physisorp-
tion process. Therefore, this study demonstrated that modi-
fied rice straw is an effective and potential adsorbent for the
removal of 2-CP from aqueous solutions.
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