
185

KMUTNB Int J Appl Sci Technol, Vol. 11, No. 3, pp. 185–197, 2018

Kinetics, Equilibrium, and Thermodynamics of Methyl Orange Adsorption onto Modified  
Rice Husk

Chanut Bamroongwongdee*, Saowaluk Gaewkhem and Pongpetch Siritrakul
Department of Industrial Chemistry, Faculty of Applied Science, King Mongkut’s University of Technology 
North Bangkok, Bangkok, Thailand

* Corresponding author. E-mail: chanut.b@sci.kmutnb.ac.th         DOI: 10.14416/j.ijast.2018.05.002
Received: 26 April 2017; Accepted: 18 July 2017; Published online: 18 May 2018
© 2018 King Mongkut’s University of Technology North Bangkok. All Rights Reserved.

Abstract
In this present research, rice husk was modified using a cationic surfactant cetyltrimethylammonium bromide 
(CTAB) and used as an adsorbent (MRH) to remove methyl orange dye (MO, anionic dye) from aqueous solution. 
A series of experiments were carried out in a batch process to determine the influences of different parameters  
such as pH, contact time, initial concentration of adsorbate and adsorbent dose. The kinetic data obtained  
from different batch experiments were analyzed employing pseudo-first-order, pseudo-second-order, Elovich 
and intra-particle diffusion model equations. The equilibrium adsorption data were analyzed by Langmuir, 
Freundlich, Temkin and Dubinin-Radushkevich (D-R) isotherm models. The results show that pseudo-second-
order kinetic model and Freundlich adsorption isotherm model achieved better fit with the experimental data. 
The percent adsorption and equilibrium adsorption capacity (qe) were increased with the increasing amount of 
adsorbent and initial concentration of dye, respectively. Thermodynamic parameters such as Gibbs free energy 
change (∆G), enthalpy change (∆H) and entropy change (∆S) were calculated and the results showed that the 
adsorption was spontaneous and exothermic.
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1 Introduction

With the growth of mankind and technologies, water  
pollution is one of the most serious problems,  
especially dye wastewater, for the entire world. The 
main sources of dye wastewater are the industries 
that use dyes and pigments to color their products 
such as leather, textile, fiber, carpet, paper, printing, 
plastic, ceramic, glass, automotive, food coloring, 
cosmetics, pharmaceutical and other industries [1]–[6]. 
Over 7×105 ton of dyestuffs are annually produced 
worldwide and 5–20% of dyes are discharged in the 
industrial effluents [4]–[6]. Among various industries, 
textile industry is one of the world’s most polluting 
industries and approximately 100 tons of dyestuffs  

are discharged into waste streams [5], [6]. The  
discharge of dye effluents not only affects the  
aesthetic nature of the environment but also inhibits the 
photosynthetic activity in the aquatic life by limiting 
sunlight penetrations [1], [2], [6]–[8].
 Usually conventional treatment methods such as 
precipitation, coagulation and flocculation have been 
used in the removal of wastewater containing dyes 
although these techniques do not efficiently remove 
several common dyes, especially from dilute solutions 
[9], [10]. An adsorption process is one of the most 
effective techniques for the removal of dye from the 
wastewater of textile and dyeing industries because 
of its simple design and low cost [2], [5], [11]. The 
activated carbon is widely used as adsorbent because of 
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its high adsorption capacity, but its use is limited due to 
high price of treatment and difficult regeneration [10], 
[12], [13]. Therefore, many researchers have studied 
the feasibility of using various low cost materials from 
agricultural by-products and wastes such as wheat 
bran [14], magnolia leaf [15], degreased coffee bean 
[16], mustard husk [17], and peanut husk [18], [19] as 
adsorbents for the removal of various dyes from the 
synthetic effluents. However, the effective application  
of low-cost adsorbents obtained from untreated 
agricultural by-products or wastes is limited due to 
presence of net negative surface charge, leading to 
their low adsorption capacity for anionic pollutants 
[11], [20]–[22]. Therefore, agricultural by-products 
need to be modified or treated in a manner to improve 
their adsorption capacities for anionic pollutants.  
Recently, some agricultural by-products were modified  
by cationic surfactant for the removal of anionic ions 
[20]–[22].
 Thailand, an agricultural country, is one of the 
world’s largest producers of rice. Rice Husks (RHs) 
are agriculture waste materials generated by the rice 
milling industry. The annual rice production of 20 
million ton will produce 5 million ton of husks [23]. 
The chemical content of RHs consists of cellulose 
(25–35%), hemicellulose (18–21%), lignin (26–31%), 
silica (15–17%), solubles (2–5%), and moisture (ca. 
7.5%) [24], [25]. RHs can be used as an available  
adsorbent for the removal of dyes from water and 
wastewater [10], [13], [26], [27]. However, the  
investigations using RHs modified by surfactants for 
removal of anionic dyes from solution were not, in our 
knowledge, reported in the literature. Hence, in this 
study, a cationic surfactant, cetyltrimethylammonium 
bromide (CTAB) was used to modify the surface of  
RHs to enhance its capacity toward anionic dye from 
aqueous solution. Methyl Orange (MO) is selected as 
model anionic azo dye. Azo dyes are widely used in 
textile, printing, paper, food, colorants, cosmetic, and 
pharmaceutical industries and are well known to be 
major human carcinogen [11]. The objective of this 
study is to study the adsorption property of CTAB 
modified rice husk towards MO dye. The effects of 
various factors on the adsorption such as contact time, 
initial dye concentration, adsorbent dosage, pH and 
temperature are studied in batch mode. The kinetics, 
thermodynamics and isotherms of MO removal on the 
novel materials were investigated.

2 Materials and Methods

2.1  Chemicals

Cetyltrimethylammonium bromide (CTAB) with 
chemical formula of C19H42BrN and molecular weight 
of 364.46 g/mol as the surfactant was purchased 
from Ajax Finechem Pty Ltd. Methyl orange (MO,  
C14H14N3NaO3S, molecule weight 327.34 g/mol) 
was purchased from Fisher Chemical. The chemical 
structure of MO is illustrated in Figure 1. All other 
reagents (NaOH and HCl) were of analytical reagent 
grade and purchased from Ajax Finechem and J.T. 
Baker, respectively. Distilled water was used for  
preparing all of the solutions and reagents. The initial 
pH is adjusted with 0.1 M HCl and NaOH solutions. 
All the adsorption experiments were carried out at 
room temperature (30ºC).
 A dye stock solution of 1.0 g/L of methyl orange 
dye was prepared by dissolving the appropriate amount 
of dye with distilled water. The working solutions were 
prepared by diluting of the stock solution.

2.2  Preparation of Modified Rice Husk (MRH)

The Rice Husk (RH) was collected from local rice 
mills. The collected materials were washed thoroughly 
with tap water to remove any adhering dirt, and washed 
with distilled water, next dried in an oven at 110ºC for 
3 h. Dry natural RH was ground and sieved to obtain 
particle sizes in the range 90–354 μm, then preserved 
in the desiccator for use.
 The synthesis of CTAB modified rice husk was 
conducted by the following procedure. An amount of 
25 g RH was dispersed in 200 mL of aqueous CTAB 
solution (1wt%), and then the mixture was agitated 
in shaker machine with 120 rpm at room temperature 
for 24 h. The Modified Rice Husk (MRH) was then 
filtered and washed several times with distilled water 
to remove superficially retained CTAB. Finally, MRH 
was dried in an oven at 110ºC for 12 h and stored in 
an airtight glass bottle.

Figure 1: Chemical structure of MO.
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2.3  Characterization

The functional groups of the samples were analyzed and 
interpreted by Fourier transform infrared spectrometer  
(FTIR-2000, Perkin Elmer) using the potassium 
bromide (KBr) pellet technique. FTIR spectra were 
recorded in the range of 4000–400 cm–1.
 The pH-zero point of charge (pHPZC) of MRH 
was determined by the solid addition method, as  
described in literature [28], [29]. Initial pH of aqueous  
solutions (pHi) was adjusted from pH 3 to 11 by adding  
either 0.1 M HCl or 0.1 M NaOH. 0.2 g of the adsorbents  
was added to 50 mL of each solution and were keep in 
equilibrium for 24 h under agitation (120 rpm) at room 
temperature. The final pH (pHf) of each aqueous solution  
was then measured. The difference between the initial  
and final pH value, ∆pH = pHf –pHi, was plotted against  
the initial pH (pHi) and the point of intersection of the 
resulting null ∆pH corresponds to the pHPZC.

2.4  Batch adsorption studies

Adsorption experiments were studied in a batch process.  
The effects of initial MO concentration, contact time, 
adsorbent amount, and solution pH on the MO uptake 
were investigated. Sample solutions were shaken in 
a water-bath shaker at a speed of 120 rpm keeping 
temperature constant at desire temperature. Samples 
were withdrawn at desire time, filtered and determined 
the residual concentrations. The initial and residual 
concentrations of MO dye were determined by using 
a UV-Vis Spectrophotometer (Spectronic 20) at a 
wavelength of maximum absorbance 465 nm.
 The amount of dye adsorbed onto MRH at time t, 
qt (mg/g), and the percentage removal of MO by MRH, 
expressed in %R, were calculated using the following 
Equations (1) and (2):

 (1)

 (2)

where C0 and Ct are the initial dye concentration and the 
dye concentration at any time t, (mg/L), respectively.  
V is the volume of dye solution (L), and W is the weight 

of the adsorbent used (g).
 All experiments were carried out by taking known 
amount of MRH (0.1–1.0 mg) in 250 mL conical flasks 
containing 50 mL of MO solution of different initial 
dye concentrations (25–100 mg/L). The pH values 
of initial MO solutions were adjusted with dilute  
aqueous solutions of HCl or NaOH (0.1 M). The 
mixture was shaken in a water-bath shaker at a 
speed of 120 rpm keeping temperature constant at 
room temperature (30ºC). The initial and residual  
concentrations of MO dye were determined by using 
a UV-Vis Spectrophotometer (Spectronic 20) at a  
wavelength of maximum absorbance 465 nm.

2.5  Batch kinetic studies

Batch kinetic experiments were carried out by taking 
known amount of MRH in 250 mL conical flasks  
containing 50 mL of MO solution. The mixture was 
shaken for various time interval (0–210 min) in a 
water-bath shaker at a speed of 120 rpm keeping 
temperature constant at room temperature (30ºC). The 
samples were withdrawn at different time intervals 
and the residual concentrations of MO were similarly 
measured.

2.6  Batch thermodynamic studies

The adsorption of MO on MRH was determined as a  
function of different temperature (30–60ºC) in water-bath  
shaker under pre-optimized conditions. Various  
thermodynamic parameters such as Gibbs free energy  
change (∆G), enthalpy change (∆H) and entropy 
change (∆S) were calculated.

3 Results and Discussions

3.1  Characterization of RH and MRH

The FTIR spectra of RH and MRH were studied in the 
range of 400–4000 cm–1. It can be seen from Figure 2. 
FTIR of RH showed that the broad band in the region of 
3400 cm–1 was due to O–H stretching and indicated the 
presence of O–H group (carboxylic acids, phenols and 
alcohols) present in the cellulose, hemicellulose and 
lignin [11], [18], [30]. The peak at around 2900 cm–1  
was related to the C–H stretching vibrations of the 
bonds in –CH3 and CH2 groups in the structure of rice 
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husk biomass. The weak adsorption band at 1733 cm–1 
corresponds to the C=O stretching vibrations. The 
intense adsorption band at 1636 cm–1 was related to 
the deformation vibrations of water molecules. The 
intense band at 1092 cm–1 was considered to result 
from the stretching vibrations of Si–O tetrahedrons. 
The small peak at 803 cm–1 can be attributed to the 
stretching vibration of the Si–O bonds. The adsorption 
band appeared at 459 cm–1 corresponded to the bending 
vibration of siloxane bonds (Si–O) [30].
 In comparison with the spectrum of RH, that of 
MRH shows more intense adsorption bands at 2919 
and 2850 cm–1, which is due to the symmetric and 
asymmetric stretching vibrations of methyl group 
(–CH3) and the methylene (–CH2) of the aliphatic 
chain of the surfactant [8], [20]. Furthermore, the new 
adsorption band in spectrum of MRH was observed 
around 3016 cm–1, which is ascribed to the stretching 
vibration of CH3–N [8]. These clearly indicate that 
natural RH has been successful modified by CTAB.

3.2  Adsorption performance in batch mode

3.2.1 Effect of initial dye concentration/contact time

The effects of initial dye concentration and contact 
time on MO dye adsorption are shown in Figure 3. 
Initially, the adsorption of MO dye increased rapidly, 
but it gradually slowed down until it reached a plateau. 
At the initial stage, the adsorption rate was rapid due 
to the availability of readily accessible surface sites. 
After a lapse of time, the remaining surface sites were 
gradually decreased as equilibrium reached [12], [13], 
[28]. Another reason was that dye molecules were  
adsorbed on the exterior surface of the adsorbent. After 
complete adsorption on the exterior surface, the dye 
molecules were adsorbed in the interior surface of the 
adsorbent particles [13], [14], [17].
 From Figure 3, the increase in the initial MO 
concentration led to proportional increase in the  
adsorption uptakes of dye at equilibrium and this may be  
due to the enhanced driving force of mass transfer at 
higher initial dye concentration [5], [12], [28]. Figure 3  
also shows that the adsorption of MO dye reached 
equilibrium in about 120 min, although the data were 
taken for 210 min. The equilibrium adsorption capacity 
(qe) was found to be 2.3 mg/g for 25 mg/L of initial 
MO concentration, this value was 5.3 mg/g for that 
of 100 mg/L.

3.2.2 Effect of adsorbent dosage

The percentage removal and equilibrium adsorption 
capacity of MO onto MRH are shown in Figure 4. The 

Figure 2: Fourier transform infrared spectroscopy 
spectra of a – Rice Husk (RH) and b – CTAB Modified 
Rice Husk (MRH).

Figure 3: Effect of contact time and initial MO dye 
concentration on the MO adsorption onto MRH.



189

KMUTNB Int J Appl Sci Technol, Vol. 11, No. 3, pp. 185–197, 2018

results showed that the biosorption capacity of MRH 
decreased with the increase in biomass concentration. 
The dye uptake decreased from 5.76 to 2.74 mg/g 
for an increase in adsorbent mass from 0.1 to 1.0 g. 
The decrease in biosorption capacity of MRH with  
increasing adsorbent mass might be due to the split in 
the MO concentration gradient between the solution 
and the adsorbent surface. Therefore, the amount of 
MO adsorbed onto unit mass of MRH was decreased 
with increasing MRH mass [4], [31], [32].

3.2.3 Effect of pH and zero point charge (pHPZC)

The initial pH of the dye solution is one of the most 
important factors in all the adsorption processes  
especially for dye adsorption [5], [11], [33]–[35]. The  
influence of the initial pH on the MO removal using 
MRH was studied in the pH ranging from 4 to 11 and 
the results are shown in Figure 5. A pH less than 4.0 
could not be investigated due to color change of dye 
solution [36]. It was observed that the equilibrium 
adsorption capacity remarkably decreased with an 
increase in pH of the initial solution. These results 
could be described by the different electrostatic  
interaction between MO and MRH surface in terms 
of surface charge and degree of dye dissociation. In 
acidic conditions, the MRH surface becomes more 
positively charged, which enhanced the anionic MO 
molecule through the electrostatic forces of attraction. 
Furthermore, the higher adsorption of dye at acidic 
pH (as in Figure 5) is probably due to the protonation 
of sulfonate groups of MO from –SO3

– to –SO3H. 
At a high pH solution, the number of anionic forms  

(sulfonate groups dissociated, –SO3) of MO were 
increased and led to a decrease in the electrostatic 
repulsion. Also, the competition between OH– and 
the anionic sulfonate groups for positively charged  
adsorption sites increased with the increase in the  
solution pH which caused the decrease in adsorption 
rate.
 The effect of the solution pH could be further 
explained on the basis of zero point of charge (pHPZC), 
which is the point at which the net surface charge of 
the adsorbent surface is zero. The pHPZC of MRH was 
determined to be 5.3 (see Figure 6). In principle, when 
the solution pH < pHPZC, the MRH surface becomes 
positively charge and the adsorption of anionic dye is 
favorable due to the electrostatic force of attraction 
increased. For solutions with pH > pHPZC, the MRH 
surface becomes negatively charged, thus making OH– 
ions compete effectively with the dye anions causing a 
decrease in the uptake of anionic dye. This observation 

Figure 4: Effect of adsorbent mass on the MO adsorption  
onto MRH.

Figure 5: Effect of initial pH on the adsorption of 
MO on MRH.

Figure 6: Point of zero charge of MRH.
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is in agreement with data reported in the literature [5], 
[13], [17].

3.3  Adsorption isotherm

To optimize the adsorption mechanism pathways for 
adsorption of adsorbate, it is essential to establish the 
most appropriate correlation for the equilibrium data. 
In this study, several models of the adsorption isotherm 
like those of Langmuir, Freundlich, Temkin, and 
Dubinin-Radushkevich (D-R) have been employed to 
investigate the adsorption behaviour. The applicability  
of isotherm equations to the adsorption study within 
the experimental conditions (concentration range 
25–100 mg/L, adsorbent dose 4 g/L, temperature 30ºC, 
contact time 210 min and stirring speed 120 rpm) was 
compared by judging the correlation coefficient values,  
R2. The higher R2 value implies a better fit with a 
maximum R2 value of 1.0.

3.3.1 Langmuir isotherm

The Langmuir isotherm model can be presented in the 
following relation [11], [33] [Equation (3)]:

 (3)

where qe (mg/g) is the amount of dyes adsorbed 
at equilibrium time, Ce (mg/L) is the equilibrium  
concentration of dye solution, qm (mg/g) is the maximum  
adsorption capacity describing a complete monolayer 
adsorption and KL (L/mg) is the Langmuir isotherm 
constants related to the free energy or enthalpy of 
adsorption. The linearized form of Langmuir isotherm  
can be written as [Equation (4)]:

 (4)

 A plot of Ce/qe against Ce gave the best fitted curve  
indicating that the adsorption process did not follow 
this model [Figure 7(a)]. The values of qm, KL and  
correlation coefficient (R2) obtained from the Langmuir 
plot are given in Table 1. The significant characteristics 
of the Langmuir isotherm can be expressed in terms 
of the dimensionless constant separation factor, RL, 
defined by [12], [31], [34] [Equation (5)]:

 (5)

where C0 (mg/L) is the initial dye concentration. The RL 
value indicates the type of the adsorption to be either 
unfavorable (RL > 1), linear (RL = 1), favorable (0 < RL 
< 1) or irreversible (RL = 0) [31], [34]. The calculated 
RL values for all dye concentrations were in the range 
of 0–1, showing that the entire adsorption processes 
were favourable.

Table 1: Parameters of adsorption models for MO 
adsorption onto MRH

Isotherm Model Parameter MRH

Langmuir

qm (mg/g) 5.99

KL (L/mg) 0.035

RL 0.535

R2 0.997

Freundlich

n 2.127

KF (mg/g) 0.597

R2 0.987

Temkin

A 0.254

B 1.515

R2 0.987

D-R

qmD–R (mg/g) 5.321

βD–R (mol2/kJ2) 6.103

E (kJ/mol) 0.286

R2 0.978

3.3.2 Freundlich isotherm 

The Freundlich adsorption isotherm model can be 
expressed as [11], [33] [Equation (6)]:

 (6)

where qe (mg/g) is the amount of dye adsorbed at  
equilibrium, Ce (mg/L) is the equilibrium concentration 
of dye solution, KF (mg/g) is the Freundlich adsorption 
constant related to the adsorption capacity, and n is the 
constant indicative of the intensity of the adsorption 
processes. In general, the value of n lying in the range 
of 1 to 10 illustrates that the adsorbate is favorably 
adsorbed on the adsorbent. The numerical number of 
n less than 1 indicates that the adsorption process is 
chemical in nature. The Freundlich equation can be 
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converted to a linear form by taking logarithms of both 
sides as [Equation (7)]:

 (7)

 A plot of log qe against log Ce produces a straight 
line of slope 1/n and intercept log KF [Figure 7(b)]. The 
values of the Freundlich equilibrium coefficients KF 
and n were generated from the plot of sorption data 
(see Table 1). The parameter n found in the range of 
1 to 10, which proves that the adsorption is favorable 
and process is physical in nature.

3.3.3 Temkin isotherm

The Temkin isotherm assumes that the heat of  
adsorption of all the molecules in the layer would 
drop linearly with increasing surface coverage due 
to adsorbent-adsorbate interaction and the adsorption 
is characterized by a uniform distribution of binding  
energies [28]. The Temkin model [11], [12] is expressed  
as [Equation (8)]:

 (8)

where qe (mg/g) is the experimental adsorption  

capacity at equilibrium, Ce (mg/L) is the concentration  
of dyes adsorbed at equilibrium, A (L/mg) is the 
equilibrium binding constant corresponding to the 
maximum binding energy and B (J/mol) is the Temkin 
constant related to the heat of adsorption and is given 
as [Equation (9)]:

 (9)

where 1/bT indicates the adsorption potential of the 
adsorbent, R (8.314 J/mol.K) is the universal gas  
constant and T (K) is the absolute temperature.
 A plot of qe against ln Ce gives a linear graph with 
B as the slope and B(ln A) as the intercept [Figure 7(c)]. 
The results of this isotherm parameters are displayed 
in Table 1.

3.3.4 Dubinin–Radushkevich (D–R) isotherm

The Dubinin-Radushkevich model [11], [13] is used to 
describe the adsorption in microporous materials. This 
model is more general than the Langmuir isotherm 
because it does not assume a homogeneous surface or 
constant adsorption potential. The linear form of the 
D–R isotherm Equation (10) is:

Figure 7: Equilibrium adsorption data fitted to the (a) Langmuir isotherm, (b) Freundlich isotherm, (c) Temkin 
isotherm and (d) Dubinin-Radushkevich isotherm.
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 (10)

where qe (mg/L) is the amount of dye molecules,  
qm (mg/g) is the theoretical saturation capacity,  
β (mol2/kJ2) is the activity coefficient related to the 
mean free energy of adsorption and ε is the Polanyi 
potential which can be correlated to temperature as 
[Equation (11)]:

 (11)

where R (kJ/mol.K) is the gas constant, and T (K) 
is the absolute temperature. The adsorption mean 
free energy E (kJ/mol) can be calculated as follows  
[Equation (12)]:

 (12)

 The mean free energy gives information about 
the type of adsorption mechanism. If the value of E 
is in the range of 8 to 16 kJ/mol, the sorption process 
is governed by chemical ion-exchange, and if the 
values of E < 8 kJ/mol, the sorption is a physical in 
nature. The plot of ln qe against ε2 is employed to  
determine the β and qm from the slope and the intercept  
respectively [Figure 7(d)]. The calculated values of 
the D–R parameters are shown in Table 1. The value 
of the free energy estimated from the D–R model is 
lower than 8 kJ/mol, indicating that the adsorption 
of MO onto MRH was physical adsorption in nature.
 The theoretical parameters for all the isotherms 
studied are listed in Table 1. By comparing the value 
of correlation coefficient, it can be concluded that 
the Langmuir isotherm is the best-fit isotherm for the 
adsorption of MO onto MRH.

3.4  Adsorption kinetic study

In order to examine the controlling mechanisms of 
sorption process such as chemical reaction, diffusion 
control and mass transfer, several kinetic models are 
used to analyse experimental data from the adsorption  
of MO onto MRH. Therefore, pseudo-first-order, 
pseudo-second-order, Elovich, and intra-particle  
diffusion kinetic models were used for the adsorption 
of MO onto MRH. The applicability of these kinetic  

models was compared by judging the correlation  
coefficients R2.

3.4.1 Pseudo-first-order model

The pseudo-first-order model of Lagergren [37] has 
been widely used to predict the dye sorption kinetics 
and its formula is given as [Equation (13)]:

 (13)

where qt (mg/g) and qe (mg/g) denote the adsorption 
capacities at any time t (min) and at the equilibrium 
time, respectively, k1 (1/min) is the rate constant of the 
pseudo-first-order adsorption and t (min) is the contact 
time. Integrating the above equation for the boundary 
conditions t = 0 to t = t and qt = 0 to qt = qt, leads to 
[Equation (14)]:

 (14)

 The slope and intercept can be derived from the plot 
of log (qe – qt) against t, which is usually to determine 
the first-order rate constant k1, equilibrium adsorption 
density qe and correlation coefficient R2 [Figure 8(a)]. 
It was found that the R2 value obtained for the pseudo- 
first-order kinetic model did not show a consistent  
trend and a large difference existed between 
the calculated (qe, cal) and experimental (qe, exp)  
adsorption capacity value (see Table 2). Therefore, 
the adsorption of MO on MRH did not followed the 
pseudo-first-order kinetic model.

3.4.2 Pseudo-second-order model

The differential form of the pseudo-second-order kinetic  
model could be expressed as [38] [Equation (15)]: 

 (15)

where k2 (g/mg.min) is the rate constant of the pseudo-
second-order adsorption. The integrating of the above 
equation with the boundary conditions t = 0 to t = t and 
qt = 0 to qt = qt, could be rearranged in the linear form 
as follows [Equation (16)]:
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 (16)

 The rate constant k2 was calculated from the 
intercept of the plot of t/qt against t [Figure 8(b)]. The 
R2 value of the pseudo-second-order model was close 
to unity, which was much higher than the R2 value of 
the pseudo-first-order model (Table 2). Furthermore, 
the calculated qe value for the pseudo-second-order 
model was closer to the experimental qe value. It can 
be concluded that the pseudo-second-order model 
provided a good correlation for the adsorption of MO 
onto MRH.

3.4.3 Elovich model

The Elovich model equation can be expressed as [39] 
[Equation (17)]:

 (17)

where a (mg/g.min) is the initial adsorption rate and b 
(g/mg) is related to the extent of surface coverage and 

activation energy for chemisorption. Integrating of the 
above equation, assuming abt >> 1 and applying the 
boundary conditions t = 0 to t = t and qt = 0 to qt = qt,  
is simplified to [Equation (18)]:

 (18)

 The values of the initial adsorption rate, a, and  
desorption constant, b, were determined from the intercept  
and slope of the linear plot of qt versus ln t [Figure 8(c)].  
The data obtained by the Elovich model are given in 
Table 2. The value of correlation coefficient is higher 
than 0.9, which indicated that the adsorption of MO on 
MRH can be described by the Elovich model.

3.4.4 Intra-particle diffusion model

The biosorption process involves the movement of dye 
molecules (absorbate) from the aqueous solution to 
the biosorbent surface. The mechanism of biosorption 
of dye molecules on biosorbent may be controlled by 
single step or a series of steps. In the batch system, 
film diffusion or/and intra-particle diffusion may be 

Figure 8: (a) Pseudo-first-order kinetics, (b) pseudo-second-order kinetics, (c) Elovich kinetics and (d) intra-particle  
diffusion kinetics for the adsorption of MO onto MRH adsorbent.



194

C. Bamroongwongdee et al., “Kinetics, Equilibrium, and Thermodynamics of Methyl Orange Adsorption onto Modified Rice Husk.”

the rate-limiting step [1], [13]. Therefore, the kinetic  
results were analyzed by using the intra-particle diffusion  
model proposed by Weber and Morris [40]. The initial 
rate of intra-particle diffusion model can be described 
as [Equation (19)]:

 (19)

where  (min) is the half-life time, kid (mg/g.min0.5) 
is the rate constant of intra-particle diffusion and C 
(mg/g) is the intercept of a plot of qt versus  which 
describes the boundary layer thickness. If the value 
of C is equal to zero, the intra-particle diffusion is the 
only rate-limiting step and the larger the value of C the 
greater the effect of the boundary layer. The kinetic 
parameters and the correlation coefficient R2 are listed 
in Table 2. The value of C in intra-particle is not zero 
and the value of the correlation coefficient R2 is less 
than 0.9 [Figure 8(d)]. Therefore, it can be concluded 
that the intra-particle diffusion is not the only rate-
limiting step and the biosorption of MO onto MRH 
did not followed the intra-particle diffusion model.

Table 2: Kinetic parameters for adsorption of MO  
(25 mg/L) onto MRH

Kinetic Model Parameter MRH

Pseudo-first-order

qe, exp (mg/g) 2.32
qe, cal (mg/g) 2.15
k1 (1/min) 0.042

R2 0.742

Pseudo-second-
order

qe, cal (mg/g) 2.49
k2 (g/mg.min) 0.021

R2 0.991

Elovich
a 0.459
b 2.267
R2 0.909

Intra-particle 
diffusion

C 0.517
kid (mg/g.min0.5) 0.146

R2 0.846

3.5  Thermodynamic parameters

To estimate the effect of temperature on the adsorption 
of MO onto MRH, thermodynamic parameters, such 
as the Gibbs free energy ∆G, enthalpy change ∆H, and 
entropy change ∆S, were determined.
 The values of ∆G at different temperature were 
determined by the following Equation (20):

 (20)

where R (8.314 J/mol.K) is the universal gas constant,  
T (K) is the absolute temperature and KC is the adsorption  
equilibrium constant, which is the ratio of the equilibrium  
concentration of MO adsorbed to the equilibrium 
concentration of MO in solution.
 The values of ∆H and ∆S can then be calculated by  
using the linear form of the Van’t Hoff Equation (21):

 (21)

 The plot of ln KC versus 1/T yields a straight line 
from which the values of ∆H and ∆S were calculated 
from the slope and intercept, respectively.
 The calculated values of ∆H, ∆S and ∆G for the 
adsorption of MO on MRH are represented in Table 3. 
The values of ∆G can be given an idea about the type 
of adsorption, whether it is a physisorption (–20 < ∆G  
< 0 kJ/mol) or chemisorption (–400 < ∆G < –80 kJ/mol) 
[11], [31]. From Table 3, the values of ∆G are negative 
for all cases, and are within the range of –20 to 0 kJ/mol,  
indicating that the adsorption of MO onto MRH 
is feasible and spontaneous physical process. The  
negative value of ∆H indicates that the adsorption of 
MO onto MRH is exothermic in nature. The magnitude  
of ∆H may also be used to indicate the type of adsorption  
force (i.e., van der Waals forces 4–10 kJ/mol,  
hydrophobic bond forces about 5 kJ/mol, hydrogen-
bonding forces 2–40 kJ/mol, dipole-dipole interaction 
2–29 kJ/mol, dentate exchange about 40 kJ/mol, and 
chemical bond forces > 60 kJ/mol) [11], [31], [41]. The  
value of ∆H suggests that hydrogen-bonding and dipole- 
dipole interaction may contribute to the adsorption  
process in addition to electrostatic attraction. The negative  
value of ∆S reflects the decrease in randomness at the 
solid/solution interface during adsorption of MO onto 
MRH and the affinity of the adsorbent for dye.

Table 3: Thermodynamic parameters for the adsorption  
of MO (100 mg/L) onto MRH

T (ºC) ∆G0 (kJ/mol) ∆H0 (kJ/mol) ∆S0 (J/mol.K)

30 –2.201

–19.897 –58.403
40 –1.617

50 –1.033

60 –0.449
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4 Conclusions

This study shows that modified rice husk by cationic 
surfactant, CTAB, is a promising adsorbent for removal 
of anionic dye, methyl orange, from aqueous solution 
in the batch mode. The adsorption capacity increases 
as the initial MO concentrations increases, and as  
dosage dose and solution pH decrease. The kinetic data 
showed that the pseudo-second-order kinetic model 
agrees very well with the dynamic adsorption behavior 
of MO onto MRH. The isothermal data were found 
to be the best described by the Langmuir isotherm. 
The thermodynamic data revealed that the adsorption  
process was spontaneous and exothermic in nature. The 
mechanism for the adsorption of MO on the MRH may 
involve the different types of electrostatic interactions 
including dipole-dipole and hydrogen-bonding force.
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