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A B S T R A C T

Chestnut shell, an agricultural residue, was used as a low-cost adsorbent to remove Reactive
Brilliant Red K-2G (RBR) from aqueous solution. Batch adsorption experiments were conducted
to study the effects of initial solution pH value, adsorbent dosage, initial dye concentration and
temperature on the adsorption. It was proved that strong acidic condition was favorable for the
adsorption process and the optimal pH value was 1.0. Freundlich isotherm was appropriate for
describing the experimental data. The kinetics study revealed that the adsorption of RBR onto
chestnut shell followed the pseudo-second order model well. The external mass transfer mainly
governed the adsorption rate. Thermodynamic studies demonstrated the spontaneous and
exothermic natures of the adsorption process. The FTIR analysis indicated that functional groups
such as amine, hydroxyl and phenolic compounds on the chestnut shell may be the active binding
sites for the adsorption of RBR.
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1. Introduction

Synthetic dyes are widely used in the textile, plastic,
paper, pulp, color photography, pharmaceutical and
food industries. Most of the dyes are used in textile
processing, in which its loss in wastewaters could vary
from 2% for basic dyes to as high as 50% for reactive
dyes, resulting in large amounts of dye-containing
wastewater [1]. Furthermore, dye producers and users
are interested in stability and fastness and are continu-
ally producing dyestuffs which are more difficult to
degrade after use [2]. Thus, it is imperative to develop

clean-up technologies for the treatment of water con-
taminated with dyes.

It is well known that activated carbons are the most
largely adopted adsorbents for this process. However,
the high unit cost of the activated carbon (about 1 US
dollar/kg) and the absence of reliable methods for
adsorbent regeneration (thermal regeneration costs are
about 1–2 US dollar/kg) restrict its application [3]. So
people have been searching for low-cost, renewable,
locally available and efficient alternative adsorbents
on and on. Based on the principle of waste control by
waste, some researchers attempt to use agricultural
waste materials to remove dyes from wastewater,
including rice husk [4], sugarcane bagasse [5], wood
apple shell [6] and wheat shell [7].�Corresponding author
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In China, the production of chestnut is
9.25 � 105 tons in 2007, which is 75.61% of the total
world production [8]. Chestnut shell is a residue of the
food processing industry, it has no significant indus-
trial and commercial values and will contribute to ser-
ious environmental problems without proper disposal
[8]. In recent years, Ke et al. [9], Vázquez [10] and Yao
et al. [8] have studied the application of chestnut shell
on the heavy metals wastewater treatment. However,
there are no reports on the use of chestnut shell as an
adsorbent for dyes removal from aqueous solution.

Among dyes, water soluble reactive and acid dyes
tend to pass through conventional treatment systems
unaffected, hence, their removal is of great importance
[11]. For the favorable characteristics of bright color
and water-fast, Reactive Brilliant Red K-2G (RBR) was
widely used in dyeing cotton and other cellulosic fibre.
In this study, RBR was selected as a model compound.

Therefore, the main objective of this study was to
examine the feasibility of using chestnut shell as an
adsorbent to remove reactive dye from aqueous
solution.

2. Materials and methods

2.1. Dye

RBR (C.I. Reactive Red 15, molecular formula ¼
C25H14ClN7Na4O13S4, �max ¼ 512 nm), was purchased
from Tianjin Shengda Chemical Factory (China) and
was used without further purification. Fig. 1 shows its
molecular structure. All the working solutions used in
the test were prepared by diluting the 200 mg/L of
stock RBR solution to the desired concentrations. Prior
to adding chestnut shell to the dye solution, the pH of
each solution was adjusted to the required value with
0.1 mol/L HCl or NaOH solutions with a pH-meter
(WTW 340i, Germany) for the measurements.

2.2. Preparation of the adsorbent

Prior to use, the chestnut shells were washed three
times by deionized water to remove any adhering dirt,

oven dried at 60�C for 48 h, crushed and sieved to
obtain a particle size range of 0.6–1.0 mm.

2.3. Batch adsorption tests

Batch experiments were conducted in 50 mL
Erlenmeyer flasks, which were agitated in a water bath
shaker (GFL 1086, Germany) with a shaking rate of
150 rpm at a constant temperature until approaching
equilibrium. Samples were taken at specified time
intervals.

In order to investigate the effect of initial solution
pH value on the adsorption capacity, the initial pH
value varied in the range of 1–11, with the chestnut
shell concentration fixed at 20 g/L and the initial RBR
concentration of 50 mg/L. The optimal pH value
(1.0 + 0.1) was used for the subsequent experiments.
To study the effect of adsorbent dosage, adsorbent con-
centration was varied from 8 to 40 g/L, initial RBR con-
centration was fixed at 50 mg/L and adsorbent dosage
of 16 g/L was selected for the following experiments.
In order to investigate the effect of initial dye concen-
tration on adsorption, initial RBR concentration ranged
from 30 to 150 mg/L. The equilibrium, kinetics and
thermodynamic experiments were performed at
temperatures in the range of 20–50�C and initial RBR
concentration was in the range of 30–150 mg/L.

2.4. Analysis

The solution withdrawn from the flasks was clear
enough to be analyzed after quick precipitation separa-
tion. The residual RBR concentration was determined
by using a UV–vis spectrophotometer (UV-2802PC,
Unico, Shanghai, China) at 512 nm.

The equilibrium adsorption capacity of RBR was
calculated by using the following equation:

qe ¼
VðC0 � CeÞ

m
ð1Þ

where C0 and Ce are the initial and the equilibrium dye
concentrations in the solution (mg/L); V is the volume

Fig. 1. Chemical structure of RBR.
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of the dye solution (L); and m is the weight of adsorbent
used (g).

In order to characterize the surface functional
groups presented on the adsorbent surface, the chest-
nut shells before and after adsorption were analyzed
by Fourier Transform Infra-Red (FTIR) using a Bruker
Vertex 70 FTIR spectrometer, which may reveal the
possible dye binding mechanisms.

The textural properties of chestnut shell were mea-
sured by N2 adsorption at 77 K in an ASAP 2020 appa-
ratus (Micromeritics, USA).

3. Results and discussion

3.1. Characterization of the adsorbent

Fig. 2 shows the SEM photographs of chestnut shell.
As seen from Fig. 2(a), the chestnut shell has heteroge-
neous surface and layered structure. Parts of chestnut
was intact (Fig. 2(b)), also many tomentums were
clearly found (Fig. 2(c)). The BET surface area, total
pore volume and average pore diameter of the chestnut
shell were found to be 0.474 m2/g, 0.00064 cm3/g and
5.39 nm, respectively. Its low BET surface area con-
firmed the presence of macropores. These properties
increased the possibility of the dyes to be adsorbed
onto chestnut shell.

Fig. 3 shows the FTIR spectra of the chestnut shell
before and after RBR uptake in the range of 4000–
400 cm�1. The FTIR spectra before adsorption dis-
played a great number of absorption peaks, indicating
the complex nature of the chestnut shell. The broad
band at 3,298 cm�1 may be due to the overlapping of
stretching vibration of O–H and N–H of hydroxyl and
amine groups [11] on the surface of chestnut shell and
the bands at 2,917 and 2,849 cm�1 might represent an
asymmetric vibration of CH2 [12] and stretching vibra-
tion of the C–H group. The band observed at 1,731 cm�1

could be due to a C¼O group of a carboxylic acid or its
ester. The bands at 1,594, 1,504 and 1,424 cm�1 could be
attributed to the aromatic skeletal vibrations assigned
to lignin or lignin-like material [13]. The band at

1,319 cm�1 might represent the cellulose peak [14]. The
presence of 1,237 cm�1 band was probably assigned to
�SO3 stretching [12]. The band at 1,159 cm�1 could be
attributed to a combination of stretching vibration
C–O–C of cellulose and stretching vibration of P¼O
[15]. The band at 1,030 cm�1 might indicate the pre-
sence of C–O group.

As shown in Fig. 3, there were significant similari-
ties in the spectra before and after adsorption, suggest-
ing that the components and structure of chestnut shell
remained intact. After the RBR adsorption, the band
intensity at 3,298 cm�1 decreased obviously and shifted
to 3,326 cm�1, one reason may be due to the N–H angu-
lar deformation [16], another reason may be the hydro-
gen bonds of O–H and N–H of hydroxyl and amine
groups cleavage. The band intensity at 2,917 cm�1

decreased and did not shift, suggesting that some of
the dyes molecules were adsorbed through a hydro-
phobic interaction between the CH2 of chestnut shell
and the hydrophobic part of the dye. The band at
2,849 cm�1 decreased and shifted to 2,850 cm�1, indi-
cating C–H group were involved in the adsorption. The
band at 1,731 cm�1 shifted to 1,733 cm�1 and intensity
decreased, indicating there would be an interaction
between carboxylic acid or its ester and RBR. The band
intensity at 1,594 and 1,424 cm�1 were clearly

Fig. 2. SEM photographs of chestnut shell.

Fig. 3. FTIR spectra of chestnut shell before and after RBR
adsorption. (a) before RBR adsorption and (b) after RBR
adsorption.
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decreased, suggesting that aromatic compounds
assigned to lignin or lignin-like material were involved
in the adsorption. The band at 1,030 cm�1 decreased
clearly and shifted to 1,031 cm�1, indicating there
would be an interaction between C–O group and RBR
molecule. The FTIR analysis indicated that functional
groups such as amine, hydroxyl and phenolic com-
pounds on the chestnut shell may be the active binding
sites for the adsorption of RBR.

3.2. The factors influencing RBR adsorption onto chestnut
shell

3.2.1. Effect of initial solution pH value

As shown in Fig. 4, pH has a significant effect on the
adsorption potential of RBR. The adsorption capacity
decreased dramatically with the pH value increasing
from 1.0 to 4.0 and adsorption process was restricted
when the pH value was higher than 4.0. In this study,
90.8%, 72.9% and 21.7% dye removal were achieved
at pH 1.0, 2.0 and 3.0, respectively, demonstrating that
low pH value was favored. The maximum adsorption
capacity was obtained at pH 1.0 and pH value of 1.0
was considered to be optimum.

It is well known that pH can affect the site dissocia-
tion of the biomass and the solution dye chemistry [17].
The point of zero charge (pHPZC) of chestnut shell was
4.9 [8]. When the pH value was higher than pHPZC,
there was a net negative charge, which may result from
the deprotonation of some functional groups on chest-
nut shell, such as carboxylate and phosphate groups.
When the pH value was less than pHPZC, protonation
of the functional groups such as amino, resulted in a
net positive charge. The interaction of the anionic ion
(SO3

�) produced by RBR with the amino groups
(R–NH2) on the chestnut shell may be one of the

reasons for RBR adsorption [18], which is displayed
in the following equations:

�NH2
chestnut shell

Ð
Hþ

protonation
�NHþ3 ð2Þ

RBR� SO3Na Ð
H2O

dissociation
RBR� SO�3 þ Naþ ð3Þ

�NHþ3 þ RBR� SO�3 Ð
electrostatic interaction

�NH3 � � �O3S� RBR

ð4Þ

The pH value of typical wastewater from a textile
dyeing process ranges from 2 to 10 [19]. In most cases,
the pH value of dyes wastewater is not optimal and
needs proper adjustment. Waste acid addition may
be one of the alternatives to adjust the pH of dyes
wastewater.

3.2.2. Effect of adsorbent dosage

A plot of the adsorption capacity and RBR removal
efficiency (%) vs. different chestnut shell concentration
ranging from 8 to 40 g/L is shown in Fig. 5 and the
initial RBR concentration was fixed at 50 mg/L. As
expected the larger sorbent dosage the smaller dye con-
centration in solid phase and the larger dye removal
efficiency. On the basis of this evidence, chestnut shell
concentration of 16 g/L was selected as the optimal
dosage and was used for the subsequent experiments.

3.2.3. Effect of initial dye concentration and contact time

Fig. 6 displays the amount of RBR adsorbed onto
per unit mass of chestnut shell versus contact time at
different initial dye concentrations ranging from 30 to
150 mg/L. As shown in Fig. 6, the uptake of RBR

Fig. 4. Effects of initial pH value on RBR adsorption by
chestnut shell (C0 ¼ 50 mg/L, adsorbent dosage ¼ 20 g/L,
temperature ¼ 20 + 1�C).

Fig. 5. Effect of adsorbent dosage on RBR adsorption by
chestnut shell (C0 ¼ 50 mg/L, initial pH value ¼ 1.0 + 0.1,
temperature ¼ 20 +1�C).
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increased with increasing contact time. Actually, a
mass of RBR was removed in the initial 120 min for all
of the initial concentrations studied with a gradual
increase in the later stage. The time required for equili-
brium was 22 h approximately, varying with the initial
dye concentration slightly. In fact, long time contact in
the later stage makes no significant contribution to the
removal of RBR. In addition, the qe increased from 1.69
to 7.26 mg/g with the initial dye concentration increas-
ing from 30 to 150 mg/L.

3.3. Adsorption kinetics

In order to investigate the mechanisms of the
adsorption process of RBR onto chestnut shell and to
find out the rate-controlling steps, several kinetic mod-
els were used to analyze the experimental data, such as
pseudo-first order kinetic model [20], pseudo-second
order kinetic model [21], intraparticle diffusion kinetic
model [22] and external mass transfer model [23].

The pseudo-first order equation is expressed as
follows:

logðqe � qtÞ ¼ log qe �
k1t

2:303
: ð5Þ

Eq. (5) can be further rearranged into Eq. (6):

t

qt
¼ 1

k1q2
e

þ 1

qe
t; ð6Þ

where qt is the dye amounts adsorbed per unit mass of
adsorbent at time t (mg/g) and k1 is the pseudo-first
order rate constant for the adsorption process (min�1).

A plot of the linearized form of the pseudo-first
order kinetic model is shown in Fig. 7(a). The values
of k1 and qe are listed in Table 1. It has been reported

that the pseudo-first order kinetic model exhibits a
good fit to the experimental data well only in the initial
adsorption period [21]. In the initial 30 min, the
pseudo-first order kinetic model was used to describe
the adsorption reluctantly with the correlation coeffi-
cients ranging from 0.9330 to 0.9729. However, it can
not predict the adsorption capacity well, for all the cal-
culated values of qe were lower than those obtained
from the experiments. So the adsorption of RBR onto
chestnut shell does not follow pseudo-first order
kinetics.

The pseudo-second order equation is written as
follows:

t

qt
¼ 1

k2q2
e

þ 1

qe
t; ð7Þ

where k2 is the pseudo-second-order rate constant for
the adsorption process (g/(mg min)).

Fig. 7(b) shows a plot of the linearized form of the
pseudo-second-order kinetic model. The values of k1

and theoretical qe are all listed in Table 1 with the
correlation coefficients. All the values of R2 for the
pseudo-second-order kinetic model were greater than
0.99 and the calculated values of qe were almost equal
to the experimental results. Furthermore, k2 decreased
with the increase of the initial dye concentrations.
Hence, it is proved that the adsorption process of RBR
onto chestnut shells can be satisfactorily described by a
pseudo-second-order rate equation.

The adsorption of dye onto a solid phase material is
a multi-step process and it is assumed to involve the
following four steps: bulk diffusion, film diffusion,
intraparticle diffusion and chemical reaction [17]. In
the present study, the transportation of dye in the solu-
tion was very fast due to rapid shaking, so that the fist
step cannot be rate limiting. And the fourth step is con-
sidered to be an equilibrium reaction, which is
assumed to be rapid and negligible. So the experimen-
tal data were analyzed by using the intraparticle diffu-
sion model [22] and external mass transfer model [23].

The intraparticle diffusion model can be expressed
as follows:

qt ¼ kintt
1=2 þ I; ð8Þ

where kint is the intraparticle diffusion rate constant
(mg/(mg�min1/2)) and I is the intercept (mg/g), which
is proportional to the thickness of the boundary layer.

As is shown in Fig. 7(c), the plot of qt vs. t1/2 was
multilinear and there were two linear portions in gen-
eral, which was indicative of two-stage diffusion of
dyes onto chestnut shell. Similar results were reported
for the adsorption of Basic Violet 3 and Acid Black 1

Fig. 6. Effect of initial dye concentration on RBR adsorption
by chestnut shell (adsorbent dosage ¼ 16 g/L, initial pH
value ¼ 1.0 + 0.1, temperature ¼ 20 + 1�C).
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onto unburned carbon [24]. The initial section might
represent the external mass transfer and the adsorption
rate was relatively high. The second less steep section

was probably attributed to the intraparticle diffusion.
The values of kint and I of the second linear portion are
listed in Table 1. The values of the R2 were high with a

Fig. 7. Kinetic models for adsorption of RBR by chestnut shell at different initial concentrations (C0 ¼ 30, 60, 90, 120
and 150 mg/L, temperature ¼ 20 + 1 �C, adsorbent dosage ¼ 16 g/L, initial pH value ¼ 1.0 + 0.1) (a) pseudo-first order
model; (b) pseudo-second order model; (c) intraparticle diffusion model and (d) Boyd kinetics plot for RBR adsorption onto
chestnut shell.

Table 1
Rate constants of pseudo-first order, pseudo-second order and intraparticle diffusion kinetic models for the adsorption of RBR
onto chestnut shell (temperature ¼ 20 + 1�C, adsorbent dosage ¼ 16 g/L, initial pH value ¼ 1.0 + 0.1, C0 ¼ 30, 60, 90, 120 and
150 mg/L)

Kinetic model Parameter

C0 (mg/L)

30 60 90 120 150

Pseudo-first order k1 (min–1) 0.0157 0.0115 0.0108 0.0099 0.0103
qe,cal (mg/g) 1.61 3.46 4.54 5.75 6.98

R2 0.9644 0.9729 0.9633 0.9330 0.9535
Pseudo-second order k2 (g/(mg�min)) 0.0093 0.0034 0.0019 0.0014 0.0011

qe,cal (mg/g) 1.71 3.27 4.75 6.09 7.29

R2 0.9987 0.9972 0.9964 0.9964 0.9947
Intraparticle diffusion qe,exp (mg/g) 1.694 3.275 4.701 6.026 7.257

kint 0.0093 0.0264 0.0384 0.0507 0.0656
I 0.0093 1.8220 2.5922 3.2413 3.6060

R2 0.9480 0.9803 0.9866 0.9832 0.9930
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range of 0.9677�0.9815 for the initial section and
0.9480�0.9930 for the second section, expressing that
both external mass transfer and intraparticle diffusion
might be involved in the adsorption process. Further
more, the intraparticle diffusion plots did not pass
through the origin, indicating that intraparticle diffu-
sion was not the only rate-controlling step.

In order to determine the actual rate-controlling
step, the adsorption data were further analyzed by the
kinetic expression proposed by Boyd et al. [23],

F ¼ 1� 6

p2
e�Bt; ð9Þ

where F is the fraction of solute adsorbed at different
times t and Bt is a mathematical function of F and given
by the following equation

F ¼ qt

qa
; ð10Þ

where qt and qa represents the amount adsorbed
(mg/g) at any time t and at infinite time (in the present
study qa was considered equal to qe).

According to Eqs. (9) and (10), the kinetic expres-
sion can be rewritten as follows:

Bt ¼ �0:4977� ln 1� qt

qa

� �
ð11Þ

Thus the value of Bt can be calculated for each value
of F according to Eq. (11). Fig. 7(d) shows that the rela-
tionship between calculated Bt values and time were
linear but the lines did not pass through the origin,
indicating that the external mass transfer mainly gov-
erned the rate-controlling process of RBR adsorption
on chestnut shell. In addition, as the initial dye concen-
tration decreased, the plot of Bt against time moved
towards the origin, which indicates that intraparticle
diffusion became rate controlling [25].

The controlling step occurred in the adsorption
system depends on the specific system, such as the
physico-chemical properties of the adsorbent and
adsorbate. In order to maximize the efficiency of the
adsorption system, the parameter selection should be
made mainly on the basis of the controlling step.

3.4. Equilibrium isotherm

Isotherm models can be developed by analyzing the
equilibrium data and the most appropriate model will
be used to design the adsorption system in practice. In
this work, four types of adsorption isotherm models
were tested, including Langmuir [26], Freundlich
[27], Temkin [28] and Dubinin–Radushkevich (D–R)

isotherm [29]. Fig. 8 displays the qe–Ce curves obtained
at 20 + 1, 35 + 1 and 50 + 1�C.

The Langmuir equation is given as

qe ¼
qmKaCe

1þ KaCe
; ð12Þ

where qm and Ka are Langmuir’s constants related
to the capacity (mg/g) and energy of the adsorption
(L/mg), respectively.

The Langmuir equation can be written in the
following linearized form:

1

qe
¼ 1

Kaqm
� 1

Ce
þ 1

qm
: ð13Þ

The linearized Langmuir adsorption isotherms are
shown in Fig. 9. The values of Ka, qm and the regression
correlation coefficients are given in Table 2.

Fig. 8. qe vs. Ce at different temperatures (adsorbent
dosage ¼ 16 g/L, initial pH value ¼ 1.0 + 0.1,
temperature ¼ 20 + 1, 35 + 1 and 50 + 1�C).

Fig. 9. Langmuir isotherms for RBR adsorption by chestnut shell
at different temperatures. (C0 ¼ 30, 60, 90, 120 and 150 mg/L,
adsorbent dosage ¼ 16 g/L, initial pH value ¼ 1.0 + 0.1,
temperature ¼ 20 + 1, 35 + 1 and 50 + 1�C).
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According to Fig. 9 and Table 2, the correlation coef-
ficients ranging from 0.9884 to 0.9971 and the value of
Ka decreased with the increasing temperature, indicat-
ing that RBR molecules exhibited higher affinity for
chestnut shell at lower temperature. However, qm

increased with the increasing temperature, which did
not agree with the variation of Ka. So Langmuir iso-
therm was not appropriate for describing the RBR
adsorption equilibrium on chestnut shell within the
whole temperature range studied.

The maximum adsorption capacity (qm) of other
low-cost adsorbents for the adsorption of reactive dyes
are listed in Table 3. In this study, the value of qm was
7.56 mg/g, indicating chestnut shell was an alternative
low-cost adsorbent for the treatment of RBR
wastewater.

The Freundlich empirical equation is expressed by
the following equation:

qe ¼ KFC1=n
e ; ð14Þ

where KF and n are the Freundlich constant ((mg/g)
(L/mg)1/n) and the heterogeneity factor, respectively.
Eq. (14) could be transformed into the following linear-
ized form:

ln qe ¼ ln KF þ
1

n
ln Ce: ð15Þ

The Freundlich linear plots obtained at different
temperatures are shown in Fig. 10. And the values of
KF, n and the regression correlation coefficients are all
listed in Table 2. As shown in Fig. 10, the Freundlich

model described the adsorption equilibrium well, with
the correlation coefficients above 0.9880 at all the
selected temperatures. The values of n were greater
than unity, which suggests that the adsorption process
of RBR onto chestnut shell was a favorable physical
process. Both KF and n decreased with the increasing
temperature, indicating the exothermic nature of the
adsorption. So Freundlich model can be used to
describe the adsorption equilibrium of RBR onto chest-
nut shell successfully.

The general form of the Temkin isotherm is:

qe ¼
RT

b
ln ACe: ð16Þ

Eq. (16) can be transformed into the following linear
form:

Table 3
Reported qm of some low-cost adsorbents for the adsorption
of reactive dyes

Adsorbent Dye
qm

(mg/g) Reference

Activated sludge Reactive Blue 2 250 [30]
Metal hydroxide

sludge
Reactive Red 141 56.18 [31]

Waste metal
hydroxide

Reactive Red 120 48.31 [32]

Modified
palygorskite

Reactive Red 3BS 34.24 [33]

Fly ash Reactive Black 5 7.94 [34]
Chestnut shell RBR 7.56 This

study
High lime fly ash Reactive Black 5 7.18 [35]
Untreated alunite Reactive Blue 114 2.92 [36]

Reactive Red 124 2.85
Anodonta shell Reactive Green 12 0.436 [37]

Fig. 10. Freundlich isotherms for RBR adsorption by chestnut
shell at different temperatures. (C0 ¼ 30, 60, 90, 120 and
150 mg/L, adsorbent dosage ¼ 16 g/L, initial pH
value¼ 1.0+ 0.1, temperature¼ 20+ 1, 35+ 1 and 50+ 1�C).

Table 2
Isotherm parameters for the adsorption of RBR onto chestnut
shell (adsorbent dosage ¼ 16 g/L, initial pH value ¼
1.0+ 0.1,C0¼ 30–150 mg/L, temperature¼ 20+ 1, 35+ 1 and
50 + 1�C)

Isotherm Parameter

Temperature (�C)

20 35 50

Langmuir qm (mg/g) 7.56 16.23 217.39
Ka (L/mg) 0.1336 0.0289 0.0014
R2 0.9884 0.9971 0.9917

Freundlich KF (mg/g)
(L/mg)1/n

1.18 0.66 0.37

N 1.94 1.38 1.09
R2 0.9979 0.9856 0.9880

Temkin A (L/mg) 0.95 0.43 0.28
B 1.94 2.78 3.53
R2 0.9732 0.9865 0.9853

D–R Qm (mmol/g) 6.20�10-6 6.91�10-6 7.48�10-6

KDR�106 (mol2/kJ2) 1400 4400 8200
E (kJ/mol) 0.0267 0.0151 0.0110
R2 0.8178 0.8932 0.9191
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qe ¼ B ln Aþ B ln Ce; ð17Þ

where R is the gas constant (8.314 J/(mol�K)); T is the
absolute temperature (K); A is the equilibrium binding
constant (L/mg); B is the Temkin isotherm constant
related to the heat of adsorption and B ¼ RT/b.

Fig. 11 shows the Temkin linear plots. The values of
A and B are given in Table 2 along with the correlation
coefficients. The B value increased with the tempera-
ture increasing from 20 to 50�C, which disagreed with
the variation of A, indicating that Temkin isotherm
could not be used to describe the studied adsorption
process.

The D–R equation has been applied in the following
form:

qe ¼ Qme�KDR"
2

: ð18Þ

A linear form of the D–R isotherm is:

ln qe ¼ ln Qm � KDR"
2; ð19Þ

where Qm represents the theoretical saturation adsorp-
tion capacity (mmol/g), KDR is a constant related to the
adsorption energy (mol2/kJ2) and " is the Polanyi
potential which is determined by the following
equation:

" ¼ RT ln 1þ 1

Ce

� �
; ð20Þ

where R is the gas constant and T is the absolute
temperature.

The mean free energy of adsorption (E) could be cal-
culated from the KDR value using the following
relation:

E ¼ 1ffiffiffiffiffiffiffiffiffiffiffi
2KDR

p : ð21Þ

Fig. 12 shows the D–R isotherm plots and the values of
Qm, KDR, E and R2 are all given in Table 2. In this study,
the E values were 0.027, 0.015 and 0.011 kJ/mol at 20,
35 and 50�C, respectively, which was much lower than
8 kJ/mol, suggesting that the adsorption process of
both dyes might be physical in nature [38]. E decreased
with the increasing temperature, however, Qm of 35
and 50�C were all higher than that of 20�C, indicating
D–R model was not fit for the experimental data.

3.5. Thermodynamic analysis

The thermodynamic parameters commonly used
include Gibbs free energy change (�G�), enthalpy
change (�H�) and entropy change (�S�), which can
reflect the adsorption characteristics of an adsorbent
and are key factors to be considered in the adsorption
system design. Moreover, the possible mechanisms of
adsorption can be understood by evaluation of the
thermodynamic parameters [17].

The thermodynamic parameters are calculated
according to Eq. (22) and Van’t Hoff (Eq. (23))

�Go ¼ �RT ln Kp; ð22Þ

ln Kp ¼
�So

R
��Ho

RT
; ð23Þ

where R is the gas constant, T is temperature in K and
Kp is the thermodynamic equilibrium constant (the

Fig. 11. Temkin isotherms for RBR adsorption by chestnut
shell at different temperatures. (C0 ¼ 30, 60, 90, 120 and
150 mg/L, adsorbent dosage ¼ 16 g/L, initial pH
value ¼ 1.0 + 0.1, temperature ¼ 20 + 1, 35 + 1 and
50 + 1 �C).

Fig. 12. D–R isotherms for RBR adsorption by chestnut shell
at different temperatures. (C0 ¼ 30, 60, 90, 120 and 150 mg/
L, adsorbent dosage ¼ 16 g/L, initial pH value ¼ 1.0 + 0.1,
temperature ¼ 20 + 1, 35 + 1 and 50 + 1 �C).
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ratio of the equilibrium concentration of chestnut shell
on the adsorbent to that in the solution,
Kp ¼ ðC0 � CeÞ=Ce, C0 ¼ 30, 60, 90, 120 and 150 mg/

L). The values of �G� at different temperatures are
listed in Table 4. The values of �H� and �S� obtained
from the slope and intercept of the plot of ln Kp vs. 1/T
(Figure are not shown here, R2 ¼ 0.9966) are also sum-
marized in Table 4. At constant temperature and pres-
sure, the �G� value is the fundamental criterion of
spontaneity [17] and the negative values of �G� for the
adsorption at all temperatures indicate that the adsorp-
tion of RBR onto chestnut shell is spontaneous in nat-
ure. Typically, the range of �H� for physical
adsorption and chemical adsorption are �4 to
�40 kJ/mol and �40 to �800 kJ/mol [17], respectively.
For this study, the �H� value was �5.42 kJ/mol, the
adsorption process might be considered as physical
adsorption and the negative �H� value also suggests
the exothermic nature of the adsorption. As for �S�,
the negative value of �3.85 J/(mol�K) indicates a
decrease in freedom degree of the adsorption systems.

4. Conclusions

Chestnut shell, an agricultural waste and easily
available material, was investigated as an adsorbent
to remove RBR from aqueous solutions. The experi-
mental results revealed that the adsorption of RBR
onto chestnut shell was highly dependent on the
acidic pH and the optimal pH value was 1.0. Freun-
dlich isotherm fitted well with the experimental data.
Kinetic analysis indicates that the adsorption of RBR
onto chestnut shell followed the pseudo-second order
model and both the external mass transfer and the
intraparticle diffusion were observed in the adsorp-
tion, with the former step being the rate-controlling
process. According to the thermodynamic analysis,
this adsorption process was spontaneous and
exothermic in nature. FTIR analysis shows that the
adsorption of RBR may be attributed to functional
groups such as amine, hydroxyl and phenolic com-
pounds on the chestnut shell. Based on the results
of this study, chestnut shell could be used as a low-
cost efficient and alternative adsorbent for the
removal of RBR from wastewater. It is expected that

the information provided here would be useful for
further research on these critical issues and its appli-
cation for the treatment of dyes wastewater.
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