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ABSTRACT

This study investigated the feasibility of using okara as a low-cost adsorbent for the
removal of Reactive Brilliant Blue KN-R (RBB), a typical reactive dye, from aqueous
solution. Batch adsorption experiments were conducted to evaluate the effects of pH,
adsorbent dosage, initial dye concentration, and temperature. It was proved that strong
acidic condition was favorable for the adsorption process and the optimal pH was 2.0.
Langmuir–Freundlich (L–F) isotherm fitted well with the equilibrium data. The maximum
adsorption capacity determined from the L–F isotherm was 68.67, 159.60, and 402.58mg/g
at 20, 35, and 50˚C, respectively. Kinetic studies showed that adsorption of RBB followed
the pseudo-second-order kinetic model, both boundary layer diffusion and intra-particle dif-
fusion might affect the adsorption rate. Thermodynamic study demonstrated the spontane-
ous and endothermic natures of the adsorption process. Fourier transform infrared analysis
revealed that chemical functional groups (e.g. amine, hydroxyl, carboxyl, phosphate, and
ether) on okara would be the active binding sites for adsorption of RBB. The results showed
that okara could be effectively used as a low-cost and alternative adsorbent for the removal
of RBB from wastewater.
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1. Introduction

Synthetic dyes are extensively used in textile,
tannery, paper and pulp, plastic, and many other
industries. It is reported that there are over 100,000
commercial dyes with a rough estimated production
of 7 × 105–1 × 106 tons per year worldwide [1]. Approx-
imately 10–20% of the dyes are released into the envi-
ronment during manufacturing and usage [2]. A large

fraction, usually around 30% of the applied reactive
dyes, is wasted because of dye hydrolysis in the alka-
line dye-bath [3]. Moreover, the presence of very small
amounts of dyes in water is highly visible and even
results in bad smell. Thus, the effluents of hazardous
dyes have created a global concern. The treatment of
dyes wastewater is not easy due to dyes’ complex
structure, toxicity, high thermal, and photo-stability.
Hence, removal of dyes from wastewater is desirable
and the development of clean-up technologies for the
treatment of water contaminated with dyes is of major
interest [4].*Corresponding author.
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Various technologies have been employed for the
removal of dyes from wastewaters. The concentrated
residue left after membrane filtration poses disposal
problems, and high capital cost, possibility of clogging,
and membrane replacements are its disadvantages [5].
Coagulation technique requires significant quantities of
chemicals and produces large amounts of sludge [6].
Advanced oxidation processes (such as UV/oxidant,
Fenton, Ozonation [7]) can be quite effective for dye
removal, but high cost and intensive energy require-
ments limit their application. The biological treatment
may result in the generation of colorless dead end aro-
matic amines, which are generally more toxic than the
parent compounds [8]. Among all the available physi-
cal, chemical, or biological methods of dyes containing
wastewater treatment, adsorption is regarded as one of
the most potential technologies due to its high effi-
ciency and ability to separate wide range of chemical
compounds. Much interest has been focused on acti-
vated carbon as an effective adsorbent to remove vari-
ous dyes. However, the high unit cost of the activated
carbon (about 1 US dollar/kg) and the absence of reli-
able methods for adsorbent regeneration (thermal
regeneration costs are about 1–2 US dollar/kg) restrict
its application [9]. Thus, adsorption by some low-cost
adsorbent has gained considerable attention in the
recent years. A large variety of non-conventional mate-
rials have been investigated as adsorbents, such as
bottom ash [10–12], de-oiled soya [11,13,14], hen
feather [15–18], coconut-husk [19], wheat husk [20],
and eggshell waste [21–23]. Meanwhile, food waste
raise interest of scientists, because every year almost 45
billion kg of fresh vegetables, fruits, milk, and grain
products are lost to waste in the USA and in the UK,
20 million tons of food waste are produced annually
[24].

Our study is another attempt to explore the
possibility and feasibility of utilizing okara, the resi-
due left from ground soy beans produced soy milk
and tofu, as economic and effective adsorbent for the
removal of dyes from wastewaters. About 1.1 kg of
fresh okara is produced from every kilogram of soy-
beans processed for soymilk production [25]. In China,
about 2,800,000 tons of okara are produced annually
[26]. Large quantities of okara produced annually pose
a significant disposal problem due to its tendency to
deteriorate very quickly. Lots of studies have been
undertaken to develop uses of okara, some of which
has been directed to dietary additive in biscuits and
snacks, but its use as a human food is constrained by
its high fiber content [25]. In addition, okara contains
mostly crude fiber composed of cellulose, hemicellu-
lose, and lignin [25], which might be useful for
decolorizing dyes through different mechanisms.

Based on the principle of waste control by waste, the
present work is an attempt to use okara as adsorbent
to remove dyes from wastewater. Utilizing okara as a
low-cost and alterative adsorbent will increase
economic value of okara and reduce the cost of waste
disposal, and besides this, dye pollution reduction can
be achieved.

Of the dyes, reactive dyes are unique textile
colorants because they contain reactive groups that
bind to fibers through formation of covalent bonds.
Approximately, 40 types of reactive groups have been
listed for the commercial dyes and the highest volume
commercial products are those containing the 2-sulfato-
ethyl sulfone moiety [27]. Reactive Brilliant Blue KN-R
(RBB, C.I. Reactive Blue 19), which is a representative
of this type of reactive dye. As a typical anthraquinone
dye, RBB has good chromaticity and is widely used for
dyeing cotton fabric and other cellulosics [28]. For the
majority of vinyl sulfone reactive dyes, the degree of
fixation ranges from 75 to 80% on cotton, which means
that 20–25% of the dyes enter the waste stream.
Generally, the toxicity and inhibition of RBB in microor-
ganisms cause difficulty in biodegrading the dyes. For
example, it was verified that less than 100mg/L of RBB
was enough to completely inhibit the methane produc-
tion of both mesophilic and thermophilic inocula [29].
Also, the results of a saccharomyces cerevisiae test illus-
trated that the toxicity, teratogenicity, and carcinogenic-
ity increased with RBB concentration increasing from 5
to 125mg/L [30]. Thus, RBB was selected as model
compound in this study.

The main objective of the study is to examine the
feasibility of using okara as economic, effective, and
novel adsorbent to remove RBB from aqueous solu-
tion. The effects of different parameters, such as pH
value, absorbent dosage, initial dye concentration, and
temperature were studied to optimize the adsorption
process. Three isotherms, namely Langmuir, Freund-
lich, and Langmuir–Freundlich (L–F) isotherm, were
used to analyze the adsorption equilibrium data.
Pseudo-first-order, pseudo-second-order, and intra-
particle diffusion models were applied to describe the
adsorption process of RBB onto okara. Thermodynam-
ics parameters were calculated using the equilibrium
data obtained at different temperatures. Furthermore,
the Fourier transform infrared (FTIR) analysis was car-
ried out to elucidate the interaction mechanisms.

2. Materials and methods

2.1. Preparation and characterization of adsorbent

The fresh okara was kindly provided by a local
soybean milk factory in Beijing. It was first sieved to
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the desired mesh size (0.5–0.8 mm), and then
freeze-dried using Labconco FreeZone 1L (Labconco,
America) to yield adsorbent. The resulting dried okara
was stored in desiccators ready for use. The surface
morphology of okara was qualitatively analyzed by
scanning electronic microscopy (SEM) (Hitachi S-4300,
Japan). The textural properties of okara were mea-
sured by N2 adsorption at 77 K in an ASAP 2020
apparatus (Micromeritics, USA).

Additionally, in order to characterize the surface
functional groups presented on the adsorbent surface,
the okara before and after adsorption was analyzed by
FTIR using a Bruker Vertex 70 FTIR spectrometer,
which may reveal the possible dye decolorization
mechanisms. The okara was first freeze-dried using
Labconco FreeZone 1L, then they were mixed with
KBr in the ratio of 1:100 and compacted to pellet form
under high pressure. The pellet was immediately ana-
lyzed in the range of 400–4,000 cm−1 with a resolution
of 4 cm−1.

2.2. Dyes and analysis

RBB (molecular formula = C22H16N2Na2O11S2,
λmax = 595 nm) was purchased from Tianjin Shengda
Chemical Factory (China). Its chemical structure is
shown in Fig. 1. The test dye solutions were prepared
by diluting stock solutions to the desired concentra-
tions. Prior to adding okara 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.

Samples were taken at given time intervals and
residual RBB concentration was determined using a
UV–vis spectrophotometer (UV-2802PC, Unico,
Shanghai, China) at 595 nm. The equilibrium adsorp-
tion capacity of RBB was calculated using Eq. (1):

qe ¼ VðC0 � CeÞ
m

(1)

where C0 and Ce is the initial and equilibrium dye
concentration in the solution (mg/L); V is the volume
of the dye solution (L); and m is the weight of
adsorbent used (g). The decolorization efficiency can
be calculated by Eq. (2):

Decolorization efficiency ¼ C0 � Ce

C0
� 100% (2)

2.3. Batch adsorption experiments

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 of 20 ± 1˚C
(except for isotherms experiments) until reaching equi-
librium. Each test was monitored for 24 h. Adsorption
of RBB on the walls of the flasks was found negligible
by running the control experiments.

To investigate the effect of initial solution pH value
on the adsorption capacity, the initial pH value varied
in the range of 2.0–11.0, with the okara concentration
fixed at 10 g/L and the initial RBB concentration of
50mg/L. The optimal pH value was used for the sub-
sequent experiments. To study the effect of adsorbent
dosage, adsorbent concentration was varying from 4
to 20 g/L, initial RBB concentration was fixed at 60
mg/L, and adsorbent dosage of 4 g/L was selected for
the following experiments. To investigate the effect of
initial dye concentration on adsorption, initial RBB
concentration ranged from 40 to 200mg/L. The equi-
librium, kinetics, and thermodynamic experiments
were performed at temperatures in the range of
20–50˚C, and initial RBB concentration was in the
range of 40–200mg/L.

3. Results and discussion

3.1. Characterization of the adsorbent

3.1.1. SEM and BET analysis

The morphology of okara was ascertained with the
help of SEM photographs (Fig. 2). Fig. 2 exhibited its
inhomogeneity, parts of okara were dried persimmon-
like (Fig. 2(a)), and parts were rod-like with lots of
large pores on it (Fig. 2(b)). The large pores enabled a
deeper penetration of RBB molecules to the internal
pore structure of okara, and increased the possibility of
RBB molecules to be contacted and adsorbed onto
okara. The total pore volume and average pore
diameter were found to be 0.000875 cm3/g and
4.29 nm. The BET surface area of okara was found to
be 8,155 cm2/g, which was larger than the surface area
(728.6 cm2/g) of de-oiled Soya [31], a kind of
waste biomaterial having been used in treating dye
wastewater.Fig. 1. Chemical structure of RBB.
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3.1.2. FTIR analysis

The FTIR spectra of okara before and after adsorp-
tion are shown in Fig. 3. The FTIR spectra of okara
before adsorption (Fig. 3(a)) displayed a number of
absorption peaks, reflecting the complex properties of
okara. The band at 3,436 cm−1 might be due to the
overlapping of stretching vibration of O–H and N–H
of hydroxyl and amine groups. The band at 2,926 and
2,855 cm−1 represented an asymmetric vibration of
CH2 and stretching vibration of the C–H group,
respectively. The band observed at 1,745 cm−1 could
be due to a C=O group of carboxylic acid or its ester.
The band at 1,641 cm−1 might indicate the presence of
carboxyl, and C=N, N–H, and C=O groups of amide I.
While a 1,547 cm−1 band could be due to deformation
vibration of N–H (amide II) peptide bond of protein.
Band located at 1,457 cm−1 might represent the asym-
mertric C–H deformations. The band at 1,238 cm−1

implied the N–H bending vibrations of peptide amide
III. The band at 1,092 cm−1 could be assigned to the
phosphate group and C–O group of polysaccharide.

Fig. 3(b) shows the changes in the FTIR spectra of
okara after adsorption. There were significant
similarities in the spectra before and after adsorption,
suggesting that the components and structure of okara
remained intact. After adsorption, the band at 3,436
cm−1 did not shift and the band intensity decreased
sharply. One reason may be the breaking of hydrogen
bonds of hydroxyl (O–H) and amine (N–H) groups.
However, the hydroxyl groups of okara are incapable
of forming hydrogen bonds with RBB dyes. And elec-
trostatic interaction between amine (R–NHþ

3 ) of okara
and SO�

3 of RBB may not lead to the breaking of
hydrogen bonds. So the breaking of hydrogen bonds
may not be the reason, other chemical or physical
interactions may be involved. The band intensity of

Fig. 2. SEM photographs of okara.

Fig. 3. FTIR spectra of okara before and after RBB adsorption. (a) Before RBB adsorption; (b) after RBB adsorption.
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2,926 cm−1 decreased and the band did not shift. The
reason may be that some of the RBB molecules were
adsorbed by forming a hydrophobic interaction
between the CH2 of okara and the hydrophobic part
of RBB. After adsorption, the band at 1,547 and
1,238 cm−1 shifted to lower frequency of 1,543 and
1,234 cm−1, respectively, and the band intensity
decreased, indicating the electrostatic attraction
between SO�

3 of RBB and amide II and amide III
groups (R–NHþ

3 ) of okara may be one reason for the
bands shift. Comparing with the band at 1,547 and
1,238 cm−1, the band at 1,641 cm−1 did not shift, sug-
gesting that C=N, N–H, and C=O groups of amide I
might play a minor role in the adsorption than amide
II and amide III groups. The band at 2,855 and 1,457
cm−1 shifted to higher frequency of 2,856 and 1,458
cm−1, respectively, and band intensity decreased shar-
ply, suggesting C–H group on okara took part in the
adsorption. The band at 1,745 and 1,092 cm−1 shifted
to lower frequency of 1,744 and 1,091 cm−1 and band
intensity decreased, indicating that there would be
reactions of RBB with phosphate group, C–O group of
polysaccharide, and C=O group of carboxylic acid. As
seen from the FTIR analysis, the complexity of the
okara made the adsorption process much more com-
plicated, and there can be several types of interactions:
(1) electrostatic interaction between the electron-rich
sites on the okara and the dye molecules, especially
the interaction between SO�

3 of the RBB dye and the
amine (R–NHþ

3 ) groups of okara; (2) physical interac-
tion, such as hydrogen bonding, hydrophobic attrac-
tions, and (3) chemical interaction between okara
component and RBB dye molecules. These interactions
can happen simultaneously. FTIR results demon-
strated the main functional groups for adsorption of
RBB onto okara would be amine, hydroxyl, carboxyl,
phosphate, and ether. However, the FTIR spectrum
changes only gave the possible involvement of those
functional groups on okara, more investigations are
needed to elucidate the adsorption mechanism.

3.2. The factors influencing RBB adsorption onto okara

3.2.1. Effect of initial solution pH value

Fig. 4 shows the relationship between the dye
adsorption capacity and the pH value at 20 ± 1˚C. It
could be seen from Fig. 4 that the equilibrium
adsorption capacity decreased dramatically with the
pH value increasing from 2.0 to 6.0 and a plateau was
observed with pH higher than 6.0. The maximum
uptake of RBB was obtained at pH value of 2.0.
Hence, an optimum pH value of 2.0 was selected for
further investigations. The influence of pH on RBB

adsorption could be demonstrated on the basis of the
ionic interactions. The hydrolysis constant of the sulfo-
nate (SO�

3 ) groups on the anionic dye RBB is 2.1 [32],
meaning that the functional group could be easily dis-
sociated. Thus, the dye molecule has net negative
charges in the acid solution. Some important func-
tional groups, like amine (−NH2) groups, will be posi-
tively charged (−NHþ

3 ) in acid solution for the
presence of H+. At lower pH, more protons will be
available to protonate amino groups of okara to form
groups −NHþ

3 . In this case, higher uptakes of dye
obtained at lower pH values may be in terms of the
electrostatic attractions between the negatively
charged dye’s anions and positively charged surface
of okara. The mechanisms of RBB adsorption onto
okara could be displayed in Eqs. (3)–(5).

RBB� SO3Na , RBB� SO�
3 þNaþ (3)

R�NH2 þHþ , R�NHþ
3 (4)

R�NHþ
3 þ RBB� SO�

3 , R�NH3 � � �O3S� RBB (5)

A lower adsorption at higher pH values may be due
to the presence of OH− ions competing with the dye
anions for the adsorption sites, also because of ionic
repulsion between the negatively charged binding
sites of okara and the anionic dye molecules. Similar
results were reported for the adsorption of RBB from
aqueous solutions on modified bentonite [33].

Fig. 4. Effect of initial solution pH value (C0 = 50mg/L,
adsorbent dosage = 10 g/L, temperature = 20 ± 1˚C) on the
adsorption of RBB by okara.
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3.2.2. Effect of adsorbent dosage

Fig. 5 shows the amount of dye removed as a
function of adsorbent dosage at 60mg/L of initial dye
concentration. The Fig. 5 clearly indicates that decolor-
ization efficiency increased with increasing adsorbent
dosage. When okara dosage was 20 g/L, decoloriza-
tion efficiency was 95.38%. This might be due to an
increase in the number of active sites of the adsorbent
and availability of more adsorption sites with
increasing amount of adsorbent. However, the equilib-
rium adsorption capacity qe decreased from 13.05 to
2.73mg/g with adsorbent dosage increasing from 4 to
20 g/L. Such a trend might be mainly due to aggrega-
tion or overlapping of adsorption sites, resulting in a
decrease in total adsorbent surface area available to
the dye and an increase in diffusion path length [1].
Based on an overall consideration of decolorization
efficiency and equilibrium adsorption capacity, okara
concentration of 4 g/L was selected as the optimal
dosage and used for the subsequent experiments.

3.2.3. Effect of initial dye concentration

Fig. 6 reveals the dye amounts adsorbed per unit
mass of adsorbent versus contact time at different
initial RBB concentrations in the range of
40–200mg/L. According to Fig. 6, it was evident that
an important part of RBB was removed in the initial
45 min for all of the initial concentrations studied and
then the speed of adsorption decreased gradually until
reaching the equilibrium. In the initial stage, the
adsorption sites on okara were bare and so adsorption
rate was high. With adsorption going on, the amount

of adsorption sites available on the okara decreased,
resulting in the decrease of adsorption rate. In
addition, the qe increased from 9.28 to 48.60mg/g
with initial dye concentration increasing from 40 to
200mg/L. This indicated that increasing in dye
concentration decreased the resistance toward dye
uptake and increased the mass driving force among
adsorbent and adsorbate, which increased the adsorp-
tion capacity [4].

3.3. Adsorption isotherm

To optimize the design of an adsorption system, it
is necessary to establish the appropriate correlation for
the equilibrium curves. The adsorption isotherm is the
most important information which indicates how the
adsorbate molecules distribute between the solid
phase and the liquid phase as the adsorption process
reaches the equilibrium state. Various isotherm mod-
els like Langmuir [34], Freundlich [35], and L–F [4]
were used to describe the equilibrium adsorption in
this work.

3.3.1. Langmuir isotherm

The Langmuir adsorption model assumes that
uptake of adsorbate occurs on a homogeneous surface
by monolayer adsorption without any interaction
between the adsorbed ions [34]. It also considers that
there is no transmigration of the adsorbate in the
plane of the surface of the adsorbent. The mathemati-
cal form of the Langmuir equation can be expressed
as Eq. (6):

qe ¼ QobCe

1þ bCe

(6)

Fig. 5. Effect of adsorbent dosage (C0 = 60mg/L, initial pH
value 2.0 ± 0.1, temperature = 20 ± 1˚C) on the adsorption of
RBB by okara.

Fig. 6. Effect of initial dye concentration (adsorbent dos-
age = 4 g/L, initial pH value 2.0 ± 0.1, temperature = 20 ±
1˚C) on the adsorption of RBB by okara.

J. Gao et al. / Desalination and Water Treatment 53 (2015) 2266–2277 2271



where Q0 denotes the maximum adsorption capacity
(mg/g) and b is Langmuir constant related with the
energy of the adsorption (L/mg). The linear form of
Langmuir isotherm can be written as Eq. (7):

Ce

qe
¼ Ce

Q0
þ 1

bQ0
(7)

Fig. 7(a) shows the linearized Langmuir isotherm of
RBB on okara obtained at 20 ± 1, 35 ± 1, and 50 ± 1˚C.
A plot of Ce/qe versus Ce yielded a straight line with
slope 1/Q0 and intercept 1/Q0b. Table 1 lists the com-
puted values of Q0, b, and R2 at different tempera-
tures. As seen from Fig. 7(a) and Table 1, the values of
the correlation coefficients R2 were in the range of
0.0144–0.7932, and the maximum adsorption capacity
Q0 and constant b were negative, so Langmuir
isotherm did not fit the equilibrium data.

3.3.2. Freundlich isotherm

Fig. 7(b) shows the linearized Freundlich isotherms
of RBB on okara obtained at 20 ± 1, 35 ± 1, and 50 ±
1˚C. The Freundlich isotherm is an empirical equation
based on a heterogeneous surface and the empirical
equation is expressed by the following Eq. (8):

qe ¼ KFC
1=n
e (8)

The linear form of Freundlich adsorption model is
given by following Eq. (9):

ln qe ¼ lnKF þ 1

n
lnCe (9)

KF represents the quantity of dye adsorbed onto
adsorbent for an equilibrium concentration, (mg/g)
(L/mg)1/n. The slope 1/n, which ranges between 0
and 1, is a measure of surface heterogeneity or
adsorption intensity, becoming more heterogeneous as
its value gets closer to zero [35]. The values of KF and
n obtained from the intercept and the slope of the plot
of ln qe versus ln Ce are also given in Table 1 along
with the correlation coefficients. Although the correla-
tion coefficients R2 ranged from 0.9390 to 0.9866, the
values of 1/n were greater than unity at 20 and 35˚C.
Thus, it was not appropriate to describe the adsorp-
tion process of RBB onto okara by a heterogeneous
surface isotherm model.

Fig. 7. Adsorption isotherms for RBB adsorption by okara
at different temperatures. (a) Langmuir isotherm; (b)
Freundlich isotherm; (c) L–F isotherm (C0 = 40, 80, 120, 160
and 200mg/L, adsorbent dosage = 4 g/L, initial pH value
2.0 ± 0.1, temperature = 20 ± 1, 35 ± 1, and 50 ± 1˚C).
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3.3.3. L–F isotherm

The L–F isotherm model is essentially a Freundlich
isotherm that approaches an adsorption maximum at
high concentration of adsorbate. The L–F equation can
also be mathematically obtained by assuming that the
surface is homogeneous, but that the adsorption is a
cooperative process due to adsorbate–adsorbate inter-
actions [4]. The following Eq. (10) represents this
model:

qe ¼ QobC
1
n
e

1þ bC
1
n
e

(10)

The parameters of L–F model (shown in Table 1) were
obtained by non-linear curve fitting using Levenberg–
Marquardt algorithm. The correlation coefficient R2

above 0.9734 at the selected temperature, and both b
and n increased with the increasing temperature,
which was consistent with the variation of Q0 indicat-
ing endothermic nature of the adsorption. The results
show that adsorption of RBB onto okara can be well
described by L–F isotherm model (Fig. 7(c)).

Reported Q0 values of other low-cost adsorbents
for the adsorption of reactive dyes were listed in
Table 2. Q0 in this study was 68.67mg/g, which was
comparable to those of some other adsorbents, clearly
indicating that okara was an efficient and low-cost
adsorbent for the removal of reactive dyes from waste-
water.

3.4. Adsorption kinetics

In order to design an efficient and effective model
for the adsorption processes of RBB onto okara, the
evaluation of kinetic parameters is essential. Three
kinetic models have been widely used in the literature
for adsorption processes: (i) pseudo-first-order kinetic
model (Lagergren model) [44]; (ii) pseudo-second-
order kinetic model (Ho and McKay model) [45]; (iii)
intra-particle diffusion kinetic model (Webber and
Morris model) [46].

3.4.1. Pseudo-first-order kinetic model

The Eq. (11) given below represents Lagergren’s
pseudo-first-order rate equation [44]:

logðqe � qtÞ ¼ log qe � k1t

2:303
(11)

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). The Fig. 8(a) was plotted between log (qe − qt)
versus time, the slope of which gives the value of k1.

In most cases, it has been reported that the adsorp-
tion data were well represented by the Lagergren
first-order kinetic model, but only in the first
30−50 min of the adsorption process. The values of k1
and qe were listed in Table 3. For pseudo-first-order
kinetic model, the values of R2 were found to be
0.9719–0.9927, but the theoretical values qe,cal were
much lower than the experimental values qe,exp at dif-
ferent initial concentrations. These results indicate that

Table 1
Isotherm constants for the adsorption of RBB on okara at
various temperatures

Temperature (oC) 20 35 50

Langmuir isotherm
Q0 (mg/g) −10.27 −32.15 1666.67
b (L/mg) −0.1420 −0.1365 0.0087
R2 0.7244 0.7932 0.0144
Freundlich isotherm
KF (mg/g)(L/mg)1/n 0.19 3.55 14.34
n 0.3196 0.5758 1.0121
R2 0.9390 0.9843 0.9866
L–F isotherm
Q0 (mg/g) 68.67 159.60 402.58
b (L/mg) 0.0003 0.0209 0.0368
n 0.1990 0.5034 0.9405
R2 0.9811 0.9896 0.9734

Table 2
Adsorption capacity for the removal of reactive dyes from
aqueous solutions by some low-cost adsorbents

Adsorbent Dye
Q0

(mg/g) Reference

Modified basic oxygen
furnace slag

RBB 60 [32]

Cross-linked
chitosan/oil palm
ash composite
beads

RBB 416.7 [36]

Wheat bran RBB 97.1 [37]
Waste metal hydroxide

sludge
RBB 275 [38]

Pinus sylvestris Linneo Reactive red 195 6.69 [39]
Sepia pen Reactive Green 12 3.46 [40]
High lime soma

fly ash
Reactive Black 5 7.184 [41]

Barley straw Reactive Black 5 25.4 [42]
Fly ash RBB 135.69 [43]
Okara RBB 68.7 This study
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the pseudo-first-order model was not appropriate to
describe the adsorption process of RBB onto okara.

3.4.2. Pseudo-second-order kinetic model

The pseudo-second-order kinetic model was
applied for the interpretation of experimental data.
The pseudo-second-order kinetic model of Ho and
McKay [45] is represented as Eq. (12):

1

qt
¼ 1

k2q2e
þ 1

qe
t (12)

where k2 is the pseudo-second order rate constant for
the adsorption process (g/(mgmin)). By plotting of
t/qt versus t for different initial RBB concentrations,
linear lines were obtained as shown in Fig. 8(b). The
constants calculated from slope and intercept of linear
lines were given in Table 3. The correlation coefficients
R2 for the pseudo-second-order kinetic plots were
found to be equal to 1 and the theoretical values qe,cal
agreed well with the experimental values qe,exp. The
rate constant k2 decreased from 0.1550 to 0.0781
g/(mg·min) with the increasing RBB concentrations
(Table 3). Hence, it was proved that the adsorption
process of RBB onto okara was a pseudo-second-order
reaction.

3.4.3. Intra-particle diffusion kinetic model

The adsorption of dye onto a solid phase material
is a multi-step process and it is assumed that four
steps are involved: bulk diffusion, boundary layer
diffusion, intra-particle diffusion, and physical and/or
chemical adsorption reaction. It has been reported
from numerous studies that bulk diffusion can be neg-
ligible if a sufficient stirring speed is used [47]. This
study was carried out under the condition that the
stirring speed was 150 rpm, so the first step could not
be rate-limited. The fourth step was considered to be
an equilibrium reaction that was assumed to be negli-
gible in terms of rapid reaction speed in the study.
Thus, the dye adsorption rate was limited usually by
either boundary layer diffusion or intra-particle diffu-
sion. So the experimental data were analyzed using
the intra-particle diffusion model proposed by Weber
and Morris [46], written as Eq. (13):

qt ¼ kintt
0:5 þ I (13)

where kint is the intra-particle diffusion rate constant
(mg/(g·min1/2)) determined from the slope and I is

Fig. 8. Kinetic models for adsorption of RBB by okara at dif-
ferent initial concentrations. (a) Pseudo-first-order model; (b)
pseudo-second-order model; (c) intra-particle diffusion
model (C0 = 40, 80, 120, 160, and 200mg/L, temperature =
20 ± 1˚C, adsorbent dosage = 4 g/L, initial pH value 2.0 ± 0.1).
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the intercept (mg/g) which is proportional to the
thickness of the boundary layer. As shown in Fig. 8(c),
all the curves had the same features: an initial curve
portion was followed by a linear portion and then a
plateau, indicating that there were different stages in
the adsorption process of RBB onto okara. The initial
portion was possibly due to boundary layer diffusion,
the second linear portion to the intra-particle diffu-
sion, and the final plateau to the equilibrium. If intra-
particle diffusion would be the only rate-limiting step,
the second linear line should pass through the origin,
indicating the first step did not exist. However, in the
present study, the second linear line did not pass
through the origin, which expressed that the intra-par-
ticle diffusion was not the only rate-limiting step and
boundary layer diffusion might be involved in the
adsorption. The values of kint and I obtained from the
second linear portion were listed in Table. 3. The kint
was higher at a higher initial RBB concentration, sug-
gesting the increasing influence of dye concentration
gradient. Values of I increased with the increase of ini-
tial RBB concentration. As shown in Fig. 8(c), the kint
increased with the increasing I values, supporting the
idea that the larger the intercept the greater the
boundary layer effect. The values of correlation coeffi-
cients R2 for second section were within the range of
0.9285 and 0.9995, suggesting that intra-particle diffu-
sion model well fitted the experimental data. Similar
observation was also reported for the biosorption of
Acid Yellow 17 onto non-living aerobic granules [1].

3.5. Thermodynamic analysis

In order to evaluate the thermodynamic parame-
ters for adsorption of RBB onto okara, the adsorption

studies were carried out at different temperatures 20,
35, and 50˚C. The Gibbs free energy change (△Go) of
the adsorption can be calculated according to Eqs. (14)
and (15):

DGo ¼ �RT lnKP (14)

KP ¼ C0 � Ce

Ce
(15)

where R is the gas constant; T is the temperature in K;
Kp is the equilibrium constant. The enthalpy change
(ΔHo) and entropy change (ΔSo) are obtained from
Van’t Hoff (Eq. (16)):

lnKp ¼ DSo

R
� DHo

RT
(16)

When the temperature increased from 20 to 35 and
50˚C, ΔGo decreased from −7.40 to −8.53 and
−9.85 kJ/mol, indicating that the reactions were spon-
taneous because of the negative ΔGo, and the adsorp-
tion was more favorable at high temperature. The
values of ΔHo and ΔSo obtained from the slope and
intercept of the plot of ln(Kp) vs. 1/T (Figures are not
shown here, R2 = 0.9948). The positive values of ΔHo

(26.33 kJ/mol) accounted for the endothermic nature,
while positive ΔSo values (114.93 J/(mol·K)) reflected
the affinity of the adsorbate toward adsorbent [48].

4. Conclusions

The adsorption of RBB from aqueous solution onto
okara has been studied. The adsorption process was

Table 3
Kinetic parameters of RBB adsorbed onto okara at different initial concentrations

C0 (mg/L)

Pseudo-first-order kinetic model Pseudo-second-order kinetic model

qe,exp (mg/g)R2 k1 (min−1) qe,cal (mg/g) R2 k2 (g/(mg min)) qe,cal (mg/g)

40 0.9729 0.1550 2.17 1 0.3648 9.29 9.28
80 0.9927 0.1573 3.28 1 0.1005 19.42 19.40
120 0.9813 0.1301 4.08 1 0.0482 29.33 29.30
160 0.9719 0.1172 4.62 1 0.0278 38.17 38.08
200 0.9735 0.0781 5.01 1 0.0133 48.78 48.61

Intra-particle diffusion

R2 kint (mg/(g min1/2)) I (mg/g)
40 0.9558 0.7401 5.4320
80 0.9285 2.5824 6.2952
120 0.9890 3.7046 9.2062
160 0.9995 4.8332 10.9240
200 0.9893 5.3357 13.7980
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highly dependent on the acidic pH and the favorable
pH value was 2.0. Okara was abundant in many parts
of the world, and could serve as a cheap and easily
available source for the production of adsorbents. L–F
isotherm was applicable for describing the equilibrium
data, and Q0 was 68.67, 159.60, and 402.58mg/g at 20,
35, and 50˚C, respectively. The pseudo-second-order
model expressed the adsorption kinetics well. Intra-
particle diffusion model indicated that both boundary
layer and intra-particle diffusion might affect the
adsorption rate. Thermodynamic studies indicated that
the adsorption process was spontaneous and endo-
thermic. The FTIR analysis revealed that functional
groups (e.g. amine, hydroxyl, and carboxyl) on okara
would be the active binding sites. The study demon-
strated that okara could be applied as a kind of cheap,
novel, alternative, and effective adsorbent to remove
RBB from wastewater.
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