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ABSTRACT

The present communication addresses the applicability of acid-modified wheat husk for the
adsorptive removal of an anionic dye, Acid Orange 10 (AO-10) from aqueous solutions. The
adsorbent was characterized by FTIR and SEM. The adsorption reached equilibrium within
30 min, and the percentage removal increased with contact time, adsorbent dosage, and
ionic strength. Low pH condition enhances AO-10 sorption. The experimental data for
kinetic study agrees with pseudo-second-order model. Detailed investigation of experimen-
tal kinetic data indicates that overall sorption rate is governed by film diffusion mechanism.
The adsorption behavior followed a Freundlich adsorption isotherm with high correlation
coefficient and low χ2 values. The maximum adsorption capacity was found to be
31.25 mg/g. The results of thermodynamic study demonstrated that the adsorption process
was spontaneous and exothermic in nature. Desorption studies revealed that the adsorbent
could be reused for two successive trials without significant loss of sorption capacity.
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1. Introduction

Everyday millions of tons of wastewater have been
generated world wide as a result of various house
hold, agricultural, and industrial activities and their
effluents thus comprises thousands of organic, inor-
ganic, and biological pollutants. Dyes are one of the
most common organic pollutants consumed largely by
textile and printing industries as a result effluents dis-
charged from these industries contaminated with dyes
and have high chemical oxygen demand [1]. It has
been reported that nearly 10–20% of the dyestuffs
were always wasted during its application in various

industrial processes and consequently the remaining
unused portion were released directly into the nearby
water bodies [2]. Color is one of the characteristics of
an effluent which further indicates about the water
quality. The presence of dyes in the wastewater can
be easily discernable at minute level and its direct dis-
charge depreciates recreational and esthetic value of
the receiving water bodies [3]. Most of these dyes are
toxic to aquatic life and drastically upset the normal
functioning of the aquatic ecosystem by interrupting
the passage of sunlight through the water which ulti-
mately ceases photosynthetic activity [4]. Dyes exhibit
toxicity and are potentially mutagenic and carcino-
genic to humans [5]. It is therefore important to
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eliminate these colored nuisances from the waste
streams before their discharge to receiving streams.
However, complex structure of dye molecules makes
them highly resistant to aerobic treatment, biological
degradation, stable to light, and oxidizing agents thus
its elimination from the waste stream is a highly chal-
lenging task [6]. Several conventional remediation
techniques such as chemical coagulation, chemical
oxidation, froth floatation, ion exchange, membrane
filtration, precipitation, photocatalytic degradation,
and reverse osmosis were used for the removal of
dyes from industrial effluents, but suffered from vari-
ous setbacks for instance incompetent, quite expen-
sive, nonselective, and sludge generation requires
special infrastructure and maintenance [7,8]. Among
the proposed methods, removal of dyes by adsorption
technology is regarded as one of the most accepted
treatment method due to its simplicity, high efficiency,
and equally effective for all types of dye species;
adsorbent can be easily regenerated, simple operation
with no problem of sludge generation. Moreover,
adsorption process can be considered as promising
treatment, especially if the adsorbent is abundantly
available and inexpensive [8]. Range of adsorbents has
been tested for its potential in adsorptive removal of
the dyes molecules from the aqueous solutions among
which activated carbon considered as the most appeal-
ing one due its high degree of effectiveness. However,
certain limitations including high operation costs, time
consumption, and high-cost of regeneration restrict
large scale application of activated carbon [9]. In
recent times, numerous approaches being explored to
derive cheaper and effective adsorbent having compe-
tency comparable to activated carbon. In this perspec-
tive use of waste biomass as an adsorbent for water
treatment open up new vista that offers economical
treatment. Recently, many researchers have investi-
gated the use of several low-cost adsorbent derived
from various agricultural, industrial, and poultry
wastes as an efficient alternate to decontaminate
pollutants from wastewater [6–18]. However, direct
utilization of the agricultural wastes as an adsorbent
in its raw form leads to leaching of organic substances
such as lignin, pectin, and tannin [19]. In order to
minimize such problems chemical treatment of the
adsorbent is required, which not only reduce the
organic content but also enhances the surface area and
adsorption capacity of the sorbent.

Present study utilizes wheat husk, agricultural,
and abundantly available waste/byproduct for the
removal of an anionic dye Acid Orange 10 (AO-10)
from aqueous solutions. Nevertheless, several studies

have been reported [20,21] using wheat husk as an
adsorbent, but the removal of AO-10 using wheat
husks has never been reported so far. AO-10 is a
monoazo dye, and is extensively used as food colorant
and in paper and textile industries. The dye report-
edly causes genotoxicity in Swiss albino mice [22],
anemia, reticytosis, splenomegaly in pigs [23], and
also has been reported to be dangerous for humans as
well [24]. This invokes urgent removal of the dye from
aqueous solutions. The main objective of the present
study is to explore the feasibility of perchloric acid
treated wheat husk for the removal of AO-10 from
aqueous solutions. The effects of process variables
optimized include initial dye concentration, contact
time, solution pH, and temperature. Kinetics of
removal, isotherm. and thermodynamics of the
process were also evaluated.

2. Experimental

2.1. Adsorbate

The anionic dye, AO-10 also known as Orange G
having chemical formula of C16H10N2Na2O7S2 with
FW of 452.37, was procured from Merck India (P)
Limited, Mumbai. Stock solution of the test reagent
was made by dissolving 1.0 g of dye in 1L of double-
distilled water. The stock solution was further diluted
with double-distilled water to obtain the standard
solutions of 10, 25, 50, and 75 mg/L of the dye.

2.2. Adsorbent modification

After collection, wheat husk was washed liberally
with distilled water to make it free from dust, and
kept for drying in oven at 70˚C for 4 h. About 250 g of
dried wheat husk was treated with 1% of perchloric
acid in a ratio of 1:5 (wheat husk:perchloric acid) at
50˚C for 4 h. The treated wheat husk was filtered out,
washed with distilled water, and kept in the oven for
24 h at 70˚C. The dried material was taken out of the
oven and was stored in desiccators for further use.

2.3. Chemicals used

All the chemical reagents were of analytical grade
and used as such without any further purification.
The main chemicals used were HCl (Merck, Mumbai),
NaOH (Merck, Mumbai), sodium dodecyl sulfate (SD
fine chemical, Mumbai), NaCl (Merck, Mumbai), acetic
acid (Merck, Mumbai), and double-distilled water
(Merck, Mumbai).
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2.4. Characterization of the adsorbent

The presence of functional groups in the sample
was determined by FTIR spectra analysis. The
spectrum was recorded at room temperature on FTIR
spectrophotometer (FTLA-2000ABB, Canada) in the
range of 4,000–500 cm−1 with a resolution of 2 cm−1.
Pellets were prepared with 13 mm die set by com-
pressing an intimate mixture obtained by grinding
1 mg of the substance in 100 mg of KBr with mortar
and pestle and applying an optimum pressure of nine
ton using a 15 ton hydraulic pellet pressure (Kimaya
Engineers, Thane).

The surface morphology of the adsorbent was
analyzed through scanning electron microscope
(Zeiss, Germany) at 5.0 kV accelerated voltage at a
magnification of 250 ×.

2.5. Adsorption studies

The batch experiments were conducted in order to
optimize various operating parameters that affect the
adsorption process of AO-10 by modified wheat husk.
To carry out batch adsorption studies, 100 mL dye
solution of desired concentration was taken in 250 mL
of Erlenmeyer flasks at a fixed temperature. The
mixture was mechanically agitated at a constant speed
of 200 rpm using water bath shaker (Mac-MacroScien-
tific Works, Pvt. Ltd, New Delhi, India). The samples
were withdrawn after predetermined time, and kept
for 24 h for saturation. Thereafter, the adsorbent was
separated from the solution by centrifugation using
Remi centrifuge machine (Model-R-8CBL). The resid-
ual dye concentration was estimated in supernatant
spectrophotometrically on double beam spectropho-
tometer (Model-2203 Systronics, Ahmadabad, India)
over a wavelength range of 480 nm, which is the
characteristic peak for AO-10.The effect of initial pH
on the adsorption process was studied over a pH
range of 2.0–10.0, being adjusted using 0.1 M NaOH
or 0.1 M HCl. The adsorption isotherm experiments
were carried out with dye solutions of different
concentrations (10–75 mg/L) being agitated with the
known amount of adsorbent (5.0 g/L) at different tem-
peratures (303, 313, and 323 K) till the equilibrium
was achieved. Adsorption kinetic investigations were
carried out at different time intervals with four differ-
ent initial dye concentration keeping temperature, pH,
adsorbent dose, and agitation speed constant. The
residual dye concentrations were analyzed from the
calibration curve plotted between absorbance and con-
centration of each standard dye solution.

Blank experiments were also conducted using
dye solution without adsorbent to ensure that no

dye was adsorbed onto the containers and with
adsorbent and water only to check that no leaching
occurred from the prepared adsorbent, which would
rather interfere with the measurement of dye con-
centrations on the spectrophotometer. All adsorption
experiments were performed in triplicate and the
mean values were taken for the data analysis.

3. Results and discussion

3.1. Characterization of adsorbent

The presence of surface functional groups was
investigated via FTIR analysis of the raw, modified,
and dye-loaded wheat husk. The FTIR spectra of raw
wheat husk, acid-modified wheat husk, and
dye-loaded wheat husk are displayed in Fig. 1(a)–(c).
The spectra of the raw and modified adsorbent were
measured within the range of 500–4,000 cm−1. The
figure displays some peaks are shifted or disappeared
and some new peaks are also detected. All three spec-
tra reveal a wide band at 3,200–3,600 cm−1 with maxi-
mum at 3,470 cm−1, which can be ascribe to the
stretching of hydroxyl group and adsorbed water [25],
the intensity of hydroxyl peak indicates that the OH
content of raw wheat husk is quite higher than that of
modified form. The presence of band at 2,934 cm−1

can be corroborated to C–H stretching of methyl and
methylene groups which after treatment are disap-
peared. The peak at around 1,635 cm−1 of raw adsor-
bent suggested the presence of amide group [26];
however, the peak position remains unaltered even
after modification. The peak observed at 1,380 cm−1

due to vibration of –CH3 in lignin another adjacent
peak present at 1,311 cm−1 is related to bending

Fig. 1. FTIR spectra of (a) raw wheat husk, (b) modified
wheat husk, and (c) AO-10 loaded wheat husk.
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vibration of hydroxyl group or carbonyl group of
cellulose these peaks shifted slightly after acid treat-
ment. The peak visible at 1,252 cm−1is due to stretch-
ing of C–O of acetyl groups in hemicelluloses after
modification peak shifted little bit toward left side at
1,259 cm−1. A less intense peak at 863 cm−1 allied to
the planar bending vibrations of C–H or out of plane
deformation of C–H and hydroxyl group in pyranoid
rings of cellulose [27] and after modification weak
shoulder is observed at 858 cm−1. After chemical treat-
ment (Fig. 1(b)), the presence of prominent peak at
1,631 cm−1 is observed due to stretching of C=C of
benzene ring. This peak seems to be absent in raw
wheat husk. Therefore, from the above description it
can be concluded that acid treatment modifies the
adsorbent appreciably. The spectra of dye-loaded
adsorbent reflects that no significant change takes
place in the adsorbent after dye adsorption which fur-
ther implies that adsorbate–adsorbent interaction is
purely physical in nature as there is no evidence of
formation of any chemical bonding between the dye
and sorbent.

The surface morphology of the adsorbent can be
examined through SEM images. Fig. 2 represents
the SEM micrographs of raw wheat husk and modi-
fied wheat husk. The raw wheat husk (Fig. 2(a))
comprises irregular surfaces with smooth features,
whereas the acid-modified adsorbent (Fig. 2(b)) exhi-
bits numerous well developed pores. These deeply
grooved features are capable of accommodating large
number of AO-10 ions.

3.2. Effect of chemical modification

The biological adsorbent in its raw form usually
exhibits low sorption capacity due to the presence of
organic molecules which may hinders attachment of
dye ions on the adsorbent surface. This problem can
be overcome by directing some chemical and physical
treatment to the adsorbent. In the present study,
wheat husk has been modified with different types of
chemical reagents and the resultant material with
highest sorption capacity for AO-10 was finally used
for the experimental analysis. The following order was
observed for various chemical treatments on the
loading capacity of wheat husk as compared to its
raw form. Raw (5.6) < EDTA (8.2) < NaHCO3 (10.3) <
NaCO3 (11.5) < NaOH (12.4) < Boiling water (13.2)
< H2C2O4 (13.6) < CH3COOH (15.2) < HNO3 (22.9) <
HCl (24.7) < H3PO4 (25.3) < H2SO4 (26.1) < HClO4

(31.1). The results indicated that adsorption efficiency
of the wheat husk got augmented remarkably from 5.6
to 31.1 mg/g after modification with perchloric acid.
The increase in sorption capacity was probably due to
removal of organic molecules as well as development
of positive charge that resulted in enhanced interac-
tion between anionic dye ions and positively charged
sorbent surface.

3.3. Effect of contact time and initial dye concentration

Fig. 3 shows the effect of contact time on the
percentage removal of AO-10. It can be seen that with

Fig. 2. SEM image at 250 × of (a) raw wheat husk and (b) modified wheat husk.
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the increase in contact time, the percentage dye
removal also increases until the equilibrium is
attained. More than 50% of dye removal takes place
within first 5 min of contact time and complete dye
saturation is observed within 30 min. It can also be
seen that percentage removal of dye decreases with
increase in initial dye concentration. At lower concen-
tration (10 mg/L) maximum sorption of 97.3% was
observed, whereas at higher concentration (75 mg/L)
sorption percentage got decreased to 72.8%. This can
be due to the fact that at low concentrations, less
number of dye ions are able to interact easily with the
largely available binding sites of the adsorbent but as
the dye concentration increases, it becomes rather
difficult for the dye ions to interact with the active
sites as dye ions start competing for the active sites of
the adsorbent. Moreover, all adsorbents have limited
number of binding sites which tend to equilibrate at
certain dye concentration [28].

3.4. Effect of adsorbent dose

The result for the adsorptive removal of AO-10
with respect to adsorbent dose is depicted in Fig. 4
over the range of 0.5–3.5 g/L. It is observed that
percentage of dye removal increases with increase in
sorbent dosage. The positive correlation can be
observed between dye uptake and sorbent dosage,
which may be attributed to increase in adsorbent sur-
face area and greater availability of sorption sites [29].
Maximum dye removal is observed at 2.5 g/L of
adsorbent dosage; however, further increase in dosage
does not show significant removal. This may be due
to saturation of all binding sites of the adsorbent with

the dye ions and attainment of equilibrium between
dye ions in the bulk and on the surface of adsorbent.
Therefore, 2.5 g/L of adsorbent dosage was used in
successive experiments.

3.5. Effect of temperature and contact time

Fig. 5 shows the adsorption profile of AO-10 vs.
temperature as a function of contact time. The figure
indicates that the sorption capacity of dye decreases
with the increase in temperature. The sorption capac-
ity remarkably declines from 3.84 to 2.52 mg/g with
the increase in temperature from 303 to 323 K. The
decrease in dye sorption capacity with the increase in
temperature attributed to either weakening of the

0

20

40

60

80

100

120

3 5 7 10 15 20 30 60 90

%
 R

em
ov

al

Time (min)

10 mg/L 25 mg/L

50 mg/L 75 mg/L

Fig. 3. Effect of initial dye concentration on percentage
removal of AO-10 by modified wheat husk (agitation
speed 200 rpm, adsorbent dose 2.5 g/L, temperature 303 K,
pH 2.0).

0

20

40

60

80

100

120

0.5 1 1.5 2 2.5 3 3.5

%
 R

em
ov

al
 o

f 
A

O
-1

0 

Amount of adsorbent, g/L

10 mg/L 25 mg/L

50 mg/L 75 mg/L

Fig. 4. Effect of adsorbent dose on percentage removal of
AO-10 by modified wheat husk (agitation speed 200 rpm,
temperature 303 K, pH 2.0).

1

2

3

4

3 5 7 10 15 20 30

A
O

-1
0 

up
ta

ke
 (

m
g/

g)

Contact time (min) 

303 K 313 K 323 K

Fig. 5. Effect of temperature on uptake of AO-10 by
modified wheat husk (agitation speed 200 rpm, initial dye
concentration 10 mg/L, pH 2.0, adsorbent dose 2.5 g/L).

12306 S. Banerjee et al. / Desalination and Water Treatment 57 (2016) 12302–12315



physical interaction between the dye ions and the
active sorption sites [30] or may be due to the
escaping tendency of dye ions from the solid phase
and re-enter into the liquid phase due to enhanced
mobility with the increase in temperature [31].

3.6. Effect of pH

Solution pH is one of the most prominent parame-
ters controlling the uptake of dye ions from aqueous
solutions. It influences the sorption process by altering
the surface charge of the adsorbent as well as degree
of ionization of the sorbate species. Change in solution
pH affects the adsorptive process through dissociation
of functional groups present on the adsorbent surface
[32]. Prior to experimental analysis it has been ensured
that change of the initial solution pH from pH 2.0 to
10.0 (Fig. 6) of dye solution has insignificant effect on
λmax of AO-10. As a result absorbance of the solutions
was measured at precise wavelength of 480 nm. This
observation indicates that change in solution pH
doesn’t alter the chemical structure of dye molecules
and therefore, the removal of the dye results exclu-
sively owing to adsorption process. It can be noticed
(Fig. 6) that maximum dye removal takes place at a
lower pH value of 2.0 and as the pH of solution is
raised, the removal efficiency decreases significantly.
This can be explained as at low pH, the adsorbent sur-
face gets protonated and thus attracted anionic dye
ions through electrostatic forces but as the pH of the
solution is decreased, the adsorbent surface gets
deprotonated which greatly resists the uptake of anio-
nic dye ions due to existence of repulsive forces
between dye anions and negatively charged active

sites of the adsorbent. The mechanism of AO-10
adsorption under acidic condition can be represented
by the following scheme, where Ce-OH represents
adsorbent:

Ce-OH �!pH\ 4 ðprotonationÞ
Ce-OHþ

2 (1)

Dye� SO3NaþH2O �!dissociation

Dye� SO�
3 þNaþ (2)

Ce-OHþ
2 þDye� SO�

3 �!electrostaticinteraction

Ce-OHþ
2 SO

�
3

�Dye
(3)

The dye removal mechanism can also be explained on
the basis of pHZPC. The pHZPC of the modified wheat
husk is evaluated as 5.9. At pH > pHZPC the adsorbent
surface becomes negatively charged discouraging
adsorption of anionic dyes. When pH < pHZPC, the
surface of the adsorbent gets positively charged, thus
favors sorption of negatively charged dye ions [33].

3.7. Effect of ionic strength

In an attempt to investigate the effect of ionic
strength on removal efficiency of AO-10, the removal
process has been carried out in the presence of anio-
nic surfactant, sodium dodecyl sulfate (SDS), and
NaCl. The presence of these salts affects the ionic
strength of the solution by interfering with the elec-
trostatic forces between the adsorbent and dye ions.
It can be perceived from Fig. 7 that the dye removal
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percentage increases from 71.2 to 84.4% in presence
of NaCl, but decreases from 71.2 to 51.8% in pres-
ence of SDS at solution pH 7.0. This can be explained
as at pH 7.0, adsorbent is negatively charged as
pHZPC is 5.9 and the dye ions are also negatively
charged, thus both species bear identical charges,
when small amount of NaCl is added, the ionic
strength increases which reduces the negative charges
on the adsorbent surface, hence increased the electro-
static interaction between dye ions and surface active
sites of adsorbent [34].

However, in case of SDS addition the decrease in
removal percentage attributed to increased competi-
tion between negatively charged dye ions and anionic
surfactant for active sites of the adsorbent.

3.8. Adsorption kinetics

In order to investigate the adsorption mechanism of
AO-10 on modified wheat husk, the data were analyzed
by pseudo-first-order, pseudo-second-order kinetic
model and with intra particle diffusion model. The
pseudo-first-order kinetic [35,36] model in linearized
form can be expressed by the following equation:

log ðqe � qtÞ ¼ logqe � ðk1=2:303Þt (4)

The pseudo-second-order kinetics [35,37] in linearized
form can be expressed as:

t = qt ¼ 1=k2q
2
e þ 1=qet (5)

Intraparticle diffusion model can be represented by
the equation given by Weber and Morris [38]:

qt ¼ kidt
0:5 (6)

where k1 is the pseudo-first-order rate constant
(min−1) and k2, pseudo-second-order rate constant
(min g/mg) and qe is the amount of dye adsorbed at
equilibrium (mg/g), qt is the amount of dye adsorbed
at time t (mg/g), kid is the intraparticle diffusion rate
constant (mg/g min0.5), and C (mg/g) is a constant.

The values of pseudo-first-order rate constants; k1
and qe were evaluated from the slope and intercepts
of the plots of log (qe-qt) vs. t (figure not shown). The
k1 values, the correlation coefficients R2, and theoreti-
cal and experimental sorption capacity qe are given in
Table 1. Low correlation coefficient values and wide
variation in theoretical and experimental values of
equilibrium sorption capacity indicate that the
pseudo-first-order kinetic model is not suitable for the
process of removal of the dye in present system.
Therefore, pseudo-second-order kinetic model was
used to represent the sorption kinetic data. The plot of
t/qt against t for different initial dye concentration is
given in Fig. 8. The plots exhibit linearity with high
correlation coefficient values of 0.99, additionally; the
theoretical values were much closer to experimental
values of equilibrium sorption capacity. The rate con-
stant k2 decreased from 0.662 to 0.0011 mg/g min
(Table 1) as the initial concentration increased from 10
to 75 mg/L, indicating that the adsorption is depen-
dent on initial concentration. Therefore, it can be
inferred that AO-10 adsorption on modified wheat

Table 1
Kinetics parameters for AO-10 adsorption on modified wheat husks at different initial dye concentrations

10 mg/L 25 mg/L 50 mg/L 75 mg/L

Pseudo-first-order model
k1 (min−1) 0.22 0.172 0.216 0.183
qe (cal) (mg g−1) 1.07 2.65 7.423 11.01
qe (exp) (mg g−1) 3.97 8.52 16.50 23.31
χ2 2.11 4.04 5.02 6.49
R2 0.961 0.977 0.986 0.977

Pseudo second order model
k2 (g mg−1 min−1) 0.662 0.793 0.013 0.011
qe (cal) (mg g−1) 4.12 8.748 15.48 21.84
χ2 0.005 0.006 0.06 0.092
R2 0.999 0.998 0.999 0.999

Intraparticle diffusion model
kid, (mg/g.min0.5) 0.195 0.405 1.112 1.813
I 3.07 6.205 10.17 13.05
R2 0.936 0.980 0.985 0.988
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husk can be effectively represented by pseudo-
second-order kinetic model, and the rate-limiting step
of the sorption process may be controlled through
sharing or exchanging of electrons between sorbent
and sorbate [39].

The sorption kinetic data were further analyzed by
intraparticle diffusion model to investigate the
rate-limiting step of the sorption process. If the
Weber-Morris plot of qt against t0.5 result in a linear
relationship and the line passes through origin, then
intraparticle diffusion will be rate-determining step.
However, if the data exhibit multi-linear plots, then
two or more steps influence the sorption process [40].
In this study, the plots (Fig. 9) exhibit linearity but
do not pass through the origin suggesting that

intraparticle diffusion is not the rate-limiting step. The
dye adsorption process must be driven by film diffu-
sion mechanism. Meanwhile, perusal of parameter kid
exhibits increasing trend with the increase in initial
dye concentration, this behavior may be attributed to
the increased adsorption driving force offered by dye
molecules leading to enhanced AO-10 diffusion rate.
The increase in I values (Table 1) indicates the
increase in boundary layer thickness as the initial dye
concentration increased from 10 to 75 mg/L.

3.9. Mass transfer study

The study of mass transfer is important as it is
helpful in predicting the removal rate of pollutants
from aqueous phase and its simultaneous accumula-
tion over solid surface. A well-known mathematical
model was used to calculate mass transfer coefficient,
βL, using following equation [41]:

lnfðCt=C0 � 1=ð1þmkÞg ¼lnfðmk = ð1þmkÞ
� ð1þmkÞ = mkÞgbLSst

(7)

where Ct is the concentration of adsorbate after time
‘t’ (mg/L); C0 is the initial concentration of the adsor-
bate (mg/L); k is the Langmuir constant obtained by
multiplying adsorption capacity Q0, and energy
parameterb; βL is the mass transfer coefficient, cm/s;
m is the mass of the adsorbent per unit volume of the
adsorbate solution (g/L). It is given by

m ¼ M=V (8)

Ss is the specific surface area of the adsorbent (m2/g)
and is calculated as:

Ss ¼ 6 m = ðdpqp ð1� 2pÞÞ (9)

where dp is the particle diameter (cm); ρp is the bulk
density of the adsorbent estimated as 0.37(g/cm3); and
εp is the porosity of the adsorbent particles in this
study it is taken as 0.7. The values of mass transfer
coefficient (βL) were determined from the slopes of the
linear plot of ln [(Ct/C0) − 1/(1+mk)] vs. t (Fig. 10). The
calculated values of mass transfer coefficient at differ-
ent temperature were presented in Table 2. The βL val-
ues were found to decrease with temperature indicate
exothermic nature of the process. In addition, the
magnitude of βL values obtained is in order of
10−5 cm/s further suggested that the transfer rate of
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Fig. 9. Intraparticle diffusion profile for adsorption of
AO-10 at different initial dye concentration (adsorbent
dose 2.5 g/L; pH 2; agitation speed, 200 rpm; temperature
303 K).
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dye molecules from bulk to solid surface is quite rapid
enough. Therefore, the adsorbent can be effectively
used for fast removal of dye from polluted water.

3.10. Rate expression and data treatment

In order to determine the overall process that
governs the adsorbate–adsorbent interaction and
removal rate of pollutants from liquid phase, it is
required to further interpret the sorption kinetic data
with a mathematical model given by Boyd et al. [42].
The Boyd expression given as follows:

F ¼ 1� 6

p2
X1
n¼1

1

n2
exp

�Ditp2n2

r20

� �
(10)

F ¼ 1� 6

p2
X1
n¼1

1

n2
exp �n2Bt

� �
(11)

where F is the fractional attainment of equilibrium at
time t and calculated as:

F ¼ q=q/ (12)

where q and qα represents the amount adsorbed
(mg/g) at any time t and at infinite time (in the pre-
sent study 30 min.), Di is the effective diffusion coeffi-
cient of dye ions in adsorbent phase, r0 is the radius
of the adsorbent particle which was assumed as
spherical and n is an integer. The value of Bt calcu-
lated for each value of F using Richenberg table [43].
The plot of Bt vs. t provide useful information in pre-
dicting the nature of sorption process which may be
controlled either by film or pore diffusion. If the plot
is linear and passes through the origin, then pore
diffusion governs the sorption process and if the plot
deviates from linearity, then film diffusion is consid-
ered to be rate-limiting step. The calculated Bt values
were plotted against time t at different temperature
shown in Fig. 11. The obtained Boyd profile shows
that the plots for all temperature deviate significantly
from linearity and are not well correlated by the fit.
This clearly suggests that film diffusion is the rate-
controlling step. This can also be substantiated by
calculating the effective diffusion coefficient (Di)
values using following equation:

B ¼ p2Di=r
2 (13)

where r represents the radius of the particle which is
in the range of 0.6–1.0 mm (calculated by sieve analy-
sis) and an average of two 0.075 cm was used in the
calculation. B can be determined from the slope of
Boyd plot. The calculated values of Di presented in
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Fig. 10. Mass transfer plots for adsorption of AO-10 at
different temperatures.

Table 2
Mass transfer coefficient (βL) and effective diffusion coeffi-
cients for adsorption of AO-10 at different temperatures

Mass transfer 303 (K) 313 (K) 323 (K)
βL SS (sec−1) 0.0545 0.0514 0.0405
βL× 10−5 (cm s−1) 7.2 6.6 5.2
R2 0.883 0.979 0.984
Boyd Kinetic model 303 (K) 313 (K) 323 (K)
B (sec−1) 0.078 0.64 0.062
Di × 10−6 (cm2 s−1) 9.52 7.79 7.53
R2 0.922 0.958 0.988
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Fig. 11. Plot of time vs. Bt for AO-10 adsorption at
different temperatures.
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Table 3, it can be seen that the values of Di increase
with the decrease of temperature indicating lower
temperature favors rapid transport of dye ions from
bulk phase to adsorbent phase. Furthermore, accord-
ing to Goel et al. [44], film diffusion is the rate-limiting
step when the values of Di approximated in the range
of 10−6 – 10−8 cm/s and for pore diffusion process, the
Di should be in the range of 10−11 – 10−13 cm/s. Experi-
mental data reveals that the adsorption of AO-10 on
modified wheat husk was governed by film diffusion
mechanism as the effective diffusion coefficient evalu-
ated in the order of 10−6 cm/s. The values of effective
diffusion coefficient can be used to calculate the
pre-exponential constant D0, energy of activation Ea,
and entropy of activation ΔS# by plotting it against
1/T using the following equations [45]:

Di ¼ D0expð�Ea=RTÞ (14)

D0 ¼ ð2:72 d2 kT=hÞ expðDS#=RÞ (15)

The straight line graph obtained for the plot of Di

against 1/T permits the application of Arrhenius
equation for the estimation of D0 and Ea from the
slope and intercept of the graph (Figure not shown)
using Eq. (14). D0 values are further used to calculate
the entropy of activation using Eq. (15). The values of
D0, Ea, and ΔS# were estimated to be 6.4 × 10−8 cm2

s−1, 5.89 kJ/mol and −242.26 JK−1/mol, respectively.
The negative value of ΔS# furnished that no remark-
able change has been observed in the internal struc-
ture of the modified wheat husk during adsorption of
AO-10 [7].

3.11. Adsorption isotherms

Investigation of adsorption isotherm is important
as it helps in understanding the interaction between
adsorbate and adsorbent. The well known isotherm
models namely Langmuir [46], Freundlich [47], and
Dubinin–Radushkevich [48] isotherms were used to
represent the equilibrium sorption data.

Linearized form of the Langmuir equation
expressed as:

Ce=qe ¼ 1=Qmaxbþ Ce=Qmax (16)

Linearized Freundlich model formulated as

log qe ¼ logKF þ 1=n logCe (17)

Linearized form of Dubinin–Radushkevich isotherm
model can be expressed as:

ln qe ¼ ln qm � be2 (18)

E ¼ 1=ð2bÞ0:5 (19)

where Ce (mg/L), qe (mg/g) are the concentrations of
adsorbate and amount of adsorbate adsorbed at
equilibrium, respectively. The constant b (L/mg) is the
Langmuir equilibrium constant and Qmax gives the
theoretical monolayer saturation capacity. KF (mg/g)
is the Freundlich constant and n is the Freundlich
exponent. The constant KF is related to the degree of
adsorption, 1/n provides the tentative estimation of
the intensity of the adsorption, qm is the theoretical
monolayer saturation capacity (mg/g), β is the D–R
model constant (mol2/kJ−2), and ε, is the Polanyi
potential. The parameter β of D–R isotherm also gives
an idea about the nature of sorption process using the
relationship given in Eq. (22). For adsorption with E
values between 1.0 and 8.0 kJ/mol the adsorbate–
adsorbent interaction controlled by physical phe-
nomenon and the sorption process proceed via ion
exchange if values of E is between 8.0 and 16.0 kJ/mol
[49].

The parameters of the isotherms were calculated
and the values were given in Table 2. Langmuir,
Freundlich, and D–R isotherm profile plotted between
Ce/qe and Ce,, log qe and log Ce ln qe, and ε2, respec-
tively, at all three temperatures. The suitability of the
isotherm model that agrees well with the experimental
sorption data was predicted on the basis of correlation
coefficient values and error analysis. The use of error
analysis helps in determining the difference between
the calculated parameter values from linear and non-
linear equations. The smaller values of error analysis
indicating minimum difference between values calcu-
lated from linear and nonlinear equations. The present
study uses statistical parameter χ2 test for error analy-
sis. The χ2 test is principally the sum of the squares of
differences between the experimental data and calcu-
lated data, with each squared difference divided by
the corresponding data obtained by calculation from
models. The model can be represented as [49]:

v2 ¼
X

fðqe;exp � qe;calÞ2=ðqe;expÞg (20)

where qe,exp and qe,cal are the experimental value and
calculated value in mg/g, respectively. If the data
from the model are similar to the experimental data
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then value of χ2 will be smaller and if they are
different, χ2 value will be large. The values of χ2 for all
isothermal studies were depicted in Table 3

The isotherm plot of Langmuir (Fig. 12) and D–R
(Fig. 13) reflect poor linearity with low correlation
coefficient values and high χ2 values, indicated that
the models were inappropriate in predicting sorption
isotherm data. Moreover, the E values calculated from
D–R plots signify that the nature of dye sorption con-
trolled by physical process as the values evaluated for
all the temperatures were found to be <8 kJ mol−1.
The Freundlich plots (Fig. 14) bear straight lines with
high correlation coefficient values (R2 > 0.99) and low
χ2 values clearly imply that the model satisfactorily fit
the experimental equilibrium sorption data. These
findings also infer that the adsorption of AO-10 by the
modified wheat husk was multilayer type. The n value
of Freundlich isotherm also provides an insight about
the favorability of sorption process. If the magnitude
of n estimated between 1 and 10 the sorption process
considered to be favorable. For the present study, the
values of n settled between 1 and 3 which reflects
good adsorption characteristics of AO-10. The
decrease of n values with temperature suggests that
dye sorption is exothermic in nature.

3.12. Adsorption thermodynamics

The changes in Gibbs free energy (ΔG), enthalpy
(ΔH), and entropy (ΔS) for the adsorption process
were obtained using the following equations [50,51]:

DG ¼ �RT ln b (21)

ln b ¼ DS=Rð Þ � DH=RTð Þ (22)

where R is the ideal gas constant (kJ/mol K) and T is
the temperature (K). The enthalpy change (ΔH) and
the entropy change (ΔS) are calculated from a plot of
lnb (from Langmuir isotherm) vs. 1/T (figure not
shown). The values calculated for Gibbs free energy at
303, 313, and 323 K were −10.2, −9.0 and −7.8 kJ/mol,
respectively, indicates that adsorption process is
spontaneous in nature and increase in negative values

Table 3
Adsorption isotherm constants for sorption of AO-10 onto modified wheat husk at different temperatures

Dye Model 30˚C 40˚C 50˚C

Acid Orange 10 Langmuir
Qmax (mg/g) 31.29 29.41 25.64
b (L/mg) 0.624 0.581 0.542
RL 0.021 0.022 0.024
R2 0.947 0.962 0.988
χ2 19.8 23.4 21.7

Freundlich
KF (mg/g)(L/mg)1/n 7.095 3.862 3.17
n 3.125 1.867 1.714
R2 0.988 0.999 0.999
χ2 0.037 0.062 0.084

Dubinin–Radushkevich
qm (mg/g) 25.13 12.58 9.24
β (mol2/kJ−2) 0.102 0.186 0.242
E (kJ/mol) 2.22 1.66 1.45
R2 0.989 0.899 0.904
χ2 93.33 86.72 90.24
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Fig. 12. Langmuir isotherm plot at different temperatures
(adsorbent dose 2.5 g/L, pH 2, agitation speed 200 rpm).
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of ΔG with decreasing temperature advocates
adsorption was rapid and more favorable at low
temperature. The negative value of ΔH (−20.7 kJ/mol)
indicates that overall dye sorption process is
exothermic in nature. The negative value of ΔS
(−124.4 J/mol K) recommends that the disorder at the
solid–liquid interface decreased during adsorption of
AO-10 ions. The results of thermodynamic studies can
also be used for predicting the nature of adsorption
process. For the adsorption process if it was governed
by physical sorption mechanism the values of ΔG
should be in the range of −20 to 0 kJ/mol and the ΔH
values must lie between 2.1 and 20.9 kJ/mol. In the
present study, the calculated values of ΔG and ΔH

found to be lie within the range of physical sorption
process. Therefore, for present dye-adsorbent system
physical interaction plays key role in sorption process.

3.13. Desorption studies

For desorption studies 0.25 g of AO-10-loaded
saturated adsorbent was suspended in 100 mL of three
different types of desorption solution namely 0.1 M
CH3COOH, 0.1 M HCl and 0.1 M NaOH, and agitate
for 2 h at 303 K. The suspended products then sepa-
rated from the liquid phase by centrifugation followed
by washing liberally and oven dried at 80˚C for over-
night. The dried material was then examined for
adsorption capacity. The supernatant left after
centrifugation was analyzed spectrophotometrically.
The experimental results suggest that maximum
desorption of 86.3% occurred when NaOH was used
as desorption solution followed by CH3COOH leads
to desorption of 64.7%, and lowest desorption of
37.4% was observed when HCl was used as a desorp-
tion solution. The reaction that might occur using
NaOH for desorption studies given as:

Ce-OHþ
2 SO

�
3 �DyeþNaOH�!desorption

Ce-OHþDye

� SO3NaþH2O

(23)

The adsorption competency founds to be unaltered up
to second reuse cycle after that adsorbent loses its effi-
ciency remarkably. The adsorption efficiency of the
adsorbent up to second cycle was more than 80%, and
after that the adsorption capacity tumbled down to
below 60%. The above results recommend that the
recycled adsorbent can be effectively used for two
consecutive studies. The reuse of the adsorbent will
also help in reducing amount of sludge generation in
the removal process.

4. Conclusion

The wheat husk after modification has been used
for the removal of anionic dye AO-10 from aqueous
solutions. The characterization results infer that per-
chloric acid treatment modifies the adsorbent signifi-
cantly with enhanced porosity. The maximum
removal of dye was observed at pH 2.0. The percent-
age dye removal was found to be increased with the
contact time, adsorbent dosage, and ionic strength
(NaCl) of the solution. However, it was also observed
dye removal percentage diminished slightly with the
increase in initial dye concentration and temperature.
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Fig. 13. D–R isotherm plot at different temperatures (ad-
sorbent dose 2.5 g/L, pH 2, agitation speed 200 rpm).
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Fig. 14. Freundlich isotherm plot at different temperatures
(adsorbent dose 2.5 g/L, pH 2, agitation speed 200 rpm).
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The investigation of adsorption kinetics suggest that
experimental data agreed reasonably with pseudo-
second-order kinetics and sorption process is con-
trolled by external diffusion. The study of adsorption
isotherm reveals that Freundlich isotherm model
better represents the equilibrium sorption data than
that of Langmuir and D–R model. The study of
adsorption thermodynamics indicates that dye sorp-
tion process is spontaneous and exothermic in nature
and the interaction between dye and adsorbent is
governed by physical forces. Desorption study fur-
nished that adsorbent can be effectively reused for
two consecutive times before disposal.
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