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ABSTRACT

In this study, adsorption of methylene blue (MB) dye onto clean rice husks (CRH) and acid-
modified CRH was investigated with respect to the contact time, MB concentrations, acid
concentrations and acid types used in the acid modification processes. The results indicate that
the acid modification process reduces the MB  sorption efficiency from 98% for CRH to 67% for
NRH (nitric acid treated rice husk), 59% for HRH (hydrochloric acid treated rice husk) and 55%
for SRH (sulfuric acid treated rice husk). In order to investigate the adsorption mechanisms,
four kinetic models, i.e., pseudo-first-order, pseudo-second-order, Elovich and intra-particle
diffusion models were fit to the experimental results. The characteristic parameters and correlation
coefficients for each kinetic model were determined. The fits of the kinetic results from the
kinetic equations were compared with the experimental data. The results indicate that the acid
modification process changes the MB adsorption mechanism. Langmuir, Freundlich, Temkin,
Redlich-Peterson (RP), and Langmuir-Freundlich (LF) isotherm models were also employed to
analyze the equilibrium data, and the correlations of the experimental data to the isotherms was
examined. The LF isotherm was found to best represent the data for MB adsorption onto CRH.
The separation factor revealed the favorable nature of the isotherm to the MB-CRH system.
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INTRODUCTION

Many industries, such as the cosmetics,
leather, carpet, dye manufacturing and textile
finishing industries, use dyes to color their
products. They also consume a lot of clean
water, which becomes colored wastewater,
poured into the environment where trade
wastewater measures are not in place 2. The
effluents of these industries can cause local
environmental problems by significantly affecting
photosynthetic activity in aquatic life because of
the reduced light penetration. The effluents may
also be toxic to some forms of aquatic life
because of the presence of metals, chlorides,
etc., in them B4 In addition, introducing dye
compounds into the aquatic environment is
aesthetically displeasing. Because of these
negative impacts, there is a need to develop de-
colorization methods that are effective and
suitable for industrial use. Currently, the major
methods for dye and color removal involve
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microbial, physical and/or chemical processes,
such as microbial degradation, chemical
oxidation, and membrane separation process
have been proposed from time to time 59,
However, all of the current methods suffer from
one limitation or another, and none have been
successful in removing color from wastewater
completely. Adsorption is probably the simplest
process for dye removal. Currently, activated
carbon is believed to be the most effective
adsorbent and is the most popular.

Physicochemical treatment for the removal
of dissolved dyes from wastewaters [; however,
its manufacturing and regeneration costs are
high "l.In order to reduce the cost of an
adsorption system, some attempts have been
made to find low cost alternative adsorbents. A
wide variety of materials such as Aspergillus
niger, biomass, algal biomass, Spirogyra
rhizopus biomass, rice husk, bark, wheat shell,
citric acid esterifying wheat straw, dehydrated
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wheat bran, carbonized press mud, tree fern,
apple pomace and wheat straw, coir pith, cotton,
mango seed kernel, shell of bittim, banana stalk
waste, dolomitic sorbents, chitosan, wood
sawdust, palm kernel fiber, jute fiber, waste of
sugarcane, perlite, raw kaolin, pure kaolin, NaOH
treated raw kaolin, palygorskite, zeolite, and
surfactant-modified activated carbon have been

investigated with varying degrees of success
[1,2,4,12-34]

In the present study, rice husks (an agro-
residue) have been investigated as an adsorbent
for the removal of methylene blue from aqueous
solutions. Rice husks, a by-product of the rice
milling industry, account for about 20% of rice
as a whole ®8. With an estimated annual rice
production of 500 million metric tons in
developing countries, approximately 100 million
tons of rice husks are available annually for
utilization in these countries alone. In fact, the
amount of rice husks available is far in excess
of any local uses and, thus, has posed disposal
problems. Rice husks were chosen for
investigation as a precursor material due to their
granular structure, insolubility in water, chemical
stability, high mechanical strength and local
availability at almost no cost . The advantage
in the use of these adsorbents is that there is
no need to regenerate them because of their
low production costs. In the present study, the
effects of the contact time,the acid concentration
in the acid modification process, the type of acid
used in the acid modification process, and the
initial methylene blue (MB) concentration on the
amount of color removed have been investigated.
In order to investigate the mechanism of
adsorption, experimental data was modeled
using the pseudo-first-order, pseudo-second-
order, Elovich and intra-particle diffusion models.
Equilibrium isotherms were analyzed according
to the Langmuir isotherm; the Freundlich,
Temkin, Redlich—Peterson and Langmuir—
Freundlich isotherms were only analyzed for the
adsorbent exhibiting the highest MB removal
efficiency. The characteristic parameters for
each model were determined.

MATERIALS AND METHODS
1. Preparation of adsorbent

The rice husk used in the present
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investigation was obtained from local rice mills.
The whole rice husk was used; the integrity and
the size of rice husk were not modified. The
collected materials were washed with water
several times to remove dust and fines, the
washing process continued until the wash water
contained no color. It was subsequently rinsed
several times with reverse osmosis (RO) water
and dried overnight in an oven at 85°C. The
sorbent thus obtained was termed clean rice
husk (CRH). The CRH was then stored in plastic
bottles and used for bio-sorption studies, the
individual husks still in their original sizes.

Preliminary studies using CRH treated with
various types of acid were carried out in order
to evaluate the possibility of optimizing the
sorption of dyes. The CRH was soaked in 0.75
M nitric acid at a ratio of 1:10 (CRH: nitric acid,
w/v) for four hours at room temperature. The
nitric acid-treated CRH (termed NRH) was
washed thoroughly with water to remove residual
acid and then dried overnight in an oven at 85°C.
Similar acid treatments were also performed with
hydrochloric acid (making HRH) and sulfuric acid
(making SRH). The yields of the three pretreated
rice husks were essentially the same (97-98%
w/w of the original dry material).

Different sulfuric acid concentrations (0 M,
0.75 M, and 3 M) were used in the acid
modification process to evaluate the effect of the
acid concentration on the amount of color
removal. The yields of the pretreated rice husks
were approximately equal (94—97% w/w of the
original dry material) under the three sulfuric acid
concentrations.

2. Dye solution preparation

The cationic dye ‘methylene blue’ was
chosen in this study as a model molecule for
basic dyes. Stock solutions of MB were prepared
by dissolving accurately weighed samples of dye
in distilled water to give a concentration of 1000
mg/l. The experimental solutions were prepared
by diluting, where necessary, the dye stock
solution (1000 ppm) with RO water to the
required concentrations. All the experiments were
conducted at a natural pH (6.8—7.1) without any
pH adjustment.
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3. Batch adsorption experiments

Sorption tests on the acid-modified and
natural rice husks were performed in order to
determine the time needed to reach equilibrium
and the pattern of the kinetics. For this purpose,
samples of 2 g of natural or acid-modified rice
husks were transferred into bottles containing
100 ml of 50 mg/I MB solution. The bottles were
placed at 25°C using a temperature controlled
shaker operating at 125 rpm. The samples were
taken from the shaker at predetermined time
intervals.

The residual concentration of MB at any
time, t, was determined from absorbency as
measured with a UV-Vis spectrophotometer
(Hitachi, U-1800) at a 660 nm wavelength, at
which the maximum absorbency occurred. The
effect of the initial dye concentrations on the
amount of MB adsorbed was examined by
contacting 2 g samples of CRH with 100 ml
quantities of MB solution of different initial dye
concentrations, varying from 10 to 100 mg/l. All
experiments were conducted at 25°C using a
temperature controlled shaker operating at 125
rom. The samples were taken from the shaker
at predetermined time intervals. The amount of
dye adsorbed at time t and the amount of dye
adsorbed at equilibrium time, are calculated by
Eqg. (1) and Eq. (2) [36]:

Amount of methylene blue adsorbed at time

t(q)
(C,-C) VIM (1)

Amount of methylene blue adsorbed at
equilibrium
(C,-C) VIM (2)

where C, C, and C, (mg/l) are the liquid
phase concentrations of dyes initially, at time ¢
and at equilibrium time, respectively, V is the
volume of dye solution (I), and M s the weight of
adsorbent used (g).

4. Kinetics of adsorption

The kinetics of adsorption is one of the most
important characteristics in defining the
efficiency of adsorption, hence the examination
of the kinetics of MB adsorption in this study.
Four kinds of kinetic models, the pseudo first-
order kinetic, pseudo-second-order Kinetic,
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Elovich and intraparticle diffusion models have
been tested to analyze the experimental data.
All the model parameters were evaluated by
nonlinear regression.

4.1. The pseudo-first-order kinetic model

The pseudo-first-order equation is the most
popular kinetic equation. The form is expressed
as follows 7

d g/dt=k,(q,-q,) (3)

After definite integration by applying the
boundary conditions t=0to t=tand gt=0to gt
= qgt, the integrated form of Eq. (3) becomes the
following 8 :

q=9.(1-exp (-k, 1) (4)

where gt (mg/g) is the amount of adsorption
time t (min); K., the rate constant of the pseudo-
first-order equation (min~') and ge is the amount
of adsorption equilibrium (mg/g).

4.2. The pseudo- second-order kinetic
model

The second order is based on the
adsorption capacity: it can predict the adsorption
behavior only

over a certain range determined by prior
study, but is in agreement with previous studies
which suggest chemisorption controls the
adsorption rate %4, The pseudo-second-order
adsorption kinetic rate equation of Ho and McKay
is expressed as #1421

dg/dt = K(ge- qt)2 (5)

where g, (mg/g) is the amount of adsorption
time t (min); K, the rate constant of the pseudo-
second-order equation (min_,) and q, is the
amount of adsorption equilibrium (mg/g).
Integrating Eq. (5) for the boundary conditions ¢
=0to t=tand gt=0to gt = gt gives [

1/ge-qt= 1/qe + kit (6)

which is the integrated rate law for a
pseudo-second order reaction. For non-linear,
the equation can be written as 8

qt= k,qe?/1+ k,get (7)
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4.3. The Elovich model

In reactions involving chemisorption of
adsorbate onto a solid surface without
desorption of products, the adsorption rate
decreases with time due to an increased surface
coverage. One of the most useful models for
describing such ‘activated’ chemisorption is the
Elovich equation®®. The Elovich equation
assumes that the active sites of the biosorbent
are heterogeneous and therefore exhibit
different activation energies for chemisorption.
The Elovich model equation is generally
expressed as 4449 :

Dag/dt= ¢ exp (- Bqt) (8)

where gt is the sorption capacity at time t
(mg/Q); « is the initial adsorption rate (mg/g min)
because dgqt/dt approaches « when gt
approaches zero; and [ is the desorption
constant (g/mg) during any one experiment
Given that gt = 0 at { = 0, the integrated form of
Eqg. (8) becomes:

qt=1/B In(t+t)—1/8 (nt) 9)
where t, =1/ & (5. If tis much larger than
Eqg. (9) can be simplified to:

gt=1/ 5 In (e B)+1/ 5 Int (10)
4.4. The intra-particle diffusion model

In a solid—liquid adsorption process, the
adsorption dynamics generally consist of three
main consecutive transport steps: (i) transport
of dye molecules from the bulk solution to the
external surface of the adsorbent by diffusion
through the liquid boundary layer (film diffusion);
(ii) diffusion of the dye from the external surface
and into the pores of the adsorbent (intra-particle

diffusion); and (iii) adsorption of the dye
onto the active sites of the internal surface of
the pores (pore diffusion) 8 . Among the three
steps, the last step is considered to have a
negligible effect on kinetics, as it is assumed to
be rapid. The rate of absorption is controlled by
either film diffusion or pore diffusion, depending
on which step is slower 71 . Accordingly, the
overall rate of adsorption is controlled by either
film or intra-particle diffusion, or a combination
of both. Many studies have shown that boundary
layer diffusion is dominant during the initial
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adsorbate uptake, after which the adsorption rate
gradually becomes controlled by intra-particle
diffusion as the adsorbent’s external surface is
loaded with the adsorbate 5471, The intra-particle
diffusion model is expressed as 84

gt= Kidt +C (11)

where gt is the sorption capacity at time t
(mg/g); C is the intercept; and Kid is the intra-
particle diffusion rate constant (mg/g min”1/2).
Thus, the intra-particle diffusion constant Kid,
can be obtained from the slope of the plot of gt
versus the square root of time. If the regression
of gt versus 10.5 is linear and passes through
the origin, then intra-particle diffusion is the sole
rate-limiting step; if not, the boundary layer
diffusion controls the adsorption to some degree
and this indicated that the intra-particle diffusion
is not the only rate controlling step, but also
other processes may control the rate of
adsorption.

5. Adsorption isotherms

An adsorption isotherm shows the
equilibrium relationship between concentration
in the solution and the quantity of adsorbate
adsorbed at constant temperature. They provide
fundamental physiochemical data about the
sorption process, and may be used for scaling-
up batch type processes with moderate success.
The shape of the equilibrium adsorption isotherm
provides information about the homogeneity and
heterogeneity of the adsorbent surface 55" | In
the present investigation, the equilibrium data
were analyzed using five equilibrium models, the
Langmuir, Freundlich, Temkin, the Redlich—
Peterson (RP), and the Langmuir—Freundlich
(LF) isotherms for describing solid-liquid
sorption systems. In this study, the equilibrium
adsorption isotherms were only applied to the
adsorbent which had the highest MB removal
efficiency. All the model parameters were
evaluated by nonlinear regression.

5.1. Langmuir isotherm

The Langmuir adsorption isotherm model
assumes that adsorption occurs on a
homogenous adsorbent surface of identical sites
that are equally available and energetically
equivalent, with each site carrying an equal
number of adsorbed molecules, and no
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interaction between adsorbate molecules -5
The saturated monolayer isotherm can be
represented as:

qe= qmax KLCe/1 + I'(Lce (1 2)

where q, is the amount of MB adsorbed on
adsorbent at equilibrium (mg/g), Ce is the
equilibrium concentration in the solution (mg/l),
Q... is the g, for a complete monolayer (mg/g), a
constant related to the sorption capacity, and K,
is the adsorption equilibrium constant related to
the affinity of the binding sites and the energy
of adsorption (I/mg). For Langmuir type
adsorption processes, the influence of the
isotherm shape on whether adsorption is
“favorable” or “unfavorable” can be classified by
aterm “R,” a dimensionless constant separation
factor 54,

R=11+KC, (13)

where C, (mg/l) is the liquid phase initial
concentration of the dye. The R, parameter is
considered a reliable indicator of the adsorption.
There are four probabilities for the R, value: (i)
for favorable adsorption, 0 < R, < 1, (ii) for
unfavorable adsorption, R >1, (iii) for linear

adsorption, R, = 1, and (iv) for irreversible
adsorption, R, = 0 2,

5.2. Freundlich isotherm

The Freundlich isotherm assumes that the
adsorption occurs on a heterogeneous surface
at non-identical sites with different energies of
adsorption that are not always available. This
fairly satisfactory empirical isotherm can be used
for non-ideal sorption and is expressed by the

following equation [50-55.561 ;
q=K.C, " (14)

where K is an indicator of the relative
adsorption capacity of the adsorbent (mg1"(1/
n) 11/n/g); and nis that of the adsorption intensity
respectively. In order to determine the maximum
adsorption capacity, it is necessary to operate
with a constant initial concentration C, and
variable amounts of adsorbent; In g, _, is then the
extrapolated value of In g for C = C, Pl

Kqu /CI n (15)

max
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where C, (mg/l) is the liquid phase
concentrations of dyes initially and q,_, is the
Freundlich maximum adsorption capacity (mg/

9)-
5.3. Temkin isotherm

The derivation of the Temkin isotherm
assumes that the fall in the heat of sorption is
linear rather than logarithmic, as implied in the
Freundlich equation. The heat of sorption of all
the molecules in the layer is assumed to
decrease linearly with coverage due to sorbate/
sorbent interactions 8. The Temkin isotherm has
generally been applied in the following form:

a.= R/B; .In (A, C) (16)

where B_is the Temkin constant, related to
the heat of sorption (J/mol); A, is the Temkin
isotherm constant (I/g); R is the gas constant
(8.314 J/mol K); and T is the absolute
temperature in K.

5.4. Redlich—Peterson isotherm

The Redlich—Peterson isotherm contains
three parameters and incorporates the features
of the L angmuir and Freundlich isotherms. It can
be represented by the following formula 5"

q=K,C/1+ACp (17)

where C, (mg/l) is the equilibrium
concentration in the solution; K, (I/g) and A {(I/
mg)b} are the Redlich-Peterson constants; and
b is the Redlich-Peterson isotherm exponent. In
this study all the model parameters were
calculated by nonlinear regression.

5.5. Langmuir-Freundlich (LF) isotherm

The Langmuir—Freundlich (LF) isotherm,
derived from the Langmuir and Freundlich
models, is a three parameter empirical model
represented by the following equation ©° where
K. is the equilibrium constant {(I/mg)1/n}, q . is
the maximum amount of dye per unit weight of
biosorbent(mg/g), and n is an empirical
dimensionless parameter. If n = 1, Eq. (18)
becomes the Langmuir equation. This model is
valid when //n>1. In this study the isotherm
parameters of L-F equation were evaluated
using nonlinear regression.
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N | adsorbent were characterized using a FT-IR
 Niticaid \f\\ f spectrophoto-meter (PerkinElmer, Spectrum
s Ao RX1) at room temperature (Fig. 1). As seen in
P \ [ |J.'\- [ .

i /oo mf\/\m TR \JI Fig. 1, the presence of OH groups on the surface
,«;\ acid \\, L [l '“‘1 of the rice husks is confirmed by a broad band
' J Vo o 1”1,_,\ My / ; \ between 3300 and 3450 cm~' % This stretching
» A\ ™R T of OH groups is associated to silanol groups (Si—
— e X _// i b . OH) and to adsorbed water on the rice husks’
= j_-f'{‘j%f'}‘ﬂf‘f’\ Ls: surfaces. Other OH groups bound to methyl
. /N P X /Qf:_:\\..\,ﬂ radicals exhibited a signal between 2920 and

™™ A e e, [/ e/ —1[6 in liani
L N e o \/ 2940 cm™"®l. These groups are common in lignin
e il " 4 structures. The peaks located at 1640 to 1670

Y k . . .

e cm~" are characteristic of carbonyl stretching

“i X0 uM 20 MmN W0 KN W0 10 XE W @ from aldehydes and ketones ®'1.The peaks

o

. associated with the stretching of aromatic rings
Fig.1-FTIR tra for CRH, SRH, HRH, NRH. e

9 spectrator were verified at 1511 cm™ ©% | The bands
RESULTS AND DISCUSSION between 1130-1050 and 810-800 cm~" were

attributed to O-Si-O and typical structures of

SiO,, which was an indication of silica 2. Finally,
The Fourier transform infrared (FT-IR)  the presence of a band around 466 cm™ is

spectroscopy technique is an important tool for generally attributable to the bending vibration

identifying characteristic functional groups which ~ of O-Si—O 2.

are capable of adsorbing metal ions and dye

ions. The raw material and acid-modified

1. FTIR spectroscopy studies

2. Effect of acid concentration on
sorption and sorption kinetics verified
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Fig. 2- Comparison between the measured and modeled time profiles and comparison of kinetic
models in predicting gt for the adsorption of MB onto CRHs modified by various acid concentrations.
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Fig. 2 shows the effect of the acid
concentration and the contact time on the
amount of MB adsorbed onto H,SO, modified rice
husks. It was observed that the chemical
modification resulted in a decrease of the
sorption capacities of the CRH. In order to
analyze the MB biosorption kinetics, the pseudo-
first-order kinetic, pseudo-second-order kinetic,
Elovich, and intra-particle diffusion kinetic
models were applied to the data. The fittings of
the pseudo-first-order kinetic model to the
experimental results are shown in Fig. 2a, and
the values of the estimated parameters are
presented in Table 1. The resulting curves and
data obtained by the pseudo-first-order kinetic
equation did not describe the biosorption of the
dye on the CRH well. It was noticed, also, that
curves of fit for the H,SO, modified CRH were
closer to the experimental values than the curve
of fit for the CRH. These results indicated that
the modification of CRH could destroy the
structure of the adsorption surface and affect
the mechanisms of adsorption. The comparisons
of the calculated results for the pseudo-second-
order kinetic model and the measured results
for the CRH and acid-modified CRHs are shown
in Fig. 2b. As observed in Fig. 2b, the pseudo-
second order expression better predicted the
sorption kinetics than the pseudo-first-order
model for the entire sorption period, especially
for CRH. This suggested that pseudo second-
order kinetic model could be used to predict the
dye uptake amount at different contact time
intervals and at equilibrium for CRH and H,SO,
modified CRH.

The experimental data and the simulations
using the Elovich equation for modeling the
adsorption of MB onto different absorbents are
shown in Fig. 2c. The fits are not as good as the
pseudo-second-order models. As for the
pseudo-first-order model, the curves of fit for
H,SO, modified CRH were closer to the
experimental values than the curves of fit for
CRH. The constants for the Elovich equation for
the same experimental data were obtained from
the slope and intercept of the plot of gt against
In t (plot not shown), listed in Table 1. When
using the Elovich equation, the constant «
represents the initial adsorption rate, while [ is
related to the extent of the surface coverage and
the activation energy involved in chemisorption
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63 |t was observed that &z and /3 decreased
as the acid concentration increased (Table
1).This suggests that the adsorption surface of
the absorbents was affected such that the
available adsorption sites lessened as the acid
concentration increased. The simulations using
the intra-particle diffusion

equation for the adsorption of MB onto the
different absorbents are shown in Fig. 2d. The
intra-particle diffusion model expression did not
fit well with the experimental data for the CRH.
This suggested the intra-particle diffusion model
could not be used to predict the amount of dye
uptake at different contact time intervals and at
equilibrium for CRH. However, a good fit was
produced for the experimental data for H,SO,
modified CRH, almost as good as the pseudo-
second-order model. These results again
indicated that the acid modification of CRH could
destroy the structure of the adsorption surface
and affect the mechanisms of adsorption.

The adsorption process for MB onto CRH
is mainly controlled by diffusion from the solid-
liquid interface towards the solid particles. This
mechanism may be tested by plotting gt versus
0.5 (Fig. 3). As shown, the adsorption process
for CRH was not linear over the whole time range
and tended to be in two phases. The initial curved
portion is attributable to the boundary layer

oiima}

=0M
= 075 M
a3 M

o B 10 16 20
lllE

Fig 3- Intraparticle diffusion plot for the dsorption

of MB onto CRHs modified by various acid

concentrations.
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diffusion effects and the final linear portion may
be due to the intra-particle diffusion effects. Also,
the linear plot for the non-modified CRH does
not pass through the origin, which indicates that
intra-particle diffusion was not the only rate
controlling step. However, the linear plots for
each acid-modified absorbent pass through very
close to the origin, indicating that intra-particle
diffusion plays a major role in the adsorption for
acid-modified absorbents.

3. Effect of chemical treatment on
sorption and sorption kinetics

The chemical treatment of CRH was shown
to result in certain changes in its surface
properties. Accordingly, the MB adsorption
behavior for each of the acid-modified CRHs was
more closely examined. Fig. 4 shows the effect
of the chemical treatment and the contact time
on the amount of MB adsorbed onto H,SO,
modified rice husks. It can be observed that the
sorption capacities of CRH, NRH, HRH and SRH
increased with an increase in the contact time. It

CRH
HRH
SRH
NRH
Pseudo first
a order CRH
i P == — — — Pseudo first
= L R order HRH
TY e PEUAO first
order SRH
——-— Pgeudo first
order NRH

100 150 200 250 00

*
>4 o @

qt (mg/g)

Time(hours)
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HRH

SRH

NRH
ElevichCRH
——— Elovich HRH
e EIOVICRSRH
———-- Elovich NRH

4 O &

qt (mg/g)
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Time(hours)

qe(mg/g)
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can also be observed that acid modification
decreased the MB sorption capacities of CRH
from 2.43 to 1.65, 1.47 and 1.36 for NRH, HRH
and SRH, respectively. The results showed that
HRH and SRH had the lowest sorption capacity
for MB among the modified rice husks. These
results indicated that the chemical treatment did
not improve the adsorption performance of the
rice husks. In fact, modification of CRH could
damage the structure of the adsorption surface
and affect the mechanisms of adsorption. In order
to design a fast and effective model, further
investigations into the adsorption rate were
made. A suitable model was sought to
understand the mechanisms of adsorption,
including the mass transfer chemical reaction 29,
The experimental data for the uptake of dye
versus time, gt, were fitted to the pseudo-first-
order kinetic, pseudo-second-order Kinetic,
Elovich, and intraparticle diffusion kinetic models
using nonlinear regression.

The regression results are presented in Fig.
4 and Table 2. Fig. 4a shows a non-linearized

30 (b)

254
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Fig 4- Comparison between the measured and modeled time profiles and comparison of kinetic
models in predicting qt for the adsorption of MB onto various pretreated rice husks.
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plot of the pseudo first-order model at 50 mg/I
initial MB concentration for the first 240 min. It
can still be seen from the plots of gt versus tthat
the theoretically generated curves do not agree
well with the experimental data. This suggests
that the sorption of MB onto CRH and acid-
modified rice husks does not follow the pseudo-
first-order sorption rate expression of Lagergren.
The experimental data and the simulations using
the pseudo-second-order equation for
adsorption of MB onto different absorbents are
shown in Fig. 4b. It shows good agreement with
the pseudo-second-order equation, reflected in
the extremely high correlation coefficients listed
in Table 2, which are greater than 0.96.These
findings suggest that the pseudo-second-order
kinetic model could be used to predict the
amounts of dye taken up at different contact time
intervals and at equilibrium. The simulations
using the Elovich equation are plotted in Fig. 4c
together with the experimental data points. Table
2 lists the kinetic constants obtained. As can be
seen, the constant a¢ was observed to decrease
sharply when the CRH was modified by acids,
and the constant £ also decreased. Therefore,
when the CRH is acid-modified within the range
studied, the rate of chemisorptions and the
available adsorption sites on the surface
decrease. Although the Elovich equation does
not provide any mechanistic evidence, it has
proved suitable for highly heterogeneous
systems, of which the adsorption of MB onto
CRH, NRH, HRH and SRH is undoubtedly such a
case. Moreover, when using the Elovich
equation, the correlation coefficients were lower
than those of the pseudo-second-order
equation, but the Elovich equation might still be
used to describe the kinetics of adsorption of
MB onto NRH, HRH, and SRH.

The simulations using the intra-particle
diffusion equation for the adsorption of MB onto
different absorbents are shown in Fig. 4d. As
observed, the intra-particle diffusion model
expression does not give a good fit to the
experimental data for the adsorption of CRH.

This suggests that intra-particle diffusion
model cannot be used to predict the amounts of
dye taken up at different contact time intervals
and at equilibrium for the CRH. However, the
intra-particle diffusion equation gives a good fit
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Fig. 5- Intraparticle-diffusion plot for the
adsorption of MB onto various pretreated rice
husks.

to the experimental data for the acid-modified
rice husks, almost as good as the pseudo-
second-order model. Intra-particle diffusion rate
constants for CRH, NRH, HRH and SRH were
obtained from the plots of the amount of dye
adsorbed versus t0.5 (Fig. 5). The figure
indicates that the adsorption processes for CRH
were not linear over the whole time range, and
tended to occur in two stages. At a certain time
limit for the intra-particle diffusion for the acid-
modified absorbents, the curves reveal linear
characteristics (as illustrated in Fig. 5). It has
been suggested that if the plot of gt versus 0.5
is a straight line, intra-particle diffusion controls
the sorption process. If the line does not pass
through the origin, the intra-particle diffusion is
not the only rate limiting step, suggesting the
process is ‘complex’, with more than one
mechanism limiting the rate of sorption.

Though the plots of gt versus 10.5 give
straight lines in acid-modified absorbents, they
fail to pass through the origin. This might also
indicate a combined mass transport triggered by
the initial film ©°

4. Effect of MB initial concentration and
sorption kinetics

Fig. 6 shows the effect of the initial MB
concentration and the contact time on the
amount of MB adsorbed onto the CRH. It can be
observed that the amount adsorbed increased
with contact time, and at a certain point in time
reached an almost constant value, with the
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amount of dye being removed from the aqueous
solution onto the CRH in a state of dynamic
equilibrium with the amount of dye being
desorbed from the CRH into the aqueous
solution. As seen in Fig. 6, the initial dye
concentration influence the contact time
necessary to reach the maximum sorption
capacities. For the range of contact times under
which the experiments were conducted, the
adsorption rate for the lower initial MB
concentrations was faster than for the higher
initial MB concentrations. The adsorption of MB
onto CRH was also investigated in terms of the
kinetics of the adsorption mechanism by using
the pseudo-first-order kinetic, pseudo-second-
order kinetic, Elovich, and intra-particle diffusion
models. The fittings of the experimental kinetic
results to the pseudo-first-order kinetic models
are shown in Fig. 6a, and the values of the
estimated parameters are p resented in Table
3. It is clear that the theoretically generated
curves do not agree well with the experimental
data at initial dye concentrations higher than 25
mg/l.

This finding suggests that the sorption of
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MB onto CRH did not follow the pseudo-first-
order sorption rate expression of Lagergren at
high initial MB concentrations.

The pseudo-second-order kinetic constants
for adsorption of MB onto CRH are shown in
Table 3. The correlation coefficients for the
pseudo-second-order kinetic model were close
to 1.0 for all cases. In addition, the experimental
data and the simulations using the pseudo-
second-order kinetic equation for the adsorption
of MB onto CRH are shown in Fig. 6b. By
comparing

Figs. 6a and 6b, it is obvious that for the
entire adsorption period the pseudo-second-
order model fits the experimental data better than
the pseudo-first-order model. This indicates that
the sorption mechanism for CRH is
chemisorption, involving covalent forces through
sharing or exchange of electrons between
sorbent and sorbate 4 .Fig. 6b also shows that
the calculated g values increased with increasing
concentration of MB, presumably due to the
enhanced mass transfer of MB molecules to the
surface of CRH. This observation suggests that

v by . 10 mail
° m
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1@ . = & 50 mglL ®1 () v 50 mg/L
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m 5 e B 75 mgilL
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Fig.6- Comparison between the measured and modeled time profi les and comparison of kinetic
models in predicting gt for the adsorption of MB onto CRH at different initial MB concentrations.
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the boundary layer resistance was not the rate
limiting step % .The experimental data and the
simulations using the Elovich equation for the
adsorption of MB onto CRH are shown in Fig.
6¢. It is clear that the theoretically generated
curves agree well with the experimental data at
concentrations lower than 25 mg/l, but deviation
is observed at later periods of the sorption
process at concentration higher than 25 mg/l.
Table 3 lists the kinetic constants obtained from
the Elovich equation. When using the Elovich
equation, the correlation coefficients were lower
than those of the pseudo-second-order
equation, but it might still be used to describe
the kinetics of adsorption of lower initial MB
concentrations onto CRH. As can be seen from
Table 3, the constants & and /5 decreased
sharply when the initial dye concentrations
increased. The fittings of the experimental kinetic
results to the simulations using the intra-particle
diffusion kinetic model are shown in Fig. 6d. The
intra-particle diffusion model does not fit well to
the experimental data for the adsorption of MB.
This suggests the intra-particle diffusion model
cannot be used to predict the amounts of dye
taken up at different contact time intervals and
at equilibrium for the CRH.

The intra-particle diffusion plots of the
experimental results of gt versus tfor the various
absorbents are shown in Fig. 7. Within these,
the first, sharper region is the instantaneous
adsorption or external surface adsorption. The
second region is the gradual adsorption stage
where intra-particle diffusion is rate limiting. In
some cases, a third region exists, the final
equilibrium stage where intra-particle diffusion
starts to slow down due to the extremely low
adsorbate concentrations left in the solutions

+ 10 Mol
= 26 molL
& 50 mg/L
x 75 mgiL
& 100 mp
Q = 10 15 20
06

Fig.7- Intraparticle diffusion plot for the
adsorption of MB onto CRH at different initial

MB concentrations.
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6] The plots in Fig. 7 are not linear over the whole
time range, implying that more than one process
affected the adsorption. This indicates that the
rate of adsorption for the initial MB
concentrations of 10, 25, 50, 75, and 100 mg/l
was initially controlled by film diffusion, then
changed to intra-particle-diffusion control after
50-60 min. The intercepts (C) and the intra-
particle rate constant (Kid) values calculated from
the slopes of the linear portions of the plots of
Fig. 7 are presented in Table 3. The intercept C
provides information about the thickness of the
boundary layer; the resistance to the external
mass transfer increases as the intercept
increases. The constant Cwas found to increase
from 0.4393 to 2.171 with an increase in the dye
concentration from 10 to 75 mg/l, indicating an
increase in the thickness of the boundary layer
and a decrease in the chance of external mass
transfer, and hence an increase in the chance
of internal mass transfer ”. However, beyond 75
mg/l, the intercept decreased, suggesting that
at higher concentrations, the sorption process
is controlled by intra-particle diffusion, with only
a minor effect from the external film. Ponnusami
et al. reported a similar observation for the
adsorption of MB onto guava (Psidium guajava)
leaf powder 8. The value of Kid was found to
increase with an increasing initial concentration
of dye solution. Another similar observation was
reported by Mane et al. for the adsorption of
brilliant green onto bagasse fly ash 9,

5. ADSORPTION ISOTHERMS

The capacity of CRH for adsorption of MB
can be determined by measuring equilibrium
isotherms, which describe how adsorbates
interact with adsorbents. The correlation of
equilibrium data to either theoretical or empirical
equations is essential for the subsequent
practical application of the isotherms 5%.Several
mathematical models can be used to describe
experimental data for adsorption isotherms. The
experimental data were analyzed according to
the nonlinear forms of the Langmuir, Freundlich,
Temkin, Redlich— Peterson, and Langmuir—
Freundlich empirical models. Table 4 gives the
calculated isotherm constants for the different
initial MB concentrations. In order to assess the
different isotherms and their ability to correlate
the experimental results, the theoretical plots for
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Tables

CRHS MODIFIED BY VARIOUS ACID CONCENTRATIONS

KINETIC PARAMETERS OF THE REMOVAL OF MB FROM AQUEOUS SOLUTION BY THE

Acidconc. Pseuodo firstorder

Pseuodo second order

Elovich equatio

2

n Intraparticle diffusion

2

K, qe r’ ks, qe h o B r ki C r
oM 009 222 0293 0,05 240 034 099 36T 343 094 004 144 078
0.75M 001 137 054 0.007 175 005 0.97 006 303 094 008 003 009
M 001 167 099 0004 225 002 099 006 233 096 0.10 006 0990
Table 2- KINETIC PARAMETERS OF THE REMOVAL OF MB FROM AQUEOUS SOLUTION BY VARIOUS
PRETREATED RICE HUSKS.
Adsorbents . Pseuodo firstorder Pseuodo second order Elovich equation  Intraparticle diffusion
K, qe r? k> ge h r? o B kg C r?
CERH 0.08 226 0.97 003 244 034 099 8.6 333 094 0.06 153 0.80
HEH 0.02 139 095 001 162 003 0098 009 2383 097 008 022 0%
SEH 0.01 126 094 001 161 002 095 006 311 004 008 008 093
NEH 0.02 1.48 094 002 178 003 097 0.11 273 097 000 009 097
Table 3- KINETIC PARAMETERS FOR THE EFFECTS OF INITIAL DYE CONCENTRATIONS ON SORPTION

OF MB ONTO CRH

LB conc. Pzeuodo firstorder

Pzeuodo zecond order

Elovich equation

Intraparacle diffusion

mgl E: ge e Lo qe h r o B e ki C ©
10 0.23 0.47 0990 163 048 037 099 207E+08 5848 090 001 001 000
23 019 1.16 098 041 119 039 099 271EH03 1700 001 045 105 238
30 D08 231 0497 0.03 249 034 0099 323 320 094 032 08B0 033
73 0.07 337 093 003 367 044 099 4.62 2.30 0.9 000 238 085
Takle 4 Tabla 5
Isatherm paramebers for MB adsorption ontos CRH Comparison of adsorpion capacities of varlous adsorbents
for anethylene blue
Langmuir {mg g} ikiry
%:ﬂfmg) 0.1414 Adsarbent q,(mg/g)  References
e 05988 Glass wool 0.0243-2.24% T2
Freundlich K, (mg!-t= Lleg 1) 11211 Guarva seeds activated carbon  DEEF-DES 71
" 1.5588 Activated carbon from 1.33 3
ki A Py C :mfpf — oyitmdmces 247X 13
i at] FRCETIVGSN VAT, —
T ‘;:a@' H;g;{ga Fly ash 2755300 P
2 0.5608 ﬂm carbon from Walmit 353 73
Redlich—Peierson Ky (/g 1.141 Meem leaf powder 3.67-19.61 75
A (L/mg) 01414 Activated carbon from Apricot 411 Fic)
B 099099 Bhbnes
r 09986 Clay 4463 76
Langmuir-Froundlich K, A(/mgy™) 0.15%4 Baw P oceamion Hbres o =
i) g Corpmnimmdwmeon ST
:{” a'égég Artivated carbon from Haeelnut  B.82 73

shall
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Fig. 8- Experimental points and comparison of
the fitted curves from various adsorption
isotherms for the adsorption of MB onto CRH.

each isotherm have been shown along with the
experimental data for the adsorption of MB onto
CRH (Fig. 8). The isotherm curves show the
superposition of the experimental results (points)
and the theoretical calculated results (lines). The
Langmuir sorption model serves to estimate the
maximum uptake or the total capacity of the
adsorbent for the dye (g max) where it could not
be reached in the experiments. KL is the
adsorption equilibrium constant representing the
affinity between the sorbent and sorbate. The
values of g max and K, calculated from the L
angmuir model are tabulated in Table 4. The

0.519
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Fig. 9-. Plot of the separation factor for MB
onto CRH versus the initial dye concentration.

calculated R, values versus the initial MB
concentrations are shown in Fig. 9, in which it
can be observed that sorption was more
favorable at higher concentration.

The fact that AL is in the range of 0—1 at all
initial dye concentrations confirms the favorable
uptake of the malachite green process "% . Table
5 presents a comparison of the adsorption
capacity of the CRH obtained in this study with
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those obtained in the literature for the adsorption
of MB. It shows that CRH can be considered as
a promising material for removing basic dyes,
even compared to some other low cost
adsorbents and activated carbons previously
suggested for the uptake of MB from a queous
solutions ['337. 71771 The Freundlich isotherm was
originally empirical in nature but was later
interpreted for sorption to heterogeneous
surfaces or surfaces supporting sites of varied
affinities and has been used widely to fit
experimental data 8. The value of n, the
Freundlich constant, is an empirical parameter
that varies with the degree of heterogeneity and
indicates the degree of non-linearity between dye
uptake capacity and unadsorbed dye in the
solution, and is related to the distribution of
bonded ions on the sorbent surface "°.1n general,
an n > 1 suggests that the adsorbate is favorably
adsorbed onto an adsorbent. The results in
Table 4 indicate that MB was favorably adsorbed
by CRH, as the n value was greater than one.
Compared to the Langmuir isotherm, the
Freundlich isotherm had a poorer fit to the
present data. The Temkin constants AT and BT
are listed in Table 4 and the theoretical plot of
this isotherm is shown in Fig. 8. The correlation
coefficient is also given in Table 4 and is lower
than the Langmuir and Freundlich values.
Therefore, the Langmuir and Freundlich
isotherms fit better to the experimental data than
the Temkin isotherm. Fig. 8 shows the same. The
experimental data were further fitted to the
three-parameter Redlich-Peterson isotherm and
Langmuir—Freundlich isotherm models. The
three-parameter empirical Redlich-Peterson
isotherm equation combines elements from both
the Langmuir and Freundlich equations,
modeling a hybrid mechanism of adsorption : a
hybrid, not following ideal monolayer adsorption.
Therefore, the Redlich—Peterson isotherm
equation is widely used as a compromise between
the Langmuir and Freundlich systems. The
adsorption parameters calculated according to
the Redlich—Peterson isotherm model are listed
in Table 4. The r2 was higher than 0.998, while
b was smaller than one, obeying the theory
behind the Redlich-

Peterson isotherm. In fact, any value of b
out of the range 0—1 fails to agree with the theory
behind the Redliche-Peterson isotherm. Fig. 8
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illustrates that the Redlich—Peterson isotherm
model is a better fit to the experimental data than
the Freundlich and Temkin isotherms.The
Langmuir—Freundlich model is another three
parameter empirical model for representing
equilibrium biosorption data. It is also a
combination of the Langmuir and Freundlich
isotherm type models. The corresponding
Langmuir—Freundlich parameters of A, Band m
are given in Table 4 and the theoretical plot is
shown in Fig. 8. As seen from Table 4 and Fig.
8, the Langmuir—Freundlich isotherm provides
the best correlation to the experimental data,
whereas Langmuir and Redlich—Peterson
isotherms also fitted the experimental data.

CONCLUSIONS

1. The experimental results indicated that both
untreated and acid-modified rice husks
show promise as adsorbents for the
removal of MB from aqueous solutions.

2. The chemical modification of rice husks to
produce NRH, HRH and SRH reduced the
sorption efficiency of CRH for MB from 98%
to 67%, 59% and 55%, respectively.

3. The sorption capacity increased with higher
initial dye concentrations. It is speculated
that the initial concentration of dye provides
the driving force to overcome the
resistances to the mass transfer of MB
between the aqueous and the solid phases.
In addition, an increase in the initial dye
concentration enhances the interactions
between MB and the CRH. An increase in
the initial MB dye concentration enhances
the adsorption of MB.

4. The sorption data were found to follow the
pseudosecond-order kinetic model.

5. The qgtversus t1/2 plots NRH, HRH and SRH
give a straight line, but do not pass through
the origins. This indicates a combined mass
transport triggered by initial film mass
transfer followed by intra-particle diffusion.
The results also indicate that the acid
modification of CRH can destroy the
structure of the adsorption surface,
affecting the adsorption boundary layer and
decreasing the contribution of the surface
sorption in the rate-controlling step.
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6. The analysis indicates that the adsorption
of CRH does not occur on a heterogeneous
surface with sites of equivalent energy of
adsorption that are always available, since
the Freundlich isotherm had a poor fit to
the experimental data.

7. The experimental adsorption data fitted
better to the Langmuir—Freundlich model
than the other models.
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