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The sorption potential of chemically and thermally treated rice husk (RHT) for the removal of 2,4-dichlorophenol (DCP) from aq
solutions has been investigated. Sorption of DCP by rice husk was observed over a wide pH range of 1–10. The effect of contact time
liquid and solid phases, sorbent dose, pH, concentration of sorbate and temperature on the sorption of DCP onto rice husk has been st
pore area and average pore diameter of RHT by BET method are calculated to be 17± 0.6 m2 g−1 and 51.3± 1.5 nm, respectively. Maximum
sorption (98± 1.2%) was achieved for RHT from 6.1× 10−5 mol dm−3 of sorbate solution using 0.1 g of rice husk for 10 min agitation tim
at pH 6 and 303 K, which is comparable to activated carbon commercial (ACC) 96.6± 1.2%, but significantly higher than chemically treate
rice husk (RHCT) 65± 1.6% and rice husk untreated (RHUT) 41± 2.3%. The sorption data obtained at optimized conditions was subjec
to Freundlich, Langmuir and Dubinin–Radushkevich (D–R) isotherms. Sorption intensity 1/n (0.31± 0.01) and sorption capacity multilayer
Cm (12.0± 1.6 mmol g−1) have been evaluated using Freundlich sorption isotherm, whereas the values of sorption capacity mon
Q (0.96± 0.03 mmol g−1) and binding energy,b, (4.5± 1.0)× 104 dm3 mol−1 have been estimated by Langmuir isotherm. The Langmu
constant,b, was also used to calculate the dimensionless factor,RL, in the concentration range (0.6–6.1)× 10−4 mol dm−3, suggesting greater
sorption at low concentration. D–R sorption isotherm was employed to calculate sorption capacityXm (2.5± 0.07 mmolg−1) and sorption
energyE (14.7± 0.13 kJ mol−1). Lagergren and Morris–Weber equations were employed to study kinetics of sorption process using
of RHT, 25 cm3 of 0.61× 10−4 mol dm−3 sorbate concentration at pH 6, giving values of first-order rate constant,k, and rate constant of
intraparticle transport,Rid, (0.48± 0.04 min−1 and 6.8± 0.8 nmolg−1 min−1/2, respectively) at 0.61× 10−4 mol dm−3 solution concentration
of DCP, 0.1 g RHT, pH 6 and 2–10 min of agitation time. For thermodynamic studies, sorption potential was examined over temperatu
283–323 K by employing 6.1× 10−4 mol dm−3 solution concentration of DCP, 0.1 g RHT at pH 6 and 10 min of agitation time and val
of �H (−25± 1 kJ mol−1), �S (−61± 4 J mol−1 K−1) and�G303K (−7.1± 0.09 kJ mol−1) were computed. The negative values of enthalp
entropy, and free energy suggest that the sorption is exothermic, stable, and spontaneous in nature.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Contamination of ground and surface water by diffe
ent organic pollutants is a major factor of environment
problems for the number of years. Among these organic p
lutants, chlorophenols are most common and have been hi
lighted as priority pollutants by Stringent US Environmenta
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Protection Agency (EPA)[1,2]. These pollutants are dis-
charged by the industries into natural water streams and
contaminate the ground water[3]. Many of these com-
pounds enter into wastewaters from petrochemical, coal
tar, plastic and pesticidal chemical industries, which pro-
duce them as chemical intermediates or generate them
during chlorination of effluents containing phenolic com-
pounds[4–6]. Industrial wastewater is not the only source
of phenols; rather they could be present in domestic waters
since they are widely used as pesticides, disinfectants,
antiseptics, pharmaceuticals, dyes and cosmetics[7,8]. In
addition, common water treatment with chlorine could gen-
erate chlorophenols, since chlorine reacts quite rapidly with
phenols[9].

The presence of these compounds in different industrial
effluents often represents a risk to the environment[10,11].
They are toxic to most aquatic organisms, human body and
may cause denaturing of protein, tissue erosion, paralysis
of the central nervous system and also damage the kid-
ney, liver and pancreas[12,13]. They are toxic even at very
low concentrations. So, it is recommended to decrease their
concentration up to 0.1 mg/l in wastewaters, if complete
removal is not possible before their discharge into water
streams[3].

Different methods, such as chemical oxidation, coag-
ulation, chlorination, solvent extraction, liquid membrane
p loyed
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Rice husk is a bye-product of milling process of rice crop,
which is widely cultivated in Asian countries. It is used in
fodder of animals or discarded as agricultural waste, as it is
abundantly available. Maximum cost of commercially avail-
able rice husk is∼40 kg/US $. Major components of rice husk
which may be responsible for sorption are carbon and silica
[22,25]. Silica is composed of SiO4·4H2O in which each oxy-
gen atom is shared between two adjacent tetrahedrons. The
Si O bond is about 50% ionic owing to the large difference
in the electronegativity of oxygen and silicon. Thus, the ionic
structure of silica provides a capability of adsorbing pheno-
lic compounds which are polar molecules[26]. No detailed
information about sorption potential of rice husk from Pak-
istani varieties has been published. Previously reported work
on sorption potential of rice husk by some authors is insuf-
ficient [27]. No kinetic and thermodynamic discussions of
sorption data have been presented so far. In this report, a
detailed study on sorption potential of rice husk has been
presented. Data have been explained on the basis of kinetic
and thermodynamic models.

2. Experimental

2.1. Reagents and materials
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Adsorption is a commonly utilized method for the tre
ent of various industrial effluents. Different authors h

eported the adsorption of phenols on activated carbon
astewaters[15,16]. But its high cost inhibits its appl
ation on large scale, being very expensive to purch
egeneration leads to the production of additional con
nants. Due to these problems, investigation of some
ndigenous and cheaper sorbents for the removal of
ontaminants is focus of intense research now a d
dsorption on indigenous materials is a relatively sim
nd inexpensive method for the treatment of industrial
omestic effluents[17–19]. Number of cheaper materia

ncluding industrial and agricultural wastes, have been
o remove different pollutants from industrial effluents
heir safe disposal into the biosphere. Atsuko et al.[20]
eported rice bran to be a potent sorbent for the rem
f organochlorine compounds and benzene from indu
astewaters. Hasany and Chaudhary[21] employed rive
and for sorption of cadmium(II) from aqueous solutio
akbanpote et al.[22] used rice husk ash for preconc

ration of gold. Similarly, Tutem et al.[23] and Mogyoros
t al.[24] exploited bituminous shale and hydrophobic c

or the removal of chlorophenols and 2-chloropheno
ffective sorbents. Efficiency of sorbent is mainly dep
ent on surface area and binding forces present withi
articles of sorbent, as well as chemical characteristic
orbate.
All the reagents were of analytical grade and procu
rom Fluka Chemical Co. or E. Merck, Germany. DCP
9.9% purity was obtained from Sigma Chemicals L
SA. Methanol (HPLC grade) was procured from Mer
ermany, and used for making synthetic aqueous solu
nd for HPLC method. Activated carbon commercial
rocured from Wako Pure, Chemicals Industries Ltd., Ja
ll glasswares used were of Pyrex, Germany. Throug

he experiments, all glasswares were cleaned with 20%
cid and repeatedly washed with deionized water, follo
y drying at 383 K in an oven for 5 h.

Stock solution of DCP was prepared by dissolv
g (appropriate volume from mass density ratio) of
ichlorophenol (DCP) in 10 cm3 of methanol, and the
olume was made up to 1000 cm3 with doubly distilled
eionized water. The samples of required concentra
ere prepared by diluting the stock solution of DCP.
uffers of pH (1–3), (4–6) and (7–10) were prepared by m

ng an appropriate volume of 0.1 M solutions of HCl–K
H3COOH–CH3COONa and H3BO3–NaOH, respectivel

28].

.2. Preparation of sorbent

Rice (Oryza sativa) husk from an indigenous variety sup
ernel basmati was purchased from local rice milling pl
ashed thoroughly with doubly distilled deionized wate
void the presence of foreign impurities and dried in sun
or 8 h. The washed and dried material was sieved to d
nt mesh sizes from 200 to 400�m in Ro-Tap type electrica
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Table 1
The % chemical composition of RHT with X-ray fluorescence (XRF)
analysis

SiO2 95.1± 0.6
CaO 0.28± 0.05
MgO 0.14± 0.06
K2O 0.13± 0.05
MnO 0.03± 0.001

sieve shaker. Average particle size of 300�m was chosen for
present work. The sieved material (500 g) was rewashed thor-
oughly with doubly distilled deionized water to remove the
fine particles and dried at 383 K for 4 h in an oven; a (100 g)
portion of this dried rice husk was placed in vacuum des-
iccator to be used directly as sorbent (RHUT). While 200 g
portion of the same dried rice husk was chemically treated
with 0.1 M nitric acid for 1 h, followed by soaking in methanol
for 4 h (RHCT) to remove inorganic and organic matter from
the surface of rice husk. One-hundred gram portion of chem-
ically treated rice husk was subjected to thermal treatment in
a closed muffle furnace (Phoenix, Sheffield, England, 1983)
at 573 K for 1 h (RHT) to increase the surface area[29], while
other fraction (50 g) of chemically treated rice husk (RHCT)
was used directly as sorbent to estimate the differences of
sorption due to thermal treatment. The ash form of thermally
treated rice husk (RHT) was used as sorbent. The chemical
composition of RHT was determined by X-ray fluorescence
(XRF) analysis (Table 1).

2.3. Instrumentation

Hitachi model 6200 HPLC equipped with a Licrosorb
ODS column 5�m (Ø 150 mm× 4 mm) UV–Vis detector
equipped with a CSW32 software, was used for data acquisi-
t ized
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tor response peak height (mV) before and after shaking. The
% sorption and distribution coefficient were calculated by
Eqs.(1) and (2), respectively, as follows:

% Sorption= Ci − Ce

Ci
× 100 (1)

Rd = Amount of analyte in rice husk

Amount of analyte in solution
× V

W
(2)

whereCi andCeare the initial and equilibrium concentrations
(mol dm−3), respectively, of sorbate;Rd is the distribution co-
efficient;V is the volume of the solution (cm3); andW is the
weight of rice husk (g).

Correlation among % sorption and the distribution coeffi-
cient may be located by the following equation:

% Sorption= 100Rd

Rd + (V/W)
(3)

All the experiments were performed in triplicate. The linear
regression computer program with one independent vari-
able was used for slope and statistical analyses of the data
[30].

3. Results and discussion
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ion, integration and processing. Doubly distilled deion
ater (with 0.8�S cm−1 conductance, 5.8 pH) and metha

20:80) were used as mobile phase at a flow rate of 1 ml
rbitrary unit full scale deflection (AUFS) 0.005 and
54 nm wavelength. The limit of detection (signal to no
atio 2) was observed to be 0.05 ng�l−1 for 2,4-DCP. The
H measurements were made on digital (Inolab level 1
eter, Germany.

.4. Removal method

Appropriately weighed sorbent (0. 025–1.0 g) was pla
n dry conical flasks to which 25 cm3 of sorbate contain
ng varying amount of analyte (0.61–6.0)× 10−4 mol dm−3

as added. The flasks were then fitted to a Gallenkemp
50–010 thermostatic shaker at a speed of 100 rpm (

ution/min) at 303± 2 K for 2–20 min. Blank sample wa
imultaneously placed in the same shaker. Finally, the
le was filtered using Whatmann filter paper no. 44. A 1�l
f sample solution was then injected to HPLC under o
ized conditions. The sorbed concentration of sorbat

orbent surface was calculated by the difference in the d
Sorption is a surface phenomenon and is affected s
cantly by physical and chemical characteristics of sor
nd sorbate. Sorption studies on rice husk were carrie
y optimizing various parameters, i.e. effect of agitation t
mount of sorbent, pH, concentration of sorbate and tem
ture.

.1. Effect of thermal treatment

Effect of thermal treatment on the sorption potentia
ice husk was studied by employing 0.5 g RHCT, 25 cm3 of
.61× 10−4 mol dm−3 solution concentration of DCP, 8 m
f agitation time at pH 6 and 100 rpm shaking speed.
esults are portrayed inFig. 1. Before thermal treatmen

Fig. 1. Effect of thermal treatment on % sorption of DCP onto rice hu
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Fig. 2. Effect of agitation time on % sorption of DCP onto rice husk.

RHCT (at 273 K) has sorption potential 66%, which increases
regularly and sharply up to 98% when temperature of furnace
increases (573 K), followed by a regular, gradual but rela-
tively less sharp decrease (up to 873 K). Increase in sorption
potential of rice husk by increasing temperature of furnace
from 273 to 573 K was approximately 32%, while decrease
in sorption potential (15%) at higher temperature from 673 to
873 K may be due to some structural changes at the surface
of rice husk. For further studies, thermally treated rice husk
at 573 K (RHT) was selected as a sorbent.

3.2. Effect of shaking time

Effect of shaking time on % sorption of DCP onto rice
husk was studied over an agitation time of 2–20 min, using
0.2 g of RHT, 25 cm3 of 0.61× 10−4 mol dm−3 sorbate con-
centration at pH 6, temperature 303 K and 100 rpm shaking
speed. The results are depicted inFig. 2. Percent sorp-
tion increases from 26 to 97% at contact time of 10 min.
This represents the time at which equilibrium of DCP con-
centration is presumed to have been attained. The equilib-
rium time for DCP calculated from this study is far less
than that reported for phenol onto rice husk, i.e. 120 min
[31].
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Fig. 3. Influence of amount of rice husk on the % sorption of DCP.

3.4. Effect of pH

Fig. 4depicts the effect of pH on % sorption of DCP onto
rice husk. Optimization of pH of sorption medium plays vital
role in the sorption studies. Effect of pH was studied in the
pH range 1–10 with optimized 0.1 g sorbent dose, 10 min of
agitation time, 25 cm3 of 6.1× 10−4 mol dm−3 sorbate con-
centration and at temperature 303 K. Percent sorption of DCP
onto rice husk was found higher at low pH. At lower pH val-
ues, chlorinated phenols are present as the neutral phenols.
The more percent sorption of 76% at pH 1.0 may be the
result of the strong chemical bonding between the lone pair
of electrons present on theOH group in chlorinated phe-
nols and the Si4+ of the rice husk[32]. The chloride ( Cl)
ion on the benzene ring, which increases the acidic character
is responsible for forming anion on the oxygen atom of the

OH group and also has a strong affinity for silica surfaces
[22]. At a lower pH, there is a reasonably strong interaction
between the sorbent and the polar resonance contributed phe-
nol structure. Besides this, chances of hydrogen bonding by
the phenolic protons with the oxygen present on the silica
surface cannot be ignored.

Furthermore, a comparative study was carried out for esti-
mating the sorption potential of RHUT, RHCT, RHT and
ACC at optimized conditions of 0.1 g of each sorbent, 10 min
3.3. Effect of sorbent dosage

Fig. 3indicates the effect of amount of sorbent on % s
tion of 2,4-dichlorophenol. Amount of sorbent was optimi
at 10 min of agitation time by using 0.025–1 g of sorb
25 cm3 of 0.61× 10−4 mol dm−3 of sorbate concentration
pH 6 and 100 rpm shaking speed and reaction temperat
303 K. Percent sorption increases very rapidly up to 66%
increasing amount of the sorbent from 0.025 to 0.1 g and
almost constant up to 1 g of sorbent dosage. Previous re
clearly reveal that there should be a ratio between so
dose and sorbate concentration, which represent max
% sorption[28].
 Fig. 4. Effect of pH on % sorption of DCP onto rice husk.
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Table 2
Physical properties of sorbents and their % sorption for DCP

Sorbents Average particle size (�m) Pore area (m2 g−1) Average pore diameter (nm) % Sorption of sorbentsa

RHUT 300 11± 0.8 40± 2.2 41± 2.3
RHC 300 14± 0.5 46± 1.8 65± 1.6
RHT 300 17± 0.6 51± 1.5 98± 1.2
ACC 5 755± 12 0.6± 0.05 96.6± 1.2

aSorbents (RHUT, RHCT, RHT and ACC).

contact time, pH 6, 25 cm3 of 0.61× 10−4 mol dm−3 solution
concentration of DCP and temperature of 303 K. The results
are listed inTable 2.

3.5. Sorption dynamics

Fig. 5 shows the kinetic study of sorption of DCP onto
rice husk at conditions chosen while investigating effect of
agitation time on % sorption of DCP onto rice husk. The rate
constant of sorption is determined from the first-order rate
expression given by the Lagergren equation[33].

log(qe − qt) = log qe − kt

2.303
(4)

log (qe− qt) was plotted versus agitation time resulting
in a straight line with coefficient of determination,R2,
(0.9791± 0.11009). Theqe andqt are the equilibrium and
sorbed concentrations, respectively, at time,t, and the value
of k, the first-order rate constant, computed from the slope of
the linear plot as 0.48± 0.04 min−1.

The kinetics of sorption of DCP was also examined using
Morris–Weber equation[34] in the following form:

qt = Rid
√

t (5)

whereq is the sorbed concentration at time‘t’, and R is
t
a s
p n,
R e
s

Fig. 6. Validation of Morris–Weber equation for DCP onto rice husk.

3.6. Effect of DCP concentration (mol dm−3) on its
sorption onto RHT

The effect of DCP concentration on its sorption
onto rice husk was studied over concentration range of
0.61–6.1× 10−4 mol dm−3 using optimized conditions men-
tioned above (Fig. 7). It was found that the distribution
coefficient, Rd, decreases with the increase in DCP con-
centration up to 4× 10−4 mol dm−3 with a gradual fall
resulting in slope, and becomes almost constant from
4–6× 10−4 mol dm−3 of DCP solution. This may be inter-
preted in terms of limiting sorption sites, which may not
be sufficient to accommodate increasing number of 2,4-
dichlorophenol molecules available onto sorbent surface.

k.
t id
he rate constant of intraparticle transport. Theqt was plotted
gainst,t1/2 in Fig. 6. The sorption data follow linearity a
er Eq.(5) up to 10 min with coefficient of determinatio
2, (0.9604± 0.0011). The value ofRid computed from th
lope of the plot comes out 6.8± 0.8 nmol g−1 min−1/2.

Fig. 5. Lagergren plot of DCP onto rice husk.
 Fig. 7. Effect of concentration of DCP on its sorption onto rice hus
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Fig. 8. Freundlich sorption isotherm of DCP onto rice husk.

3.7. Modeling of sorption isotherms

The sorption isotherms express the specific relation
between the concentration of sorbate and its degree of accu-
mulation onto sorbent surface at constant temperature. The
sorption capacities of rice husk for DCP have been evalu-
ated using different isotherms, namely Freundlich, Langmuir
and Dubinin–Radushkevich (D–R) employing data shown in
Fig. 7.

3.8. Freundlich sorption isotherm

Fig. 8 shows Freundlich sorption isotherm of DCP onto
rice husk. It is the most widely used empirical expression that
accounts for the surface heterogeneity, exponential distribu-
tion of active sites of sorbent and their energies towards sor-
bate[35]. Although it does not take the solids finite capacity
for sorption at high concentration of the solute into account,
it can describe the experimental data well on a phenomeno-
logical basis. The linearized form of Freundlich isotherm is
tested in the following form:

log Cads= logCm + 1

n
logCe (6)

where 1/n is a characteristic constant related to sorption inten-
sity, C is the sorbed concentration of sorbate onto sorbent
( or-
b ty
o i-
l ent
o l-
u
d line,
r

3

yer
s .
T sent

Fig. 9. Langmuir sorption isotherm of DCP onto rice husk.

monolayer sorption on a set of distinct localized sorption
sites. It gives uniform energies of monolayer sorption onto
sorbent surface with no transmigration of sorbate in the plane
of the surface. There are no interactions between the sorbed
molecules, no steric hindrance between sorbed molecules and
incoming ions, and all the sorption sites are alike and uniform
on microscopic scale. The sorption data is also applied to the
following linearized form of Langmuir isotherm:

Ce

Cads
= 1

Qb
+ Ce

Q
(7)

where Q is the monolayer sorption saturation capac-
ity (mol g−1), and b represents the enthalpy of sorption
(dm3 mol−1), independent of temperature. InFig. 9, Ce/Cads
is plotted againstCe yielding a straight line withR2

(0.9915± 0.0112), indicating that sorption data fit well into
the Langmuir model. The value ofQ (0.96± 0.03 mmol g−1)
was calculated from the slope of the linear plot, whereas the
value ofb (4.5± 1.0)× 104 dm3 mol−1 was derived from the
intercept[37].

From the value of b, a dimensionless parameter,
RL [38], was estimated in the concentration range
(0.6–6.1)× 10−4 mol dm−3, using the relationship:

RL = 1

1 + bCi
(8)

w
i

rp-
t

3

rm
m fol-
l

l

w ent
s ion
ads
mol g−1), Ce represents equilibrium concentration of s
ate in solution, andCm is the multilayer sorption capaci
f sorbent (mol g−1). Logarithmic plot of sorbed and equ

ibrium concentration gives a straight line with coeffici
f determination close to unity (0.9856± 0.03012). The va
es of 1/n (0.31± 0.01) andCm (12.0± 1.6 mmol g−1) are
erived from the slope and intercept of the straight
espectively.

.9. Langmuir isotherm

Fig. 9shows the simplest theoretical model for monola
orption, i.e. Langmuir isotherm[36] of DCP onto rice husk
he Langmuir model was originally developed to repre
hereb is the Langmuir constant (dm3 mol−1) andCi is the
nitial concentration (mol dm−3).

The value ofRL in the range 0.04–0.27 indicates that so
ion is higher at low concentration.

.10. Dubinin–Radushkevich (D–R) isotherm

Fig. 10shows the Dubinin–Radushkevich (D–R) isothe
odel[39]. It is also applied to the sorption data in the

owing linearized form:

n Cads= ln Xm − βε2 (9)

here Cads is the amount of sorbate sorbed onto sorb
urface (mol g−1) andXm represents the maximum sorpt
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Fig. 10. D–R sorption isotherm of DCP onto rice husk.

capacity of sorbent (mol g−1), β is constant related to sorp-
tion energy, whileε is Polanyi sorption potential which is
equal to:

ε = RT ln

(
1 + 1

Ce

)
(10)

R is a gas constant in kJ mol−1 K−1, T is the tempera-
ture in Kelvin, andCe is the equilibrium concentration of
sorbate in solution (mol dm−3). The Polanyi sorption the-
ory [40] postulates fixed volume of sorption sites close
to the sorbent surface and existence of sorption poten-
tial over these sites. Polanyi sorption potential,ε is the
work required to remove a molecule to infinity from its
location in the sorption space, independent of tempera-
ture. This model assumes the heterogeneity of sorption
energies within this space. The plot of lnCads versusε2

is a straight line with coefficient of determination,R2,
(0.9976± 0.02827). The computed value ofβ andXm from
the slope and intercept are−0.0023± 0.00004 kJ2 mol−2

and 2.5± 0.07 mmol g−1, respectively. The value of sorp-
tion energy,E, can be correlated toβ using the following
relationship[41]:

E = 1√−2β
(11)

T
1

3

the
s r the
o
g
(

i-
l o-
d
G

Table 3
Physio-chemical characteristics of phenolic wastewater

S. no. Characteristics Values

1 pH 7.3
2 EC (�S cm−1) 286
3 Sulphate (mg l−1) 58
4 Chloride (mg l−1) 54
5 TDS (mg l−1) 234
6 COD (mg l−1) 485
7 BOD (mg l−1) 59
8 DCP (�g ml−1) 1.5

ing equations:

ln Kc = −�H

RT
+ �S

R
(12)

�G = −RT ln Kc (13)

From the slope and intercept of plot, the values of�H
(−25± 1 kJ mol−1) and �S (−61± 4 J mol−1 K−1) have
been computed, while�G is calculated using Eq.(13). The
results are presented inTable 3. It may be deduced from
the negative values of�H and�G that the sorption process
is exothermic and spontaneous with weak bond formation
between sorbate and sorbent. The decrease in the value of
�G with the increase of temperature shows that the reaction
is more spontaneous at high temperature (Table 3). The neg-
ative value of�S shows the stability of sorption process with
no structural change at solid–liquid interface.

3.12. Column method

For determining the suitability of adsorbent and eluting
solvent, the % recovery of the 2,4-dichlorophenol was inves-
tigated using a glass column (Ø 30 cm× 0.7cm) containing
0.1 g of rice husk on a glass wool support. The column was
loaded with 500 ml of 0.61× 10−4 mol dm−3 of DCP solu-
tion, for 2 h at a flow rate of 4.17 ml/min. More than 99%
o n of
s nol,
N ed
w

F m-
p

he value of E for DCP calculated from Eq.(11) is
4.7± 0.13 kJ mol−1.

.11. Effect of temperature

The effect of temperature, a major factor influencing
orption, was monitored in the range of 283–323 K unde
ptimized conditions chosen. The plot of lnKc verses 1/K
ives a straight line with coefficient of determination ‘R2’
0.9917± 0.05566) as shown inFig. 11.

Kc = Fe/(1− Fe), whereFe is the fraction sorbed at equ
ibrium, while K is the temperature in kelvin. The therm
ynamic parameters, such as enthalpy�H, entropy�S, and
ibbs free energy�G were estimated[42,43]using follow-
f DCP was sorbed on the sorbent surface. The elutio
orbed DCP was carried out with 6 ml each of metha
aOH (0.5 M), HCl (0.1 M) and doubly distilled deioniz
ater by sonication in an ultrasonic bath for 10 min (Fig. 11).

ig. 11. Variation of sorption equilibrium of DCP onto rice husk with te
erature.
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Table 4
Thermodynamic constant�G calculated for sorption of 2,4-DCP onto rice
husk

S. no. Temperature (K) �G (kJ mol−1)

1 283 −8.2± 0.030
2 293 −7.8± 0.029
3 303 −7.1± 0.028
4 313 −6.2± 0.027
5 323 −5.9± 0.026

The elution capacity as % recovery of 2,4-dichlorophenol fol-
lowed the order as:

MeOH (99± 0.5%) > NaOH (90± 1%) > HCl (11± 2%)

> H2O (4± 2%)

4. Application

4.1. Removal of phenol from industrial wastewater

Industrial wastewater sample (5 l) was collected in a brown
glass collection bottle with Teflon-lined caps directly from
the outlet of a pharmaceutical and paper mill (phenolic-based
industry) located at Petaro Road, Jamshoro, Pakistan, during
operation of the plant, and its physio-chemical character-
istics are listed inTable 4. The sample was immediately
brought to the laboratory to be placed in deep freezer at
a temperature of−6◦C. Before analysis, the sample is fil-
tered with Whatmann filter paper No. 44 and kept for further
usage. 1 litre of the filtered sample was spiked with 10 mg
of DCP. 10�l (from 500 ml portion of the spiked sample)
was then injected to HPLC for further analysis. By com-
parison of the retention time and peak height (mV) with
synthetic sample solution, 1.5± 0.04�g ml−1 of DCP was
f ther
5 with
0 husk
e
w with
6 o be
9

5

at
a
a tter
s ergy
o ture
o
s
a re of
t lt of
L nol

was found to be more suitable solvent for desorption of the
sorbate. The desorbed DCP can be used as a raw material
in different industries. Elemental analysis of RHT (Table 2)
shows that SiO2 is the main component of rice husk. Rice
husk, effectively removes DCP from water and wastewater, is
inexpensive, indigenous and easily available in large quantity,
and its use as sorbent would significantly lower the cost of
wastewater treatment.

References

[1] J.W. Patterson, Wastewater Treatment Technology, Ann Arbor Sci-
ence, USA, 1977.

[2] L.H. Keith, W.A. Telliard, Priority pollutants. I. A perspective view,
Environ. Sci. Technol. 13 (1979) 416–423.

[3] P.A. Massa, M.A. Ayude, R.J. Fenoglio, J.F. Gonzalez, P.M. Haure,
Catalyst systems for the oxidation of phenol in water, Lat. Am. Appl.
Res. 34 (2004) 133–140.

[4] E. Pellizetti, N. Serpone, Photodegradation of organic pollutants
in aquatic systems catalyzed by semiconductors, in: M. Schiavello
(Ed.), Photocatalysis and Environment, Kluwer Academic Publish-
ers, Boston, 1988, pp. 469–475.

[5] J. Dec, J.M. Bollag, Use of plant material for the decontamination
of water polluted with phenols, Biotech. Bion. 44 (1994) 1132–
1139.

[6] M.W. Jung, K.H. Ahn, Y. Lee, K.P. Kim, Adsorption characteristics
of phenol and chlorophenols on granular activated carbons (GAC),
Microchem. J. 70 (2001) 123–131.

phy

r, C.
2,4-
ys-

nol-

[ tion

[ sor-
i. 28

[ xes
r. 34

[ eter-
nsor,

[ nal-
.

[ nolic
es, J.

[ nol
gen

[ ts in
nce,

[ nolic
eth-

[ , C.
enol
ound to be present in the industrial wastewater. Ano
00 ml aliquot of spiked wastewater was then treated
.1 g of rice husk as per column method discussed. Rice
ffectively removes 99± 0.2% of 2,4-dichlorophenol from
astewater. The sorbed amount of DCP was recovered
ml of methanol and the percent recovery was found t
9± 0.6%.

. Conclusion

Maximum sorption of 2,4-dichlorophenol is achieved
concentration of 0.61× 10−4 mol dm−3. The values of 1/n
ndRL from Freundlich and Langmuir isotherms reveal be
orption at low concentrations. Results of sorption en
btained from D–R isotherm shows the physiosorption na
f the sorption process. The negative values of�S show the
tability of the sorption process, whereas the results of�H
nd�G indicate the exothermic and spontaneous natu

he sorption process on the surface of rice husk. Resu
agergren plot follows first-order rate equation. Metha
[7] J. Trocewicz, 19th International Symposium on Chromatogra
Aix-enprovience, France, 1992, September.

[8] E. Klumpp, C. Contreras-Ortega, P. Klahre, F.J. Tino, S. Yapa
Portillo, S. Stegen, F. Queirolo, M.J. Schwuger, Sorption of
dichlorophenol on modified hydrotalcites, Colloids Surf. A: Ph
iochem. Eng. Asp. 230 (2004) 111–116.

[9] Fu. Yan, M.D. Urmila, Cost effective environmental control tech
ogy for utilities, J. Adv. Environ. Res. 8 (2004) 173–196.

10] Y.H. Shen, Removal of phenol from water by adsorption–floccula
using organobentonite, Water Res. 36 (2002) 1107–1124.

11] S. Yapar, P. Klahre, E. Klumpp, Hydrotalcite as a potential
bent for the removal of 2,4-dichlorophenol, J. Eng. Environ. Sc
(2004) 41–48.

12] M.M. Mortland, S. Shaobai, S.A. Boyd, Clay–organic comple
as adsorbents for phenol and chlorophenols, Clays Clay Mine
(1986) 581–585.

13] L. Campanella, T. Beone, M.P. Sammartino, M. Tomassetti, D
mination of phenol in wastes and water using an enzyme se
Analyst 8 (1993) 979–986.

14] U.S. Environmental Protection Agency, Methods of Chemical A
ysis of Water and Wastes, Cincinnati, Ohio, 1983, pp. 452–468

15] R.S. Juang, F.C. Wu, R.L. Tseng, Adsorption isotherms of phe
compounds from aqueous solutions onto activated carbon fibr
Chem. Eng. Data 41 (1996) 487–492.

16] S. Biniak, J. Kazmierczak, A. Swiatkowski, Adsorption of phe
from aqueous solution on activated carbon with different oxy
content, Adsorp. Sci. Technol. 6 (1989) 182–191.

17] P.R. Wood, J.M. Demarco, Effectiveness of Various Adsorben
Removing Organic Compounds from Water, Ann. Arbor. Scie
Ann. Arbor, MI, 1980, pp. 85–114.

18] T.A. Ozbelge, H.O. Ozbelge, S.Z. Baskaya, Removal of phe
compounds from rubber-textile wastewaters by physiochemical m
ods, Chem. Eng. Process. 41 (2002) 719–730.

19] S.K. Dentel, J.Y. Bottero, K. Khatib, H. Demougeot, J. Duguet
Anselm, Sorption of tannic acid, phenol, and 2,4,5-trichloroph
on organo-clays, Water Res. 29 (1995) 1273–1280.



52 M. Akhtar et al. / Journal of Hazardous Materials B128 (2006) 44–52

[20] A. Atsuko, I. Chiho, T. Sokichi, F. Norie, Y. Emi, O. Toshio, Effi-
ciency of rice bran for the removal of organochlorine compounds
and benzene from industrial wastewater, J. Agric. Food Chem. 49
(2001) 1309–1314.

[21] S.M. Hasany, M.H. Chaudhary, The accumulation of Zn(II) ions onto
Haro river sand from aqueous solutions, Main Group Metal Chem.
26 (2003) 279–289.

[22] W. Nakbanpote, P. Thiravetyan, C. Kalambaheti, Preconcentration of
gold by rice husk ash, Miner. Eng. 13 (2000) 391–400.

[23] E. Tutem, R. Apak, C.F. Unal, Adsorptive removal of chlorophenols
from water by bituminous shale, Water Res. 32 (1998) 2315–2324.

[24] K. Mogyorosi, A. Farkas, I. Dekany, TiO2-based photocatalytic
degradation of 2-chlorophenol adsorbed on hydrophobic clay, Envi-
ron. Sci. Technol. 36 (2002) 3618–3624.

[25] H. Hayashi, S. Nakashima, Synthesis of trioctahedral smectite from
rice husk ash as agro-waste, Clay Sci. 8 (1992) 4–11.

[26] S. Kumar, S.N. Upadhyay, Y.D. Upadhya, Removal of phenols by
adsorption on fly ash, J. Chem. Technol. Biotechnol 37 (1987)
281–287.

[27] D.N. Mbui, P.M. Shiundu, R.M. Ndonye, G.N. Kamau, Adsorption
and detection of some phenolic compounds by rice husk ash of
Kenyan origin, J. Environ. Monit. 4 (2002) 978–984.

[28] D. Perrin, B. Dempsey, Buffers for pH and Metal Ion Control, John
Wiley & Sons Inc., New York, 1974.

[29] J.M. Chern, C.Y. Wu, Desorption of dye from activated carbon
beds: effect of temperature, pH, and alcohol, Water Res. 35 (2001)
4159–4165.

[30] A.W.K. Khanzada, Modern methods of statistical analysis of exper-
imental data using popular software, J. Pak. Anal. Chem. 4 (2003)
157–182.

[31] A.H. Mahvi, A. Maleki, A. Eslami, Potential of rice husk and rice
. Sci.

[32] B.K. Singh, N.S. Rawat, Comparative sorption equilibrium studies of
ionic phenols on fly ash and impregnated fly ash, J. Chem. Technol.
Biotechnol. 61 (1994) 307–315.

[33] S. Lagergren, Zur theories dur sogeunanten adsorption gelosterstoffe,
Handlinger 24 (1998) 1.

[34] W.J. Morris, J.C. Weber, Kinetics of adsorption on carbon from
solutions, J. Saint. Eng. Div. ASCE 89 (1963) 31.

[35] H. Freundlich, Colloid and Capillary Chemistry, Methuen, London,
1926, pp. 397–414.

[36] I. Langmuir, The adsorption of gases on plane surface of glass, mica
and platinum, J. Chem. Soc. 40 (1918) 1361–1403.

[37] S.M. Hasany, R. Ahmad, M.H. Chaudhary, Investigation of sorp-
tion of Hg(II) ions onto coconut husk from aqueous solution
using radiotracer technique, Radiochim. Acta 91 (2003) 533–
538.

[38] G. McKay, H. Blair, J.R. Gardiner, The adsorption of dyes onto
chitin in fixed bed column and batch adsorbers, J. Appl. Polym. Sci.
28 (1989) 1499–1544.

[39] M.M. Dubinin, L.V. Radushkevich, The equation of the characteristic
curve of the activated charcoal, Proc. Acad. Sci. USSR Phys. Chem.
Sec. 55 (1947) 331–337.

[40] J. Li, C.J. Weaarth, Modeling sorption isotherms of volatile organic
chemical mixtures in model and natural solids, Environ. Toxicol.
Chem. 21 (2002) 1377–1383.

[41] J.P. Hobson, Physical adsorption isotherms extending from ultra
high vacuum to vapor pressure, J. Phys. Chem. 73 (1969) 2720–
2727.

[42] M.M. Saeed, S.M. Hasany, M. Ahmed, Adsorption and thermo-
dynamic characteristics of Hg(II)–SCN complex onto polyurethane
foam, Talanta 50 (1999) 625–634.

[43] S.M. Hasany, M.M. Saeed, M. Ahmad, Sorption of traces of silver
001)
husk ash for phenol removal in aqueous systems, Am. J. Appl

1 (2004) 321–326.

ions onto polyurethane foam from acidic solution, Talanta 54 (2
89–98.


	Sorption potential of rice husk for the removal of 2,4-dichlorophenol from aqueous solutions: Kinetic and thermodynamic investigations
	Introduction
	Experimental
	Reagents and materials
	Preparation of sorbent
	Instrumentation
	Removal method

	Results and discussion
	Effect of thermal treatment
	Effect of shaking time
	Effect of sorbent dosage
	Effect of pH
	Sorption dynamics
	Effect of DCP concentration (mol dm-3) on its sorption onto RHT
	Modeling of sorption isotherms
	Freundlich sorption isotherm
	Langmuir isotherm
	Dubinin-Radushkevich (D-R) isotherm
	Effect of temperature
	Column method

	Application
	Removal of phenol from industrial wastewater

	Conclusion
	References


