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Abstract

The adsorption of phenol onto chitin, a naturally occurring material was studied as a function of initial pH, temperature and initial phenol
concentration. The highest phenol adsorption capacity was determined as 21.5 mg g−1 for 300 mg dm−3 initial phenol concentration at pH
1.0 and 40◦C. Adsorption data were well described by the Freundlich Model, although they could be modeled by the Langmuir equation.
The pseudo-first-order and pseudo-second-order kinetic models were applied to test the experimental data. The pseudo-second-order kinetic
model provided the best correlation of the experimental data compared to the pseudo-first-order model. The thermodynamic constants of
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he adsorption process;�G◦, �H◦ and�S◦ were evaluated as –19.4 kJ mol−1 (at 40◦C), 10.2 kJ mol−1 and 0.093 kJ mol−1 K−1, respectively
hese showed that adsorption of phenol on chitin was endothermic and spontaneous.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Phenols are common contaminants in wastewater gener-
ted from oil, gasoline, coal, paper, textile, synthetic rubber
nd pharmaceuticals industries. Wastewater containing these
ompounds presents a serious environmental problem be-
ause of their high toxicity and possible accumulation in the
nvironment. Several methods, such as microbial degrada-

ion, adsorption, chemical oxidation, solvent extraction and
everse osmosis are being used for removing phenols from
astewater. Adsorption is an effective separation process for

reating industrial and domestic effluents. Activated carbon
granular or powdered) is the most widely used adsorbent.
t has the advantage of high adsorption capacity for organic
ompounds, but its use is usually limited due to its high cost
1–4]. Recently, considerable attention has been directed to-
ards low cost, naturally occurring adsorbents. These novel
dsorbents include a wide range of materials ranging from
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by-products derived from agricultural, industrial and fish
wastes (peanut skins, wool, sugar cane bagasse, tea
coffee powder, wool, rice straw, chitin, etc.) to microb
biomass[5–7].

Chitin, a homopolymer comprising�-(1-4)-linked N-
acetyl-d-glucosamine is the second most abundant an
newable natural polymer. It is found in the exoskeleton
crabs and other arthropods and in the cell walls of some
[8]. Chitin is also a waste product of the crab meat can
industry and it can be extracted in large quantities from
and shrimp shells. Chitin carries one linear amino group
glucose ring and exhibits metal ion uptake. Many stu
have focused on metal binding ability of chitin and ads
tion of phenol by activated carbon. However, much les
known about the adsorption equilibrium, kinetics and t
modynamics of phenol onto chitin.

The aim of this study was to investigate the phenol ads
tion characteristics of chitin taking into account kinetic, e
librium and thermodynamic aspects. The adsorption equ
rium was expressed by the Langmuir and Freundlich mo
As there was no information about the kinetic analysis o
adsorption of phenol, two kinetic models were used for
E-mail address:aydursun@firat.edu.tr (A.Y. Dursun).
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Nomenclature

C unadsorbed phenol concentration in solution at
any time (mg dm−3)

C0 initial phenol concentration (mg dm−3)
Ceq unadsorbed phenol concentration in solution at

equilibrium (mg dm−3)
�G◦ Gibbs free energy change
�H◦ enthalpy change of adsorption
k1 rate constant of pseudo-first-order sorption

(min−1)
k2 rate constant of pseudo-second-order sorption

(g mg−1 min−1)
K Langmuir adsorption constant, adsorption

equilibrium constant (dm3 mg−1)
KF Freundlich constant
n Freundlich constant
q adsorbed phenol quantity per gram of adsor-

bent at any time (mg g−1)
qeq adsorbed phenol quantity per gram of adsor-

bent at equilibrium (mg g−1)
qmax maximum amount of phenol per unit weight

of chitin to form a complete monolayer on the
surface (mg g−1)

R Universal gas constant (8314 J mol−1 K−1)
R2 regression correlation coefficient
�S◦ entropy change of adsorption
T temperature (K,◦C)
X sorbent concentration (g dm−3)

lyzing the experimental data. Since the evaluation of the heat
change of the adsorption process is very important for re-
actor design, the thermodynamics of the adsorption process
was also investigated.

2. Materials and methods

2.1. Adsorbent

Chitin from crushed crab shells (Sigma Chemicals Co.)
was used in this study. It was sieved to separate the material
into discrete particle size ranges. Previous studies showed
that 147–300�m particle sizes could be chosen as suitable
size for adsorption experiments.

2.2. Chemicals

Stock solution was prepared by dissolving 1.0 g of phe-
nol of analytical reagent grade (Merck) in 1 dm3 of double-
distilled water. The test solutions were prepared by diluting
stock solution to the desired concentrations. The pH of the
each solution was adjusted to the required value with dilute

or concentrated H2SO4 and NaOH solutions before mixing
with the adsorbent. As negligible changes in the final equilib-
rium pH were observed, the uptake pH was assumed constant
during the experiments.

2.3. Adsorption studies

This method involved agitating (150 rpm) 250 cm3 Erlen-
meyer flasks containing 0.1 g chitin and 100 cm3 of phenol
solutions at desired concentration, temperature and pH. Sam-
ples (5 ml) were taken before mixing the chitin and phenol
solution and at predetermined time intervals for determin-
ing the residual phenol concentration in the medium. Before
analysis, samples were filtered and supernatant fluid analyzed
for the remaining phenol. The adsorption equilibrium was
reached after 100 min. All the experiments were carried out
in duplicates and average values were used for further calcu-
lations.

In the first stage of the adsorption studies, the initial pH
of adsorption medium was changed from 1 to 10 to obtain
optimum initial pH value. Then, the initial phenol concentra-
tion was varied from 25 to 300 mg dm−3 at 10, 25 and 40◦C
to determine the effect of initial phenol concentration on the
equilibrium uptake of phenol.

2.4. Analysis
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The concentration of residual phenol in the adsorption
ia was determined spectrophotometrically. The absorb
f the colored complex of phenol andp-nitroaniline was rea
t 470 nm[9].

. Results and discussion

Adsorption of phenol onto chitin was investigated a
unction of pH, temperature and initial phenol concen
ion. The results are given as the units of adsorbed ph
uantity per gram of sorbent at any time and at equ
ium q andqeq (mg g−1), respectively; unadsorbed phe
oncentration in solution at any time and at equilibriumC
ndCeq (mg dm−3), respectively; and adsorption yield (A
%) = 100× (C0 −Ceq)/Ceq).

.1. Effect of initial pH on phenol adsorption

The initial pH of adsorption medium is one of the m
mportant parameters affecting the adsorption process.Fig. 1
hows that, the uptake of phenol increased with decre
nitial pH and was the greatest at pH 1.0. The pH prima
ffects the degree of ionization of the phenol and the su
roperties of chitin. At low pH values, the functional gro
f chitin would be protonated and result in a stronger at

ion for negatively charged ions in the adsorption med
henol being weakly acidic would be partially ionized
olution. These ions will be negatively charged and wil
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Fig. 1. Effect of pH on the phenol adsorption (C0 = 100 mg dm−3,T= 25◦C,
X= 1.0 g dm−3, agitation rate = 150 rpm).

directly attracted due to electrostatic forces by the protonated
amino groups of the chitin. As the pH increased, the overall
surface charge of the chitin became negative and adsorption
decreased.

3.2. Effect of initial phenol concentration on
temperature dependent adsorption

Table 1shows that, the equilibrium sorption capacity of
the sorbent increased with increasing initial phenol concen-
tration up to 300 mg dm−3 because the initial sorbate concen-
tration provided an important driving force to overcome all
mass transfer resistance. The increases of loading capacity o
chitin with increasing initial phenol concentration may also
be due to higher interaction between phenol and chitin. As
chitin offered a finite number of surface binding sites, phenol
adsorption showed a saturation trend at higher initial phenol
concentration.

The maximum adsorption yields were determined as 21.4,
23.7 and 29.1% at 25 mg dm−3 initial phenol concentration
for 10, 25 and 40◦C, respectively (Table 1). The adsorp-
tion yield showed a decreasing trend as the initial phenol
concentration was increased. At lower concentrations, all
sorbate ions present in the adsorption medium could inter-
act with the binding sites so higher adsorption yields were
o elds
w rption
s

The equilibrium uptake of phenol by chitin was also af-
fected by temperature. The effect of temperature on the
equilibrium sorption capacity of chitin was also presented
in Table 1. It was indicated that phenol adsorption capac-
ity increased with increasing temperature from 10 to 40◦C.
Similar results were observed for phenol adsorption yields
of chitin and the adsorption yields increased with increas-
ing temperature. The increase of the adsorption yield and
adsorption capacity at increased temperature indicated that
the sorption of phenol onto chitin is endothermic in nature
and may involve not only physical but also chemical sorp-
tion. This effect may be attributed to the enlargement of
pore size or creation of some new active sites on the ad-
sorbent surface due to bond rupture[10–13]. The endother-
mic nature of adsorption for several pollutants on different
sorbents has also been reported in previous studies, i.e., the
sorption of lead(II) on cellulose-based sorbent, sphagnum
moss peat[14], the cadmium(II) and lead(II) adsorption by
spent grain[15] and sorption of copper(II) onto tree fern
[16].

Al-Asheh et al. investigated the adsorption of phenol onto
activated bentonites. They found equilibrium uptake of phe-
nol between 9.9 and 8.2 mg g−1 for different types of acti-
vated bentonites[17]. Vipulanandan determined phenol ad-
sorption capacity of kaolin as 5�mol g−1[18]. Batch adsorp-
tion of phenol on a polymeric adsorbent was performed by
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btained. At higher concentrations, lower adsorption yi
ere observed because of the saturation of the adso
ites.

able 1
he equilibrium uptake capacities and adsorption yields obtained at d

o (mg dm−3) 10◦C 25◦

qeq (mg g−1) Adsorption (%) qeq

25 5.36 21.4 5.9
50 7.20 14.4 7.7
00 10.35 10.4 11.8
00 13.45 6.7 17.5
00 18.90 6.3 19.5
f

an et al.[19] and equilibrium adsorption capacity was
ermined as 1.0 mmol g−1. In the present work, the max
um phenol adsorption capacity of chitin was obtaine
1.49 mg g−1 for 300 mg dm−3 initial phenol concentratio
t 40◦C. This result confirmed that the adsorption capa
f chitin was relatively high when compared with other
orbents.

.3. Adsorption kinetics

Before the adsorption equilibrium studies of phenol co
ommence, it was necessary to determine the equilib
ontact time required for phenol (the time required to re
he equilibrium state after contact with the sorbent). Re
iven inFig. 2clearly showed that initial sorption of phen
ccurred very rapidly and reached equilibrium in 100 min
00 mg dm−3 initial phenol concentration at all temperatu
tudied. The variation of the unadsorbed phenol conce
ion in the solution was negligible after 100 min of cont
ime.

t initial concentrations and temperatures

40◦C

1) Adsorption (%) qeq (mg g−1) Adsorption (%)

23.7 7.36 29.1
15.4 9.44 18.9
12.0 15.83 15.8
8.8 18.01 9.0
6.5 21.49 7.2
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Fig. 2. The adsorption curves of phenol (C0 = 100 mg dm−3, pH 1.0,
X= 1.0 g dm−3, agitation rate = 150 rpm and (�), (�) and (�) show uptake
values at 10, 25 and 40◦C, respectively).

3.4. Equilibrium modelling

Equilibrium data can be analyzed using commonly known
adsorption isotherms, which provide the basis for the design
of adsorption systems. The most widely used isotherm equa-
tion for modelling of the adsorption data is the Langmuir
equation, which is valid for monolayer sorption onto a sur-
face with a finite number of identical sites and is given by
Equation(1).

qeq = qmaxKCeq

1 + KCeq
(1)

whereK is the adsorption equilibrium constant including the
affinity of binding sites (dm3 mg−1) andqmaxis the maximum
amount of phenol per unit weight of chitin to form a complete
monolayer on the surface (mg g−1). It represents a practical
limiting adsorption capacity when the surface is fully covered
with phenol.qmax andK can be determined from the linear
plot ofCeq/qeq versusCeq [20,21].

The Freundlich model is an empirical equation based on
sorption on a heterogenous surface. It is given as:

qeq = KFC
1/n
eq (2)

whereKF andn are the Freundlich constants that indicate
relative capacity and adsorption intensity, respectively. The
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Fig. 3. The linearized Langmuir adsorption isotherm of phenol.

Fig. 4. The linearized Freundlich adsorption isotherm of phenol.

40◦C. All n values were found high enough for adsorption
(>1.0).

Values ofqmax andK at different temperatures are also
tabulated inTable 2. The maximum capacity,qmax defined
the total capacity of chitin for phenol adsorption and in-
creased with increasing temperature. Its maximum value
was determined as 25.06 mg g−1 at 40◦C. The increase of
sorption equilibrium constant with temperature showed that
there was a chemical interaction between adsorbent and
adsorbate.

3.5. Kinetic modelling

Kinetic models are used to examine the rate of the ad-
sorption process and potential rate-controlling step, i.e., mass
transfer or chemical reaction. The capability of pseudo-first-

Table 2
Isotherms constants for phenol adsorbed on chitin

T (◦C) Langmuir Model Freundlich Model

qmax K R2 KF n R2

10 22.68 0.0119 0.937 1.35 2.18 0.973
25 24.15 0.0124 0.977 1.51 2.21 0.993
40 25.06 0.0181 0.986 2.29 2.48 0.965
reundlich equation can be linearized by taking logarit
nd constants can be determined[21].

To determine the equilibrium isotherms, initial phe
oncentrations were varied from 25 to 300 mg dm−3, while
he adsorbent concentration was kept constant (1.0 g d−3)
t 10, 25 and 40◦C. The linearized isotherms are presen

n Figs. 3 and 4. The isotherm constants and correla
oefficients are tabulated inTable 2. Although the equi

ibrium data fitted well to both of the adsorption mo
ls, the Freundlich Model exhibited a slightly better fi

he adsorption data than the Langmuir Model. The va
f Freundlich constants increased with increasing tem
ture and the highestKF value was reported as 2.29
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order and pseudo-second-order kinetic models were exam-
ined in this study.

The pseudo-first-order equation of Lagergren is generally
expressed as follows[22]:

dq

dt
= k1(qeq − q) (3)

wherek1 is the rate constant of pseudo-first-order sorption
(min−1). Integrating this equation for boundary conditions:
t= 0 to t andq= 0 toqeq gives

log(qeq − q) = log(qeq) − k1

2303
t (4)

A plot of log (qeq−q) against oft should give a linear rela-
tionship with the slope ofK1/2.303 and intercept of (logqeq).

The pseudo-second-order kinetic rate equation is ex-
pressed as[23]:

dq

dt
= k2(qeq − q)2 (5)

wherek2 is the rate constant of pseudo-second-order sorp-
tion (g mg−1 min−1). For the same boundary conditions, the
integrated form of Equation(5) becomes

t = 1 + 1
t (6)
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Fig. 5. Pseudo-first-order adsorption kinetics of phenol at different temper-
atures.

Fig. 6. Pseudo-second-order adsorption kinetics of phenol at different tem-
peratures.

3.6. Determination of thermodynamic parameters

In engineering practice, entropy and energy factors should
be considered in order to determine what processes will occur
spontaneously. The Gibbs free energy change�G◦, indicates
the degree of spontaneity of the adsorption process and higher
negative value reflects a more energetically favorable adsorp-
tion. The Gibbs free energy change of adsorption is defined
as

�G
◦ = −RT lnK (7)

whereR is the universal gas constant (8314 J mol−1 K−1) and
T is the absolute temperature (K).[24,25]. The magnitude of
the heat of adsorption can be calculated by thermodynamic

T
C with temperature

T Second-order kinetic model

) R2 k2 (g mg−1 min−1) qeq,cal(mg g−1) R2

1 0.257 0.0039 12.74 0.836
2 0.473 0.0071 13.39 0.914
4 0.937 0.0045 17.36 0.987
q k2q2
eq qeq

he second-order rate constant can be determined fro
ntercept of the linearized pseudo-second-order rate equ

A series of contact time experiments was carried out
onstant initial phenol concentration of 100 mg dm−3 at 10,
5 and 40◦C. The plots of linearized form of the pseud
rst-order equation are shown inFig. 5. k1, qeq values and
orrelation coefficients are compared inTable 3. The result
howed that, the correlation coefficient for the first-orde
etic model obtained at 10 and 25◦C was very low and the

ncreased with increasing temperature. The theoreticaqeq
alues found from this model did not give reasonable va
o pseudo-first-order model did not describe the adsor
esults of phenol onto chitin.

Fig. 6 shows the linearized form of the pseudo-seco
rder model. The values of correlation coefficient were
igh and the theoreticalqeq values were closer to the expe
entalqeqvalues (Table 3). In the view of these results, it c
e said that the pseudo-second-order kinetic model pro
good correlation for the adsorption of phenol onto chiti

ontrast to the pseudo-first-order model.

able 3
hange of the pseudo-first- and second-order reaction rate constants

(◦C) qeq,exp(mg g−1) First-order kinetic model

k1 (min−1) qeq,cal(mg g−1

0 10.35 0.099 6.60
5 11.8 0.055 4.78
0 15.83 0.029 11.04
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Table 4
�G◦ values for adsorption of phenol at different temperatures

T (◦C) K (dm3 mg−1) −�G◦ (kJ mol−1)

10 0.0119 16.51
25 0.0124 17.49
40 0.0181 19.36

methods. The effect of temperature on the equilibrium con-
stant is determined by Equation(8).

dlnK

dT
= �H◦

RT 2
(8)

�H◦ is enthalpy change of adsorption and for an endother-
mic adsorption process�H◦ is positive. For an exothermic
process, it is negative. After integration and necessary rear-
rangements, Equation(8) gives

lnK = −�H◦

RT
+ �S◦

R
(9)

and

�G◦ = �H◦ − T�S◦ (10)

where�S◦ is entropy change of adsorption.�H◦ and�S◦
can be determined from the slope and intercept of the plot of
lnK versus 1/T [22,23].

The equilibrium constants obtained from the Langmuir
Model at 10, 25 and 40◦C were used to determine the Gibbs
free energy changes.Table 4shows the Gibbs free energy
values for the adsorption process. The negative value of�G◦
showed the spontaneous nature of phenol adsorption onto
c were
d
t e
v orp-
t n-
d ption
[

4. Conclusions

In this study, the ability of chitin to bind phenol was tested
using equilibrium, kinetic and thermodynamic aspects. The
results indicated that, adsorption capacity of the sorbent was
affected by pH, temperature and initial phenol concentration.
The optimum pH value was determined to be 1.0. It was
found that phenol adsorption increased with temperature up
to 40◦C and initial phenol concentration up to 300 g dm−3.

The Langmuir and Freundlich adsorption models were
used to express the sorption phenomenon of the sorbate.
The equilibrium data were well described by the Freundlich
Model.

The kinetics of phenol adsorption onto chitin was exam-
ined using the pseudo-first and pseudo-second-order kinetic
models. The results indicated that the pseudo-second-order
equation provided the best correlation of the sorption data.

The negative value of�G◦ confirmed the spontaneous na-
ture adsorption process. The positive value of�S◦ showed
the increased randomness at the solid–solution interface dur-
ing adsorption and the positive value of�H◦ indicated the
adsorption process was endothermic.
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