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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 21-5fmg300 mg dnt® initial phenol concentration at pH
1.0 and 40C. 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
the adsorption procesaG°, AH® andAS were evaluated as —19.4 kJ mblat 40°C), 10.2 kJ mot! and 0.093 kJ moft K1, respectively.
These showed that adsorption of phenol on chitin was endothermic and spontaneous.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction by-products derived from agricultural, industrial and fishery
wastes (peanut skins, wool, sugar cane bagasse, tea leaves,
Phenols are common contaminants in wastewater gener-coffee powder, wool, rice straw, chitin, etc.) to microbial
ated from oil, gasoline, coal, paper, textile, synthetic rubber biomasg5-7].
and pharmaceuticals industries. Wastewater containing these Chitin, a homopolymer comprisin@-(1-4)-linked N-
compounds presents a serious environmental problem be-acetylp-glucosamine is the second most abundant and re-
cause of their high toxicity and possible accumulation in the newable natural polymer. It is found in the exoskeletons of
environment. Several methods, such as microbial degrada-crabs and other arthropods and in the cell walls of some fungi
tion, adsorption, chemical oxidation, solvent extraction and [8]. Chitin is also a waste product of the crab meat canning
reverse osmosis are being used for removing phenols fromindustry and it can be extracted in large quantities from crab
wastewater. Adsorption is an effective separation process forand shrimp shells. Chitin carries one linear amino group per
treating industrial and domestic effluents. Activated carbon glucose ring and exhibits metal ion uptake. Many studies
(granular or powdered) is the most widely used adsorbent. have focused on metal binding ability of chitin and adsorp-
It has the advantage of high adsorption capacity for organic tion of phenol by activated carbon. However, much less is
compounds, but its use is usually limited due to its high cost known about the adsorption equilibrium, kinetics and ther-
[1-4]. Recently, considerable attention has been directed to-modynamics of phenol onto chitin.
wards low cost, naturally occurring adsorbents. These novel  The aim of this study was to investigate the phenol adsorp-
adsorbents include a wide range of materials ranging from tion characteristics of chitin taking into account kinetic, equi-
librium and thermodynamic aspects. The adsorption equilib-
- rium was expressed by the Langmuir and Freundlich models.
~ Corresponding author. Tel.: +90 424 2370000/5309; As there was no information about the kinetic analysis of the
fax: +90 424 2415526. ; C
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or concentrated p50, and NaOH solutions before mixing

Nomenclature with the adsorbent. As negligible changes in the final equilib-
rium pH were observed, the uptake pH was assumed constant
C unadsorbed phenol concentration in solutionjat ~ during the experiments.
any time (mg dm?3)
Co initial phenol concentration (mg dnd) 2.3. Adsorption studies
Ceq unadsorbed phenol concentration in solutionjat
equilibrium (mg dnT3) This method involved agitating (150 rpm) 250 &rlen-
AG°  Gibbs free energy change meyer flasks containing 0.1 g chitin and 100%ai phenol
AH°  enthalpy change of adsorption solutions at desired concentration, temperature and pH. Sam-
ki rate constant of pseudo-first-order sorptign  ples (5ml) were taken before mixing the chitin and phenol
(min—1) solution and at predetermined time intervals for determin-
ko rate constant of pseudo-second-order sorptiopn  ing the residual phenol concentration in the medium. Before
(gmgmin1) analysis, samples were filtered and supernatant fluid analyzed
K Langmuir adsorption constant, adsorptign for the remaining phenol. The adsorption equilibrium was
equilibrium constant (dfmg1) reached after 100 min. All the experiments were carried out
Ke Freundlich constant in duplicates and average values were used for further calcu-
n Freundlich constant lations.
q adsorbed phenol quantity per gram of adsqr- In the first stage of the adsorption studies, the initial pH
bent at any time (mgdh) of adsorption medium was changed from 1 to 10 to obtain
Oeq adsorbed phenol quantity per gram of adsqr- ~ optimumi initial pH value. Then, the initial phenol concentra-
bent at equilibrium (mgg?) tion was varied from 25 to 300 mg dr at 10, 25 and 46C
Omax Maximum amount of phenol per unit weight to determine the effect of initial phenol concentration on the
of chitin to form a complete monolayer onthe  equilibrium uptake of phenol.
surface (mg gl)
R Universal gas constant (8314 JmbK 1) 2.4. Analysis
R2 regression correlation coefficient
AS entropy change of adsorption The concentration of residual phenol in the adsorption me-
T temperature (KSC) dia was determined spectrophotometrically. The absorbance
X sorbent concentration (g dr) of the colored complex of phenol apehitroaniline was read
at 470 nm9].

lyzing the experimental data. Since the evaluation of the heat3. Results and discussion

change of the adsorption process is very important for re-

actor design, the thermodynamics of the adsorption process  Adsorption of phenol onto chitin was investigated as a

was also investigated. function of pH, temperature and initial phenol concentra-
tion. The results are given as the units of adsorbed phenol
quantity per gram of sorbent at any time and at equilib-

2. Materials and methods rium g and deq (Mg g1), respectively; unadsorbed phenol
concentration in solution at any time and at equilibri@n
2.1. Adsorbent andCeq (Mg dnt3), respectively; and adsorption yield (Ad

(%) =100x (Cg — Ceq)/Ceq).
Chitin from crushed crab shells (Sigma Chemicals Co.)
was used in this study. It was sieved to separate the materia3.1. Effect of initial pH on phenol adsorption
into discrete particle size ranges. Previous studies showed
that 147-30Qum particle sizes could be chosen as suitable  The initial pH of adsorption medium is one of the most

size for adsorption experiments. important parameters affecting the adsorption prodégs1
shows that, the uptake of phenol increased with decreasing
2.2. Chemicals initial pH and was the greatest at pH 1.0. The pH primarily

affects the degree of ionization of the phenol and the surface
Stock solution was prepared by dissolving 1.0 g of phe- properties of chitin. At low pH values, the functional groups
nol of analytical reagent grade (Merck) in 1 éiof double- of chitin would be protonated and result in a stronger attrac-
distilled water. The test solutions were prepared by diluting tion for negatively charged ions in the adsorption medium.
stock solution to the desired concentrations. The pH of the Phenol being weakly acidic would be partially ionized in
each solution was adjusted to the required value with dilute solution. These ions will be negatively charged and will be
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14 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
10 1 in Table 1 It was indicated that phenol adsorption capac-
ity increased with increasing temperature from 10 t6@0
Similar results were observed for phenol adsorption yields
6 - 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
o the sorption of phenol onto chitin is endothermic in nature
and may involve not only physical but also chemical sorp-
o 5 2 H 3 Ea 15 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 rupt(it®—13] The endother-

Fig. 1. Effect of pH on the phenol adsorptia@y= 100 mg dm3, T=25°C, mic nature of adsorption for several pollutants on different
X=1.0gdnT3, agitation rate = 150 rpm). sorbents has also been reported in previous studies, i.e., the
sorption of lead(ll) on cellulose-based sorbent, sphagnum
moss peafl4], the cadmium(ll) and lead(ll) adsorption by
spent grain[15] and sorption of copper(ll) onto tree fern

12

Geq (Mg g)

pH

directly attracted due to electrostatic forces by the protonated
amino groups of the chitin. As the pH increased, the overall

f h f the chitin b ti dad ti 416]'
surtace charge ot the chitin became negative and adsorplion - A|_asheh et al. investigated the adsorption of phenol onto

decreased. activated bentonites. They found equilibrium uptake of phe-
nol between 9.9 and 8.2 mg§ for different types of acti-

3.2. Effect of initial phenol concentration on vated bentonitefl7]. Vipulanandan determined phenol ad-

temperature dependent adsorption sorption capacity of kaolin asiamol g~1[18]. Batch adsorp-

tion of phenol on a polymeric adsorbent was performed by

Table 1shows that, the equilibrium sorption capacity of Pan et al[19] and equilibrium adsorption capacity was de-
the sorbent increased with increasing initial phenol concen- termined as 1.0 mmold. In the present work, the maxi-
tration up to 300 mg dm? because the initial sorbate concen- mum phenol adsorption capacity of chitin was obtained as
tration provided an important driving force to overcome all 21.49mgg? for 300 mg dnt2 initial phenol concentration
mass transfer resistance. The increases of loading capacity ofit 40°C. This result confirmed that the adsorption capacity
chitin with increasing initial phenol concentration may also of chitin was relatively high when compared with other ad-
be due to higher interaction between phenol and chitin. As sorbents.
chitin offered a finite number of surface binding sites, phenol
adsorption showed a saturation trend at higher initial phenol 3.3. Adsorption kinetics
concentration.

The maximum adsorption yields were determined as 21.4, Before the adsorption equilibrium studies of phenol could
23.7 and 29.1% at 25 mg dr initial phenol concentration ~ commence, it was necessary to determine the equilibrium
for 10, 25 and 40C, respectively Table 3. The adsorp- contact time required for phenol (the time required to reach
tion yield showed a decreasing trend as the initial phenol the equilibrium state after contact with the sorbent). Results
concentration was increased. At lower concentrations, all given inFig. 2 clearly showed that initial sorption of phenol
sorbate ions present in the adsorption medium could inter- occurred very rapidly and reached equilibrium in 100 min for
act with the binding sites so higher adsorption yields were 100 mg dnt2 initial phenol concentration at all temperatures
obtained. At higher concentrations, lower adsorption yields studied. The variation of the unadsorbed phenol concentra-
were observed because of the saturation of the adsorptiortion in the solution was negligible after 100 min of contact

sites. time.
Table 1
The equilibrium uptake capacities and adsorption yields obtained at different initial concentrations and temperatures
Co (mgdnT3) 10°C 25°C 40°C
Geq(Mggt) Adsorption (%) Oeq(Mgg?) Adsorption (%) Geq (Mg g?) Adsorption (%)
25 536 214 5.93 237 7.36 291
50 7.20 144 7.71 154 9.44 189
100 1035 104 1180 120 1583 158
200 1345 67 1759 88 1801 90

300 1890 63 1950 65 2149 72
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Fig. 2. The adsorption curves of phendlo 100 mgdnt3, pH 1.0,
X=1.0gdnT3, agitation rate =150 rpm and), (W) and () show uptake
values at 10, 25 and 4, 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).

_q maxK Ceq

- 1
1+ KCeq @

deq
whereK is the adsorption equilibrium constant including the
affinity of binding sites (drimg 1) andgmaxis the maximum
amount of phenol per unit weight of chitin to form a complete
monolayer on the surface (mgd). It represents a practical
limiting adsorption capacity when the surface is fully covered
with phenol.gmax andK can be determined from the linear
plot of Ceg/Qeq VersusCeq [20,21]

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

deq = KFCéén (2)

whereKg andn are the Freundlich constants that indicate
relative capacity and adsorption intensity, respectively. The
Freundlich equation can be linearized by taking logarithms
and constants can be determirad].

To determine the equilibrium isotherms, initial phenol
concentrations were varied from 25 to 300 mgdhmwhile
the adsorbent concentration was kept constant (1.0g)m
at 10, 25 and 40C. The linearized isotherms are presented
in Figs. 3 and 4 The isotherm constants and correlation
coefficients are tabulated ifable 2 Although the equi-
librium data fitted well to both of the adsorption mod-
els, the Freundlich Model exhibited a slightly better fit to
the adsorption data than the Langmuir Model. The values
of Freundlich constants increased with increasing temper-
ature and the highe¥ value was reported as 2.29 at

ardous Materials B123 (2005) 151-157
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Fig. 3. The linearized Langmuir adsorption isotherm of phenol.
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Fig. 4. The linearized Freundlich adsorption isotherm of phenol.

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

Values ofgmax andK at different temperatures are also
tabulated inTable 2 The maximum capacityymax defined
the total capacity of chitin for phenol adsorption and in-
creased with increasing temperature. Its maximum value
was determined as 25.06 mg'gat 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
Omax K R2 KF n R2
10 22.68 0.0119 0.937 1.35 2.18 0.973
25 24.15 0.0124 0.977 151 221 0.993
25.06 0.0181 0.986 2.29 2.48 0.965
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order and pseudo-second-order kinetic models were exam- 2
ined in this study.

The pseudo-first-order equation of Lagergren is generally
expressed as follow2]:

dg
dr

wherek; is the rate constant of pseudo-first-order sorption

|Og (qeq'q )

kl(‘]eq -q) (3

(min~1). Integrating this equation for boundary conditions: i " -
t=0totandq=0togeqgives 4 ' ' ' . ' ‘
. 0 10 20 30 40 50 60 70
1 .
l0g(geq — 9) = 09(geq) — 2303 (4) t(min)
Wi0°C ®25°C A 40°C
A plot of log (geq— 0) against ot should give a linear rela-
tionship with the slope df1/2.303 and intercept of (|0§bq) Fig. 5. Pseudo-first-order adsorption kinetics of phenol at different temper-
The pseudo-second-order kinetic rate equation is ex- atures.
pressed aR23]: 14
dg 121 n
Pl k2(geq — q) (5) 10 .
wherek; is the rate constant of pseudo-second-order sorp- S &7
tion (g mg- min—1). For the same boundary conditions, the 6{ m
integrated form of Equatio(b) becomes 4
*
t 1 1 5
—=—a+—t (6)
q kZCqu deq 0 T T T T T T
0 20 40 60 80 100 120 140
The second-order rate constant can be determined from the t,(min)
intercept of the linearized pseudo-second-order rate equation. W0 *25°C A40°C

A series of contact time experiments was carried out with
constant initial phenol concentration of 100 mgdhat 10, Fig. 6. Pseudo-second-order adsorption kinetics of phenol at different tem-
25 and 40C. The plots of linearized form of the pseudo- peratures.
first-order equation are shown Kig. 5. kg, geq values and
correlation coefficients are comparedTiable 3 The results ~ 3.6. Determination of thermodynamic parameters
showed that, the correlation coefficient for the first-order ki-
netic model obtained at 10 and 25 was very low and they In engineering practice, entropy and energy factors should
increased with increasing temperature. The theoretigal be considered in order to determine what processes will occur
values found from this model did not give reasonable values; spontaneously. The Gibbs free energy chan@e, indicates
so pseudo-first-order model did not describe the adsorptionthe degree of spontaneity of the adsorption process and higher
results of phenol onto chitin. negative value reflects a more energetically favorable adsorp-

Fig. 6 shows the linearized form of the pseudo-second- tion. The Gibbs free energy change of adsorption is defined
order model. The values of correlation coefficient were very as
high and the theoreticalkq values were closer to the e>_<peri- AG" = —RTINE @
mentalgeq values Table 3. In the view of these results, it can
be said that the pseudo-second-order kinetic model providedwhereRis the universal gas constant (8314 J mdt ~1) and
a good correlation for the adsorption of phenol onto chitinin T s the absolute temperature (§34,25] The magnitude of

contrast to the pseudo-first-order model. the heat of adsorption can be calculated by thermodynamic
Table 3
Change of the pseudo-first- and second-order reaction rate constants with temperature
T(°C) Geq,exp(Mg gl First-order kinetic model Second-order kinetic model
ky (min~1) Qeq.cal(Mg gh R k2 (g mg~tmin~1) Qeq,cal(Mg gl R
10 10.35 0.099 60 0.257 0.0039 12.74 0.836
25 11.8 0.055 &8 0.473 0.0071 13.39 0.914

40 15.83 0.029 104 0.937 0.0045 17.36 0.987
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Table 4 4. Conclusions

AG° values for adsorption of phenol at different temperatures

T(°C) K (dm*mg~?) —AG® (kJmof™) In this study, the ability of chitin to bind phenol was tested
10 0.0119 16.51 using equilibrium, kinetic and thermodynamic aspects. The
25 0.0124 17.49 results indicated that, adsorption capacity of the sorbent was
40 0.0181 19.36 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
methods. The effect of temperature on the equilibrium con- to 40°C and initial phenol concentration up to 300 gdin
stant is determined by Equati¢8). The Langmuir and Freundlich adsorption models were

used to express the sorption phenomenon of the sorbate.
dink  AH° 8 The equilibrium data were well described by the Freundlich
dT ~ RT? ®) Model.

The kinetics of phenol adsorption onto chitin was exam-

AH? is enthalpy change of adsorption and for an endother- jned using the pseudo-first and pseudo-second-order kinetic
mic adsorption procesaH® is positive. For an exothermic  models. The results indicated that the pseudo-second-order
process, it is negative. After integration and necessary rear-equation provided the best correlation of the sorption data.

rangements, Equatiq@) gives The negative value ok G° confirmed the spontaneous na-
. . ture adsorption process. The positive valueA® showed
INK = — AH AS 9) the increased randomness at the solid—solution interface dur-
RT R ing adsorption and the positive value 4H° indicated the
and adsorption process was endothermic.
AG®° = AH® — TAS® (10)
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