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Abstract

Aim of this study is the determination of the Cr(VI) removal efficiency of treated pine sawdust and also to find out the thermodynamic and kinetic
parameters of Cr(VI) removal process in batch systems. Sawdust has been treated with 1,5-disodium hydrogen phosphate before the adsorption
experiments. The effects of initial concentration of Cr(VI) ion, temperature, amount of adsorbent and pH of the solution on adsorption have been
investigated. Optimum conditions for adsorption were determined as 7=40 °C, sawdust dose =4 g, pH 2, by using the results of these experiments
and an additional set of experiments was performed under these optimum conditions in order to see the change in the adsorption efficiency. Removal
of chromium ion was found as highly dependent on pH and initial Cr(VI) concentration of the solution.

In order to find out thermodynamic and kinetic parameters equilibrium adsorption models were applied. Although experimental data confirm with
both Langmuir and Freundlich isotherm models, they suit most on Langmuir isotherms. Adsorption rate constant was determined from Lagergren
equation. Equilibrium constants, adsorption free energy, enthalpy and entropy change values were also determined. It was found that adsorption

process follows first order kinetic and adsorption of Cr(VI) on sawdust has the spontaneous nature.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Heavy metals are toxic and environmentally harmful subs-
tances. Especially those accumulated within the living orga-
nisms as well as in human body are more dangerous [1].
Therefore, they have to be removed from the wastewaters before
they are given to the receiving medium.

A large number of studies on removal of heavy metals from
wastewater have been reported in the literature [2]. As a result
of these studies the methods used for the removal of chromium
ions from wastewater can be divided into five main categories:
(i) chemical reduction by using ferro sulfates, sodium metabi-
sulfite, sodium sulfite, sulfur dioxide and similar chemicals, (ii)
ion exchange by using anion exchange resins, and (iii) electro-
chemical reduction, (iv) recovery by evaporation and finally (v)
adsorption. Matagi et al. [3] discussed the potential for heavy
metal removal mechanisms by wetlands through reactions invol-
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ving sedimentation, flocculation, absorption, co-precipitation,
cation and anion exchange, complexation, precipitation,
oxidation/reduction, microbial activity and plant uptake.

Hexavalent chromium Cr(VI) is one of the most dangerous
heavy metal and a major pollutant in wastewaters, because it
is a strong oxidizing agent which irritates plant and animal tis-
sues and it is carcinogenic and mutagenic [4]. Cr(V]) can diffuse
through cell membranes in the form of CrO4%~ or HCrO4~ [5]
which do not form insoluble compounds. Therefore, direct pre-
cipitation cannot be used for the removal of chromium ions. On
the other hand, reduction is the conversion of mobile and toxic
Cr(VI) ions to the less mobile and less toxic Cr(III) ions [6,7] and
itis not an effective method because of the incomplete reduction
of Cr(VI) that may form a toxic sludge via the surface adsorption
onto the Cr(IIl) hydroxide precipitate [8]. Another disadvantage
of this method is the requirement of high cost chemicals for the
reduction.

Adsorption is the accumulation of gas, vapor or liquid mole-
cules on an interface. It is regarded as one of the most efficient
methods for the removal of toxic and non-biodegradable com-
pounds such as heavy metals [5,9]. All solid materials including
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metals and plastics have the adsorption capacity whether they
have the crystalline structure or not. However, the solids which
have the high adsorption capacities are the ones having a porous
structure like a sea sponge, and magnitude of their adsorption
capacity is determined by the radius and number of these pores
[10]. Various materials such as natural zeolites [11], clay mine-
rals [12,13], lignocellulosic materials [14], waste tires [15],
biomaterials [16], industrial wastes [17-19] and agricultural
wastes [20] are used as adsorbent for the removal of heavy
metals.

There are large numbers of studies in the literature in which
various adsorbents are used [21-25]. Two recent reviews repor-
ted by Mohan and Pitman [26] and Kurniawan et al. [27] can
be referred for the other possible adsorbents for the removal of
heavy metals.

Adsorption depends on number of parameters such as phy-
sical and chemical properties of adsorbent and adsorbate,
temperature, pH, concentration, pressure, etc., therefore, deter-
mination of adsorption mechanism and optimum operation
conditions are generally a difficult task [23]. Although there are
large number of studies in which sawdust is used as adsorbent
for the removal of chromium ions [13,28-31], still there is
need for experimental data in order to determine the adsorp-
tion mechanism of chromium ions on sawdust especially for the
dilute solution [32]. Objectives of this study were to investi-
gate the thermodynamic and kinetic parameters of removal of
chromium ions from wastewaters by using pine sawdust treated
with 1,5-disodium hydrogen phosphate, as adsorbent in batch
system.

2. Materials and methods
2.1. Preparation of adsorbent and solutions

Pine sawdust was first screened (200 wm) and washed with
distillate water three times and drained. Sawdust then immersed
into 1,5-disodium hydrogen phosphate solution (20 mL solu-
tion per gram of sawdust) and mixture was left in a furnace
that is maintained at 21 °C, for 24 h. Dried sawdust was washed
with distilled water in order to remove the excess phosphate and
phosphate analysis of drained water was made by using sodium
acetate and Fe3Cl. Washed sawdust was dried to bring it to a
constant weight in a drying-out cupboard maintained at 41 °C.
Then it was kept in a desiccator.

One hundred milligrams per litre Cr(VI) stock solution was
prepared by dissolving K»Cr,O7 in double distilled water whose
conductivity and pH were controlled.

0.1 M HCI and 0.1 M NaOH solutions used for the pH adjust-
ment were prepared by using concentrated HCl and NaOH
(Merck, reagent grade) solutions, respectively.

2.2. Adsorption experiments in batch system

Adsorption experiments were performed in two steps. In the
first step, preliminary experiments were performed in order to
determine the rate of change of adsorption with time and also
to determine the equilibrium concentration of aqueous solution.

In this group of experiments 500 mL of 100 ppm solutions were
used. Ten grams of treated sawdust were added to the solutions
and experiments were carried out at 100 rpm shaking rate for
6.5 h. Four millilitre samples were taken from the solutions in
10 min intervals in the first 1 h period and then 30 min intervals
within the remaining 5.5 h. Samples were first filtered in order
to remove the possible sawdust within the sample and they were
kept in black, tightly closed sample holders.

Experiments that took place in the second step were designed
to investigate the effects of operating conditions on the removal
of Cr(VI) ion and to obtain data in order to evaluate the thermo-
dynamic and kinetic parameters of chromium ion sorption on
sawdust.

In order to see the effect of the concentration on adsorp-
tion efficiency, solutions with concentrations of 20, 40, 60, 80,
100 Cr(VI)/L were prepared by diluting the stock solution and
150 mL solutions were taken into Erlenmeyer from each solu-
tion. Two grams of sawdust were added to each sample and
placed in to water bath which is maintained at 20 °C. In this first
group of experiments bath temperature was maintained at 20 °C
but it was changed to 30, 40, 50 °C in second set of experiments
in order to determine the effects of temperature.

The effect of adsorbent dose on removal efficiency was also
investigated and 1, 2, 3, 4, 6 and 8 g of sawdust were added to
six different solutions each having a volume of 150 mL. These
solutions were placed into the water bath which was maintained
at a temperature and shaking rate of 20 °C and 100 rpm, respec-
tively.

Fourth group of experiments was carried out in order to see
the effect of solution pH on removal efficiency by using 150 mL
solution samples having the concentration of 60 mg/L at a bath
temperature of 40 °C. Four grams of sawdust was added to each
solution sample whose pH values were 2, 3, 4, 7 and 9. In these
experiments only initial pH values were adjusted but pH control
was not made during the experiment.

Finally, a last set of experiments was performed in order to
find out the maximum adsorption efficiency under the optimum
experimental conditions. In these experiments 4 g of sawdust
was added to each solution sample. Solution samples having
concentrations of 20, 40, 60, 80 and 100 mg Cr(VI)/L at a pH
of 2 were used. Water bath temperature and shaking rate were
maintained at 40 °C and 100 rpm, respectively.

2.3. Measurement of Cr(VI) concentration in aqueous
solutions

There are some components within the sawdust that may
reduce the Cr(VI) to Cr(III). Therefore, oxidation of Cr(III)
within the samples to Cr(VI) is necessary before the analysis
of each sample. Cr ions within the samples were oxidized by
using potassium permanganate in acidic medium. The violet
color that forms as a result of the reaction between the Cr(VI)
ions and 1,5-diphenil carbazide in acidic medium, was measu-
red by using Shimadzu UV/V double beam spectrophotometer
at 540 nm. The lowest limit of this method is 0.01 mg/L and the
best suitable measurement range is 0.5-5.0 mg/L. Therefore, in
order to obtain the more reliable measurements some of the
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samples were diluted before the measurements and measured
values were multiplied by the dilution factor.

2.4. Adsorption models

Adsorption isotherms are very powerful tool for the analysis
of adsorption processes. Adsorption isotherms establish the rela-
tionship between the equilibrium pressure or concentration and
the amount of adsorbate adsorbed by the unit mass of adsorbent
at a constant temperature. But due to the complex nature of
liquid-phase adsorption on the microporous substances there
may not be a simple expression that is capable of describing
the process. In order to avoid complexity in practical applica-
tions Langmuir and Freundlich models have been widely used
to describe the behavior of adsorbent—adsorbate couples.

2.4.1. Langmuir isotherm

Langmuir isotherm is applicable for the adsorption on homo-
geneous surfaces and it depends on the assumptions which can
be summarized as there are constant numbers of active sites
having the uniform energy on adsorbent surface and adsorp-
tion energy is constant. Further, it is assumed that adsorption
is a monolayer adsorption and the maximum adsorption occurs
when molecules adsorbed on the surface of adsorbent form a
saturated layer. Langmuir isotherm is valid for the cases where
adsorption is a monolayer coverage processes, therefore, it is
expected that adsorption value reach to a maximum value at
high pressure or concentrations.

A+X o AX

B+ X< BX
AX+BX < CX+X
CX < C+X
A+B < C

General expression of Langmuir isotherm is

QOKLCe

=" 1
1+KLCC ()

ge
where ge is the amount of adsorbate adsorbed by a unit mass of
adsorbent at equilibrium (mg/g adsorbent), C, the concentration
of adsorbate remaining in the solution at equilibrium (mg/L), K1,
the constant related with adsorption net enthalpy, Qg amount of
adsorbate adsorbed by unit mass of adsorbent that is required to
cover adsorbent surface completely as a monolayer (mg/g).

In most of the cases linearized form of this expression is used.

Ce 1 Ce

— = + — 2)
qe QoKL Qo
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ge Qo KpLQo Ce

Constants Qg and K1, can be evaluated from the plot of either C,
versus Ce/ge or 1/ge versus 1/Ce.

2.4.2. Freundlich isotherm

Although Freundlich isotherm is generally used for the
adsorption from liquid solutions, it is used for the gas adsorption
as well. This model expresses a special case in which adsorbent
surface energy is heterogeneous and energy related term Ki, in
Langmuir isotherm changes as a function of surface coverage g.
According to this model, initially amount of adsorbed compound
increases rapidly, this increase slow down with the increasing
surface coverage. This change is expressed as;

ge = KpCl/" )

where K and 1/n constants depend on temperature and proper-
ties of adsorbate and adsorbent. They are measure of adsorption
capacity of adsorbent and measure of adsorption intensity, res-
pectively. Linearized form of this model is,

In ge =1nK1:—i-%lnCe 5)
Langmuir and Freundlich isotherms mathematically charac-
terize the adsorption in dilute solutions, therefore, adsorption
data confirm with both of these models when studies are carried
out in medium concentration range [33—-35]. In this study, both
of these two isotherms were applied to the experimental data.

2.5. Kinetics and thermodynamics of adsorption

Mechanism of batch adsorption can be given as [15,36]

adsorption (6)
adsorption (7
surface reaction %)
desorption 9
overall reaction (10)

dCg dCa CapdXa

—— — — = —— =k1Ca — knC

dr dr dr AT RER
= k1(Cao — CaoXa) — k2(Cpo + CaoXA)
(11)

where Cj is the concentration of remaining metal in the solution,
Cg the concentration of metal on the adsorbent, Cxg and Cgyp
the initial concentrations of metal in solution and on adsorbent
surface, respectively, Xa the conversion fraction of metal, and
k1 and k» are the first order reaction rate constants.

At equilibrium;

dCp dCa
—=—=0 12
dr dt (12)
(Kc — Co/Ca0)
Xpac=———"——= 13
AC Ket D (13)
_ Cec _ Cpo—CaoXac ki

Kc (14)

" Cac Cao—CaoXac ko

where K¢ is the equilibrium constant and Cgc and Cac the metal
concentration on adsorbent and in solution, respectively.
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Adsorption free energy change (AG°), enthalpy change
(AH®) and entropy change (AS°) can be evaluated as follows;

AG° = —RTIn K¢ (15)
and Van’t Hoff Equation;
AS° AH®

2.303R  2.303RT

For an adsorption process that obeys the first order rate law,
adsorption rate constant can be found from Lagergren equation
[20,37]. These equations are especially applicable to the reac-
tions that obey the first and second order kinetics. Starting from
the amount of adsorbate adsorbed by a unit mass of adsorbent,

adsorption rate constant can be obtained. If the expression given
for a first order kinetics,

log K¢ = (16)

dg
S — 17
i ADS(qe — q) 7
is integrated

kADs,
log(ge — q) = logge — 55+ (18)

is obtained.
In this study, it was tried to obtain the reaction and adsorption
parameters using above expressions.

3. Results

In this study, effects of initial metal concentration, tempera-
ture, pH and amount of adsorbents on adsorption of Cr(VI) ions
on sawdust were investigated in batch systems. Also adsorp-
tion efficiency, equilibrium isotherms and kinetic parameters
were investigated by performing a set of experiments under the
experimentally determined optimum conditions.

3.1. Determination of optimum operating conditions

Change in the amount of adsorbed metal ion with time at
different concentrations is given in Table 1. According to data
in Table 1, amount of adsorbed Cr(VI) ions increases with the
increasing initial concentration except the solution whose ini-
tial concentration was 100 mg/L. Baral et al. [36] explained this

Table 1
Variation of amount of adsorbed metal with time at different initial chromium
concentrations (sawdust=2 g)

t (min) Amount of metal adsorbed by sawdust at 20 °C

20 mg/L 40 mg/L 60 mg/L 80 mg/L 100 mg/L
30 0.797 2272 4.061 2.799 4.325
60 1.533 3.462 5.441 7.902 6.341
90 2.544 3.902 7.203 9.020 7.008
120 2.778 5.863 10.414 11.547 10.655
150 2.885 6.355 10.536 12.876 11.874
180 3.090 6.846 10.689 12.965 11.876
210 3.099 6.490 10.678 12.969 11.875
240 3.099 6.492 10.692 12.972 11.877
270 3.10 6.489 10.689 12.970 11.877

" Effect of temperature on adsorption
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Fig. 1. Effect of temperature on adsorption (Cp=40mg/L, sawdust=2g, pH
uncontrolled).

behavior by the increase in the number of chromium ions avai-
lable for the adsorption in the solution and also by the fact that,
higher initial adsorbate concentration provided higher driving
force to overcome all mass transfer resistances of the metal ions
from the aqueous to the solid phase resulting in higher proba-
bility of collision between Cr(VI) ions and active sites. Results
of some studies reported in the literature [37—40] for the effect
of initial adsorbate concentration, confirm very well with the
results obtained in this study. It has been observed that initial
adsorption rate is initially very high for all initial concentrations.
But it decreases with time due to the coverage of the active sites
by the metal ions. Adsorption process almost completed within
2h and no significant change was observed at the end of 3 h.
Change in the solution concentration with time was calculated
by using these values. The concentrations of solutions did not
change after 200 min which are called as equilibrium concentra-
tions (C.). Other important observations were that the smallest
equilibrium value was obtained for the initial concentration of
20 mg/L and values of equilibrium concentrations increase with
the increasing initial concentrations.

Effect of temperature on adsorption capacity of sawdust was
investigated at two initial concentrations by using 2 g of sawdust
at the temperatures of 20, 30, 40 and 50 °C. Data obtained from
these experiments are given in Figs. 1 and 2. Change in solution
concentration with time was similar in these two figures; initially
there is a rapid decrease in concentration and then it starts to slow
down and finally there is no significant change after 2 h. Solution
concentration decreases more rapidly, i.e. amount of adsor-
bed ions increases when temperature was increased from 20 to
50 °C. Adsorption is considered as an exothermic process; there-
fore, it is expected that the equilibrium concentration increases
(i.e. amount of adsorbed material decreases) with increasing

Effect of temperature on adsorption

80
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E 40
Q

20'_] —4— 20 °C —8— 30 °C —&— 40 °C —%— 50 "Cl_

0 Ll T T T L
0 50 100 150 200 250 300

time (min)

Fig. 2. Effect of temperature on adsorption (Cp=60mg/L, sawdust=2g, pH
uncontrolled).
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C=60mg/l, T=40°C

0 \\
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Fig. 3. Equilibrium concentrations as a function of dose of sawdust.

temperature. But some chemical adsorption processes are endo-
thermic processes; therefore, increase in temperature leads to
increase both in adsorption rate and amount of adsorbed mate-
rials [19]. Since this trend was observed in this study, adsorption
of Cr(VI) on sawdust is possibly a chemical adsorption process.

An interesting point which can be observed from both
Figs. 1 and 2 is that there is a slight increase in equilibrium
concentration when temperature is changed from 40 to 50 °C.
Kinetic energies of chromium ions were low at low tempera-
tures. Therefore, it is very difficult and time-consuming process
for ions to reach the active sites on the adsorbent. Increase in
temperature causes increase in the mobility of the ions. If tem-
perature is further increased, the kinetic energies of chromium
ions become higher than the potential attractive forces between
active sites and ions [37,41,42]. Decrease in equilibrium concen-
tration when temperature was increased from 20 to 40 °C and
slight increase in it when temperature was raised from 40 to
50 °C may be explained as a result of this phenomenon.

Effect of amount of sawdust on the adsorption efficiency was
investigated by using six different solutions having the same
properties except the dose of adsorbent. Amounts of adsorbent
within these solutions were different such as 1 g in first solu-
tion, 2 g in second one, 3 g in third one, 4 g in fourth, 6 g in fifth
and finally 8 g in the sixth solution. Results obtained from these
experiments are given in Fig. 3 in which equilibrium concentra-
tions are plotted as a function of dose of sawdust. Experimental
results showed that the equilibrium concentration decreases (i.e.
amount of chromium ion adsorbed increases) with the increasing
amount of adsorbent up to 4 g. After this dose of adsorbent no
significant change was observed. This behavior of equilibrium
concentration may be explained by the increase in adsorption
surface area and hence the active sites with the increasing dose of
adsorbent [8,35,40]. Since amount of initial Cr(VI) is constant,
they can occupy only a certain amount of active sites. Therefore,
further increase in the number of active sites does not affect the
amount of adsorbed ions. In other words, for each ion concentra-
tion there is a corresponding adsorbent dose at which adsorption
equilibrium was established.

Another important parameter for the adsorption is pH of the
solution. In order to determine the effect of pH on the adsorp-
tion, five solutions with different pH (2, 3, 4, 7 and 9) but having
same concentration (60 mg/L) and containing 4 g of sawdust
were prepared and placed into water bath maintained at 40 °C.
Change of equilibrium concentration as a function of pH is given

C=60 ppm. T=40°C,sawdust=4g

e

60
50

w P
30

20 //

o Vi

ST

0 2 4 6 8 10
pH

Ce (mg/l)

Fig. 4. Change of equilibrium concentration as a function of pH.

in Fig. 4. Experimental results given in Fig. 5 show that increase
in the initial pH of the solution from 2 to 9 caused to increase
in equilibrium concentration of Cr(VI) ions. Starting from this
point it may be concluded that 2 is the best initial pH value for
the adsorption of chromium ions on sawdust. Although Malkog
et al. [19], Garg et al. [44] and Kiran et al. [45] used different
adsorbents in their studies, they also found that pH 2 is the opti-
mum pH value. Similar behavior was observed by El-Shafey
who investigated the removal of chromium ions from wastewa-
ters by using modified rice husk as adsorbent [46] and also by
Karthikeyan et al. [29]. For each metal ion, there is a specific pH
value at which the maximum adsorption of that ion takes place.
This pH takes place in basic region (i.e. at high pH values) for
the cationic metals; it takes place as an exceptional case at the
low pH values for the anionic metals. Adsorption of chromium
ions was around 95% at pH 2, and it decreased to 84%, 55%
and lower values with the increasing pH values. This may be
explained by the influence of solution pH on the surface charge
distribution which is strongly related with the metal ions removal
[S].

The dominant chromium compound within the solution at
pH 2 is HCrO4™~ (Cr042’ and also Cry 072~ exist). Removal of
Cr(III) at pH 2 is zero while its removal percentage is very high
at pH 5 whereas removal percentage of Cr(VI) is significantly
low. This shows that pH of the solution is very important para-
meter for the removal of Cr(VI) which is the toxic form of the
chromium metal. At pH 2, due to the excess amount of H* ions
within the medium, the active site on the sawdust is positively

120
100

—e— 20 mg/l

e —a— 40 mg/l

= —a— 60 mg/l

g 60 - 80 mg/l

= —m- 100 mg/|
© 40
20
0 a
0 50 100 150 200 250

t (dk)

Fig. 5. Adsorption experiments at optimum conditions.
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Table 2
Comparison of experimental results obtained under the optimum conditions with
the ones obtained from the experiments carried out by using 2 g of sawdust

Co (mg/L)  ge (mg/g ads.)

T=20°C T=30°C T=40°C T=50°C Atoptimum

conditions
40 0.486 0.800 0.933 0.88 1.42
60 0.801 1.326 1.499 1.42 2.14
% Adsorb.

40 16.222 26.678 27.56 29.41 94.75
60 17.815 29.480 33.32 31.65 94.98

charged. This causes a strong attraction between these sites and
negatively charged HCrO,4~ ions [45,46];

OH, " 4+ HCrO4 < OH, T (HCrO4 ™) (19)

At low pH values active sites are positively charged. The-
refore, negative metals adsorption increases significantly. When
pH value increases, surface of the adsorbent becomes the neutral
and a decrease in the adsorption is observed. When adsorbent
surface is negatively charged, adsorption decreases significantly.
This behavior is specific for the chromium ions and it is different
for the divalent metals. Chromium ions release hydroxide ions
to the solution instead of proton [36].

A last set of experiments was performed under the optimum
conditions (T'=40 °C, sawdust dose =4 g, pH 2) determined as
a result of above experiments. Results of these experiments are
presented in Fig. 5. Concentration of chromium ion in the solu-
tion decreases (i.e. amount of adsorbed ion increases) with time
and rate of this decrease increases with the increasing tempera-
ture. Rate of adsorption is initially very high at all adsorption
temperatures but it starts to slow down after about 50 min and
it ceases approximately after 150 min. This behavior may be
explained by the availability of the active surfaces for the adsorp-
tion. Initially, number of active sites available for the adsorption
on the adsorbent surface is high but this number starts to decrease
with the progress of the adsorption. Finally, adsorption finishes
when all active surfaces are covered with the metal ions. This
implies that chromium ions adsorbed on sawdust possibly by
chemical adsorption because chemical adsorption takes place as
amonolayer coverage rather than multilayer adsorption as in the
case of physical adsorption. Initial adsorption rate is very high
because of the large surface area of the sawdust available for
the adsorption. But after the coverage of this surface area by the
adsorbed metal ions as a monolayer its adsorption capacity was
exhausted and rate of adsorption controlled by the diffusion rate
of adsorbate from external sites to the internal sites [48].

Comparison of experimental results obtained under the opti-
mum conditions with the ones obtained from the experiments
carried out by using 2 g of sawdust is given in Table 2. The
highest adsorption values were obtained at the optimum condi-
tions for all temperature and concentration values. For example,
the highest removal efficiency achieved by using 2 g of adsorbent
at an initial concentration of 40 mg/L, was 29.41% whereas this
value for the same solution was 94.75% at the optimum condi-

FREUNDLICH iSOTHERM FOR 20°C
0,5

0 Z

b 7
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7

-25 /
Lz
-3,5 /

/
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¢ Y =0.889X - 3.871 |
R2 =0.927
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Fig. 6. Application of Freundlich model to the experimental data.

tions. For the solution with an initial concentration of 60 mg/L
the highest removal percentage is 31.65%, whereas 94.98%
removal efficiency was obtained under the optimum conditions.

3.2. Kinetic and thermodynamic parameters

Adsorption equilibrium data were used for the determination
of kinetic and thermodynamic parameters. Adsorption equili-
brium isotherms are very helpful tools for this purpose. The
widely used adsorption isotherms are Langmuir and Freundlich
isotherms which are given by Eqs. (1) and (4), respecti-
vely. The linearized forms of these equations (Egs. (3) and
(5), respectively) were applied to experimental data given in
Figs. 6-9. Although experimental data confirm both of these
adsorption models, values of regression coefficient, R2 (see
Table 3), indicate that adsorption of chromium ions on sawdust
obeys the Langmuir type isotherm as reported in the literature
[4,28,49,50]. This result implies that adsorption is a monolayer
coverage for this system. One of the important assumptions in
the development of Langmuir isotherm is the homogeneity of

LANGMUIR iSOTHERMAT 20°C

2,5 /

@
S 2 /
1,5 /
1 0/ & +Y=70.563X + 0.044 ]

0s / R2 =0.969
' /

0 L] T Ll
0 0,02 0,04 0,06 0,08
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Fig. 7. Application of Langmuir model to the experimental data.



488 M. Uysal, I. Ar / Journal of Hazardous Materials 149 (2007) 482—491

Table 3
Adsorption isotherm constant values for Langmuir and Freundlich models

Uncontrolled pH,
T=20°C, sawdust=2g

R? At optimum conditions (pH 2, R?
T=40°C, sawdust=4g)

Langmuir isotherm Qo 30.488
constants Ky 4.63x 107
Freundlic isotherm 1/n 0.887
constants Kr 0.021

121.95

0.98 413 % 104 0.991
0.882
0.924 071203 0.964

FREUNDLICH iso THERM FOR OPTiMUM CONDITION DATA
15

1 ~
/
0,5

In ge

+Y=0.890X -0.99
R2 =0.99

-1
In Ce

Fig. 8. Application of Freundlich model to the experimental data obtained at
optimum conditions.

the adsorbent surface. Therefore, it may be regarded that saw-
dust has a homogeneous surface in surface charge distribution
aspect [19,51].

Adsorption isotherm constants obtained from these figures
are given in Table 3. Langmuir isotherm constant Qp indicates
the amount of metal ions required for the monolayer coverage
of the surface, in other words shows the monolayer capacity.
Value of Qp in optimum conditions increased four times with
respect to the value obtained when 7'=20 °C, sawdust=2 g and
without pH control. This change in the monolayer adsorption
capacity of the sawdust with the changing conditions is a very
good improvement.

LANGMUIR iSOTHERM FOR OPTIMUM CONDITION DA TA
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Fig. 9. Application of Langmuir isotherm to the experimental data obtained
under optimum conditions.

Other Langmuir isotherm constant Ky also increased with
the changing operation conditions. This constant can be used in
the calculation of heat of adsorption. The values of constant Ry,
which shows the preferrability of the adsorbent, were calculated
by using the K1, values from the following formula and they have
been given in Table 4.

1
1+ K1LCo

If value of Ry takes place between 0 and 1.0, adsorbent is a
preferred one [43].

Freundlich adsorption constant 1/n shows the intensity of
adsorption and if its value takes place between 0 and 1.0 it is
regarded that the adsorbent is a preferred one. On the other hand,
value of KF increased from 0.021 to 0.7203 when experimental
conditions were replaced by the optimum conditions. Since Kr
is the measure of the adsorption capacity of the adsorbent, it
indicates the improvement of adsorption due to change in the
experimental conditions.

Adsorption rate constants were evaluated by using Lager-
gren equations which are used for the first and second order
reactions. Lagergren equation given for a first order reaction
kinetics (Egs. (17) and (18)) was used in order to obtain the
reaction rate constant in this study.

An example of log(ge — q) versus ¢ plot is given in Fig. 10.
This plot gives a straight line, which indicates that the experi-
mental data obey the Lagergren equation given for the first order
kinetics. Slope of this line gives the rate constant.

The rate constants calculated in this manner are given in
Table 5. Adsorption rate constants change with temperature but
no increase or decrease proportional with temperature (i.e. no
general tendency depending on the temperature) was observed.
This implies that adsorption rate constants were affected from
the parameters other than temperature.

Equilibrium constant K¢ values were determined from Eq.
(14) and given in Table 6. The big differences between the K¢

Ry (20)

Table 4
Ry, values obtained for different metal initial concentration

Co (mg/L) Ry, (uncontrolled pH, Ry, (under the optimum
T=20°C, sawdust=2g) conditions pH 2,
T=40°C, sawdust=4g)
20 0.991 0.902
40 0.822 0.822
60 0.754 0.754
80 0.698 0.698
100 0.649 0.649
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Fig. 10. Plot of log(ge — g) vs. time to determine the rate constant (7=50°C,
Co=40mg/L, pH 2).

Table 5
Adsorption rate constants obtained by using Lagergren equation

Co (mg/L)  kags x 10% (min~1)
20°C 30°C 40°C 50°C At optimum conditions
40 2.418 1.519 2.372 0.960 2.279
60 3.150 1.243 1.680 1.330 3.062
Table 6
Equilibrium constant (Kc) values
Co (mg/L) 20°C 30°C 40°C 50°C At optimum conditions
40 0.193 0.363 0.451 0.416 18.047
60 0.216 0.418 0.499 0.463 18.933

values obtained from the data of experiments carried out under
the optimum conditions and the ones obtained from the data of
other experiments can be seen very clearly. Since equilibrium
constants for endothermic reactions increase with the increasing
temperature, data in Table 6 suggest that adsorption of Cr(VI)
ion is endothermic. Increase in the K¢ values also indicates the
increase within the amount of adsorbed metal ion.

Table 9
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Table 7
Adsorption free energy change (AG®) values

Co (mg/L) AG® (kJ/mol)
20°C 30°C 40°C 50°C At optimum conditions
40 3.999 2.546  2.296 2.350 —7.528
60 3724  2.197 1.804  2.067 —7.653
Table 8

Adsorption enthalpy (AH®) and entropy (AS°) values

Co (mg/L) AH° (J/mol) AS° (J/mol K)
40 20.143 56.494
60 19.689 55.975

Free energy values were calculated by using Eq. (15) and
results are presented in Table 7. Negative value of free energy
indicates that adsorption is a spontaneous process. It is wor-
thwhile that free energy values calculated from the uncontrolled
pH experiments data are negative whereas they are positive for
the experiments carried out under the optimum conditions. This
indicates the importance of the conditions of adsorption medium
beside the physical and chemical properties of adsorbent and
adsorbate.

Adsorption enthalpy and entropy were calculated starting
from Eq. (16) and drawing log K¢ versus 1/T plot. Results are
given in Table 8.

Positive value of adsorption enthalpy shows that process
is endothermic. Increase in equilibrium constant with increa-
sing temperature, positive value of adsorption enthalpy and
its magnitude (magnitude of a chemical adsorption enthalpy
is nearly equal to that of a chemical reaction) imply that
adsorption of Cr(VI) on sawdust is a chemical adsorption
[28,37,49]. Further the positive value of adsorption entropy
supports the above conclusion withdrawn by considering the
negative value of free energy change that process is spontaneous
[50,52].

Comparison of results reported in the literature for the removal of Cr(VI) with the values obtained in this study

Adsorbent Lagergren rate Adsorption isotherms constants Equilibrium Free energy, AG°
constant constant, K¢ (kJ/mol)
Langmuir Freundlich
Qo KL Kr 1/n
Wool 3.96 x 1072 4115  7.15x1073 223 043 2.46 —2.26
Olive paste 8.99 x 1073 3344  470x 1073 048 0.63 1.45 —0.94
Sawdust 9.00 x 1073 1582  9.17x1073  0.87 044 2.29 —2.02 30°C
Pine needle 1.8x 1074 2150  544x1073 027 0.69 0.95 0.13 pH
8.80 x 1073 1061 546x1073  0.14 0.68 0.34 273 2
Coal 7.44 x 1073 678 11.5x 1073 021 0.59 0.37 2.50
Cactus 6.80 x 1073 709  6.13x1073  0.09 0.70 0.33 2.80
Pine sawdust?® 3.15x 1072 30.48 4.62 x 107 0.02 0.88 0.21 3.72 20°C, uncontrolled pH
Pine sawdust® 3.06 x 1072 12195 541x1073 072 088 18.93 —7.65 40°C, pH 2
Biogas sludge 1.28 x 1072 587 - 1.50  0.49 2.73 —2.53 30°C, pH 2
Rubber sawdust 1.50 x 1072 - - 9.39  0.53 2.28 —2.14 40°C,pH2

? This study.
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Results reported in the literature [47,50,53] for the adsorp-
tion of chromium ions on natural materials have been presented
in Table 9 together with the values obtained in this study for
comparison purposes.

Values presented in the tables were obtained by using the
same procedure used in this study, therefore, they can be compa-
red directly. Comparison of the reaction rate constants obtained
by using Lagergren equation showed that the adsorption rate
achieved in this study is higher than the reported values. Values
of equilibrium constants calculated from experimental results
obtained at optimum conditions showed that amount of adsor-
bed chromium ion in this study is higher than the ones obtained
in the other studies. In other words, removal percentage in this
study is better than those obtained in other reported studies. Of
course this difference is essentially due to the difference between
the physical and chemical properties of the adsorbents used in
these studies.

On the other hand, operation conditions are very important.
AG"® value obtained under the uncontrolled pH conditions was
negative whereas it was obtained as positive when studied at
optimum conditions. This kind of a change in the sign of free
energy occurs only due to change in the adsorption mechanism.
This change in the mechanism may be expressed by the change
in the surface charge distribution of the adsorbent that arises
from the change in the pH of the solution.

4. Conclusions

Comparison of experimental values and Langmuir and
Freundlich isotherms showed that Langmuir isotherm confirms
very well with the experimental data. Regression coefficient
values also support this observation. This observation suggests
that the adsorption of chromium ion on pine sawdust treated
with 1,5-disodium hydrogen phosphate is a monolayer adsorp-
tion.

It was concluded from the comparison of Qg value obtained
in this study with the ones reported in the literature that, sawdust
can be used as an efficient adsorbent material for the removal of
chromium ion from wastewaters.

Value of Q¢ was obtained as 30.488 at 20 °C under the
uncontrolled pH conditions by using 2 g of sawdust. This value
increased four times when operation conditions adjusted to the
optimum conditions. Chromium(VI) is an anionic metal and its
compounds change with the changing pH of the solution. On the
other hand, charge distribution on surface of the sawdust depends
on the pH of the solution. Therefore, it has been concluded that
the reason of this increase in the Qg value is the adjustment of
pH of solution to 2.

Application of Lagergren equation to the experimental data
gave a straight line which shows that adsorption process obeys
the first order rate law.

Other important conclusions withdrawn from values of ther-
modynamic parameters can be stated as, negative value of AG®
and positive AS° show that adsorption of chromium ion on
sawdust is a spontaneous process and negative value of AH®
indicates that adsorption is endothermic and therefore it is pos-
sibly a chemical adsorption process.

References

[1] Z. Aksu, D. Akpinar, Competitive biosorption of phenol and chromium(VI)
from binary mixtures onto dried anaerobic sludge, Biochem. Eng. J. 7
(2001) 183-193.

[2] A. Murathan, S. Benli, Removal of strontium, aluminum, manganese and
iron ions from aqueous solutions in packed beds, Fresenius Environ. Bull.
13 (2004) 481-484.

[3] S.V.Matagi, D. Swai, R. Mugabe, A review of heavy metal removal mecha-
nisms in wetlands, Afr. J. Trop. Hydrobiol. Fish. 8 (1998) 23-35.

[4] N. Sankararamakrishan, A. Dixit, L. Iyengar, S. Rashmi, Removal of hexa-
valent chromium using a novel cross linked xanthated chitosan, Bioresour.
Technol. 47 (2006) 2377-2382.

[5] H. Barrera, F.U. Nunez, B. Bilyeu, C.B. Diaz, Removal of chromium and
toxic ions present in mine drainage by Ectodermis of Opuntia, J. Hazard.
Mater. 36 (2006) 846-853.

[6] M. Erdem, F. Gur, F. Tumen, Cr(VI) reduction in aqueous solutions by
siderite, J. Hazard. Mater. 113 (1-3) (2004) 217-222.

[7]1 M. Gheju, A. Tovi, Kinetics of hexavalent chromium reduction by scrap
iron, J. Hazard. Mater. 135 (1-3) (2006) 66-73.

[8] A. El-Skaily, A.E. Nemr, A. Khaled, O. Abdelwehab, Removal of toxic
chromium from wastewater using green alga Ulva lactuca and its activated
carbon, J. Hazard. Mater. 148 (2007) 216-228.

[9] K.K.H. Choy, J.F. Morter, G. McKay, Single multicomponent equilibrium
studies for the adsorption of acidic dyes on carbon from effluents, Langmuir
20 (2004) 1195-1200.

[10] W.S. Wan Ngah, A. Kamari, S. Fatinathan, Adsorption of chromium
from aqueous solution using chitosan beads, Adsorption 12 (2006) 249—
257.

[11] E. Erdem, N. Karaginar, R. Donat, Removal of heavy metal cations by
natural zeolites, J. Colloid Interface Sci. 280 (2004) 309-314.

[12] M. Cruz-Guzman, R. Celis, M. Hermesin, W.C. Koskinen, E. Nater, J.
Cornejo, Heavy metal adsorption by montmorillonite modified with natural
organic cations, Soil Sci. Soc. Am. J. 70 (2006) 215-221.

[13] A. Murathan, S. Benli, Removal of Cu®*, Pb?* and Zn** from aqueous
solutions on diatomite via adsorption in fixed beds, Fresenius Environ.
Bull. 14 (2005) 468-472.

[14] R. Saliba, H. Gauthier, R. Gauthier, Adsorption of heavy metal ions on
virgin and chemically modified lignocellulosic materials, Adsorpt. Sci.
Technol. 23 (4) (2005) 313-322.

[15] N.K. Hamadi, X.D. Chen, M.M. Farid, M.G.Q. Lu, Adsorption kinetics for
the removal of chromium(VI) from aqueous solutions by adsorbent derived
from used tyres and sawdust, Chem. Eng. J. 81 (5) (2001) 95-105.

[16] M. Minamisawa, H. Minamisawa, S. Yishida, N. Takai, Adsorption beha-
vior of heavy metals on biomaterials, J. Agric. Food Chem. 52 (2004)
5606-5611.

[17] W.K. Gupta, I.A. Suhas, V.K. Saini, Removal of rhadmine B, fast green
and methylene blue from wastewater using red mud and aluminum industry
waste, Ind. Eng. Chem. Res. 43 (2004) 1740-1747.

[18] W.K. Gupta, S. Sharma, Removal of lead from wastewater using bagasse
fly ash-sugar industry waste material, Sep. Sci. Technol. 33 (1998) 1331-
1343.

[19] E. Malkog, Y. Nuhoglu, M. Diindar, Adsorption of chromium(VI) on
pomace—an olive oil industry waste: batch and column studies, J. Hazard.
Mater. B 138 (2006) 142—-151.

[20] K.K. Singh, R. Rastogi, S.H. Hasan, Removal of cadmium from wastewa-
ters by using agricultural waste ‘rice polish’, J. Hazard. Mater. a 121 (2005)
51-58.

[21] C. Quintelas, E. Sousa, F. Silva, S. Neto, T. Tavares, Competitive bio-
sorption of ortho-cresol, phenol, chlorophenol, and chromium(VI) from
aqueous solution by bacterial biofilm supported on granular activated car-
bon, Process Biochem. 41 (2006) 2087-2091.

[22] A. Lu, S. Zhong, J. Chen, J. Shi, J. Tang, X. Lu, Removal of Cr(VI) and
Cr(IIT) from aqueous solutions and industrial wastewaters by natural clino-
pyrhotite, Environ. Sci. Technol. 40 (2006) 3064—-3069.

[23] N. Sune, G. Sanchez, S. Cafaratti, M.A. Maine, Cadmium and chromium
removal kinetics from solution by two aquatic macrophytes, Environ. Pol-
lut. 145 (2007) 467—473.



M. Uysal, I. Ar / Journal of Hazardous Materials 149 (2007) 482—491 491

[24] S.P. Dubey, K. Gopal, Adsorption of chromium(VI) on low cost adsorbents
derived from agricultural waste materials: a comparative study, J. Hazard.
Mater. 145 (2007) 465-470.

[25] A.S. Stasinakis, N.S. Thomasidis, D. Mamais, M. Karivali, T.D. Lekkas,
Chromium species behavior in the activated sludge process, Chemosphere
52 (2003) 1050-1067.

[26] D. Mohan, C.U. Pitman Jr., Activated carbons and low cost adsorbents for
remediation of tri- and hexavalent chromium from water, J. Hazard. Mater.
B 138 (2006) 762-811.

[27] T.A. Kurniawan, G.Y.S. Chan, W. Lo, S. Babel, Comparisons of low cost
adsorbents fro treating wastewaters laden with heavy metals, Sci. Total
Environ. 366 (2006) 409-426.

[28] A.Demirbag, Adsorption of Cr(III) and Cr(VI) ions from aqueous solutions
on to modified lignin, Energy Sources 27 (15) (2005) 1449-1455.

[29] T.Karthikeyan, S. Rajgopal, L.R. Miranda, Chromium(VI) adsorption from
aqueous solution by Hevea brasilinesis sawdust activated carbon, J. Hazard.
Mater. B 124 (2005) 192-199.

[30] A. Rashid, Sawdust: cost effective scavenger for the removal of chro-
mium(III) ions from aqueous solutions, Water, Air, Soil Pollut. 63 (2005)
169-183.

[31] A. Shukla, Y. Zhang, P. Dubey, J.L. Margrave, S.S. Shukla, The role of
sawdust in the removal of unwanted materials from water, J. Hazard. Mater.
B 95 (2002) 137-152.

[32] S.X. Liu, X. Chen, X.Y. Chen, Z.F. Liu, H.L. Wang, Activated carbon with
excellent chromium(VI) adsorption performance prepared by acid—base
surface modification, J. Hazard. Mater. 141 (1) (2007) 315-319.

[33] M. Aoyama, M. Tsuda, Removal of Cr(VI) from aqueous solutions by larch
bark, Wood Sci. Technol. 35 (2004) 425-434.

[34] A. Sharma, K.B. Bhattacharyya, Adsorption of chromium(VI) on Azadi-
rachta indica (neem) leaf powder, Adsorption 10 (2004) 327-338.

[35] J.M. Smith, Chemical Engineering Kinetics, McGraw Hill Company, 1970,
pp. 287-294, 332-344.

[36] S.S.Baral, S.N. Das, P. Rath, Hexavalent chromium removal from aqueous
solution by adsorption on treated sawdust, Biochem. Eng. J. 31 (2006)
216-222.

[37] E. Malkog, Y. Nuhoglu, Potential of tea factory waste for chromium(VI)
removal from aqueous solutions: thermodynamic and kinetic studies, Sep.
Purif. Technol. 54 (3) (2007) 291-298.

[38] M.S. Gasser, G.H. Morad, H.F. Aly, Batch kinetics and thermodynamics of
chromium ions removal from waste solutions using synthetic adsorbents,
J. Hazard. Mater. 142 (2007) 118-129.

[39] Y.C. Sharma, C.H. Weng, Removal of chromium(VI) from water and was-
tewater by using riverbed sand: kinetic and equilibrium studies, J. Hazard.
Mater. 142 (2007) 449-454.

[40] S.S. Baral, S.N. Das, P. Rath, G.R. Chaudury, Chromium removal by cal-
cined bauxite, Biochem. Eng. J. 34 (2007) 69-75.

[41] C. Barrera-Diaz, A. Colin-Cruz, F. Urefia-Nufiez, M. Romero-Romo, M.
Palomar-Pardavé, Cr(VI) removal from wastewater using low cost sorbent
materials: roots of Typha latifolia and ashes, Environ. Technol. 25 (8)
(2004) 907-917.

[42] N. Daneshvar, D. Salari, S. Aber, Chromium adsorption and Cr(VI) reduc-
tion to trivalent chromium in aqueous solutions by soya cake, J. Hazard.
Mater. B 94 (2002) 49-61.

[43] L.J. Yu, S.S. Shukla, K.L. Dorris, M. Shukla, J.L. Margrave, Adsorption
of chromium from aqueous solutions by maple sawdust, J. Hazard. Mater.
100 (2003) 53-63.

[44] U.K. Garg, M.P. Kaur, V.K. Garg, D. Sud, Removal of hexavalent chromium
from gaseous solution by agricultural waste biomass, J. Hazard. Mater. 140
(2007) 60-68.

[45] B. Kiran, A. Kaushik, C.P. Kaushik, Response surface methodologi-
cal approach for optimizing removal of Cr(VI) from aqueous solution
using immobilized cyanobacterium, Chem. Eng. J. 126 (2007) 147-
153.

[46] E.I. El-Shafey, Behaviour of reduction—sorption of chromium(VI) from
an aqueous solution on a modified rice husk, Water, Air, Soil Pollut. 163
(2005) 81-102.

[47] M. Dakiky, M. Khamis, A. Manassra, M. Mer’eb, Selective adsorption of
chromium(VI) in industrial wastewater using low cost abundantly available
adsorbents, Adv. Environ. Res. 6 (2002) 533-540.

[48] D. Gang, S.K. Banerji, T.E. Clevenger, Chromium(VI) removal by modi-
fied PVP-coated silica gel, in: Proceedings of the 1999 Conference
on Hazardous Waste Research, St. Louis, Missouri, ABD, May 24-27,
1999.

[49] FE. Gode, E. Pehlivan, Adsorption of Cr(III) ions by Turkish brown coals,
Fuel Process. Technol. 86 (2005) 875-884.

[50] L.L. Sergei, I.L. Andrei, L.G. Olga, P.T. Lilia, V. Joaquim, M.F. Isabel, B.L.
Svetlana, Kinetics and thermodynamics of the Cr(IIl) adsorption on the
activated carbon from co-mingled wastes, Colloids Surf. A: Physicochem.
Eng. Aspects 242 (2004) 151-158.

[51] P. Suksabye, P. Thiravetyan, W. Nakbanponte, S. Chayabutra, Chromium
removal from electroplating wastewater by coir pith, J. Hazard. Mater. 141
(2007) 637-644.

[52] Y.C. Sharma, U.V. Srivastava, J. Srivastava, M. Mahto, Reclamation of
Cr(VI) rich water and wastewater by wollastonite, Chem. Eng. J. 127 (1-3)
(2007) 151-156.

[53] C. Raji, T.S. Anirudhan, Batch Cr(VI) removal by polyacrylamide graf-
ted sawdust: kinetics and thermodynamics, Water Res. 32 (12) (1980)
3772-3780.



	Removal of Cr(VI) from industrial wastewaters by adsorption
	Introduction
	Materials and methods
	Preparation of adsorbent and solutions
	Adsorption experiments in batch system
	Measurement of Cr(VI) concentration in aqueous solutions
	Adsorption models
	Langmuir isotherm
	Freundlich isotherm

	Kinetics and thermodynamics of adsorption

	Results
	Determination of optimum operating conditions
	Kinetic and thermodynamic parameters

	Conclusions
	References


