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Abstract

This paper describes the adsorption of heavy metal ions from aqueous solutions by oak (Quercus coccifera) sawdust modified by means of
HCI treatment. Our study tested the removal of three heavy metals: Cu, Ni, and Cr. The optimum shaking speed, adsorbent mass, contact time,
and pH were determined, and adsorption isotherms were obtained using concentrations of the metal ions ranging from 0.1 to 100mgL~!. The
adsorption process follows pseudo-second-order reaction kinetics, as well as Langmuir and D-R adsorption isotherms. The paper discusses the
thermodynamic parameters of the adsorption (the Gibbs free energy, entropy, and enthalpy). Our results demonstrate that the adsorption process
was spontaneous and endothermic under natural conditions. The maximum removal efficiencies were 93% for Cu(Il) at pH 4, 82% for Ni(Il) at

pH 8, and 84% for Cr(VI) at pH 3.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Heavy metal pollution occurs in many industrial wastewa-
ters such as those produced by metal plating facilities, mining
operations, battery manufacturing processes, the production of
paints and pigments, and the glass production industry. This
wastewater commonly includes Cu, Ni, Cr, Cd, and Pb. These
heavy metals are not biodegradable and their presence in streams
and lakes leads to bioaccumulation in living organisms, causing
health problems in animals, plants, and human beings. Excessive
human intake of Cu leads to severe mucosal irritation and cor-
rosion, widespread capillary damage, hepatic and renal damage,
and central nervous system irritation followed by depression [1].
Severe gastrointestinal irritation and possible necrotic changes
in the liver and kidney can also occur. The effects of Ni exposure
vary from skin irritation to damage to the lungs, nervous system,
and mucous membranes [2]. Hexavalent chromium (Cr[VI])
is known to be a strong oxidant and to be highly toxic [3].
Some heavy metals are also known carcinogens. Therefore, the
removal of excess heavy metal ions from wastewater is essen-
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tial to protect human and environmental health. As a result, the
removal of toxic heavy metal ions from sewage and from indus-
trial and mining effluents has been widely studied in recent years.

The most widely used methods for removing heavy metals are
chemical or electrochemical precipitation, both of which pose
a significant problem in terms of disposal of the precipitated
wastes [4,5], and ion-exchange treatments, which do not appear
to be economical [6]. It has been reported that some aquatic
plants [7,8], wood materials [9—11], agricultural by-products
[12], clay [13], natural zeolite [14], turba (partially decomposed
vegetable matter) [15,16], microorganisms [17-19], and other
low-cost adsorbents [20] have the capacity to adsorb and accu-
mulate heavy metals. Adsorption capacities ranged from 1.79 to
146 mg g~! for Cu(Il), from 7.54 to 138 mg g~! for Ni(II), and
from 33.44t047.4 mg g_l for Cr(VI) (Table 1). Although the use
of aquatic plants, microorganisms, and wood-based materials
such as sawdust and bark increases the COD of water, acid-
modification of these adsorbents decreases this problem [17].
However, problems with the aforementioned solutions make it
necessary to develop easily available, inexpensive, and equally
effective alternatives for wastewater treatment.

Sawdust is one possible material because it is produced in
large quantities at sawmills as a solid waste. Sawdust contains
primarily lignin and cellulose. Interest in the use of sawdust
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Table 1

Heavy metal removal capacities (mg g~ ') for various methods, and cost comparisons

Material Sources Cu(ID) Ni(II) Cr(VI) Pb(I) Zn(II) Cd(II) Capacity per unit cost (mg Us$—2
Chemical precipitation (NaOH) [5] 9.5 9.6 8.0 7.9 6.2 99, 100, 85, 83, 65
Ion-exchange resin (Dowex50 W) [6] 146 138 - 425 154 270 608, 575, 1770, 640, 1124
Ceratophyllum demersum [7] 6.2 - 448 14.0 - NA

Modified pine bark [10] - 20.58 - - - - NA

Natural zeolite [14] 8.9 - - 8.5 - NA

Rhizopus nigricans [17] - 46.18 - - - NA

Thuja orientalis [18] 19.23 - - - - - NA

Mucor hiemalis [19] - - 47.4 - - - NA

Wool [20] - - 41.15 - - - NA

Olive cake [20] - - 33.44 - - - NA

Activated carbon (Sigma C-3014) [32] 2.23 - - - 1.23 1.51 15,9, 10

Maple sawdust [33] 1.79 - - 3.19 - - NA

Sphagnum moss peat [34] 12.4 7.54 - 12.3 - - NA

Modified oak sawdust Present study 3.22 3.29 1.70 - - - 2450, 2500, 1294

NA: not available.
2 Order of costs matches the order of the ions, from left to right.

as an adsorbent has been stimulated by the good results that
have been obtained [9]. In this context, oak (Quercus coccifera)
sawdust is particularly interesting in Turkey because of its high
availability and low-cost; oak sawdust costs approximately US$
0.07-$0.10 kg~ (Demir Corporation sawmill in Turkey), versus
~US$96kg~! for NaOH (a chemical precipitation agent; EMD
Chemicals Pellets (ACS) 500 g; US$ 48.47), US$ 390 kg™! for
ion-exchange resins (Dowex(r) SOWX8-100 ion-exchange resin
500 g; US$ 195.30), and ~US$ 145 kg_l for activated carbon
(charcoal, activated coconut, EMD Chemicals 500 g; US$ 77.40)
[21]. In addition, it is a renewable resource, and does not need
to be regenerated after it has been used to capture the metals.

However, treatment with unmodified oak sawdust is also
likely to create a high COD in the wastewater. Thus, our goal
in the present study was to determine whether acid-modified
oak sawdust would have an acceptable adsorption efficiency for
removing Cu(Il), Ni(Il), and Cr(VI) and would thus offer an
effective and economical alternative to more expensive treat-
ments.

2. Materials and methods
2.1. Adsorbents and reagents

Acid-modified oak (Quercus coccifera) sawdust treated with
HCI was used in this study. The adsorbents were obtained from
the Demir Corporation sawmill in Turkey’s Konya city. Struc-
tural analyses of this material were performed using the Van
Soest method [22] (Table 2). The proportions of lignin increased
and cellulosic materials, hemicellulosic materials, and extrac-
tives decreased during the modification process. This change is
beneficial because previous research [23] has demonstrated that
heavy metals are adsorbed by lignin rather than by cellulose and
hemicellulose. All the chemical compounds used to prepare the
reagent solutions were of analytic grade (Merck, Whitehouse
Station, NJ). The stock solutions of the three metals used in
this study (1000 mg L~!) were prepared by dissolving weighed
quantities of NiCl,, CuCl,, and K>Cr,O7 salts in twice-distilled

water. Concentrations of the metal solutions ranged from 0.1
to 100mgL~!. Before mixing these solutions with the adsor-
bent, we created test solutions with pH values ranging from 2
to 9 (to permit a determination of the optimal pH for adsorp-
tion) by adding 0.1 M NaOH or 0.1 M HNOs3. After we selected
the optimal pH, we only tested one pH value in all subsequent
adsorption tests.

2.2. Instruments

A thermal stirrer (ZHWY-200B, ZHICHENG Analytical Co.,
Ltd) was used for the batch adsorption experiments. The metal
solutions were filtered through 0.45-pm membrane filters (Mil-
lipore Corp., Bedford, Mass.) after settling. The filtrates were
then analyzed using an inductively coupled plasma spectrome-
ter (Optima 4300DV ICP, Perkin-Elmer, Boston, MA). The pH
measurements were performed using a digital ion analyzer with a
combination electrode (Multi 3401, WTW, Weilheim, Germany).

2.3. Preparation and modification of adsorbents

The adsorbent used in this study was oak sawdust with arange
of particle sizes. In accordance with ASTM Method D4749
[24,25]. We sieved the sawdust through a range of sieves, and
used only the particles that passed through a 0.25-mm mesh
in our study. The sieves were shaken for approximately 15 min,
then the separated particles were stored. After sieving, the adsor-
bents were heated in an oven at 80-85 °C for 2 h.

Table 2
Structural analyses of the oak sawdust samples (wt.% daf)® and COD created
by sawdust before and after acid-modification

Adsorbent Hemicellulose Cellulose Lignin Extractives® COD

(%) (%) (%) (%) (mgO, L7
Before 32.7 41.5 22.8 3.0 1800
After 325 38.2 26.8 2.5 90

2 daf: dry and ash free.
b Alcohol-benzene extractives.
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Table 3
Experimental conditions
Metal ions S (rpm) Ms (gL~1) t (h) pH Cp (mgL™")
. Cu(Il) 100450 20 2 6 92
ffieezt ‘gf (Shﬁ;“g Ni(ID) 100-450 20 2 6 97
peed. > (p Cr(VI) 100-450 20 2 4 79
Cu(Il) 250 5-80 2 6 92
ifif:tf/f:‘(ds)orbem Ni(II) 250 5-80 2 6 97
558 8 Cr(VI) 250 5-80 2 4 79
Cu(II) 250 40 0-12 6 92
Erfrf;“t‘(’lfl;"mac‘ Ni(ID) 250 30 0-12 6 97
’ Cr(VI) 250 60 0-12 4 79
Cu(II) 250 40 4 2-9 92
Effect of pH NidII) 250 30 8 2-9 97
Cr(VD) 250 60 8 29 79
Effect of metal Cu(II) 250 40 4 4 0.1-100
concentration, Cq Ni(II) 250 30 8 8 0.1-100
(mgL~") Cr(VI) 250 60 8 3 0.1-100
For the modification process, HCl was used to increase the was calculated as follows:
proportion of active surfaces and to prevent the elution of tannin 5 N e o)1/ e
i i=111(qei)cal — (Gei qei
compounds that would stain the treated water and that greatly Age (%) = = 1 cal exp Pl 100 )

increase COD. First, 0.5, 1.0, 2.0, 3.0, and 5.0 mol L~! HCI
solutions were prepared. An accurately weighed (£ 0.001 g)
25-g sample of oven-dried sawdust was washed several times
with distilled water to remove any particles adhering to the sur-
face and any water-soluble particles, then was oven-dried again
at 85 °C. Following this operation, individual sawdust samples
were poured into 500-mL conical flasks containing 250 mL of
HCI solution, then were shaken at 200 rpm for 4h at 298 K.
The mixture was left overnight, then was filtered to remove the
sorbent, which was washed several times with distilled water
to provide neutral pH. The adsorbents were then oven-dried at
85 °C for 2 h. The maximum removal efficiency by this material
(i.e., the sample that showed the greatest weight increase as a
result of adsorption of the metals) was used to select the acid
concentration that would be used in subsequent modification of
the sawdust.

2.4. General procedures

We studied the effects of shaking speed, adsorbent mass, con-
tact time, pH, and initial metal ion concentration on adsorption of
each metal using the experimental conditions shown in Table 3.
The sorption experiments were performed in a batch reactor
using stoppered Pyrex glass flasks. The metal concentrations in
the solutions were determined at the beginning (Cp) and end
(Ce) of the shaking period. Eq. (1) was used to compute the
percentage sorption of the metal:

Co—C
sorption (%) = % x 100 (1)

Each experiment was replicated three times, and the mean val-
ues were used in our analyses. If the standard error (S.E.) were
greater than 0.01, the test was repeated to control for errors. The
deviation of the metal uptake per unit weight of sawdust (Age)

N

where the subscripts “exp” and “cal” show the experimental and
calculated values of g. and N is the number of measurements.

3. Results and discussion
3.1. Effect of shaking speed

Because shaking consumes energy and affects the adsorp-
tion efficiency, it is important to determine the optimal speed
that should be used in wastewater treatment. The maximum
removal efficiencies were obtained at 250 rpm: 87, 82, and 80%
for Cu(Il), Ni(II), and Cr(VI), respectively (Fig. 1). Fig. 1 indi-
cates that the adsorption values for the Cu, Ni, and Cr ions were
lowest at 100 rpm and increased as the shaking speed increased
to 250 rpm, then declined slightly as speed increased to 450 rpm.
This effect can probably be attributed to the decrease in boundary
layer thickness around the adsorbent particles that results from
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Fig. 1. Effect of shaking speed on the metal-removal efficiencies of modified
sawdust.
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Table 4
Changes in the values of the diffusion coefficients (ks and kq) as a function of
shaking speed

Shaking External diffusion Intraparticular diffusion
speed (rpm) coefficient coefficients (mg g~! min=%3)
ks (x 10~* mmin~1) ka1 kao ka3

Cu(Il)

150 3.42 0.1100  —0.0100 -

250 4.00 0.1220  —0.0140 -

350 3.85 0.1200  —0.0120 -

450 3.65 0.1150  —0.0110 -
Ni(II)

150 4.00 0.2000 0.0275  —0.0278

250 5.00 0.2290 0.0282  —0.0286

350 4.75 0.2200 0.0280  —0.0283

450 4.52 0.2150 0.0277  —0.0280
Cr(VI)

150 2.23 0.0265  —0.0123 -

250 3.00 0.0278  —0.0134 -

350 2.88 0.0275  —0.0130 -

450 2.65 0.0273  —0.0127 -

increasing the degree of mixing. When the mixture was shaken,
the solid particles moved around rapidly in the solution, and this
increased the concentration of heavy metals near the surface of
the solid particles, possibly to a level near that of the bulk con-
centration. Because heavy metal diffusion to the boundary layer
between adsorbent particles and the surrounding solution would
increase with increased shaking, the external mass transfer speed
of the metals would increase and equilibrium would be reached
more rapidly. However, when the shaking speed rose above
250 rpm, diffusion speeds decreased. This may occur because
the high shaking speed provided sufficient additional energy to
break newly formed bonds between the metal ions and the adsor-
bent surface. Table 4 shows that shaking speed also significantly
affected the coefficients of diffusion of metal ions.

3.2. Effect of mass of adsorbent

Fig. 2 shows that adsorption increased gradually with increas-
ing adsorbent mass, to a maximum at 40gL_1 for Cu(Il),
30 gL’l for Ni(Il), and 60 gL’1 for Cr(VI). After this maxi-
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Fig. 2. Effect of the mass of adsorbent on the metal-removal efficiencies of
modified sawdust (shaking speed, 250 rpm; temperature, 293 K).

mum equilibrium value, the removal efficiency did not increase
with increasing adsorbent mass. These results suggest that the
relationship between adsorbent dosage and removal efficiency
was related to increases in the number of adsorption sites, and
that increasing this number had no effect after equilibrium was
reached.

3.3. Effect of contact time

For a fixed concentration of heavy metals and a fixed adsor-
bent mass, the retention of heavy metals increased with increas-
ing contact time. Fig. 3 shows that the adsorption rate initially
increased rapidly, and that the optimal removal efficiencies were
reached within about 2 h: 56, 78, and 72% for Cu(II), Ni(Il),
and Cr(VI), respectively. However, the equilibrium (maximum)
value was attained at around 4 h for Cu(Il) and 8 h for Ni(II)
and Cr(VI), with adsorption rates of 62, 88, and 81%, respec-
tively. In addition, the removal efficiencies decreased by about
4-10% with increasing contact time after equilibrium had been
reached. This probably resulted from saturation of adsorbent sur-
faces with heavy metals followed by adsorption and desorption
processes that occur after saturation.

3.4. Effect of pH

The effect of pH on the adsorption of Cu(Il), Ni(I), and
Cr(VI) by the modified sawdust is presented in Fig. 4. The pH
of the aqueous solution was clearly an important parameter that
controlled the adsorption process. Maximum removal efficiency
reached 93% for Cu(Il) at pH 4, 82% for Ni(II) at pH 8, and 84%
for Cr(VI) at pH 3. At pH lower than 8, the dominant forms
of Cu and Ni were Cu(Il) and Ni(II); Cu(OH), and Ni(OH),
were present as precipitates at pH greater than 8. Based on these
results, the divalent Cu and Ni were bound to active surfaces
on the adsorbent by 02~ ions and released H* into the solution,
thereby decreasing the pH [23]:

Ar(OH), + M2t + H,0 — ArO,M + 2H* + H,0 3)

where Ar is a functional group of the modified sawdust, such as
the carboxylic groups of polysaccharides, the phenolic groups of
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Fig. 3. Effect of contact time on the removal of heavy metals. The dosage of
modified sawdust: 40 gL~! for Cu(Il), 30gL~" for Ni(Il), and 60 gL~"! for
Cr(VI); the shaking speed was 250 rpm and the temperature was 293 K.



M.E. Argun et al. / Journal of Hazardous Materials 141 (2007) 77-85 81

100 4

80 1

60 |

40

204

Removal efficiency (%)

pH

[—e—Cu(il) —m—Ni(il) ——Cr(V1) |

Fig. 4. Effect of pH on the Cu(II), Ni(Il), and Cr(VI) removal percent by mod-
ified sawdust (dosage of modified sawdust: 40 gL~" for Cu(IIl), 30 gL~! for
Ni(IT) and 60 g L~! for Cr(VI); shaking speed: 250 rpm and temperature: 293 K).

lignin, and hemicellulosic material, and M represents metal ions.
Adsorption of hexavalent Cr(VI) varies as a function of pH, with
H,CrO4, HCrO4~, CryO72~, and CrO42~ ions present as dom-
inant species [23]. At pH 3, HCrO4~ was the dominant species.
The surface charge of modified sawdust should be positive at
low pH, and this should promote the binding of the negatively
charged HCrO4~ ions. The HCrO4™ species are most easily
exchanged with OH™ ions at active surfaces under acidic con-
ditions:

ArOH + HCrO,~ + H" — ArHCrO4 + H,0 4)

3.5. Determination of adsorption isotherms

Equilibrium adsorption isotherms (capacity studies) are of
fundamental importance in the design of adsorption systems
since they indicate how metal ions are partitioned between the
adsorbent and liquid phases at equilibrium as a function of
metal concentration. When an adsorbent comes into contact
with a metal ion solution, the concentration of metal ions
on the surface of the adsorbent will increase until a dynamic
equilibrium is reached; at this point, there is a clearly defined
distribution of metal ions between the solid and liquid phases.
Heavy metal ion concentrations ranged from 0.1 to 100 mg L.~}
with a fixed adsorbent mass and pH for each heavy metal.
As metal concentrations increased, the removal efficiencies
decreased from 98% to 80% for Cu(Il), 98% to 66% for Ni(Il),
and 97% to 66% for Cr(VI). Thus, increasing the initial heavy
metal concentrations in the solutions decreased the removal
efficiency. It is likely that a given mass of adsorbent material
has a finite number of adsorption sites, and that as metal
concentrations increase, these sites become saturated. That is,
there is some metal concentration that produces the maximum
adsorption for a given adsorbent mass, and thereafter, adding
more metal cannot increase adsorption because no more sites
are available: all are occupied. Another cause may have been a
progressive decrease in the proportion of covalent interactions
and an increase in the proportion of electrostatic interactions at
sites with a lower affinity for heavy metals as the initial heavy
metal concentrations increased. The heavy metal adsorption

Adsorption
(mg g -dry sawdust)

0 10 20 30 40 50 60
Equilibrium concentration (mg L'1)

—m— Cu(ll) —e— Ni(ll) —a— Cr(VI)
Fig. 5. Adsorption isotherms for the modified sawdust using different initial
metal concentrations (heavy metal concentration range: 0.1-150mL~', dosage

of modified sawdust: 40 g L~" at pH 4 for Cu(Il), 30 gL~" at pH 8 for Ni(II),
and 60 gL~ at pH 3 for Cr(VI); shaking speed, 250 rpm; temperature, 293 K).

354
R?=0.9976

R? =0.9961

R?=0.9917

0 10 20 30 40 50 60
Ce (mg L")
« Cu(ll) = Ni(ll) a Cr(Vl)

Fig. 6. Linearized Langmuir isotherms for adsorption of Cu(II), Ni(II), and
Cr(VI) by modified sawdust (dosage of modified sawdust: 40 g L~ at pH 4 for
Cu(Il), 30 gL~" at pH 8 for Ni(II), and 60 gL~" at pH 3 for Cr(VI); shaking
speed, 250 rpm; temperature, 293 K).

capacities were calculated by means of least-squares regression
using Eqgs. (5)—(7). The resulting adsorption isotherms for
heavy metals used in this study are shown in Figs. 5-7.

The obtained data were applied to the Langmuir adsorp-
tion isotherm [26] using the following linear expression of this

Inge

-7 R?=0.8214
-8 R? = 0.834

E2
* Cu(ll) mNi(l) &Cr(Vl)

Fig. 7. Linearized D-R isotherms for adsorption of Cu(Il), Ni(Il), and Cr(VI)
by modified sawdust (dosage of modified sawdust: 40 g L~" at pH 4 for Cu(II),
30gL~" at pH 8 for Ni(II), and 60 gL~ at pH 3 for Cr(VI); shaking speed,
250 rpm; temperature, 293 K).
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model:

C C

q—‘“’ =K + f Q)
[

where ¢ is the metal uptake per unit weight of sawdust (mg g~ 1)
at the equilibrium metal concentration in the aqueous phase, and
is expressed as ge = [(Co — Ce) x VI/M; V(L) is the volume of the
solution; M (g) the amount of adsorbent added to the solution;
C. (mgL™") the metal concentration in the aqueous phase; and
b (mgg~") and K (L mg~!) are the Langmuir constants related
to the sorption capacity and energy of adsorption, respectively.
The Langmuir isotherm assumes a homogeneous surface and a
constant sorption potential.

The Dubinin—Radushkevich (D-R) isotherm [27], which
assumes a heterogeneous surface, is expressed as follows:

ge = X} exp(—K'e?) (©6)

where ¢ (the Polanyi potential)=RT In(1+ 1/C,), ge is the
amount of metal ions adsorbed per unit weight of modified
sawdust (mgg™!), X/, the adsorption capacity of the sorbent
(mg g~ 1), C, the equilibrium concentration of metal ions in solu-
tion (mgL™1), K’ is a constant related to the adsorption energy
(mol2kJ~2), R the gas constant (kJ K~! mol™!), and T is the
temperature (K).

The D-R isotherm can be expressed in linear form as follows:

Inge = In X, — K'¢* (M

The regression parameters and correlation coefficients (R?)
presented in Table 5, Figs. 6 and 7 indicate that the adsorp-
tion data best fitted the Langmuir adsorption isotherm for
all three metals. However, under industrial conditions, mix-
ing of the adsorbent and the wastewater solution would be
imperfect, thus the adsorbent surface is less likely to be
homogeneous and the assumptions required by the Langmuir
isotherm would be less likely to be correct. The good fit
of the Dubinin—Radushkevich (D-R) isotherm (all R? values
>0.82) suggest that these isotherms could be more appropriate
under industrial conditions. At 293 K, the values of the adsorp-
tion capacity (b) in the Langmuir isotherm were 3.22, 3.29,
1.70 mg g_1 for Cu(Il), Ni(Il), and Cr(VI), respectively, and the
corresponding values of adsorption capacity (X/,) in the D-R
isotherm were 1.31, 1.54, 1.21 mg g~ . Table 5 also shows that

Table 5

the adsorption capacities increased with increasing temperature
for both isotherms. This change occurs because of increasing
kinetic energy of the sorbent particles, which increases the fre-
quency of collisions between the adsorbent and metal ions and
thus enhances adsorption of metals on the surface of the sorbent.

A comparison of the sorbent capacity of modified sawdust
with that of other available adsorbents is summarized in Table 1.
Although modified oak sawdust has a lower adsorption capacity
per unit mass, its lower cost and greater availability mean that
it provides a comparable adsorption capacity per unit cost. The
mean adsorption energy (E, kImol~!") can be obtained from
the K’ values of the D-R isotherms [27] using the following
equation:

E— (_ZK/)—1/2 8)

The Langmuir isotherm constants do not explain the chemical
or physical properties of the adsorption process. However, the
mean adsorption energy (E) calculated from the D-R isotherm
provides important information about these properties [27]. For
E <8kJImol~!, physisorption dominates the sorption mecha-
nism. If E is between 8 and 16kJ mol~!, ion-exchange is the
dominant factor. If E>16kJ mol~!, sorption is dominated by
particle diffusion. The adsorption energies were 3.87, 4.43, and
4.26kImol~! for Cu(Il), Ni(II), and Cr(VI), respectively, at
a temperature of 293 K (Table 5), suggesting that the sorp-
tion process was dominated by physical forces at all studied
temperatures and that these forces were more important than
ion-exchange and particle diffusion.

3.6. Adsorption thermodynamics

The changes in Gibbs free energy (AG), enthalpy (AH), and
entropy (AS) for the adsorption process were obtained using the
following equations [28]:

AG = —RTInb )
Inb = (AS/R) — (AH/RT) (10)

where R is the ideal gas constant (kJ mol~! K—1)and T'is the tem-
perature (K). The enthalpy change (A H) and the entropy change
(AS) are calculated from a plot of In b (from the Langmuir
isotherm) versus 1/T (Fig. 8). The results of these thermody-
namic calculations are shown in Table 6. The negative value for

Regression parameters for the Langmuir and D-R adsorption isotherms for solutions of Cu(II), Ni(II), and Cr(VI) at different temperatures

Heavy metals T (K) Langmuir isotherm D-R isotherm
b(mgg™") K (@Lmg™) R? X!, (mgg™") K’ (mol?kJ~2) E (kJmol~1) R?
293 3.22 1.01 0.99 1.31 0.03 3.87 0.83
Cu(II) 303 3.38 1.34 0.99 1.40 0.03 3.84 0.79
313 3.60 1.79 0.98 1.47 0.04 3.60 0.77
293 3.29 0.21 0.99 1.54 0.03 443 0.84
NiII) 303 3.34 0.28 0.99 1.47 0.03 4.13 0.82
313 3.37 0.36 0.99 141 0.03 3.99 0.80
293 1.70 0.30 0.99 1.21 0.03 4.26 0.82
Cr(VI) 303 1.72 0.37 0.99 1.13 0.03 4.06 0.79
313 1.74 0.26 0.92 1.07 0.03 4.08 0.73
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Table 6

Thermodynamic constants for the adsorption of Cu(II), Ni(II), and Cr(VI) on the modified sawdust at various temperatures

Heavy metals T (K) Inb AG (kJmol™1) AH (kJmol™1) AS (kJmol~! K~1) R (kjmol ™' K~1)
293 1.168 —2.840
Cu(Il) 303 1.218 —3.064 4.331 0.024 83x 1073
313 1.282 —3.330
293 1.192 —2.898
NidI) 303 1.205 —3.030 0.876 0.013 83 x 1073
313 1.215 —3.156
293 0.533 —1.295
Cr(VI) 303 0.540 —1.359 0.908 0.008 83 x 1073
313 0.557 —1.446
1,4+ R? = 0.9928 likely to occur spontaneously at normal and high temperatures
12 — e — because AH>0 and AS>0.
Ly R? = 0.9972 ) o
0,8 3.7. Adsorption kinetics
a
£06 — A . .. .
Gl - ) e In order to define the adsorption kinetics of heavy metal ions,
0'2 Ri=09912 the kinetic parameters for the adsorption process were studied
] for contact times ranging between 1 and 720 min by monitor-

0 r r r r r 3
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* Cu(ll) mNi(ll) a Cr(vl)

Fig. 8. Plot of the Langmuir isotherm constant (In b) vs. temperature (1/7). The
thermodynamic parameters in Table 6 are determined from this graph.

the Gibbs free energy for all three metals shows that the adsorp-
tion process is spontaneous and that the degree of spontaneity
of the reaction increases with increasing temperature. The over-
all adsorption process seems to be endothermic (AH=4.33,
0.88, and 0.91 kJ mol~! for Cu, Ni, and Cr, respectively). This
result also supports the suggestion that the adsorption capac-
ity of modified sawdust for all metals increases with increasing
temperature. Table 6 also shows that the AS values were positive
(i.e., that entropy increases as a result of adsorption). This occurs
as a result of redistribution of energy between the adsorbate and
the adsorbent. Before adsorption occurs, the heavy metal ions
near the surface of the adsorbent will be more ordered than in
the subsequent adsorbed state and the ratio of free heavy metal
ions to ions interacting with the adsorbent will be higher than
in the adsorbed state. As a result, the distribution of rotational
and translational energy among a small number of molecules
will increase with increasing adsorption by producing a positive
value of AS and randomness will increase at the solid—solution
interface during the process of adsorption. Adsorption is thus

Table 7

ing the percent removal of the heavy metals by the adsorbent.
The data were then regressed against the Lagergren equation,
which represents a first-order kinetic equation, Eq. (11); [29]
and against a pseudo-second-order kinetic equation Eq. (12);
[16]:

log (ge — g:) = (logge) — kit an
(t/a) = (1/lk2g?]) + (1/ge)t 12)

where g, is the metal uptake per unit weight of sawdust (mg g~ 1)
at at time ¢, g. is the metal uptake per unit weight of sawdust
(mg g’l) at equilibrium, and k; (min~!) and k» (g mg’1 min~!)
are the rate constants of the first-order and pseudo-second-order
kinetics equations, respectively. The slopes and intercepts of
these curves were used to determine the values of k; and k», as
well as the equilibrium capacity (g.). The calculated (cal) value
of g (Table 7) from the first-order kinetics model was dramati-
cally lower than the experimental (exp) value. However, the lin-
earized pseudo-second-order kinetics model (Fig. 9 and Table 7),
provided much better R* values (all values greater than or equal
to 0.99) than those for the first-order model (0.37, 0.64, and
0.49), even though the calculated values did not closely approx-
imate the measured experimental values. As aresult, the sorption
system appears to follow pseudo-second-order reaction kinetics.
The first- and pseudo-second-order kinetics rate constants for the
adsorption of Cu(Il), Ni(II), and Cr(VI) ions on modified saw-

Kinetics parameters for the adsorption of Cu(II), Ni(II), and Cr(VI) on the modified sawdust at 293 K

Heavy metal First -order

Pseudo-second -order

ions

Geop ML) Gy (mgg™) by (x107 min™")  Age (%) R Geey mgg™")  kp(gmg~'min")  Age (%) R
Cu(ID) 3.22 2.29 2.0 28.67 0.373 1.391 0.031 56.81 0.989
Ni(II) 3.29 1.23 8.0 62.75 0.637 2915 0.919 11.38 0.998
Cr(VI) 1.70 0.86 2.0 49.26 0.488 1.045 0.115 38.50 0.997

exp: experimental result; cal: calculated result.
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Fig. 9. Linearized pseudo-second-order kinetics plots for adsorption of Cu(Il),
Ni(II), and Cr(VI) by modified sawdust (dosage of modified sawdust: 40 gL’l
at pH 4 for Cu(IT), 30 g L~! at pH 8 for Ni(IT), and 60 g L~ ! at pH 3 for Cr(VI);
shaking speed, 250 rpm; temperature, 293 K).

dust were k1 =2.0 x 1074, 8.0 x 1074, and 2.0 x 10~ *min~!,
respectively, and k> =0.031, 0.919, and O.lngmg’1 min~!,
respectively.

The external mass-transfer constant (ks) was calculated from
the initial slope of the curve for C;/Cy versus time [30]. Intra-
particular diffusion was characterized using the relationship
between specific sorption (g;) and the square root of time (#2).
This relation is expressed as follows [30]:

qr =kat'* 4+ C (13)

where ¢; is the quantity of metal ions adsorbed at time f (mg g~ 1),
kq the initial rate of intraparticular diffusion (mg L~ ! min—Y 2,
and C is the y-intercept. When the metal ion solution is mixed
with the adsorbent, transport of the metal ions from the solution
through the interface between the solution and the adsorbent
occurs into pores in the particles. There are four main stages in
the process of adsorption by porous adsorbents [31]: (i) solute
transfer from the bulk solution to the boundary film that sur-
rounds the adsorbent’s surface, (ii) solute transport from the
boundary film to the adsorbent’s surface, (iii) solute transfer
from the adsorbent’s surface to active intraparticular sites, and
(iv) interactions between the solute molecules and the available
adsorption sites on the internal surfaces of the adsorbent. One
or more of these four steps controls the rate at which solute is
adsorbed. The first and second steps were very slow and were
found to be the rate-determining step. Fig. 10 illustrates the dif-
fusion of the heavy metal ions within modified sawdust as a
function of time and shows that intraparticle diffusion occurred
in three stages for Ni(I) ions and two stages for the Cu(II) and
Cr(VI) ions. The intraparticle diffusion constants for all three
stages (kq1, kd2, kq3) are given in Table 4. Table 4 shows that
the heavy metal ions diffused quickly among the particles at the
beginning of the adsorption process, then intraparticle diffusion
slowed down and stabilized. The deviation of these lines from the
origin (i.e., a y-intercept other than 0) indicates that intraparticle
transport is not the only rate-limiting step. It can be assumed that
external mass transfer controls the rate of adsorption because of
the very slow transfer speeds. The external mass transfer con-
stants (k) were 4 x 10_4, 5 x 10_4, and 3 x 10~* mmin~! for

3,54
R”=0,9879 R2=09341
34
.__FI—""‘H .y
2,54 R?=0,8764
i &1 R?=0,9602
=3
1,54 s n
14 e
0,51 R?=0,7854 R%=0,8613
*
0 T T T . T \
0 5 10 15 20 25 30

t1lz
« Cu(ll) mNi(ll) aCr(Vl)

Fig. 10. Plot of the intraparticle diffusion kinetics for the three heavy metal ions
(shaking speed, 250 rpm; temperature, 293 K).

Cu(ID), Ni(II), and Cr(VI) ions, respectively, at a shaking speed
of 250 rpm.

4. Conclusions

This paper presented the results of a detailed study of the
adsorption process that removed Cu(Il), Ni(Il), and Cr(VI) ions
from aqueous solution using a common, naturally occurring
material: oak sawdust. Acid-modified sawdust was suitable for
the removal of heavy metals from artificial wastewater, and
although its adsorption capacity per unit mass was lower than
that of competing substances such as ion-exchange resins and
activated carbon, its high adsorption capacity per unit cost
makes this material a promising and economical alternative.
For example, the capacities were 2450 mg Cu(II) (US$)~! for
sawdust, 99 mg Cu(II) (US$)~! for NaOH precipitation, 608 mg
Cu(IT) (US$)~! for ion-exchange, and 15mg Cu(Il) (US$)~!
for activated carbon. It is also possible to recover the adsorbed
metals by burning the sawdust in an energy cogeneration plant
equipped with suitable scrubbers to recover the metals, and
this may become an important source of recycled metals (all
three metals in our study are important natural resources). The
maximum removal efficiencies were 93% for Cu at pH 4 > 84%
for Cr at pH 3>82% for Ni at pH 8. Operational parameters
such as the shaking speed, amount of adsorbent, contact time,
initial heavy metal concentrations, and solution pH all clearly
affected the removal efficiency. The results in this paper provide
a good indication of the different operating conditions that
would be required for efficient removal of each heavy metal
from aqueous solution. We also found that the Langmuir and
D-R isotherms could both be used to model isothermal sorption
of heavy metals on modified sawdust, and that the kinetics
data were best modeled by a pseudo-second-order kinetics
equation. Based on the results of this analysis, external mass
transfer appears to control the rate of adsorption. The adsorption
process was also thermodynamically spontaneous under natural
conditions.
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