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ABSTRACT

In this study, the ability of grape stalk residue of wine production to remove Cd(Il) from
aqueous solution by adsorption has been investigated through batch experiments. The grape
stalk was characterized in detail by Fourier transform infrared spectrophotometer, scanning
electron microscopy, BET, particle size, and elemental analysis. The Cd(II) adsorption prop-
erty of the grape stalk was evaluated as a function of pH, adsorbent dosage, particle size,
initial Cd(II) concentration, and temperature. The adsorption kinetics was evaluated with
the pseudo-first-order, second-order kinetics models, and intraparticle diffusion model. The
equilibrium data were analyzed using Langmuir and Freundlich isotherms. The adsorption
kinetics followed the second-order rate law. The adsorption of Cd(II) onto the grape stalk is
fitted to the Langmuir isotherm, and the maximum adsorption capacity was 21.5 mg-Cd(II)/
g. Thermodynamic parameters including the changes of enthalpy (AH), free energy (AG),
and entropy (AS) were evaluated. The calculated thermodynamic parameters showed that

adsorption of Cd(II) was spontaneous and exothermic under examined conditions.
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1. Introduction

Heavy metals and their compounds have many
industrial uses such as alloying, electroplating, textiles,
paper, paint manufacture, leather tanning, battery
manufacture, dyeing, and others. As a result of unreg-
ulated applications and inappropriate waste-disposal
practices, heavy metal contamination of surface and
ground water has become a significant environmental
problem. Heavy metals tend to accumulate in living
organism by joining the food chain, causing various
toxic effect and diseases. Since they are not biodegrad-
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able, when they are released into the waters, most of
them are strongly retained and their adverse effects
can last for a long time. Thus, it is important to apply
an effective treatment method to wastewaters polluted
with heavy metals. The treatment methods for heavy
metal-bearing wastewaters commonly include chemi-
cal precipitation, ion exchange, cementation, electrode
position, membrane systems, solvent extraction, and
adsorption. Among these methods, adsorption is a
highly effective method in terms of initial cost, sim-
plicity of design, and ease of operation, especially for
wastewaters that contain low concentrations of metals
and complex-forming substances [1]. Activated carbon
is the most widely used adsorbent in the wastewater
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treatment. High cost of activated carbon limits its use
as an adsorbent [2]. Therefore, the cost-effective alter-
native adsorbents for removal of heavy metals from
aqueous solutions are needed.

Hundreds of studies on the use of low-cost adsor-
bents for heavy metal adsorption have been published
up to now. Particularly, usages of the low-cost adsor-
bents such as agricultural residuals, metallurgical
slags, fly ashes, and various minerals have been
widely investigated. Kurniawan et al. [3], Mohan and
Pittman [4], Demirbas [5], Salam et al. [6], and
Ahmaruzzaman [7] reviewed lots of these studies.
Among these researches, the removal of heavy metals
by adsorption onto agricultural wastes or residues has
recently become the subject of considerable interest
due to abundant availability and low cost. A lot of
agro-based materials such as hazelnut shells [8], pea-
nut hull [9], sawdusts [10], pinus bark [11], coconut
husk [12], rice hulls [13], buckwheat [14], bagasse [15],
apple wastes [16], tree leaves [17], banana and orange
peels [18], Raphanus sativus peels [19], and maize leaf
[20] were investigated. Grape stalk was also tried for
heavy metal removal by Martinez et al. [21]; Fiol et al.
[22]; Escudero et al. [23]; Valderrama et al. [24]. How-
ever, detailed data have not been reported adsorption
kinetics, and particularly thermodynamics of Cd(II)
from aqueous solutions by grape stalk. Grape stalk is
a naturally abundant biomass with high content of lig-
nin, cellulose, and hemicellulose, and waste produced
in great amounts in the industrialization processes of
grape. Starting from this point, in this study, it was
investigated the possible use of grape stalk as an alter-
native adsorbent for removal of Cd(Il) from aqueous
solutions. Batch adsorption studies were carried out
systematically in terms of process parameters such as
pH, particle size, adsorbent dosage, contact time, ini-
tial Cd(II) concentration, and temperature. Langmuir
and Freundlich adsorption isotherms were tested at
various temperatures and adsorption kinetic and ther-
modynamic parameters were determined.

2. Materials and methods
2.1. Materials

Grape stalk used in the study was supplied from a
wine plant, Malatya (Turkey). Grape stalk was rinsed
three times with tap water and then dried in an oven
at 85°C. It was cut and ground with knife grinder and
sieved. It was characterized by Fourier transform
infrared spectrophotometer (FTIR), scanning electron
microscopy (SEM), BET, particle size, and elemental
analysis.
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CddI) solution was prepared by dissolving appro-
priate amount of Cd(NO;),-4H,O in distilled water.
pH adjustments were made by using HNO; and
NaOH solutions. All reagents used in the study were
in the analytical reagent grade.

2.2. Adsorption experiments

Adsorption experiments were carried out in the
batch reactors (250 mL Erlenmeyer) containing various
amounts of adsorbent and 100 mL of Cd(Il) solutions
having different concentrations and pH. The batch
reactors were shaken at 200 rev/min by using a flask
shaker (GFL 1083) for contact times ranging from 5 to
180 min. From the obtained results, optimum pH,
adsorbent dosage, particle size of adsorbent, and con-
tact time were selected for further studies. For the
adsorption isotherm studies, reactors containing Cd(II)
solutions of different concentrations in the range of
25-400mg/L were shaken at the conditions of pH,
adsorbent dosage, and contact time optimized.

At the end of the predetermined contact period,
reaction mixtures were filtered and then the final pH
of the filtrates was measured by a pH meter (Orion 4
star). The filtrates were acidified with 1 mL of HNO;
solution to prevent the precipitation of Cd(II) and then
they were analyzed for Cd(I).

The experiments were performed in duplicate and
mean values were taken into account.

2.3. Methods of analysis

Grape stalk used in the study was characterized
FTIR (ATI Unicam Mattson 1000 Fourier Transform
Infrared Spectrophotometer), SEM (JEOL/JSM-6510
LV), BET (Quantrachrome Instruments Nova 4000E),
particle size (Malvern Master Sizer 3000), and elemen-
tal analysis (LECO CHNS 932). Cd(II) analysis in the
solutions was made by Perkin Elmer AAnalyst 800
atomic absorption spectrophotometer. In order to
explain the Cd(Il) uptake mechanism, FTIR and SEM
analyses were performed with free and Cd(II)-loaded
grape stalks.

3. Results and discussion
3.1. Characterization of grape stalk

In order to determine the type of functional groups
on the grape stalk, the sample was subjected to FTIR
analysis. Fig. 1(a) shows the FTIR spectra of the grape
stalk. The broad band at 3,340/cm indicates hydroxyl
groups. The peaks observed at 2,921 and 1,620/cm



3350

M. Erdem et al. | Desalination and Water Treatment 54 (2015) 3348-3357

—_—
1]
—

2.0 -

1.5 4

1.0 -

P0IBT O0ORNDT D

0.5 A

3500 2500

2000 1500 1000

Wavenumbers

—
o
—

0.7

0.6 1

0.5 7

00T OoOBDTD

0.4 4

2500

2000 1500 1000

Wavenumbers

Fig. 1. FTIR spectra of grape stalk (a) and grape stalk loaded with Cd(II) (b).

can be assigned to the C-H group and C=C stretching,
respectively. The region between 1,610 and 1,500/cm
is associated with C-C stretching in aromatic rings.
These groups are present on the lignin structure [25].

Taking the adsorption mechanism into account,
FTIR analysis is considered to be a useful technology
for exploring the adsorption behaviors of metal ions
on adsorbents. In order to further confirm the adsorp-
tion mechanism of grape stalk for Cd(Il), the changes
of characteristic absorption peaks in adsorbents, before
and after adsorption, were investigated by FTIR. A
peak verified is observed at 1,610/cm (Fig. 1(b)). This
situation may be attributed to the grape stalks that
were loaded with Cd(II). A considerable decrease in
the intensity of this band was observed after contact
with Cd(I) solutions. Thus, when the grape stalks
were loaded with Cd(I), the intensity of this band
was strongly influenced by structures bordering on
the aromatic nuclei.

The SEM images of free grape stalk and grape
stalk loaded with Cd(II) showed different surface
characteristics (Fig. 2(a) and (b)). The surface of free
grape stalk appeared to be rough in nature, while

some occlusions were observed on the surface after
Cd(I) adsorption, probably due to the formation of a
cadmium-grape stalk complex, involving carboxyl,
hydroxyl, and amino groups (Fig. 2(b)).

The specific surface area and average particle size
of grape stalk was determined to be 0.316 m*/g and
50.15 pm, respectively. Elemental analysis of the mate-
rial showed that it contains 41.58% C, 491% H,
1.182% N, and 0.163% S.

3.2. Effect of pH

Adsorbate structure and functional groups on the
adsorbent surface are significantly affected by pH.
Therefore, pH is one of the most important parameters
that control the adsorption process during the transi-
tion of absorbate from liquid phase to solid surface.
Especially in heavy metal adsorption processes, any
change in pH value can cause hydrolysis, precipita-
tion, and complex ion or complex compound forming.
Therefore, pH has top priority in parameters to be
optimized in the adsorption processes. The effect of
pH on Cd(Il) adsorption from aqueous solution onto
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Fig. 2. SEM micrographs of grape stalk (a) and grape stalk loaded with Cd(II) (b).

grape stalk was investigated at pH range of 2-8 by
taking into account precipitation pH value of Cd(I)
[26]. Fig. 3 shows the percentages of Cd(II) sorbed
from solution onto grape stalk vs. solution pH. The
adsorption percentages of Cd(Il) were low at low pH,
because the hydrogen (H") ions having higher concen-
tration at low pHs cause an increase in positive sur-
face charge that weakens electrostatic force of
attraction for Cd(II) by competing with Cd(II) at sorp-
tion sites. Similar results have been also reported for
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Fig. 3. The effect of pH on the Cd(II) adsorption by grape
stalk [Cd(I) concentration: 10mg/L; adsorbent dosage:
10 g/L; contact time: 60 min; particle size: =100 + 140 mesh;
and temperature: 25°C].

cadmium ions with some indigenous adsorbents
[27,28]. However, as the pH increases, more negatively
charged adsorbent surface becomes available thus
facilitating greater metal uptake. The adsorption yields
were sharply increased up to pH 6 and maximum
value was reached at this pH. At the higher than
pH 6, it almost remained constant. Therefore, it can be
concluded that the pH of 6 is more reasonable for
Cd{Il) adsorption onto grape stalk. This pH is in
agreement with the results of some earlier studies
[29,30], thus, and subsequent experiments were
carried out at pH 6.

3.3. Effect of particle size

Surface area, particle size, and pore structure are
the other important parameters that affect adsorption
process. Since adsorption is an event occurring on the
solid surface, an adsorbent with smaller particle size,
a larger surface area, and more porous is preferred. In
the study, effect of the particle size of grape stalk on
the Cd(Il) adsorption was investigated with grape
stalks having different particle sizes. The obtained
results are presented in Fig. 4. The increase in percent-
age removal of Cd(II) with the decrease in particle size
of the adsorbent was very small (less than 8%). On
reducing the particle size from —50+ 80 mesh (about
0.177-0.3 mm) to —200 mesh (0.075 mm), the removal
percentage of Cd(Il) increased from 84.11 to 92.63%.
Among the particle sizes tried in the experiment, the
percentage removal was maximum for the particle size
range from —100+ 140 mesh to —200 mesh. Since a
reduction of the particle size does not lead to a higher
total number of active sites available, the reduction of
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Fig. 4. The effect of particle size on the Cd(II) adsorption
by grape stalk [Cd(I) concentration: 10mg/L; adsorbent
dosage: 10g/L; pH 6; contact time: 60 min; and tempera-
ture: 25°C].

particle size does not improve the percentage removal
much. Therefore, it can be stated that the optimum
particle size of grape stalk for Cd(II) adsorption may
be considered as —100 + 140 mesh.

3.4. The effects of the grape stalk dosage and contact time

Generally, an adsorbent quickly adsorbs the mole-
cules or ions in the liquid film surrounding. Therefore,
the adsorption rate is higher at the time of first con-
tact, but a decrease is observed with increasing contact
time and it remains constant after the adsorbents sur-
faces are saturated with metal ions. In order to deter-
mine this situation, the effect of the grape stalk dosage
on the removal of Cd(Il) was studied depending on
contact time by varying the adsorbent dosage in the
range of 5-20 g/L. The results are presented in Fig. 5.

In all cases, the Cd(II) adsorption yield increases
with the increasing adsorbent dosage. Grape stalk dos-
age of 10g/L has the most effective adsorption yield.
The adsorption yield also increases with contact time
and attains a maximum value at 60 min, thereafter, it
remains almost constant. Therefore, it can be
concluded that the adsorbent dosage of 10g/L and
contact time of 60 min are more reasonable for Cd(II)
adsorption onto grape stalk.
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Fig. 5. The effects of adsorbent dosage and contact time on
the Cd(II) adsorption by grape stalk [Cd(II) concentration:
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Fig. 6. The effects of initial Cd(II) concentration and
temperature on the Cd(II) adsorption by grape stalk
[adsorbent dosage: 10 g/L; contact time: 60 min; and parti-
cle size: =100 + 140 mesh].

3.5. Effects of initial Cd(Il) concentration and temperature

The effect of initial Cd(II) concentration on the
adsorption was investigated by changing the initial
Cd(I) concentration in the range of 10-400mg/L
under the optimized conditions (initial pH of 6; con-
tact time of 60 min; adsorbent dosage of 10g/L; and
temperature of 25°C). The Cd(I) adsorption percent-
age and calculated adsorption densities depending on
initial Cd(II) concentration are presented in Fig. 6. The
Cd(I) adsorption yield decreases with the increasing
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initial Cd(II) concentration. When the initial Cd(II)
concentration was increased from 10 to 400 mg/L, the
adsorption percentage decreased from 96.02 to 47.7%.
However, amount of the Cd(II) sorbed per g grape
stalk, which is adsorption density, increases. For
example, while the adsorption percentages for initial
Cd(I) concentration values of 50, 100, and 400 mg/L
were found to be 86.38, 73.82, and 47.7%, adsorption
density values of them were found to be 4.32, 7.38,
and 19.08 mg-Cd(Il)/g grape stalk, respectively.

Fig. 6 also shows the Cd(Il) adsorption percentages
as a function of temperature. It can be seen that the
Cd(I) adsorption percentage slightly decreases with
the increasing temperature. This decrease in Cd(II)
adsorption yield by the increasing temperature sug-
gests that the adsorption process is exothermic. In the
some investigations carried out with agro-based adsor-
bents, similar results have also been reported that the
adsorption yields decrease with the increasing temper-
ature and these adsorption processes are physical [31].

3.6. Adsorption kinetics

The adsorption kinetics that describes the solute
uptake rate governing the contact time of the adsorp-
tion is one of the important characteristics that define
the efficiency of the adsorption. Adsorption kinetics
gives important information for designing adsorption
systems. Although there are various kinetic models
used to describe the uptake of metals on different
adsorbents, pseudo-first-order, second-order, and
intraparticle diffusion kinetic models have been
widely used [32]. In order to analyze the adsorption
rate of Cd(Il) onto the grape stalk, all three models
were employed to interpret the experimental data. In
addition, in order to determine the rate constant (k) of
adsorption, kinetic analyses were made at various
temperatures depending on contact time by using fol-
lowing first-order rate expression of Lagergren
(Eq. (1)) and second-order kinetic model (Eq. (2)) and
intraparticle diffusion model given by Weber Morris
(Eq. 3)):

In(g. — q¢) = In q, — kst 1)
1 1

Gtk @
g = kt'? + ¢ 3

where g, and g; (both in mg/g) are amount of Cd(I)
adsorbed per gram grape stalk at equilibrium and any
time, C; and C, are concentrations of Cd(II) in the
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solution any time and initial, k; (min), k, (L/mg min),
and k;; (mg/g min'/?) are the first-order, second-order,
and intraparticle diffusion rate constants of adsorp-
tion, respectively.

Straight lines will be obtained of the left-hand sites
the three equations vs. t for Egs. (1) and (2), and t'/?
for Eq. (3) suggest the applicability of these kinetic
models (Fig. 7). Data obtained in this study were well
fitted to the second-order rate expression. The correla-
tion coefficient values (R?) for the rate expression were
found greater than 0.98 for all temperatures studied.
The values of k, at 25, 35, and 45°C were calculated to
be 0.0164, 0.0137, and 0.0109/min from the slopes of
the straight lines, respectively. The decrease in rate
constants depending on temperature shows that the
rate-limiting step is surface adsorption and the process
is exothermic.

The Arrhenius Equation (Eq. (4)) expresses rate
constant of the adsorption reaction as a function of
temperature and the activation energy of the process
is calculated from the Eq. (4).

k = A.e Ea/RT @)

where k is rate constant at temperature of T (K), A
is frequency factor, R is universal gas constant
(8.314]/g mol K), and E4 (J/g mol) is activation
energy for the adsorption process. The magnitude of
activation energy may give an idea about the type of
adsorption. There are two types of adsorption; physi-
cal and chemical. In the physical adsorption, the equi-
librium is rapidly attained and reversible. Since the
effective forces for this type of adsorption are weak,
its activation energy value is low. On the contrary,
chemical adsorption has higher activation energy
value and it is specific. Also, the rate in chemical
adsorption varies with increasing temperature [33]. In
order to determine adsorption type of Cd(II) adsorp-
tion onto grape stalk, Arrhenius Equation was used.
For this purpose, In k, values were plotted vs. 1/T
and activation energy value was calculated to be
16.08 k] /g mol from the slope of the line. Low activa-
tion energy value indicates that physical forces govern
the adsorption process.

3.7. Adsorption isotherms

Adsorption isotherms are commonly used for
describing adsorption equilibrium for wastewater
treatment. Langmuir and Freundlich adsorption iso-
therms are classical models to describe the equilibrium
between metal ions adsorbed onto adsorbent and
metal ions in solution at a constant temperature. These
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Fig. 7. Lagergren’s pseudo-first-order and second-order kinetic model for the adsorption of Cd(II) onto grape stalk [Cd(II)
concentration: 10 mg/L; initial pH 6; adsorbent dosage: 10 g/L].

models were applied for Cd(II) adsorption onto grape
stalk in this study. For this purpose, the experimental
data obtained under the various concentrations and
temperatures were plotted in linearized forms of
Langmuir (Eq. (5)) and Freundlich (Eq. (6)) adsorption
isotherms.

Ce. :%: 1 +Cg
x/m - ge

5)

ln%:lnqulnkf+nlnCe 6)

where C, is equilibrium concentration of Cd(II)
(mg/L), x/m is amount of Cd(II) adsorbed at equilib-
rium (mg/g), Q°, b, k;, and n are isotherm constants.
Q° and k; are defined as adsorption maxima or
adsorption capacity (mg/g) for Langmuir and
Freundlich isotherms, respectively.
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Langmuir and Freundlich adsorption isotherms of
Cd(I) on grape stalk are shown in Fig. 8. The iso-
therm constants and correlation coefficients (R?) calcu-
lated at different temperatures are also tabulated in
Table 1. Experimental data were fitted to both the iso-
therms. But, the correlation coefficients of Langmuir
adsorption isotherm showed that the Langmuir iso-
therm yielded the best fitted to experimental data. As
seen from Table 1, Langmuir adsorption capacity val-
ues slightly decreased by the increasing temperature.
The other Langmuir parameter b shows a similar
trend. This situation confirms the finding that physical
forces govern the adsorption process.

It has been determined that the Cd(II) maximum
adsorption capacity (Q°) of grape stalk is 21.5mg/g at
25°C. In the earlier studies related to Cd(II) adsorp-
tion, it has been determined that the adsorption capac-
ities of spent grain [34], rice husk [35], sugar beet pulp
[36], and peanut hull [37] are 17.3, 8.58, 24.3, and 6
mg/g, respectively. When taking into consideration,
Cd(I) adsorption capacities of the adsorbents men-
tioned above and the values obtained from the present

14 -

12 1r525°c mss°C

10 4/245°C x55°C
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study to be 21.5mg/g, it can be seen that the Cd(II)
adsorption efficiencies of the agro-based adsorbents
mentioned decrease in the order of sugar beet pulp >
grape stalk > spent grain > rice husk > peanut hull.

3.8. Adsorption thermodynamics

The decreasing adsorption efficiency with increas-
ing temperature can be explained on the basis of some
thermodynamic parameters such as the changes in
Gibbs free energy (AG®), standard enthalpy (AH"), and
entropy (AS°), which can be calculated using equations
(7-9);

1 AG°
Iy =%r @
AH°
lnb—lnbo—ﬁ (8)
AG°® = AH®° — TAS® (C)]

S
25°Cy = 0.0465x + 1.495
7 R?=0.9878

o 8
o o
S 35°Cy = 0.0474x + 1.546
o 6 R = 0.9891
45°C y = 0.0488x + 1.5897
4 R? = 0.9914
> 55°C y = 0.049x + 1.7332
Xk R? = 0.9874
0 T T T T T 1
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Ce
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Fig. 8. Langmuir and Freundlich adsorption isotherm of Cd(Il) by grape stalk.
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Table 1
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Correlation coefficients and isotherm parameters for Langmuir and Freundlich Isotherms of Cd(II) adsorption onto grape

stalk

Freundlich isotherm

Langmuir isotherm

Temperature, ‘C ke n R? b (1/mg) Q° (mg/g) R?

25 1.4796 1.9535 0.9799 0.0311 21.5053 0.9878
35 1.4191 1.9380 0.9743 0.0306 21.0970 0.9891
45 1.3774 1.9372 0.9718 0.0302 20.4918 0.9914
55 1.2875 1.9069 0.9734 0.0282 20.4081 0.9874
Table 2 abundantly, and locally available; the resulting adsor-

Thermodynamic parameters for the adsorption of Cd(II)
onto grape stalk

Temperature, ‘C —AG*, k] /g mol AS°, kJ/g mol K

25 -20.225 71.72x 1072
35 -20.862 7146 x 1073
45 -21.504 7123 %1073

where b is Langmuir constant which is related with
the energy of adsorption, b, is a constant, R is ideal
gas constant, and T is temperature (K) [33].

The standard enthalpy change (AH") of the Cd(ID)
adsorption onto grape stalk was determined to be
—1.159kJ/g mol from the In1/b vs. 1/T. The negative
values of AH® suggest the exothermic nature of
adsorption. The Gibbs’ free energy (AG®) and entropy
values (AS®) for the adsorption process were calculated
from Egs. (7) to (9) and tabulated in Table 2. The
negative Gibbs’ free energy values confirm that
the adsorption is spontaneous. The increase in free
energy change with the decreasing temperature shows
an increase in feasibility of adsorption at lower
temperatures.

4. Conclusions

In this study, Cd(Il) was removed successfully
from aqueous solution by adsorption on grape stalk.
Maximum Cd(I) removal percentage of 92.06 was
found at conditions of 6 pH value, 10 g/L adsorbent
dosage, and 60 min contact time. Equilibrium adsorp-
tion data were well represented by Langmuir iso-
therm, showing maximum adsorption capacity of
21.50mg/g at 25°C. The adsorption kinetic data were
well described by the pseudo-second-order model.
The calculated thermodynamic parameters showed
that the adsorption of Cd(Il) on grape stalk was
spontaneous and exothermic. Grape stalk is freely,

bent is expected to be economically viable for removal
of Cd(II) from aqueous solution.
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