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Abstract

In this study, grape pulp (MGP) modified with NaOH and citric acid was used in the production of natural ion exchangers. The
effects of parameters such as initial pH, MGP dosage, temperature, initial metal ion concentration, and contact time on the
removal of Pb (I) and Cd (1) ions from aqueous solutions using modified materials were investigated by batch experiments. It
was found that the experimental kinetic data fit the second-order model, and the activation energy for Pb (II) and Cd (II)
adsorption processes were 20.68 and 38.61 kj mol ™', respectively. Although the initial adsorption rate increases with increasing
temperature, the adsorption efficiency slightly decreases. It was calculated that the equilibrium data fit the Langmuir isotherm
better, and the maximum adsorption capacities for Pb (II) and Cd (II) adsorption processes were approximately 1.496 and
1.022 mmol g ' at 25 °C, respectively. Thermodynamic analysis has shown that the adsorption processes of Pb (II) and Cd
(1) are exothermic (AH®p, = —35.68 kj mol !, AH®4 =-21.19 kj mol ') and have a self-developing character.

Keywords Grape pulp waste - Ion exchange resin - Lead (II) and cadmium (II) removal - Adsorption—ion exchange - Desorption -
Isotherm—kinetic—thermodynamic

1 Introduction keeping the environmental interest in these substances alive

and efforts to develop different techniques and removal mate-
The fact that the toxic effects of heavy metals are well under-  rials from wastewater continue. Extensive research is being
stood, continues to be a serious pollution factor in wastewater,  carried out on processes using ion exchange, membrane,

Highlights

* Ion exchange resins were tested under typical and challenging
conditions.

* Performance of resins was better than conventional resins.

« It has been ensured that Pb and Cd are effectively removed from waste
water.

* pH 4.8 high Pb and Cd adsorption was obtained with the modified ion
exchanger.

« lon exchange resins can be reused to reduce process cost and byproduct
production.
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reverse osmosis, solvent extraction, and electrolytic methods,
especially adsorption method, which are investigated as an
alternative to the chemical precipitation process widely used
in removing heavy metal ions from wastewater streams.
Important results of these studies are given in review articles
evaluating many publications in this field [1-5]. It has been
adopted by many researchers as a general evaluation that the
adsorption method to be applied by evaluating the low-cost
materials or the modified materials obtained by activating
them can be a promising alternative to the chemical precipita-
tion method used in practice [6—10]. As a result of this, the
biosorption method, which takes advantage of the adsorption
ability of materials obtained from biological materials (of mi-
croorganism or agricultural and animal origin), has been a
method of much research in this field due to the continuity
of the materials and the cheap output materials [11-15]. The
walls of biomass cells, which are mainly composed of poly-
saccharides, proteins and lipids, contain carboxyl, hydroxyl,
sulfate, phosphate, and amino acid functional groups, and
these groups have the ability to bind metal ions [16]. It has
been reported that the galacturonic acid groups contained in
pectic substances in polysaccharides are effective in removing
cationic contaminants [17-20], contributing to the ion ex-
change properties of polysaccharides in removing metal ions
[21-23]. In general, it has been stated that lignocellulosic sub-
stances are interacted with some chemicals and their proper-
ties such as water retention and swelling are improved by
cross-linking the cellulose fibers in their body, their cation
holding/exchange capacity is increased and they can be used
effectively in removing cationic contaminants [24, 25]. In one
study, it was stated that soybean hulls modified with citric acid
could be used as a cation exchange resin, the cost of such a
resin was calculated as $1.17 kg~ and this value was reported
to be very low compared to commercial resins of petroleum
origin [26].

In some previous studies, it has been revealed that sugar
beet pulp can be used to remove some heavy metals and dye-
stuffs from the water environment by making some changes in
its structure. It has been reported that as a result of the modi-
fication of sugar beet pulp with sodium hydroxide and citric
acid, the cation exchange capacity of the pulp, which is a
defect, is partially improved by esterification of the alcoholic
hydroxyl groups due to the cellulosic components and attach-
ment of the extra carboxyl groups to the skeleton [27-30].
This modified material has been investigated in the removal
of cations and colored substances from the sugar fabrication
intermediate aqueous juice [27, 29], as well as the removal of
basic dyes from aqueous media [30]. It was found that lead
removal ability of sugar beet pulp modified with citric acid
was increased and lead adsorption capacity was 105—120 mg
g ' [27,29].

In this study, the removal of Pb (IT) and Cd (II) ions from
aqueous solutions were investigated by using citric acid-
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modified grape pulp (MGP), which was prepared and deter-
mined in our previous studies [27, 29]. With the experiments
performed for this purpose, the effects of parameters such as
solution pH, MGP dosage, temperature, and initial metal ion
concentration on metal ion removal were investigated depend-
ing on the contact time. The data obtained were applied to
Freundlich’s, Langmuir’s, and Dubinin—Radushkevich’s iso-
therm equations. Kinetic data were evaluated by pseudo first-
order model (Lagergren’s model), second-order model (Ho
model) and intraparticle diffusion model. Also, thermodynam-
ic parameters for the adsorption process of Pb (II) and Cd (II)
ions by MGP were calculated.

2 Materials and methods
2.1 Modified grape pulp (MGP) used in experiments

NaOH and Citric acid modified grape pulp (MGP) used as
adsorbent was prepared and characterized according to the
scheme in Fig. 1 in our previous studies [29]. The properties
of the adsorbent determined in the related studies [29] are
shown in Table 1.

2.2 Preparation of Pb (ll) and Cd (IlI) solutions

By using Pb(CH3COO0),.3H,0 (Sigma-Aldrich, %99.99) and
CdCl,.XH,O (Sigma-Aldrich, %99.99) salts, 250 mmol L!
stock Pb (II) and Cd (II) solutions were prepared in distilled
water. The working solutions were prepared by taking the
appropriate amount from the stock solution and diluting it
with distilled water or buffer solution at pH 4.8 (0.07 mol
"' CH;COONa—0.03 mol L™ CH3;COOH solution) depend-
ing on the situation to be used.

2.3 Metal removal experiments

The adsorption experiments performed in the batch system
were carried out by adding MGP to the solutions containing
200-mL metal ions in 300-mL flasks and shaking them at
200 rpm for the prescribed time in a shaker (Zcheng 200D)
kept at a constant temperature. By using Double Rings-203
filter paper, pH measurements of the solutions separated from
the solid by filtration and metal ion analysis after necessary
dilution were performed. Studies at different pHs were carried
out after adjusting the pH of metal ion solutions at the pre-
scribed concentration to the predicted values with dilute HCI1
and NaOH solutions. Experiments in pH 4.8 medium were
carried out in 0.07 mol L' CH;COONa-0.03 mol L™
CH;COOH solution where this pH was maintained.

The adsorbed metal ion amounts and adsorption efficiency
at any time and at equilibrium were calculated using the fol-
lowing equations. In these equations; qt is the amount of metal
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Fig. 1 Procedure for the I Grape Pulp I
preparation of modified grape
pulp (MGP)
Distilled water I—)I Washing I—)I ‘Waste washing water
I Drying (50 °C) I
0.1 N NaOH solutions _)I Saponification I
I Distilled water I—)I Washing I—)I ‘Waste washing water
I Drying (50 °C) I
0.6 M Citric acid Esterification
solutions (Heating, 50 °C)
I Heating (120 °C) I
Distilled water H ‘Washing I—)I Waste washing water I
I Drying (50 °C) I

ions removed (mg g ') per unit mass of adsorbent at any time
t; qe is the amount of metal ions removed per unit mass of
adsorbent in its equilibrium (mg g '); Cy is the initial metal ion
concentration (mg L_l); C, is the final metal ion concentration
(mg L") at any time t; C, is the metal ion concentration (mg
Lfl) at equilibrium; V is the solution volume (L); m indicates
the mass of adsorbent used (g) and % Ads., the percentage of
metal ions adsorbed by MGP.

100
Co

%Metal Adsorption = (C,—Cs) X (1)

qg= (Cofcs) xV (2)

m

2.4 Analytical methods

Solution pH was measured using a Metler Delta 350 pH me-
ter. Lead and cadmium analysis in filtrates Perkin Elmer
AAnalyst-400 Atomic Absorption was performed using
Spectrophotometer. Calibration was performed with standards
prepared at concentrations between 5 and 20 mg L™ for lead
and 0.4 and 2 mg L' for cadmium. The concentrations of the

I Modified Grape Pulp I

samples were determined by comparing them against these
calibration systems after the absorbance was determined by
making appropriate dilutions when necessary.

3 Results and discussion

As can be seen from the values in Table 1, by modifying the
grape pulp, the swelling capacity decreases. Since this feature
is related to water absorption in a way, it is in harmony with
the decrease in water holding capacity. On the other hand, in
the tests of balancing the materials with water, it was deter-
mined that the amount of dissolution in water and acid solu-
tion decreased in modified products compared to raw grape
pulp [24, 26, 27, 29]. This is confirmed in COD (chemical
oxygen demand) tests in water balanced with the material. In
summary, it can be said that the dissolution of the modified
material in water and acid is also reduced and stabilized. With
saponification and esterification applied in the processes, the
growth of cellulose molecules by cross-linking and the disso-
lution of small molecule substances in the subsequent washes
and the stabilization of the esterified products compared to the
raw grape pulp shows that these materials can be used more
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Table 1 Some properties of the grape pulp and modified productused jn the pectin structure may transform into carboxyl-sodium
In experiments form by hydrolysis, and possible primary alcohol groups es-
Property Grape pulp (GP) MGP terified in the cellulose structure may be liberated by hydro-
lysis (Eq. 3). In the subsequent interaction with the applied
Bulk density (g/em”) 0.459 0359 citric acid, the primary alcohol groups in the cellulose and
pH* 5.65 3.97 citric acid can esterify according to the mechanism represent-
Solubility in water (%)° 3.17 0.96 ed by the following reaction equation, causing the number of
Solubility in acid (%) 4.25 3.57 active groups in the molecule to increase (Eq. 4). Other car-
Ash (at 900°C) (%) ¢ 2.19 4.68 boxylic acid groups of citric acid can also react with neigh-
Moisture (%)° 3.04 6.83 boring cellulose molecules and cross-link the fibrils, causing
COD (mg-0, 1'1)? 177.0 75.3 the molecules to grow and thus the material to become more
CEC (meq g )" 118 349 stabilized. The decrease in solubility and decrease in water
Water retention capacity (g g )° 5.62 4.92 holding capacity show this [18, 27, 29].
Swelling capacity (ml g ") 5.08 3.89 FTIR spectra of grape pulp and the modified product ob-
Methylene blue adsorption (meq g )"~ 0.95 3.32 tained from it are given in Fig. 2. It is obvious that the grape

# Measurements made on the liquid obtained by balancing 1g of substance
with 100 ml of water for 24 h

® Measurement of solid matter obtained by equilibrating 1g of substance
with 100 ml of water for 24 h

¢ Measurement of solid substance obtained by equilibrating 1g of sub-
stance with 100 ml of 0.25 M HClI solution for 24 h

4The result of ash at 900 °C
¢ Constant weighing result at 105 °C

“The cation exchange capacity (CEC) was determined by the back titra-
tion method based on the saturation of samples with a specific standard
acid solution (ASTM 1974)

€ Swelling caused by keeping 1 g of substance in 0.1 N NaNO3 solution
for 24 h

" The result of the analysis made in the solution by shaking 1 g of the
substance with 200 ml of 500 mg/l methylene blue solution for 24 h with
pH 4.8 buffer solution

advantageously in color and ion removal from aqueous media
[26, 27, 29].

The most important good property observed in the modi-
fied material is the increase in cation exchange capacity. The
cation exchange capacity of the ion exchanger obtained espe-
cially after the modification increases approximately 3 times
the value of the raw grape pulp. The more effective methylene
blue binding values obtained with modified materials as a
result of the standard methylene blue removal test performed
in buffer solution with 500 mg L™ methylene blue solution
are also in agreement with this result [24, 27, 29].

This property of lignocellulosic residues is caused by neg-
atively charged active points in the structure. Especially acidic
functional groups (such as carboxylic acid and carboxylic acid
ester), alcoholic functional groups in free and esterified form,
and places such as oxygen bridges formed by carbonyl groups
constitute active centers for the retention of cations. In some
studies, it has been determined that the cation exchange ca-
pacity of cellulosic substances saponified with alkaline solu-
tion increases [18, 24, 26, 27, 29]. With the interaction of
grape pulp with sodium hydroxide solution, the ester groups
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pulp skeleton contains cellulose from the characteristic peak
in the fingerprint area of 1000~1200 cm'. The peak charac-
teristic for free and esterified carboxyl at 1650-1750 cm ™
may also be characteristic for the presence of pectin. The
3200-3600 cm™' region is determinant for hydroxyl groups
in macromolecules (cellulose pectin etc.) or in water. The
more pronounced peaks at 1750 cm™' in the spectra of the
MGP sample, which is a product of citric acid esterification,
may be the result of the carboxyl groups that have entered the
structure extra [7, 25, 28].

The experiments in the first stage were carried out to ex-
amine the effect of the change of solution pH using a certain
metal ion concentration (5 mM) and a certain adsorbent dos-
age (10 g 171, For lead and cadmium ions in aqueous solu-
tions, as the pH rises, lead and cadmium may precipitate as
metal hydroxo complexes after about pH 6.5 and pH 7.5,
respectively, as a result of hydrolysis events [28, 30-33]. It
can be stated that it is below. Therefore, experiments investi-
gating the effect of pH were carried out in pH <5 environment.
The results of the experiments investigating the effect of pH
are given in Table 2. As can be seen from the results, the pH of
the solution in contact with the adsorbent slightly decreases
compared to the initial value. Looking at the hypothetical
nature of the modified material (Eq. 3), it can be stated that
the carboxyl groups cause this. According to the results in
Table 2, the increase in pH causes the elimination to increase
and the removal efficiency reaches higher than 97% around
pH 5. According to these results; subsequent experiments
were carried out at pH = 4.8 in buffer solution (0.07 mol L™
CH;COONa-0.03 mol L' CH3;COOH solution) was carried
out. The effect of the MGP dosage on the removal of Pb (II)
and Cd (II) from the solution with 5 mM concentration is
given in Fig. 3. As can be seen from the figure and as expect-
ed, as the MGP dosage is increased, the percentage of Pb (II)
and Cd (II) removal from the solution increases, but the
amount of adsorbed per unit mass of adsorbent decreases.
For example, when using the MGP at a dosage of 0.5 g 17,
after 24 h a removal of about 18% and 30% of the solution is
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Fig. 2 FTIR spectra of modified
product obtained from grape pulp
MGP
GP
4000 3500 3000 2500 2000 1500 1000 500

obtained for lead (II) and cadmium (I), respectively, while
increasing the dosage to 5 g L', the removal is about 83%
and 88%, and by increasing the dosage to 10 g L™, the re-
moval is around 98% and 97%. Considering these results, in
this study designed for high metal ion initial concentrations,
the MGP dosage was chosen as 10 g 1!, and later experiments
were carried out by applying this adsorbent dosage.

(cm™)

Experiments were carried out with solutions containing
Pb(I) and Cd (II) ions at initial concentrations of 5-25 mmol
L' at temperatures of 25, 40, and 55 °C and for periods
ranging from 5 to 1440 min. The effects of concentration,
temperature and time on the removal of Pb(Il) and Cd (1I) ions
from solution were examined (Fig. 4).
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CH,
I

HOOC — C— OH
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HOOC — CH,

If these results are examined in general regardless of kinetic
models, it can be said that the percentage of adsorption in-
creases for a certain period of time, and then a practical in-
crease is not observed in the adsorption percentage. It can be
stated that when the initial metal ion concentration and tem-
perature are increased, the percentage of adsorption decreases.
As it can be understood from the examination of Fig. 4,

increasing the temperature shortens the time to equilibrium,
but causes a decrease in the adsorption percentage. As in pre-
vious studies on this subject, the compatibility of the
results obtained in these experiments with some kinetic
models frequently applied in adsorption processes was
investigated. The three main models among these
models are first-order model (Lagergren’s model),
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Table 2 Effect of solution initial

pH on removal of Pb and Cd from Pb Cd

solution (experimental

conditions: MGP dose: 10 g 17'; Initial pH Final pH Removal % mg g Initial pH Final pH Removal % mgg’

initial conc.: 5 mM; temp.: 25°C;

contact time: 24 h) 2 2.11 39.5 12.7 2 2.25 44.6 13.97
3 2.89 52.2 16.51 3 2.89 67.5 21.59
4 3.15 64.2 20.32 4 3.28 70.4 22.23
4.8 471 98.3 31.75 4.8 4.75 97.1 3112

second-order model (Ho model) and intraparticle diffu-
sion model (WeberMorris’s model) [34-36].

In an adsorption process that occurs in solution, the neces-
sary boundary conditions for first-order and second-order ve-
locity equations are written and integrated. These equations
are written as follows respectively. Here, qo (mmol 1"'g™")
indicates the amount of metal ions removed per unit mass of
the adsorbent at equilibrium, and g, (mmol I"'g™") indicates
the amount of metal ions removed per unit mass of the adsor-
bent at time t. k; (min ") and k, (g mmol I 'min") are the
first- and second-order adsorption rate constants, respectively.

kl ad
log(¢,~4,) = logg, 5307 (5)
t
G=—1 "7 (6)
k2.04q,* q_e

One of the mechanisms that can be valid in adsorption
processes is the intraparticle diffusion model (Eq. 6).
According to this model,

qg=rkit'? 1 (7)

g; (mmol ! gfl) also gives information about the amount of
metal ions removed per unit mass of the adsorbent at time t,
which is the intraparticle diffusion rate constant (mmol I' g™!

min’m), and 7 gives information about the thickness of the

layer formed between the adsorbent and the adsorbed
substance.

The adsorption data obtained depending on the time at
different temperatures were applied to the first and second
order and intraparticle diffusion models (Eq. 5, Eq. 6, and
Eq. 7). In the adsorption of lead (II) and cadmium (II) ions
by MGP, it has been found that both the regression coeffi-
cients are closer to 1 and the experimental results are closer
to the theoretical results calculated. It can be stated that the test
results fit the second-order model better in the applied condi-
tions (Fig. 5) (Table 3).

Activation energies were calculated for the initial concen-
trations of 5-25 mM lead (II) and cadmium (II), as the data
conformed to the second-order model. The activation energies
were found from the slope of the linear graphs obtained be-
tween the logarithms of the velocity constants found by ap-
plying the data obtained from the experiments performed at
various temperatures to this model and the temperature (T ")
(Fig. 6). It can be obtained from the graph drawn by using the
results found in the experiments with 10 mM lead (II) and
cadmium (II) solutions.

The activation energies calculated by applying the data
obtained to Arrhenius equation (Eq. 8) were found to be
20.68 and 38.61 kj mol ' for the lead (IT) and cadmium (II)
adsorption processes, respectively. These values are in

100 g2 100 -
80 1 80 1
F 3
70 1 70 1
X 60 60 | W
el 3
g 50 1 1 50 1 2 g
E 401 40 | E
) 5
% 30 30 —8— % Removal
—8—% Removal oRemoval 1
20 ——mmollg 20 ——mmol/g
10 1 10 1
0 e ) 0 . . . . . . . . 0
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Dosage, g I

Fig. 3 The effect of the adsorbent dose on the removal of lead and cadmium (experiment conditions: initial conc.: 5 mM; 25 °C; contact time: 24 h;

shaking speed: 200 rpm)
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Fig. 4 The effect of lead and cadmium initial concentration on the removal of temperature and contact time (experimental conditions: MGP dosage 10 g/

1; initial pH: 4.8 (buffer solution medium); shaking speed: 200 rpm)

agreement with the values of 2440 kj mol™' given in the
literature for the mechanisms realized by ion exchange [37].

Data were obtained in experiments at various temperatures
for initial concentrations of 5-25 mM lead (II) and cadmium
(II), as the data conformed to the second-order model. The
activation energies were found from the slope of the linear
graphs obtained between T~ and the logarithms of the veloc-
ity constants found by applying to this model (Fig. 6). Data
were obtained from experiments with 100 mM lead (II) and
cadmium (II) solutions. The activation energies calculated by
applying the Arrhenius equation (Eq. 8) from the graph drawn
using these data were found as 20.68 and 38.61 kj mol ' for
the lead (II) and cadmium (II) adsorption processes, respec-
tively. These values are in agreement with the values of 24-40
kjmol ' given in the literature for the mechanisms realized by
ion exchange [37].

kot = A (e*EA/RT) (8)

On the other hand, the equilibrium data generally
obtained in an adsorption process are applied to differ-
ent isotherm equations to obtain useful information for
the adsorption process. The number of these equations
is quite high. The data obtained from adsorption studies
are often evaluated according to Freundlich’s,
Langmuir’s, and Dubinin—Radushkevich’s (D-R) ad-
sorption isotherms [38—40]. Linearized versions of these
equations are given below.
In(x/m) = InK¢ + %lnCe 9)

In this equation (Freundlich’s equation) [38], x is the
amount of substance adsorbed (mM); m is the amount
of adsorbent (g); and Ce indicates the equilibrium con-
centration (mM) of the adsorbed substance in solution.
K¢ (mM gfl) is Freundlich's constant, a measure of the
adsorption capacity. The other Freundlich’s constant n is

@ Springer
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Table 3  Calculated parameter values from pseudo first-order, pseudo second-order, and intraparticle diffusion models
Temperature, °C  C, Qeq Pseudo first order Pseudo second order Diffusion model
(mM) mmol gﬁl
ky R’k R’ ks Ry*
min”'  mmol g™ gmmol ' min”'  mmol g™’ mmol g min~'
Pb
25 5 0.495 0.0211 0421 0.9495  0.0011 0.498 0.9999  6.247 0.9547
10 0.947 0.0142  0.719 09116  0.0003 0.966 0.9999 10.284 0.9669
15 1.230 0.0105  1.007 0.9180  0.0001 1.271 0.9996 14.131 0.9917
20 1.415 0.0103  1.170 0.9187  0.0001 1.464 0.9995  16.065 0.9858
25 1.464 0.0111  1.089 0.8573  0.0002 1.510 0.9997  14.509 0.9704
40 5 0.468 0.0185 0.331 09175 0.0015 0.469 0.9999  4.599 0.9829
10 0.904 0.0133  0.669 0.8620  0.0004 0912 0.9998  9.766 0.9101
15 1.207 0.0129  0.903 0.8743  0.0003 1.239 0.9998  13.040 0.9293
20 1.335 0.0153  1.060 0.9265 0.0003 1.342 0.9999 15.570 0.9681
25 1.404 0.0181 1.096 0.9432  0.0003 1.421 1 16.433 0.9561
55 5 0.437 0.0275 0329 0.9630  0.0023 0.440 1 4.038 0.9464
10 0.845 0.0306  0.725 0.9677  0.0010 0.847 1 8.399 0.9381
15 1.178 0.0192  0.847 0.9300  0.0005 1.178 0.9999 11377 0.9824
20 1.282 0.0210 0.875 0.9188  0.0006 1.306 1 11.539 0.9920
25 1.325 0.0260 0.928 0.9433  0.0006 1.342 1 12.493 0.9144
Cd
25 5 0.490 0.0168  0.250 0.9957 0.0015 0.493 0.9999  0.891 0.6788
10 0.871 00127 0514 09714 0.0005 0.884 09999 2223 0.6591
15 0.968 0.0117 0.528 0.9627  0.0006 0.981 0.9998 2.519 0.6910
20 0.991 0.0156  0.576 0.9703  0.0007 1.003 0.9999  2.043 0.7148
25 1.009 0.0157 0516 0.8746  0.0008 1.015 0.9999  1.556 0.7252
40 5 0475 0.0196 0.183 0.9864  0.0032 0.478 1 1.131 0.7940
10 0.833 0.0113 0432 0.9821  0.0006 0.858 0.9999  2.901 0.9179
15 0.946 0.0179 0413 0.9751  0.0012 0.960 1 2.640 0.8188
20 0.973 0.0212  0.339 0.9946  0.0020 0.981 1 2.093 0.7747
25 0.991 0.0264 0.352 0.9056  0.0024 0.992 1 2.653 0.4679
55 5 0.455 0.0337  0.180 0.9844  0.0061 0.458 1 1.539 0.8616
10 0.793 0.0270  0.405 0.9774  0.0016 0.797 1 3.308 0.8748
15 0.902 0.0222  0.420 0.9805 0.0011 0.920 1 3.567 0.9018
20 0.946 0.0218  0.335 0.9888  0.0019 0.950 1 3.847 0.8125
25 0.960 0.0257 0.271 0.9889  0.0022 0.971 1 3.837 0.6790
dimensionless. Another equation to which adsorption
data is applied is the Langmuir isotherm [39]. Ing = Ing,,—€’ (11)

C. 1 C.
L + 10
qe qmaxb ( )

qmax

where Ce is the equilibrium concentration of the adsorbed in
solution (mmol 17); ge is the adsorption capacity at equilib-
rium (mg g ), qmax is the maximum adsorption capacity (mg
g "), b is a constant related to the adsorption energy (I
mmol ). One model in which useful evaluations of the ad-
sorption mechanism are made is the Dubinin-Radushkev (D-
R) adsorption isotherm [40].

@ Springer

qm is the maximum amount of substance adsorbed per unit
adsorbent (mg g '), a constant for the adsorption energy (mol*
kJ?), € is the Polanyi potential.

E=(2p)"? (12)

Evaluations of the nature of adsorption can be made
in the calculation using Eq. 12. The E value in this
equation is a measure of the energy value required to
transfer one mole of an infinitely distant particle in
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Fig.5 Second order model for lead and cadmium (experiment conditions: initial conc.: 5, 10, 15, 20, and 25 mM; adsorbent dosage: 10 g/1; contact time:

12 h; shaking speed: 200 rpm)

solution to the adsorbent surface. By looking at these
values, a judgment can be made about the reaction
mechanism. If the detected E value is greater than 16
kj mol ', the adsorption is more chemical in nature; If
it is between 8 and 16 kj mol ! values, it is stated that
the process takes place by ion exchange, if it is less
than 8 kj mol ', the adsorption process is of a physical
nature [27, 41-43].

First of all, nonlinear isotherm plot was obtained by
using the data obtained from the balancing studies for

lead (II) and cadmium (II) solutions at different initial
metal concentrations and different temperatures (Fig. 7).
From the examination of these graphs, it can be stated
that both metal ion adsorption systems reach saturation
and it can be stated that it is an L-type isotherm in its
isotherm form. In this context, the results obtained by
applying the experimental data obtained in the range of
5-25 mM metal ion initial concentrations and 720 min
equilibration time to the isotherm equations given above
are given in Table 4.

Fig. 6 The change graph of In -6 T T T -5 . . ;
(kp) with 1/T 0,0p30 & 0,0031 0,0032 0,0033 0,0034 0,0030 0,0032 0,0033 0,0034
~
o~
<
] . 6 1
= +
y=-2487.4200x + 1 4793 y —464RA:,:Z)8§;899,0752
R>=0,9838 ,
®
-7 7
T
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Table 4 Isotherm parameters and

regression coefficients obtained Temperature, Langmuir Freundlich Dubinin—Radushkevich
from Langmuir, Freundlich, and °oC (D-R)
D-R isotherms
b Omax R In K R’ Omax E R?
L mmol mmol mmol kJ
mmol ' g! g! g! mol '
Pb
25 0.0152 1.496 0.998 0208 0318 0.971 2.062 14.43 0.994
40 0.0071 1.486 0.999 0299  0.155 0.895 2.548 11.78 0.937
55 0.0041 1.472 0.996 0.369  0.087 0.859 2.875 10.78 0.905
Cd
25 0.03607  1.022 0.9999 0.161 0.327 0.9010 1.344 15.43 0.9497
40 0.02612  1.015 0.9999 0.178 0.283 0.9040  1.366 15.08 0.9501
55 0.01645  0.992 1 0208  0.220 0.9000  1.406 14.43 0.9438

The results of the application of equilibrium data to
Freundlich’s, Langmuir’s, and D-R’s isotherms show
that the Langmuir isotherm is more suitable for both
systems of adsorption of lead (II) and cadmium (II) ions
by MGP under operating conditions (Fig. 8). The E
values found in D-R’s isotherm application and be-
tween 10.8 and 15.4 kj mol ' values (Table 4) show
that ion exchange is an effective mechanism in the re-
moval process. The Langmuir constant obtained from
the data within the applied operating conditions was
calculated by converting it from gmax values to mg
g ! for easy understanding. The adsorption capacities
of MGP for lead (II) and cadmium (II) ions were found
between 310 and 305 and 115 and 111 mg g ' for
temperatures of 25-55 °C, respectively. These values
are compared in Table 5 with the literature values of
lead (II) and cadmium (II) removal studies that have
been done using various materials. When compared with
the results of these studies, which have been carried out
under different conditions using different materials, it
can be stated that grape pulp (MGP) modified with

citric acid is a good adsorbent for lead (II) and cadmi-
um (II) ions.

In adsorption processes that conform to the Langmuir iso-
therm, the isotherm shape can also be evaluated according to a
dimensionless r separation factor [52].

r is a dimensionless separation factor, Cy is the initial con-
centration of adsorbed (mM), b is the Langmuir constant. The
following evaluation is made according to the size of the value
obtained when the r factor is calculated. r> 1 adsorption pro-
cess unfavorable, r = 1 adsorption process linear, 0 <r <1
adsorption process favorable, r = 0 the adsorption process is
irreversible.

r=1/(1+bCy) (13)

The r values calculated gradually from the Langmuir con-
stant obtained using the data obtained in this study are shown
in Table 6. Between 25 and 55 °C temperatures, r constant
values were found to be between 0.72 and 0.98 and 0.53 and
0.92 for lead (I) and cadmium (II), respectively. Accordingly,

Fig. 7 Nonlinear sorption 2
isotherms for lead and cadmium
(experiment conditions: initial

conc.: 5, 10, 15, 20, and 25 mM;

adsorbent dosage: 10 g/1; contact

time: 12 h; shaking speed: 200

pm) 2
=]
g 1
g
& |
B 25°C m 25°C
Ax
A 40°C A 40°C
X 55°C X 55°C
0 T T 0 -
0 4 8 12 0 4 8 12 16
Ce, mM
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Table 5 Adsorption capacities

found in studies carried out with Adsorbent Heavy metal removed Adsorption Reference

various adsorbents capacity (mg g ")
Modified lemon peel Pb(II) ve Cd(11) 312.4 ve 129.3 [42]
Activated fir tree powder Cd (I1) 8.8ve2.7 [43]
Coffee grounds Cd (I1) 15.7 [44]
Modified orange peel Cd (1D 136.1 [45]
Banana peel Cd (1) 67.2 [46]
Activated Mahun nut shell Cd (1) 436.7 [47]
Modified pine cone Pb (1) 323 [48]
Watermelon rind Pb (1) 98.1 [49]
Modified onion peel Pb (IT) 200.0 [50]
Modified orange peel Pb (1) 476.1 [51]
Grape pulp modified with citric acid Pb(II) ve Cd(1I) 309.7-114.5% This work

#1.496 mmol g ' x 207.018 mg mmol ' (molecular weight of lead)= 309.7 mg g '; 1.022 mmol g ' x
112.035 mg mmol " (molecular weight of cadmium)= 114.5 mg g '

using MGP, it can be stated that the adsorption processes of
lead (IT) and cadmium (II) from aqueous solutions are
convenient.

In addition, by using the Langmuir constants, the adsorbent
dosage required to reach a target solution equilibrium concen-
tration can theoretically be calculated according to the follow-
ing equation [53].

m Co*Ce
= e 14
\%4 qmaxbce ( )

1 +bC,

m/V required adsorbent dosage (g 17"); Cy initial concen-
tration of adsorbed (mM); C. desired equilibrium to reach
adsorbed (mM); and quax, Langmuir’s constant, maximum
adsorption capacity (mg g '), the Langmuir constant (I
mg ") related to the adsorption energy of b.

The MGP dosage values calculated from Eq. 14 and corre-
sponding to 99% removal are shown in Table 7. Accordingly,

for example, 100 mg 1™ concentration of lead (II) and cadmi-
um (I) ions at 25°C while a dosage of approximately 27.6 and
34 g 17! MGP was needed to provide 99% removal from the
solutions, the dosage that can remove from the solution at the
same concentration at 55 °C with the same efficiency was
calculated as approximately 86.2 and 64 g 17

This supports the conclusion that one of the initial
evaluations, temperature has a negative effect on the re-
moval of lead (II) and cadmium (II). Meanwhile, the cal-
culated m/V for 99% elimination can be observed with
experiments and a comparison can be made. Some exper-
iments were made for 5-25 mM concentrations at 25 °C
by using (dosage, g 1"") values, and the removal efficien-
cies found in general were determined to be slightly lower
than the theoretically found values. For example, the re-
moval efficiency at 25 °C was found to be approximately
98% at the end of the experiment performed with a dos-
age of 24.2 g 17! MGP where a 99 % lead (II) removal
was calculated from a 50 mg "' solution.

Fig. 8 Langmuir isotherms for
lead and cadmium (experiment
conditions: initial conc.: 5, 10, 15,
20, and 25 mM; adsorbent
dosage: 10 g/l; contact time: 12 h;
shaking speed: 200 rpm)

o]

Ce/qe (mM/mmol/g)
-
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Table 6 Dimensionless r values for the adsorption of metals calculated from the equationr =1/ (1 + bCyp)

Pb Cd

Temperature, °C 5 mM 10 mM 15 mM 20 mM 25 mM Temperature, °C 5 mM 10 mM 15 mM 20 mM 25 mM

25 0.93 0.87 0.81 0.77 0.72 25 0.85 0.73 0.65 0.58 0.53

40 0.97 0.93 0.90 0.88 0.85 40 0.88 0.79 0.72 0.66 0.60

55 0.98 0.96 0.94 0.92 091 55 0.92 0.86 0.80 0.75 0.71

Table 7 In order to achieve 99%

removal for the adsorption of Pb Cd

metals; dosage values calculated

from the equation m/ V = (Co-Ce) Temperature, 5 10 15 20 25 Temperature, 5 10 15 20 25

/ (qmaxbCe / (1 +bCy)) oC mM mM mM mM mM  oc mM mM mM mM mM
25 242 27.6 309 343 376 25 28.8 337 385 434 482
40 484 52.0 552 586 619 40 382 431 480 529 577
55 824 862 894 929 962 55 592 641 69.1 741 79.1

In adsorption studies performed in aqueous solutions, ther-
modynamic parameters can also be calculated using the
Langmuir constant (Fig. 9). Thermodynamic parameters such
as free energy (AG°®), enthalpy (AH®) and entropy (AS°)
change of the adsorption process can be found using the equa-
tions given below.

Inb = Inb'~AH°®/RT (15)
In(1/b) = AG®/RT (16)
AS° = AH°~AG®/RT (17)

For the adsorption balance b in these equations, the
Langmuir constant (I mg '), b’is a constant, T is the absolute
temperature (K), and R is the universal gas constant (8.314 J

mol 'K™"). AH® can be calculated from the slope of the line in
the linear graph to be drawn between Inb and T

The values for the thermodynamic parameters calculated
from Egs. 15, 16, and 17 based on the b values calculated
from the Langmuir isotherm are shown in Table 8.
According to these, the negative enthalpy change values of
the lead (II) and cadmium (I) adsorption processes indicate
that the adsorption process of these metal ions from aqueous
solutions of the modified grape pulp is exothermic. This con-
firms preliminary assessments that remediation decreases with
temperature. On the other hand, the negative free energy
change implies that these adsorption processes will occur
spontaneously. This result confirms the earlier finding that
the process is feasible by calculating the dimensionless con-
stant r. In addition, it can be stated that the positive entropy

Fig. 9 1/T-Inb plot for the 3.0 40
adsorption of lead and cadmium
2,5 1
3,5 4
2
T 201 74
y=4291,8372x-11,7018 y=2548,8754x -4,9397
R*=0,9959 i R*=0,9832
3,0
1,5 1
¢
1,0 . - . 2,5 . - :
0,0030 0,0031 0,0032 0,0033 0,0034  0,0030 0,0031 0,0032 0,0033 0,0034
T
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Table 8 Thermodynamic parameter values calculated in the adsorption of metals
Pb (I1) Cd (1)
Temperature, °C AH AG AS Temperature, AH AG AS

(kJ mol ™) (kJ mol 1 (kJ mol 'K °C (kJ mol 1 (kJ mol ™) (kJ mol 'K
25 —35.68 —6.74 0.142 25 -21.19 —8.88 0.101
40 —-5.10 0.130 40 —8.49 0.095
55 —3.84 0.121 55 —7.64 0.088
change at small values can be caused by the increase of irreg- 4. Bailey SE, Olin TJ, Bricka RM, Adrian DD (1999) A review of

ularity in the solution adsorbent interface and the changes that
may occur on the adsorbent surface during adsorption [54].

4 Conclusion

It has been demonstrated that modified grape pulp (MGP),
which has increased cation retention capability by attaching
extra carboxyl groups to the structure by interaction with citric
acid, can be used effectively in removing metal ions from
aqueous solutions containing lead (II) and cadmium (1) in a
high concentration range. The kinetic data obtained from the
experiments to remove lead (II) and cadmium (II) ions with
MGP are based on the second-order kinetic model; equilibri-
um data fit the Langmuir isotherm model. The thermodynam-
ic and temperature-related findings show that the adsorption
processes of both metal ions by MGP are exothermic and are
self-running processes. As a result, it can be stated that MGP
can effectively remove lead (II) and cadmium (II) ions from
aqueous environments and has an adsorption mechanism that
has the effect of ion exchange, and these metals can be recov-
ered with such a process. The results obtained may constitute
data for the design studies to be done in determining the op-
erating conditions for the applications. In addition, further
studies on the recovery of precious metals can be carried out
using effective modified adsorbents made from agricultural
waste materials of this type.
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