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Abstract

In this study, walnut shell, which is abundant in Turkey and low-cost

biomass waste, has been used for activated carbon production and

phosphate removal from aqueous solutions with the produced activated
Research Article carbon was investigated. ZnCl, was used to prepare adsorbent by chemical

activation method. Produced activated carbons were characterized by

moisture content, ash content, iodine number, Fourier transform

Corresponding Author infrared spectroscopy (FT-IR) and scanning electron microscopy (SEM)

Ayla ARSLAN analyses. The specific surface area was calculated as 415.433 m?/g from
ataberk@kocaeli.edu.tr the isotherms using the Brunauer-Emmett-Teller (BET) equation. The
effects of pH, adsorbent amount, agitation speed and temperature were

ORCID of the Authors investigated. Different adsorption isotherm models were applied. It was
A. A: 0000-0002-8410-256X found that the Langmuir isotherm provided the best fit for the
S. Z: 0000-0003-3954-4163 experimental data. In the pseudo- second order kinetic model, the values

found theoretically (Qecay Were very similar to those determined by
experiments (Qe,exp).- The results showed that the adsorption of phosphate
Received: 21.10.2021 on the WSAC fits the pseudo- second order kinetic model. According to
Accepted: 23.02.2022 the thermodynamics analysis, phosphate adsorption on WSAC was
endothermic under the studied conditions.

Keywords: Phosphate, activated carbon, adsorption isotherms, walnut
shell.

Sulu Cozeltilerden Etkin Fosfat Giderimi i¢in Ceviz Kabugu Bazh Aktif Karbon
Kullanimi

!Kocaeli University, Department Oz
of Environmental Engineering,

Kocaeli, Turkey. Bu calismada Tiirkiye'de bol miktarda bulunan ve diisiikk maliyetli

biyokiitle atig1 olan ceviz kabugu aktif karbon tiretimi i¢in kullanilmistir
ve iretilen aktif karbon ile sulu ¢ozeltilerden fosfat uzaklagtirilmasi
aragtirtlmistir.  ZnCl, kimyasal aktivasyon yontemi ile adsorbent
hazirlamak icin kullanilmistir. Uretilen aktif karbonlar nem igerigi, kiil
icerigi, iyot sayisi, taramali elektron mikroskopisi (SEM) ve Fourier
transform kizilotesi spektroskopi (FT-IR) analizleri ile karakterize
edilmigtir. Brunauer-Emmett-Teller (BET) denklemi kullanilarak aktif
karbonun spesifik yiizey alan1 415.433 m?/g olarak hesaplanmistir. pH,
adsorbent miktari, karistirma hizi ve sicakligin etkileri arastirilmistir.
Adsorpsiyon izotermi farkli izoterm modelleri ile analiz edilmistir.
Langmuir izoterminin deneysel veriler ile uyumlu oldugu goriilmiistiir.
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uydugunu gostermistir. Termodinamik analize gore, WSAC'deki fosfat
adsorpsiyonu ¢alisilan kosullarda endotermiktir.

Anahtar Kelimeler: Fosfat, aktif karbon, adsorpsiyon izotermleri, ceviz
kabugu

Introduction

The abatement of elevated phosphorus levels in water bodies is of momentous urgency from the aspect
of environmental management, due to its adverse impact on the aquatic ecosystems and human health
[1]. In order to remove phosphorus from water and wastewaters, the state-of-the-art treatment methods
can be physical, chemical and biological processes [2]. Precipitation as a chemical method is widely
used for phosphorus removal [3]. Although chemical precipitation is an effective method, it causes
problems such as the complexity of the control system, the use of chemical substances, the excess
amount of phosphate sludge formed in the precipitation and disposal of the sludge [4]. Biological
processes are lower cost alternatives to chemical treatment of wastewater. Biological phosphorous
removal is based on stress-induced activity of the microorganisms for excessive adsorption than usual
requirement for microbial growth [5]. Up to 97% of total phosphorus can be treated with advanced
biological treatment, but difficulties may arise in operating the process [6]. In addition to the high cost
of biological and physical-chemical methods in phosphorus treatment, difficult operating conditions
limit the use of these methods. Therefore, it is crucial to use reliable and economical technologies for
removing phosphorus from wastewater. Example methods can be stated as adsorption, ion exchange,
membrane, electrocoagulation, reverse osmosis, and electrodialysis [7]. For phosphate removal,
adsorption is evaluated as a useful and cost-effective method, considering readily available materials at
hand [8-10]. Especially in studies with calcium carbonate, calcium kaolinite, red mud, half-burnt
dolomite, fly ash, clinker, zeolite, pumice stone, titanium dioxide and coconut shell, very successful
results have been obtained in removing phosphate from wastewater [11]. Activated carbon can be
defined as an adsorbent material for which surface area and pore volume are highly improved by
applying activation process to materials that contain high carbon [12]. Activated carbon can be produced
from several raw materials containing low inorganic material and high carbon. In addition to wood, coal
and coconut, which are commonly used substrates in activated carbon production, many agricultural
wastes and products are also utilized as activated carbon materials for removing some compounds (both
organic and inorganic) in liquid and gas phase [13]. Activated carbon contains carbon component within
the range of 85-95% and other elements, for example hydrogen, oxygen, nitrogen, and sulfur. Typical
activated carbon’s elemental composition may be comprised of 88% C, 6-7% O, 0.5% N, 0.5% H and
1% S. The oxygen content of activated carbon may vary between 1-20% depending on the preparation
of the substance [14]. Activated carbon’s physicochemical properties can be changed by type of raw
material used as well as activation conditions [15]. The application of various thermal and chemical

treatments improves the pore structure of the raw materials and allows the formation of micropores [16].
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Cost-effectiveness, availability, and unique content (high carbon and low inorganic) are the reason for

preferring agricultural waste usage in activated carbon production in recent years [17]. Vegetative waste
usage for activated carbon production makes an important contribution to the solution of environmental
problems [18]. Within the sustainable environment approach, it is aimed to evaluate walnut shells from
agricultural wastes formed in our country and to obtain an adsorbent that can be used as an alternative
in the removal of phosphate, which is an important pollutant. Phosphate removal with different
adsorbents has been studied in the literature. However, while the removal applications of pollutants such
as dye and chromium with activated carbon obtained from walnut shell are more, phosphate removal
applications are very few. This study aims to investigate whether activated carbon prepared from walnut
shell is effective for phosphate removal from aqueous solution. Several important experimental
conditions such as pH, adsorbent amount, agitation speed and temperature and also isotherm models,

adsorption kinetic and thermodynamic were investigated in the present study.
Materials and Methods
Materials

Walnut shell (WS) was gathered as household waste. The composition of the WS was 47.22% C, 6.12%
H, 1.33% N, 1.05% ash and 3.37% moisture. Different chemicals were used in the experimental stages
of the study. For the activation of the raw materials, zinc chloride (ZnCl,, Merck) was applied as
activating agent. KH,PO. (Merck) was utilized in the preparation of the stock phosphate solution. For
pH adjustment NaOH (Merck) and H,SO. (Merck) were used. During analysis of orthophosphate,
(NH4)sM07024.4H,0 (Merck), SnCl, (Merck), CsHgO3 (Merck) and phenolphthalein (Merck) were used.
During the analysis of iodine number, concentrated hydrochloric acid (HCI, Merck), sodium thiosulfate
(NazS203.5H,0, Merck), sodium carbonate (Na2COs, Merck), iodine (I, Merck), potassium iodide (K,
Merck) and starch (Merck) were used according to the standard procedure. All chemicals used were of

analytical grade.
Equipments

Drying oven (NUVE model FN 500), jaw crusher (UNAL model 100 x 100 mm), shaking bath (NUVE
model ST 30), laboratory type chamber furnace (PROTHERM), ash furnace (BLULAB), pH meter
(Thermo Scientific ORION STAR model A111), magnetic stirrer (MTOPS MS300 HS) and

spectrophotometer (HACH DR 5000) were used in the experiments and analyses.
Methods

The surface morphology of the raw shells and activated carbons was investigated with SEM (JEOL
JSM-6060). Surface functional groups, or structure characterization of the raw shells and activated

carbons, were analyzed through the FTIR transmission spectra recorded by using a FTIR
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spectrophotometer (FTIR-Bruker Alpha) in the wave number range of 4000-400 1/cm. BET analysis

(Quantachrome Quadrosorb SI) was performed at Yildiz Technical University Science and Technology
Application and Research Center. For ash and moisture contents, 1 g of activated carbon samples were
weighed with an analytical balance. By placing the samples in the balanced crucibles, the ash content
was determined by burning them at 650°C for 10 hours in furnace, and the moisture content was
determined by drying them at 105°C for 24 hours in oven. To determine the iodine number, 1 g of
activated carbon sample placed in a 250 mL titration flask was soaked with 10 mL of 5% HCI solution
and then boiled for 30 seconds, later it was allowed to cool. 100 mL of stock iodine solution was added,
and homogenization of the mixture was achieved using magnetic stirrer. It was then filtered through a
filter paper and titrated with thiosulfate solution. After a pale-yellow color was obtained, titration was
carried on with adding 2 mL of starch into the filtrate. The amount of iodine in the filtrate was calculated
from the amount of thiosulfate spent up to the turning point [19]. Total phosphorus analyses were
performed in accordance with the tin chloride method (4500-P D.Stannous Chloride Method) given in
Standard Methods [20].

Synthesis of WSAC

The walnut shells were first washed several times with tap water to remove foreign particles. After, the
shells were washed with distilled water and then dried in an oven at 105°C, for 12 hours. The shells
dried in the oven were then crushed to the size of 1-3 mm using a 100x100 mm jaw crusher. For
activation, the crushed shells were immersed in ZnCl; solution (30%) with the impregnation ratio of 1:1
and then stirred in a shaking bath at 80°C and 125 rpm, for 4 hours. The samples removed from the
shaking bath were filtered through coarse filter paper and dried in the oven at 105°C, for 12 hours.
Activated shells were carbonized in the ash furnace at 600°C, under nitrogen gas flow of 250
mL/min, for 60 min. After the carbonization processes, the activated carbon samples were washed with
distilled water until pH 6-6.5 to remove the excessive chemicals used for activation. The ultimate

samples were dried in the oven at 105°C, for 12 hours.
Characterization of WSAC

Synthesized activated carbon was characterized by several analysis which were moisture and ash
content, iodine number, SEM, FT-IR and BET. The moisture and ash contents and also iodine number
of the produced adsorbent was compared with similar studies in literature (Table 1). The BET specific
surface area was calculated to be 415.433 m2.gL. It has been determined that WSAC has a microporous

structure.
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Table 1. Studies about activated carbon production and characteristics

Activatin Ash Moisture lodine

Shell Agent 9 Content  Content Number References
g (%) (%) (mg/g)
Hazelnut Shell ZnCl; 1.23 11.02 - [21]
Almond Shell ZnCl, i i A-S: 256 [22]
Walnut Shell H3PO4 W-S: 958
Walnut Shell ZnCl; - - 400 [15]
Walnut Shell KOH - - 303 [23]
Chestnut Shell C-S:785
Hazelnut Shell ZnCl | - H-S: 276 [24]
Peanut Shell ZnCl; 8.20 9.00 1114 [25]
Chestnut Shell ZnCl, - - 917 [26]
Hazelnut Shell HsPO, 5.32 - 397.7 [27]
Hazelnut Shell ZnCl; - 1.97 737 [28]
HsBOs

Hazelnut Shell K,COs 2.92 7.41 1009.71 [29]
Walnut Shell ZnCl, 1.81 1.03 449 Current Study

In the study, performed by [30], activated carbon was produced from pecans. Activated carbons were
characterized by its pore structure, FTIR analysis and acidic surface groups. The raw pecans were
reduced to a certain size and their activation was carried out with HsPO, solution (30%). It was observed
that the pore structure of the activated carbon was more improved at higher activation temperatures and
1130 m?/g of BET surface area was achieved. [31] applied vacuum chemical activation to produce
activated carbon from walnut shells. The highest surface area of the sample obtained at ZnCl:walnut
shell ratio of 2:1 and activation temperature of 450°C was 1800 m?/g. And it was stated that these
activated carbon samples were good adsorbents for removing some organic pollutants in water. In their
study with two different impregnation ratio, [28] concluded that the iodine number and the BET surface
area of the activated carbon with a walnut shell: ZnCl, impregnation ratio of 1:1 were 760 mg/g and 803
m2/g, respectively. On the other hand, the iodine number and the BET surface area of the sample with
1:0.5 impregnation ratio were 737 mg/g and 780 m?/g, respectively. In the study performed by [32],
activated carbon had 1452 m?/g surface area and 1.970 nm average pore diameter which was obtained

from 60 min-carbonization of 5 g walnut shell activated with ZnCl, with the impregnation ratio of 1:1.
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SEM

In Figure 1a and b, SEM images softly are given to show the surface morphology of the raw walnut
shell and the activated carbon. When the images are examined in Figure 1a, it is seen that the surface of
the raw walnut shell was smooth and slightly indented. But then, in Figure 1b, it was obvious that after
activation/carbonization, there occurred small pores inside the pores even if its inner walls seemed

smooth and also the surface area was increased due to the formation of apparent indentations.

5 " 1 ’: i -/A-
Figure 1. (a) SEM mages of w

T -‘,‘*-:“’-'w‘ e : g 7 ‘. 4 ;
alnut shell (100x, 250x, 500x, 1kx) (b) SEM images of activated carbon
(100x, 250x, 500x, 1kx)

FTIR

In Figure 2, the FTIR analysis is given, and it may be concluded that the apparent band intensity of
organic molecules was weakened because of activation and the cellulosic organic structure of the

walnut shell became disrupted.
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Figure 2. FT-IR spectra of the acivated carbon samples and walnut shell
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Adsorption Experiments

In the experiments, the effects of pH, adsorbent amount, agitation speed and temperature were
investigated on the adsorption process. The batch adsorption experiments were conducted using 100 mL
synthetic phosphate solution of different initial concentrations (10, 20 and 30 mg/L). 0.5 g WSAC was
added in 250 mL Erlenmeyer flasks. The flasks were placed in a shaker at a constant speed of 150 rpm
and 25°C for 150 min. By determining the residual phosphate amount in the solution after adsorption,
the adsorption capacity values (ge) and phosphate removal efficiencies were calculated according to the

following equations:

(Co-C V
9= = )
Efficiency (%)= (C-C,)/Co*100 )

Where Coand C. (mg/L) are the initial and equilibrium concentrations of phosphorus respectively. M

(9) is the mass of the adsorbent and V(L) is the volume of the solution.
Results and Discussion
Effect of pH

For evaluating the effect of initial pH; the adsorption studies were conducted in the pH range of 2-10,
with 0.5 g of adsorbent and 20 mg/L initial phosphate concentration, at 25°C and 150 rpm, for 150 min.

The results are given in Figure 3.

100 -+ -5
* * ¢
*

80 - - 4
;\E‘. - [ —
..t__u. 60 3 =
2 g
£ o ¢Removal (%)
a 40 - -2 o
= qe (mg/g)

20 A -1

0 T T T T T 0
0 2 4 6 8 10 12

Figure 3. The adsorption capacities and removal efficiencies at different pH (Co=20 mg/L, 150 min,
0.5 g adsorbent/100 mL, 150 rpm, 25°C)

According to the Figure3, the phosphate removal efficiency tended to increase with the increment of pH

in the range of 4-7. Because of the insignificant difference between the phosphate removal efficiencies
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of particular pH levels, the studies for other parameters were conducted at 6.5, original pH of the

solution. Additionally, the highest adsorption capacities (ge) were also achieved at pH 6.5. At low pH
(2-4), phosphate adsorption capacity decreased with protonation caused by high H* ion concentration.
Also, the decrease in the capacity, at pH higher than 8, could be due to the competition of phosphate and
OH-ions for the adsorption sites on the adsorbent surface [33-34].

Effect of Adsorbent Amount

The adsorption studies for investigating the effect of adsorbent amount were performed with amounts
varying between 0.1-0.9 g. Other conditions were hold at pH 6.5, initial phosphate concentration of 20
mg/L, 25°C, 150 rpm and for 150 min (Fig. 4).

100 - - 8
& . ¢
80 -+
- 6
< L 2
S -4 g
g —  ®Removal (%)
40 - v
a o
« * qe (mg/g)
-2
20 -
0 T T T T O
0 0,2 0,4 0,6 0,8 1
Adsorbent amount (g/100 mL)

Figure 4. The adsorption capacities and removal efficiencies with different adsorbent amount (Co=20
mg/L, 150 min, pH 6.5, 150 rpm, 25°C).

It was observed that the phosphate removal efficiencies increased proportionally to the increase in the

adsorbent amount. However, for applications higher than 0.5 g, the removal efficiencies remained close.

Thus, the optimum adsorbent amount was determined as 0.5 g. The decrease in the adsorption capacity

with the increase in the adsorbent amount is due to the unsaturation of the active sites during the

adsorption process [35].
The Effect of Agitation Speed

In adsorption, the adsorbate must be in contact with the adsorbent in the most effective way to achieve
high efficiency. Therefore, the adsorption studies to investigate the optimum agitation speed were
carried out with the speeds ranged between 50-200 rpm. Other hold values were pH 6.5, initial phosphate
concentration of 20 mg/L, adsorbent amount of 0.5 g, room temperature, and 150 min. The effect of the
agitation speed is presented in Fig. 5. Phosphate removal efficiencies tended to increase with the increase

in agitation speeds.
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Figure 5. The adsorption capacities and removal efficiencies at different agitation speeds (Co=20
mg/L, 150 min, pH 6.5, 0.5 g adsorbent/100 mL, 25°C).

Effect of Temperature

Temperature is an important physochemical process parameter that changes adsorption capacity of
adsorbent. The effect of temperature on the adsorption of phosphate by WSAC was examined in the
range of 25-45°C with 20 mg/L initial phosphate concentration and 0.5 g adsorbent dosage, at pH 6.5
and 150 rpm, for 150 min. The results are shown in Fig. 6. There was no significant difference between
the removal efficiencies of the studied temperature levels. Thus, the experiments were performed at

room temperature.

100 - * &> - 8
<
80
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10 30 50
Temperature (°C)

Figure 6. The adsorption capacities and removal efficiencies at different temperatures (Co=20 mg/L,
150 min, pH 6.5, 0.5 g adsorbent/100 mL, 150 rpm)

Adsorption Isotherms

The data obtained were applied to Freundlich, Langmuir, Temkin and Dubinin-Radushkevich adsorption

isotherms.
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Freundlich Isotherm

Freundlich isotherm is used to model adsorption on heterogeneous surfaces and is expressed in the
following equations [36].

log g =logKy +i log C, )

where Kr (mg/g) is the Freundlich adsorption constant and n Freundlich density constant and
heterogeneity factor, which is a constant related to surface heterogeneity.

Langmuir Isotherm

Langmuir isothermia is the most widely used isotherm model and is used to describe single-layer

homogeneous adsorption [37]. Langmuir isotherm is expressed by equality (2);
Ce/q,=(1/k Vi)+(Ce/Vin) (4)

Where; qe indicates the amount of adsorped substance (mg/g), k equilibrium constant (L/mg), Ce:

concentration of the substance remaining in the solution after adsorption (mg/L) and Vm adsorption

capacity (mg/g).
The sizeless separation factor (Ry is calculated with the following equality help to determine whether

langmuir adsorption isotherm is appropriate.
Ry =1/ (1+a; Co) ®)

Where aj (L/mg) refers to the Langmuir constant and C is defined to the adsorbate initial concentration
(mg/L).
The fact that the R, value is greater than 1 indicates that the adsorption process is unfavorable, equal to

1is linear, it is appropriate to have a value between 0 and 1, and if it is 0, adsorption is irreversible [38].
Temkin Isotherm

Temkin isotutery assumes that the decrease in adsorption energy is linear [39]. Temkin isotherm is

calculated from the following equation;
q,=BInA+BInC, (6)

A indicates the constant, which represents adsorbate-adsorbate interactions, and B: indicates a constant

related to adsorption temperature.
Dubinin — Radushkevich Isotherm

D-R (Dubinin—Radushkevich) isothermia provides information about whether the adsorption process is

physical or chemical adsorption [40]. D-R isotherm equality is as follows;

In quInV'm- K'¢? ()
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where ge (mg/g) is the amount of substance adsorped at equilibrium, V., (mg/g) is the capacity of

adsorption, K (mol2k/J2) is constant related to adsorption energy and ¢ is Polanyi potential.

Polanyi adsorption potential can be defined as follows;
e=RTIn(1+ 1/C,) (8)
R, shows universal gas constant (kJ K* mol™) and T' :temperature (K).

The average free energy (E) of adsorption is free energy, which changes with the transfer of each mole
adsorbate to the surface and is calculated using the following formula;

E=(2K) " ®©)

The size of the E value can be used to estimate the type of adsorption process [41]. All isoterm model
parameters are given inTable 2.

Table 2. Adsorption isotherm parameters

Model Model Parameters R?
. Vm=7.61; k=0.38
Langmuir R. = 0.50 0.97
Freundlich Kr=2.51; n=2.82 0.82
Temkin A=5.632; B=1.4337 0.84
K =-0.3422
Vm = 5.75

Dubinin-Radushkevich 0.85

E=121

It was shown that the best fitting of the experimental data for isotherm models achieved by the Langmuir
isotherm. This is thought to be due to homogeneous distribution of active parts on the adsorbent surface.
In this study, the maximum adsorption capacity on the WSAC was obtained 7.61 mg/g based on the
Langmuir isotherm model. The sizeless constant separation factor (Ryyvalue is calculated as 0.50, and

the fact that this value is between 0 and 1 indicates that adsorption is appropriate.
Kinetics of Adsorption

At this stage of the study, batch adsorption experiments were applied for different initial concentrations
(10, 20 ve 30 mg/L) under the optimum conditions determined (pH 6.5, 0.5 g adsorbent, 150 rpm and at
25°C). Phosphate removal against time is seen in Figure 7 and adsorption capacity values are seen in
Figure 8. The amount of phosphate adsorbed increases as the initial solution concentration increases.
This increase is since the executive force of mass transfer becomes dominant with the increase of initial
concentrations [42]. Low adsorption capacities also indicate that the active regions on the adsorbent

surface do not reach fullness for low initial concentrations [43].
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Figure 7. Relationship between contact time and initial concentration and phosphorus removal (pH
6.5, 0.5 g/100 mL, 25°C, 150 rpm)
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Figure 8. Effect of different initial concentration on adsorption capacity (pH 6.5, 0.5 g/100 mL, 25°C,
150 rpm)

Pseudo-First-Order Reaction Kinetic
The pseudo first order speed equality developed by Lagergren is as follows [44];
ln(qe—qt)= Inq -k t (10)

where ge. (mg/g) and g: (mg/g) are the amounts of adsorbate on the sorbents at equilibrium and time t,

respectively. ki (min?) is the pseudo-first order rate constant of adsorption.
Pseudo-Second-Order Reaction Kinetic

The Pseudo second order kinetic model based on adsorption equilibrium capacity is as follows.

t 1 t
L. +4 11
qt k2 qc2 qc ( )

k> (g/mg.dk) is the rate constant of pseudo-second-order adsorption.

33



Arslan and Zeybek

Sinop Uni J Nat Sci 7(1): 22-40 (2022)

Kinetic models were applied to the values given in Figure 9.
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200
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Figure 9. The kinetics models for adsorption of phosphate on the WSAC; (a) pseudo- first order

model; (b) pseudo- second order model

The results of kinetics data analysis were given in Table 3.
The values obtained from experimental data (Qe,exp ) and theoretically (qe,cay found are closer to each

other in the pseudo-second-order kinetic model. According to these results, it can be said that phosphate

adsorption with activated carbon obtained by ZnCl, activation of walnut shell was a second order

adsorption process.

Table 3. Kinetic model constants of phosphate adsorption

pseudo first order kinetic model

pseudo second order kinetic model

Co(mg/L) Oeexp  Qecal kq R? Qe,exp Qe,cal k1 R?
10 1.92 2.60 0.054 0.95 1.92 2.16 0.029 0.99
20 3.90 2.70 0.055 0.96 3.90 4.15 0.023 0.99
30 592 8.51 0.066 0.97 5.92 6.20 0.005 0.98

As a result of adsorption experiments carried out with different initial concentrations, adsorbent was

filtered out of the solution and the pollutants in the structure of activated carbon was examined with

SEM images. SEM images of activated carbons after adsorption are given in Figure 10. From the figure,

it was observed that pollutants are holding onto the pores.
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Figure 10. SEM images of activated carbons after adsorpion
Thermodynamics of Adsorption

To learn about the thermodynamics of the system, the thermodynamic parameters of enthalpy
(AHO), entropy (ASP) and Gibbs free energy (AG®) were calculated according to the following equations
[32].

K - 12

%/, (12)
AS®  AH

In KC = R " FT (13)

AG’® = —RTInK, (14)

Studies were carried out at temperatures of 298,308 and 318 K with an initial concentration of 20 mg/L,
under optimum conditions (pH 6.5; 0.5 g adsorbent amount, 150 rpm mixing speed and 150 min contact

time). The measurement results were evaluated based on gibbs free energy exchange principle.

Table 4. Thermodynamic parameters of phosphate adsorption

T(K) K AG® (ki/mol) AHO (k3/mol) AS® (3/mol K)
298 156 111 1.56 0.00898
308 275 -2.59 1.68 0.01389
318 3.23 -3.10 1.75 0.01526

According to Table 4; negative AG° values indicate that adsorption of phosphate on activated carbon is
a spontaneous type of adsorption and occurs without any external energy [45]; [46]. The positive entropy
values (AS? indicate that irregularity increases on the solution-adsorbent interface during the adsorption
process and shows the strong interest of carbons in phosphate molecules [47];[48]. The fact that the
standard enthopaed change value(AH? is positive indicates that adsorption is endothermic [46]. The
results of the study were compared with the literature based on the adsorbent used and/or the pollutant
removed (Table 5).
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Table 5. Comparison of study results with literature
Experimental

Adsorbent Type Pollutant Conditions Removal References
. Co=5 mg/L 93%

Alunite Phosphate Co=200 mg/L 5306 [8]
Calcium and
magnesium- Fe/CaCOs-PVA 1:1 98.5%
modified iron- " NOSPhAe  pcacl-PVA 1:1 93% [49]
based adsorbent
Al-intercalated

. . Al-ABn 96.4%
Eud acjuvated Phosphate Al-ABN-AB 93% [50]

entonite
Rice husk and Phosphate  pH 6.0, 3g/L adsorbent 95.85% [51]
fruit juice residue
Modifying walnut  Anionic dye t=180 min, 0.5 g/L 99.6% [52]
shell adsorbent
Walnut Shell Phosphate ~ Co=20 mg/L, t=120 min 96% This study
Conclusion

In this study, activated carbon was obtained from walnut shell by chemical activation and then used for
phosphate adsorption. The physical and chemical properties of the produced activated carbon were
investigated. The iodine number, moisture and ash contents were determined as 449 mg/g, 1.81% and
1.03%, respectively. The optimum conditions of process were initial solution pH of 6.5, 0.5 g adsorbent
amount, 150 rpm agitation speed, 120 min reaction time and 25°C temperature. The maximum adsorbent
capacity was obtained as 7.61 mg/g. The suitability of the data was examined with respect to the
adsorption isotherms of Langmuir, Freundlich, Temkin and Dubinin-Radushkevich. According to the
results, the data was suitable for the Langmuir isotherm model with R-squared of 0.97. The second order
kinetic model was evaluated as suitable for WSAC in the kinetic studies conducted with different initial
concentrations. According to the thermodynamic studies, the adsorption of phosphate on the WSAC was
spontaneous, endothermic in nature and also the randomness at solid /liquid interface increased with
increasing temperature. This study is a good practice for the evaluation of walnut shells, which is a large
amount of agricultural waste in Turkey. Synthesized activated carbon is environmentally friendly. As a
result, it may be concluded that the activated carbon obtained from walnut shell can be an effective

adsorbent for phosphate removal.
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