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Recycling of phosphorus from aqueous solutions by pine needles
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ABSTRACT

In this study, it is aimed to use phosphate ions in aqueous solution for production of phosphated
organic fertilizers by using pine needles. Pine needles (PN), pine needles modified by NaOH
(Na-MPN), pine needles modified by CH,OH-NaOH solutions (MeOH-MPN) were used as
adsorbents. Adsorbent amount (0.1-0.3 g/100 mL), contact time (15-1,440 min), pH (3-10), initial
concentration (20-150 ppm) and temperature (25°C, 35°C, and 50°C) were the selected parameters.
Microstructures, chemical and physical properties of the adsorbents were characterized, respectively,
by Fourier transform infrared spectroscopy (PerkinElmer Spectrum 100, USA) and scanning electron
microscope (ZEISS Supra 40VP, USA). According to experimental results and analyses, it was shown
that lignin compound found in pine needles decreases the phosphate adsorption capacity of pine
needles. The pseudo-second-order model for the Na-MPN adsorbent optimally fits the phosphate
adsorption kinetics, and the data are coherent with Langmuir and Dubinin—-Radushkevich (D-R)
adsorption isotherm models. Furthermore, thermodynamic studies show that the adsorption process
occurs spontaneously and naturally in an exothermic manner. As a result, it has been determined
that it can be used as phosphated organic fertilizer in soils and waters where phosphate is insufficient
by adsorbing phosphate ions to pine needles whose lignin were removed from waters having high

phosphate concentration.
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1. Introduction

Phosphorus is an important element for all living crea-
tures in nature (humans, animals, microorganisms and
plants). Phosphorus is most commonly used as a food
additive in manure and animal feed. Besides, it is also used
in foods, pharmaceuticals, detergents and some special
chemicals [1].

Phosphorus in the environment is beneficial for many
biological processes. However, the lack of phosphorus
causes limited crop production in the soil, while too
much phosphorus creates an imbalance in the ecosystem.
Phosphorus concentration in nature is increasing due to the
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use of especially phosphorus-containing fertilizers, laundry
detergents and pesticides [2].

There are three main ways in which phosphates are
mixed into wastewater and groundwater: (1) separation
from natural mineral deposits; (2) pesticides and fertilizers;
(3) wastewater discharge and urban effluent (domestic and
industrial). Due to the rapid growth of modern society, the
amount of phosphorus released to nature increases day by
day and accordingly, sewage water discharged into rivers,
lakes and seas is in the form of phosphorus slurry [1].

Excess phosphate in water stimulates the growth of
plankton and aquatic plants in favor of fast-growing spe-
cies that have important roles in the ecosystem. In this
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phenomenon called eutrophication, overgrowth of plants
consumes large amounts of dissolved oxygen which can
suffocate fish. Moreover, excessive growth of the plants
also prevents species living at the bottom from receiving
sunlight. It causes short and long-term environmental and
esthetic problems, eventually leading to the deterioration of
water resources. In most countries, the phosphorus limit in
water is 1-2 mg/L of total PO>-P [1,2].

Various techniques have been applied to remove phos-
phate from wastewater. Frequently used methods include
chemical precipitation, biological processes and adsorption.
Among them, adsorption is considered a reliable and effec-
tive technique for phosphate removal. Among these, adsorp-
tion is regarded as a reliable and an efficient technique in
terms of phosphate removal. Both adsorption and recovery
of phosphate can be done with the adsorption technique.
An adsorption is a surface-based event resulting from the
binding among the adsorbents due to covalent binding and
electrostatic interactions [3].

The adsorption mechanism allows the adsorbent
molecules to be absorbed through molecular interactions
on the surface of the adsorbents and, and involves the sep-
aration of them from the surface of the adsorbate molecules
to the surface of the adsorbent molecules in a single-layer
or multi-layer manner. An adsorption event depends
on various parameters such as the dosage, size and sur-
face morphology of the adsorbent, the concentration and
structure of the adsorbate, pH, temperature. In order to
optimize the design of an adsorption system for the removal
of P ions from aqueous solution, it is important to explain
the relationship between adsorbed P ions per unit weight
of adsorbent () and residual concentration of P ions in
solution (C) at equilibrium. Important models such as
Langmuir, Freundlich, Temkin, Dubinin-Radushkevich
model, Redlich-Peterson, Harkins-Jura, Halsey, BET iso-
therm, intraparticle diffusion and Lagergren are used
to explain the results of adsorption studies. Two kinetic
models, that is, pseudo-first-order and pseudo-second-
order models, are applied to determine the adsorption rate
and mechanism of adsorption reactions. Thermodynamic
parameters such as standard free energy change (AG°),
standard enthalpy change (AH°) and standard entropy
change (AS°) are estimated to evaluate the feasibility of the
adsorption process [4].

While selecting an adsorption method, both high capacity
of adsorption and low cost are main issues that should be
taken into consideration. Today, great importance is placed
on low-cost adsorbents [5]. A great number of plant wastes
have been used as adsorbents.

Pine needles are one among the plant wastes used as
adsorbents. It was identified that there are K', Mg*, Ca*,
SOz and PO,? ions and phenolic compounds in pine needle
extracts [6]. Researches have studied the removal of arsenic
from the water by using pine needles. It was found that the
adsorption mechanism followed second-stage kinetics. As a
result of the study, it was concluded that pine needles could
be a good adsorbent to remove As(V) from the water due to
their excellent adsorption capacity [7]. Shepherd et al. [8]
demonstrated that the recycling and reuse of phosphorus
from the wastewater treatment systems as an agricultural
fertilizer are significant and practicable for the reduction of

P waste and its recycling. In their study, they developed novel
biochar materials for the P adsorption from wastewater. In
the biochars, plant accessibility of adsorbed P was taken into
consideration. The results demonstrated that biochars could
be potentially used as fertilizers [8].

Researchers predict that the need for the recovery and
recycling of phosphate — being a non-renewable source
that does not have known alternatives — may be necessary.
Recycling of phosphorus from wastewater and redistribu-
tion to agricultural land is important to prevent phosphorus
squander and scarcity [8]. In modern agriculture, dependence
on mineral phosphorus fertilizers will increase much more if
phosphorus released to nature is notrecycled [1]. Itis accepted
that in the next 60 to 700 years, the phosphate reserves are all
going to be consumed. Therefore, future studies should focus
on the removal and recycling of PO’ [3].

In this study, it is aimed to identify the phosphate ion
adsorption capacity of pine needles from aqueous solu-
tions and their potential usage for the production of organic
phosphate fertilizers.

2. Experimental
2.1. Materials

Pine tree needles were obtained from the campus of
Bilecik Seyh Edebali University in Turkey, and they were
collected between February and March 2018. Analytical
grade potassium phosphate monobasic (KH,PO,) obtained
from Merck (Germany) was used as phosphate source
in all experiments. Ammonium molybdate tetrahydrate
((NH)Mo,0,,-4H,0), ammonium vanadate (H,NO,V) and
nitric acid (HNO,) purchased from Merck in Germany were
used for phosphate analysis. NaOH and HCI chemicals were
used to adjust the pH value. All other chemicals used in the
study are of analytical grade.

2.2. Preparation of adsorbent

The pine needles (PN) were cut and repeatedly washed
with distilled water to remove adhering dirt and soluble
impurities. The pine needles modified by NaOH (Na-MPN)
(10 g) were hydrolyzed with 100 mL solution of 1 M NaOH
(to remove the lignin materials) at 80°C for overnight. The
black solution (lignin) was removed by filtration. The solid
phase was washed with distilled water until neutral pH =7
was reached [9]. Modified pine needles by CH,OH-NaOH
solution (MeOH-MPN) (10 g) were hydrolyzed with 100 mL
solution of 5% (w/v %) CH,OH-NaOH solution (to remove
the lignin) at 20°C overnight. The greenish solution (lignin)
was removed by filtration. The solid phase was washed with
distilled water until neutral pH = 7 was reached. All the
washed adsorbents were dried in an oven at 50°C overnight.
Finally, all the prepared adsorbents were kept in vacuum
desiccators until the time of use.

2.3. Batch adsorption experiments

The phosphorus stock solution (250 mg/L) was prepared
by dissolving 1.097 g of KH,PO, in 1 L of distilled water. This
solution was diluted to the desired concentrations.
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Phosphorus was identified by finding out the adsorp-
tion characteristic wavelength using UV-spectrophotometer
and vanadomolybdophosphoric acid colorimetric method.
Under acidic conditions, phosphorus reacts with ammonium
molybdate to form molybdo phosphoric acid. The resulting
acid gives a yellow color with increasing concentrations of
vanadium.

Reagents: Vanadomolybdate reagent (color enhancer)
(A Solution + B solution + 70 mL of distillated water).

Solution A: 25 g of ammonium molybdate dissolved in
300 mL of water.

Solution B: 1.25 g ammonium metavanadate was dissolved
by heating in 300 mL of water and after cooling, 330 mL of
concentrated nitric acid was added.

Preparation of standard solutions: 10, 20, 40, 80, and
100 mg/L standard solutions were prepared from stock solution.

2 mL color enhancer and 7 mL of standard solution
were added to 10 mL tubes. The remainder was then
completed to 10 mL with distilled water [10].

The maximum absorbance (A _, = 350 nm) values were
determined by scanning absorbance of standard phosphorus
solutions at different wavelengths (200-1,000 nm). A calibra-
tion graph was plotted using absorbance values against the
concentration at a wavelength of 350 nm [11,12].

Preparation of Sample: 7 mL of sample, 2 mL of color
enhancer and 1 mL of distilled water were added.

Adsorption Kkinetics was investigated by varying
pH (3, 5,7, and 10), contact times (15; 30; 60; 120; 360; 720; and
1,440 min) and adsorbent amount (0.1, 0.2, and 0.3 g/100 mL)
with an initial phosphorus concentration of 50 mg/L at 20°C.
Adsorption isotherms by varying the initial phosphorus
concentrations (20, 50, 100, and 150 mg/L) and thermo-
dynamic characteristics at the different temperatures (20°C,
35°C, and 50°C) were investigated. The adsorption experi-
ments were conducted in 250 mL Erlenmeyer flasks that con-
tained phosphorous solution at desired concentrations and
adsorbent and they were stirred at 300 rpm at room tem-
perature for 20°C + 1°C. The effect of pH was investigated by
varying the pH from 3.0 to 10.0 with 0.1 M NaOH and 0.1 M
HCI solutions. Each experiment was repeated three times.

2.4. Analytical methods

Phosphorus concentration was measured by an ultra-
violet-visible spectrophotometer through the TS 4082
method at 350 nm (JENWAY 7315, UK). The solution pH
was measured by a standard pH meter (HANNA HI 991001,
USA). The conductivity of solutions was determined by a
standard conductivity pen (ULTRAPEN PT1). The mor-
phological images of adsorbents were characterized by a
scanning electron microscope (SEM-ZEISS Supra 40VP,
USA). The functional group analyses of adsorbents were
investigated using Fourier transform infrared spectroscopy
(FT-IR; PerkinElmer, model spectrum 100, USA).

3. Results and discussion

The relationship between the conductivity and UV
adsorption of phosphorus concentration is shown in Fig. 1.
The conductivity of a solution depends on the ion concen-
tration and ion types in the solution. Conductivity is a

500 .
450 08
400 08
£ 350 07
3
Z o
2 300 4 / 06 3
2z 250 05 S
g g
2 200 _Los 2
% B Conductivity ¥ =2.789x+20.047 _g
£ 150 R2=0.9952 03 %
L =]
100 7 y = 0.0062%+0.0003 - 02 <

74 # Absorbance R= 0,989
01 7% 04
0 0

0 50 100 150 200
Concentration (ppm)

Fig. 1. Relationship between conductivity and UV absorbance of
phosphorus concentration (T: 20°C).

measure of ion concentration in the solution [13]. pH value
gives H' ion concentration in the solution [14]. As the phos-
phorus concentration increases, pH was fixed approximately
at 5. However, conductivity increased due to increased
phosphorus concentration. Therefore, the hydrolysis of
KH,PO, actualized according to the reaction given below
(Eq. (1)). Most of the phosphate ions are in the form of H,PO,
at 4-6 pH [15].

KH,PO, + H,0 - K" + H,PO; + H,0 (1)

3.1. Effect of pH

In order to identify the optimal pH value, the balance
adsorption of the phosphate was carried out at 3-10 pH
value, with adsorbent amount of 0.1 g/100 mL, with adsorp-
tion time of 24 h, at 20°C, by using 50 mg/L initial phosphate
concentration. Most of the phosphate ions are found at dif-
ferent protonated forms at different pH values of the solu-
tion [15]. Main types of phosphorus in aqueous solution are
H,PO, at pH < ~4, H,PO; at 4-6 pH, H PO, at pH =7, HPO}?
at 9-11 pH, and PO,? at pH > 11. Due to different negative
charges between HPO?- and H, PO, HPO,? changes more
hydroxyl compared with H,PO; [16]. Positively charged
adsorbent attracts the negatively charged ions. In this case,
less protonated phosphate ions can be adsorbed more than
the ones that have more protons. In this specific adsorption,
the removal order of phosphate ions was PO;*> > HPO,? >
H,PO; > H,PO,. Phosphate adsorption clearly showed that it
strongly depended on the pH level of the solution. The high-
est removal of the phosphate occurred at 7 pH for PN and
Na-MPN, and at 10 pH for M-MPN (Fig. 2). Accordingly,
PN and Na-MPN were adsorbed as both H,PO; and HPO,?
and MeOH-MPN were adsorbed as HPO;”. It is possible for
more hydrogen ions to be adsorbed on the surface from the
solution at low pH levels (under 5 pH). Hence, an increase
occurs at the ultimate pH of the solution [17]. In Fig. 3, where
this incident is seen, the effect of solution pH on the phos-
phate adsorption is observed. It was observed that the pH
of the solution remained approximately the same during



286 S. Balbay / Desalination and Water Treatment 161 (2019) 283-292

P removal efficiency (%)
A

4 ——PN
i / :
MeOH-MPN
0
3 4 5 6 7 8 9 10

pH

Fig. 2. Phosphate removal efficiency based on solution pH
during phosphate adsorption on adsorbents (0.1 g/100 mL
adsorbent amount, adsorption period of 24 h, and 50 mg/L
initial phosphate concentration at 20°C).
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Fig. 3. Effect of solution pH during phosphate adsorption on
adsorbents (0.1 g/100 mL adsorbent amount, adsorption period
of 24 h, and 50 mg/L initial phosphate concentration at 20°C).

the adsorption period during the studies on contact time,
adsorbent amount, initial concentration and temperature.
During the adsorption process, it is known that both pH
and ionic strength are important factors [17]. During adsorp-
tion, the conductivity was measured in order to evaluate
the extractability of ions by adsorbents. On the other hand,
adsorbent solution and surface load play an important role in
phosphate adsorption. At higher pH values, there is constant
competition between hydroxylic ions (OH") and phosphate
anions (H,PO;, HPO;*> and PO]) for adsorption areas.
Powerful hydroxyl ions may limit the approximation of phos-
phate anions as a result of repulsive force [17]. Depending on
ion exchange reactions, a significant potassium ion increase
occurred during the adsorption [18]. Due to these reasons, it
was observed that the highest conductivity occurred at pH=10
while the lowest conductivity occurred at pH =5 (Fig. 4).

3.2. Effect of conductivity

The conductivity was measured in order to evaluate the
extractability of ions by the adsorbents during the adsorption.

H:POy ,
H:POs H:POs HPO:* HPO4*-
Y A A 'y A
700 |
& 1‘\' o
_ 000 ' e Na-MPN )
S 500 {eOH-MPN i
4
— Y.n]mh-::
= 400
E 300 %
] <—s—
100
1 5 € 8 < 10

pH

Fig. 4. Relationship between pH and conductivity during
phosphate adsorption on adsorbents (0.1 g/100 mL adsorbent
amount, adsorption period of 24 h, and 50 mg/L initial
phosphate concentration at 20°C).

As it is shown in Fig. 5a, the conductivity did not change for
PN and Na-MPN adsorbents. However, the conductivity
increased up to 6 h for MeOH-MPN, and later it decreased.
Due to the solvent effect of methyl alcohol, it is thought that
especially the K*, Mg*, Ca*, SO} and PO;? ions included in
the pine needles in MeOH-MPN adsorbent dispersed in the
environment as they were dissolved in the solution up to 6 h;
and they may have re-adsorbed on the adsorbent surface
after 6 h.

For 0.1 g/100 mL adsorbent, with a contact time of 15 min
at 20°C temperature in distilled water, the effect of adsor-
bents on conductivity was 325 puS/cm for PN, 330 uS/cm for
Na-MPN and 445 uS/cm for MeOH-MPN. The conductivity
of the solution did not differ significantly depending on the
increasing amount of adsorbent (Fig. 5b).

The conductivity of the solution increased depending on
the increasing initial concentration, and it was observed that
the adsorbents in the phosphate solution increased the con-
ductivity of the solution (Fig. 5c). This increase results due to
the mixing of ions in the adsorbents into the solution as they
are dissolved.

The conductivity did not significantly differ for PN
and Na-MPN adsorbents according to the increasing tem-
perature and the conductivity decreased for MeOH-MPN
adsorbent (Fig. 5d).

3.3. Adsorption dynamics

Both the pseudo-first order model and pseudo-second-
order model adsorption kinetics, which are among the
commonly utilized kinetics models, were tested on the
adsorbents in order to identify the optimal proportion for the
adsorption of phosphate ions. Intraparticle diffusion model
describes the adsorption rate depending on the diffusion
rate [4]. Phosphate amount and concentration adsorbed by
the adsorbents were calculated based on Eq. (2). Depending
on time, until the first balance point of the reaction, they
were analyzed with the pseudo-first-order model (Eq. (3)),
the pseudo-second-order model (Eq. (4)) and the intraparticle
diffusion model (Eq. (5)).
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Fig. 5. Effect of phosphate adsorption on conductivity on adsorbents (a) right-top, (b) left-top, (c) right-bottom, and (d) left-bottom.
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C, (mg/L): initial concentration of phosphate solution,
C, (mg/L): the remaining phosphate concentration in the
aqueous solution at equilibrium, V' (L): volume of the solu-
tion, m(g): adsorbent amount, g, and g, (mg/g): adsorption
capacity, respectively, at + moment and at equilibrium,
k, and k,: rate constants, respectively, for pseudo-first order
model and pseudo-second-order model, ¢ (min): time, K: the
rate constant of the intraparticle transport (mg g min™?),
C: the intercept.

The analysis results indicated that the adsorption
kinetics do not match the pseudo-first order model; instead,
it matches the pseudo-second-order model (Fig. 6). Due
to the low correlation values obtained for all durations,
intraparticle diffusion was formed (Fig. 7).

3.4. Identification of maximum adsorption capacity

The relationship between the adsorbed phosphate per
adsorbent unit and phosphate concentration in the aqueous
phase is graphically represented with adsorption isotherm.
It shows how much phosphate can be distributed between
liquid and solid phases at various equilibrium concentra-
tions. The shape of the isotherm is determined by various
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Fig. 6. Second stage model kinetics of phosphate adsorption on
adsorbents.
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Fig. 7. Intraparticle diffusion model of phosphate adsorption on
adsorbents.

factors such as the number of compounds in the solution,
the initial concentration of compounds in the solution, their
affinities for adsorption areas and the level of competition
between solvents for active adsorption areas. Adsorption
isotherm indicates to what extent the adsorption system is
efficient and how efficient the adsorbate interacts with the
adsorbent [9,18]. Isotherm analysis of adsorption process
was examined in accordance with Langmuir and Freundlich
isotherm models. According to the Langmuir isotherm
model, adsorbent surface has a homogenous structure,
and only one molecule can be adsorbed at each adsorption
center and there is no interaction between the adsorbed
molecules [19]. The Langmuir isotherm model is shown in
Eq. (6). According to the Freundlich isotherm model, all the
adsorption areas on the surface of an adsorbent have a het-
erogeneous structure [20]. The Freundlich isotherm model
is shown in Eq. (7). The Temkin isotherm is usually used for
heterogeneous surface energy systems (non-uniform distri-
bution of adsorption heat) [21]. The Temkin isotherm model
is shown in Eq. (8). The Dubinin-Radushkevich (D-R) iso-
therm model is used to estimate the characteristic porosity
and the apparent free energy of adsorption [4]. The D-R
isotherm model is given in Eq. (9) as follows:

G G, 1 ©
Do o KX

InC, 7
n

Ing, =InK, +

:ElnA+ElnC (8)
qe b b e

Table 1

Ing, =Ing, —Be* )

q,; amount of P per unit mass of adsorbate (mg/g), C,: equi-
librium concentration (mg/L), g, : maximum theoretical
phosphate adsorption capacity (mg/g), K,: Langmuir affinity
constant (L/mg), K, and n: Freundlich constants, A (slope):
Temkin isotherm equilibrium binding constant (L/g),
b (intercept): Temkin isotherm constant, R: universal gas
constant (8.314 J/mol/K), T: Temperature (K), e: the polanyi
potential, g, : the monolayer capacity (mol/g), 3: the D-R
model constant (J/mol).

Langmuir, Freundlich, Temkin, Dubinin—-Radushkevich
isotherms and intraparticle diffusion model correlation
coefficients of phosphate adsorption on adsorbents were
given in Table 1. When the correlation coefficients of all
models for Na-MPN adsorbent are compared, it can be
seen that the phosphate adsorption process on adsorbent
surface is more compatible with Langmuir and D-R models
(D-R R*=0.99 > Langmuir R*= 0.98 > Freundlich R?= 0.89).
Moreover, the compatibility with the D-R isotherm indi-
cates that the surface of the adsorbent is not fully homo-
geneous. As it is evidenced by correlation coefficient R?,
it is evident that the entire adsorption isotherm of phos-
phate can be described better by using Langmuir model
compared with Freundlich. These results suggest that the
phosphate has a single layer cover on its adsorbent sur-
face which is not fully homogeneous. The other adsorp-
tion isotherms are not appropriate for Na-MPN adsorbent.
Furthermore, when the correlation coefficients of both
models are compared for PN and MeOH-MPN, it is seen
that the former is more compatible with Langmuir model
(Langmuir R?*= 0.39 > Freundlich R?= 0.06) while the lat-
ter is more compatible with Freundlich model (Langmuir
R?=0.44 < Freundlich R*= 0.60) (Figs. 8-11). All the adsorp-
tion isotherms are not appropriate for PN and MeOH-MPN
adsorbent.

Shafique et al. [7] studied the adsorption of As®”
(pentavalent arsenic) onto pine leaves. The order of fit
in relation to coefficient of correlation was Langmuir >
Freundlich > Dubinin—-Radushkevich > Temkin. The inter-
action between adsorbate and adsorbent was second-order
kinetics [7]. The results of this study are similar to our
study due to Langmuir isotherm and second-order kinetics
results. It was concluded that the pine needles can be an
excellent adsorbent for removing toxic As(V) and phosphorus
ions from water.

3.5. Thermodynamic parameters

Gibbs free energy change of adsorption process (AG®)
is related to the equilibrium constant of classic Van't Hoff

Langmuir, Freundlich, Temkin and Dubinin—Radushkevich isotherms correlation coefficients of phosphate adsorption on adsorbents

RZ
Langmuir Freundlich Temkin Dubinin—-Radushkevich
PN 0.3979 0.0679 0.8175 0.0263
MeOH-MPN 0.4498 0.6015 0.1277 0.0861
Na-MPN 0.9879 0.8948 0.7324 0.9926
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Fig. 8. Langmuir isotherm model of phosphate adsorption on
adsorbents (equilibration time: 15 min, T: 20°C for PN, Na-
MPN and MeOH-MPN, and pH: 7, 0.3 g/100 mL for PN, and
pH: 7, 0.1 g/100 mL for Na-MPN, and pH: 10, 0.3 g/100 mL for
MeOH-MPN).
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Fig. 9. Freundlich isotherm model of phosphate adsorption
on adsorbents (equilibration time: 15 min, T: 20°C for PN,
Na-MPN and MeOH-MPN, and pH: 7, 0.3 g/100 mL for PN and
pH: 7, 0.1 g/100 mL for Na-MPN, and pH: 10, 0.3 g/100 mL for
MeOH-MPN).
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Fig. 10. Temkin isotherm model of phosphate adsorption
on adsorbents (equilibration time:15 min, T: 20°C for PN,
Na-MPN and MeOH-MPN, and pH: 7, 0.3 g/100 mL for PN, and
pH: 7, 0.1 g/100 mL for Na-MPN, and pH: 10, 0.3 g/100 mL for
MeOH-MPN).
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equation (Eq. (10)). According to thermodynamics, Gibbs
free energy change is related to entropy change in constant
temperature (AS°) and adsorption heat (AH®) (Eq. (11)).

AG®=—-RTInK, (10)
InK, = AS"_AH (11)
R RT

T is absolute temperature (K) and R is ideal gas constant
(8.314 J/mol*K). AS° and AH° were calculated by draw-
ing 1/T graph against In K, by the help of Van't Hoff curve
(Fig. 12). For PN, Na-MPN, and MeOH-MPN adsorbents,
the AS°(k]J/mol) values were, respectively, 0.132, 0.072 and
0.034; AH°(kJ/mol) values were, respectively, —46.2, —28.32
and -13.6; and AG°(kJ/mol) values for 303 K were calculated
as —86.2, -50.14 and -23.9, respectively. Acquired nega-
tive AG® values indicated that these were thermodynam-
ically appropriate and the phosphate adsorption occurred
autogenously. Positive AS°® values reflect the affinity of
surface active substance modified adsorbents to phosphate
adsorption, and negative AH® shows the exothermic nature

v =10.0007x + 2.2631

R*=0.0861 R*=0.9926
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. *PN
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¥=00013x + 22513 * MeOH-MPN
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Fig. 11. Dubinin—Radushkevich model of phosphate adsorption
on adsorbents (Equilibration time:15 min, T: 20°C for PN,
Na-MPN and MeOH-MPN, and pH: 7, 0.3 g/100 mL for PN, and
pH: 7, 0.1 g/100 mL for Na-MPN, and pH: 10, 0.3 g/100 mL for
MeOH-MPN).
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Fig. 12. InK, — 1/T graph for the estimation of thermodynamic
parameters for phosphate adsorption on adsorbents.
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of the adsorption process. Positive entropy change values
also indicate that the randomness increased at solid/solution
interface during the adsorption process.

FT-IR and SEM analyses of each adsorbent of which the
optimal working conditions were identified were conducted
both before and after the adsorption.

3.6. FT-IR analysis of adsorbents

FT-IR spectrums of adsorbents for both before and
after adsorption are given in Fig. 10. Strong adsorption
peak seen at around 150/cm was ascribed to P-O asymmet-
ric tension vibration peak on adsorbent after phosphate
adsorption [22]. Similar to the study of Tu et al. [22], it was
seen that PO, adsorbed on Na-MPN after adsorption for
Na-MPN. On the other hand, O-H vibration peak observed
at around 3,320/cm wavelength for Na-MPN was not seen
after the adsorption. H,PO,; and HPO,? forms adsorbed
on the adsorbent surface by bonding with hydroxyl ions
in the adsorbent. Bands, respectively, observed at ~2,930;
2,900-2,850; and 1,710/cm result from the aromatic C-H, ali-
phatic (-CH-) and C=0 stretching in the structure of lignin
[23]. As the aromatic C-H, aliphatic (-CH) bonds observed
in Na-MPN adsorbent at the vibration peaks of ~2,930;

2,900-2,850; and 1,710/cm bonded with H,PO,, HPO,? ions,
these peaks clearly decreased for Na-MPN adsorbent after
adsorption (Fig. 13). It was observed that the sharp lignin
peaks seen for PN and MeOH-MPN adsorbents remained
the same as sharp and narrow after the adsorption and did
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Fig. 13. FT-IR patterns of absorbances before and after
adsorption phosphate.

Fig. 15. SEM images of PN (a) before adsorption and PN (b) after adsorption (20.000x).
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Fig. 16. SEM images of MeOH-MPN (a) before adsorption and MeOH-MPN and (b) after adsorption (20.000x).

not change. It was seen that the phosphate ions were not
able to sufficiently adsorb on the adsorbent surface due to
the C=0O bond on the structures of PN and MeOH-MPN
adsorbents.

3.7. SEM images of adsorbents

SEM images of adsorbents before and after the adsorp-
tion are given in Figs. 14-16. While it can be clearly seen that
the phosphate ions adsorbed as a bar for Na-MPN adsor-
bent, it was observed that PN and MeOH-MPN adsorbents
did not adsorb on the surface and they only formed a residue.

4. Conclusion

In the study, identifying the adsorption capacity of pine
needles on phosphate ions in aqueous solutions, the evalu-
ations of both pine needles and phosphate ions in aqueous
solution have been examined. Phosphate adsorption has
clearly shown that it strongly depends on the pH level of
the solution. The highest removal of the phosphate occurred
at 7 pH for PN and Na-MPN, and at 10 pH for M-MPN.
Accordingly, both PN and Na-MPN were adsorbed as
H,PO; and HPO,?* and MeOH-MPN was adsorbed as HPO,>
Depending on ion exchange reactions, a significant potas-
sium ion increase occurred during the adsorption. Due to
these reasons, it was observed that the highest conductivity
occurred at pH = 10 while the lowest conductivity occurred
at pH = 5. The analysis results indicated that the adsorption
kinetics matches the pseudo-second-order model. Due to the
low correlation values obtained for all durations, intraparti-
cle diffusion was formed. When the correlation coefficients
of all models for Na-MPN adsorbent are compared, it can
be seen that the phosphate adsorption process on adsorbent
surface is more compatible with Langmuir and D-R mod-
els. All the adsorption isotherms are not appropriate for PN
and MeOH-MPN adsorbent. Furthermore, thermodynamic
studies show that the adsorption process autogenously
occurs in nature in an exothermic manner. It was observed
that the sharp lignin peaks seen for PN and MeOH-MPN
adsorbents remained sharp and same after the adsorption
and did not change. It was seen that the phosphate ions were

not able to sufficiently adsorb on the adsorbent surface due
to the C=O bond on the structures of PN and MeOH-MPN
adsorbents.

These results indicate that the pine needles from which
the lignin is removed have a significant potential for
removing phosphate from wastewater that contains high
phosphate. Furthermore, it is concluded that the phosphate
in the wastewater can be collected from the environment
with this method, and it can be used as an organic phos-
phate fertilizer in soils and water where the phosphate is
insufficient.
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