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In this study, hydrogel@fruit peel composite was synthesized by using polyacrylamide (PAA), a hydrogel, and
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tangerine peel (TP) as biowaste. The removal performance of PAA@TP was investigated for the Pb?* ions. The
FT-IR and SEM-EDX structural characterizations of PAA@TP showed that PAA@TP has various functional groups.
The adsorption data fit to the isotherm models was investigated and the best fit was found with the Langmuir

model. This showed that the binding sites on the surface of the PAA@TP composite showed a homogeneous
distribution and that Pb?* ions formed a monolayer on this homogeneous. The results show that PAA@TP can
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Introduction

With the rapid advancement of industrial activities in
recent vyears, facilities are discharging wastewater
containing heavy metals into the environment. Heavy
metal pollution discharged into the environment mixes
with groundwater and harms the environment [1]. This
pollution mixed into water is very worrying in terms of
environmental safety and public health. Because heavy
metal ions cannot be biodegraded. Increasing concerns
about water pollution underscore the urgent demand for
effective approaches to eliminating heavy metal
pollutants from water supplies [2]. The removal and
recovery of heavy metals, which cause environmental
pollution and harm human health, are very important.
One of the dangerous heavy metals that attracts a lot of
attention and causes environmental pollution is lead ions
[3]. Lead is a highly toxic heavy metal and poses significant
risks to both human health and aquatic ecosystems. Lead
can disrupt the delicate balance of aquatic ecosystems,
affecting aquatic life and overall biodiversity [4]. Long-
term exposure to lead ions can cause a variety of health
problems, including kidney damage, developmental
disorders, and cancer. For these reasons, it is vital to
remove lead from wastewater, which poses a threat to the
environment and public health. Various methods such as
adsorption, reverse osmosis, ion exchange, membrane
filtration, and chemical precipitation are used in the
treatment of heavy metals from wastewater [5]. Among
these methods, the adsorption method is very interesting
in terms of efficiency, low cost, and ease of application. In
the adsorption method, the selection of the appropriate
adsorbent is of critical importance [6]. The preferred
adsorbent should be low-cost, reusable, easily accessible,

alternatively be efficiently used to treat wastewater containing Pb?* ions.

Keywords: Polyacrylamide, Tangerine peel, Composite, Pb2+, Adsorption.

and should not cause secondary pollution. In addition, the
adsorbent must have advantages such as being selective
to the adsorbent and having a high removal rate and
capacity. Adsorbents commonly used in the removal of
heavy metal ions from wastewater include various fruit
peels [7], minerals [8], natural and artificial polymers [9],
and composite materials [10]. The use of natural material-
based composite adsorbents in the removal of heavy
metal pollution has become quite widespread.

Tangerine (Citrus reticulata) is a fruit belonging to the
citrus family that grows in temperate climates [11].
Vitamin A, B, C, potassium, phosphorus, calcium, etc. It
has an important nutritional content for health as it
contains minerals, pectin, and folic acid, is used as dietary
fiber, and contains many phytochemical substances [12].
During the processing of tangerine fruits, approximately
half of the fruit weight is converted into juice, while the
remaining 50% is converted into peel, pulp, seeds, etc.
remains as waste. While most of the acid, sugar, and
mineral substances found in the fruit pass into the fruit
juice, most of the water-soluble and insoluble
polysaccharides, carotenoids, and lipids remain in the
pulp [12]. These fruit peels, which are agricultural waste,
are preferred because they are an alternative to high-cost
materials in the removal of heavy metals from aqueous
solutions. Overall, the interest in tangerine peels as
adsorbents for different metal types and dyes
underscores the potential of natural and renewable
materials in addressing environmental pollution and
wastewater treatment challenges.

Marques [13] used tangerine peels in the removal of
Ni (ll) from aqueous solutions. Unugul and Nigiz [14]
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prepared activated carbon adsorbent from waste
tangerine peel and used it in the removal of synthetic
dyes. Husein [15] used raw and chemically modified
tangerine peel for the adsorption of mercury ions. Yilmaz
et al. [16] investigated the removal of Acid Brown 14 dye
onto tangerine-CO TETA obtained from the tangerine
peel. Inagaki et al., [17] used Mexerica tangerine (Citrus
nobilis) peel to remove Cu(ll), Cd(ll), and Pb(ll) from
industrial wastewater. Ozdemir et al., [18] examined the
adsorption of phosphate ions and Remazol Brilliant Blue-
R dye from an aqueous solution using thermally activated
tangerine peel waste. Although there are many studies on
using tangerine peels as adsorbents, there is no existing
study on their use by creating a composite with a
hydrogel. This study aims to fill this gap in the literature.

In this study, the PAA@TP composite was synthesized
using tangerine peels, a biowaste, and polyacrylamide, a
hydrogel, and its adsorptive properties were investigated
for the removal of Pb?* ion from aqueous media. PAA@TP
composite was characterized by the point of zero charge
(pHpzc), FT-IR, and SEM-EDX analyses. The adsorbent
properties of the PAA@TP for Pb?* ions were evaluated in
terms of pH, concentration, kinetics, and thermodynamics
of adsorption.

Materials and Methods

Chemicals and Devices

Acrylamide (AA), N, N’-methylenebisacrylamide
(MBS), N, N, N’, N’-tetramethylenediamine (TEMED), and
ammonium persulphate (APS) were obtained from Sigma
(St. Loius, MO, USA). Pb(NO)s, and PAR were obtained
from Merk (Germany). KNOs, HCl, HNOs, NaOH, ethyl
alcohol, and all other chemicals were of analytical purity
(Sigma Aldrich).

The functional groups on the TP, PAA@TP, and Pb?*
adsorbed PAA@TP were determined using the FT-IR (ATR,
Bruker Model: Tensor IlI) technique. The surface
morphology of the TP, PAA@TP, and Pb?" adsorbed
PAA@TP, along with the identification of different
elements, was analyzed by SEM-EDX (TESCAN MIRA3
XMU).

Preparation of PAA@TP Composite

Tangerine peel was first washed with pure water and
separated from its impurities. It was then left to dry at
room temperature. Dried tangerine peel was ground to
increase the contact surface and used in composite
synthesis. To synthesize the PAA@TP composite; 1 g of
tangerine peel and 1 g AA monomer were weighed and
mixed in 20 mL of water in a magnetic stirrer until a
homogeneous appearance was achieved. Then, MBS was
added to this mixture, and mixing continued. Then, 300 pL
TEMED and APS were added in a fast cycle to allow the
polymerization reaction to occur. The obtained PAA@TP
composite was washed with pure water until it reached
approximately the conductivity of pure water. The

composite was dried at 40 °C, then ground and stored in a
polypropylene container.

Adsorption Procedure

Pb?* adsorption studies on PAA@TP were carried out
in a multiple magnetic stirrer heater by applying the batch
method. Pb?* ions at different concentrations and pHs
were treated with adsorbent at different temperatures for
varying periods. The amount of Pb?" ion remaining in the
solution was determined by UV-vis spectrophotometer at
A =519 nm after complexing with PAR. Removal%, Q (mg
g?l), and Recovery% values were calculated using the
equations below.

Ci—Cf

Removal% = [ ]x100 (1)

i
Ci—Cf

= 2

o= [ o
Qdes

Recovery% = x100 (3)
ads

Results and Discussion

FT-IR Analysis

When the FT-IR spectrum of Tangerine peel is
examined (Fig. 1a), the peak around 3400 cm™ is
attributed to the O-H stretching vibrations of free and
intermolecularly bonded hydroxyl groups [19]. The peak
at 1519 cm™ is attributed to C=C stretching vibrations in
the aromatic rings of lignin. The peak at 2930 cm-1 is the
vibrations of C-H bonds in cellulose, hemicellulose, and
lignin [20]. The peak at 1234 cm™ is attributed to C-O
stretching vibrations in hemicellulose and lignin. The peak
at 1016cm~* can be attributed to the stretching vibrations
of the —OCHs group of lignin to the C—0 and C—H groups in
cellulose. The peak at 552 cm™ can be attributed to the
bending vibrations of aromatic compounds [21]. In the FT-
IR spectrum of the PAA@TP composite (Fig. 1a),
characteristic peaks of PAA are observed. The peak at
3320 cm is attributed to the -CONH2 group and the peak
at 3190 cm is attributed to asymmetric N-H stretching
vibrations. The peak at 1650 cm is attributed to the C=0
stretch in the -CONH: group. The peak at 1323 cm? is
attributed to C—C stretching vibration, the peaks at 500-
1300 cm™ are attributed to C—H bending vibrations, and
the peaks at 1000-1200 cm™ are attributed to C-N
stretching vibrations [22]. Characteristic peaks of TP are
also seen in the FT-IR spectrum of the PAA@TP. These
peaks are 3321 cm?, 2918 cm’, 1653 cm™?, 1409 cm?,
1021 cm™, and 533 cm™. When the FT-IR spectrum of Pb?*
adsorbed PAA@TP was examined (Fig. 1b), the changes in
the intensities of the peak intensities were considered as
evidence of Pb?* ion adsorption.
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Fig. 1. FT-IR spectra of TP, PAA@TP (a) Pb?** adsorbed PAA@TP (b)

SEM-EDX Analysis

The SEM morphology and EDX spectrum of pure TP
(Fig. 2a-d) showed that it had an irregular and porous
surface [16]. The surface morphology of the PAA@TP
composite clearly shows irregular porous and rod-like
structures in TP (Fig. 2b). In the SEM morphology of the
Pb?* adsorbed PAA@TP composite, it was seen that the
pores were closed and the surface became smooth (Fig.

2c). The morphological changes observed after adsorption
are thought to result from the surface complexation
between the active sites and Pb?* ions on the surface of
the PAA@TP composite. The presence of Pb in the EDX
spectrum after adsorption was evaluated as evidence of
removal (Fig. 2f).
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Fig. 2. SEM morphology of TP (a), PAA@TP (b), and Pb?* adsorbed PAA@TP (c), and their EDX spectra, respectively (d-

f)

Effect of pH

The effect of initial pH on the adsorption of Pb?* ions
on the PAA@TP composite was thoroughly investigated
within the pH range of 1.0-5.5. The results were plotted in
a pH-Q graph, depicted in Fig. 3. The graph illustrates that
as the pH of the aqueous solution increases, the removal
of Pb?* ions also increases. At lower pH values (acidic
conditions), the adsorbent surface becomes surrounded
by HsO* ions, resulting in positively charged surface
functional groups. In such acidic conditions, H3sO* ions
create electrostatic repulsion, hindering the approach of
Pb** ions to the PAA@TP composite surface.
Consequently, the efficiency of Pb?* ion adsorption is low
under acidic pH conditions (pH 1.0 and 2.0). As the pH of
the solution increases, the competition between H30* ions
and Pb?* ions for binding sites on the PAA@TP surface
decreases. Simultaneously, the electrostatic interaction
between Pb?* ions and the composite surface increases
due to the decrease in positive charge density on the
PAA@TP surface. This leads to enhanced adsorption
efficiency. The deprotonation of active sites on the
composite surface increases as the pH rises from 2.0 to
3.5, facilitating stronger electrostatic interaction between
Pb?* ions and the PAA@TP surface. Consequently, the
adsorption capacity increases. The maximum adsorption
of Pb? ions is achieved at pH 4.5. However, as the pH
surpasses 5.0, the removal capacity begins to decrease. In
pH regions where pH > 5.0, Pb* ions may undergo
hydrolysis reactions, leading to the formation of various
hydroxide species. [23]. Consequently, simultaneous
adsorption and precipitation processes occur, resulting in
reduced removal capacity. In summary, the pH of the

solution significantly influences the adsorption of Pb?*
ions on the PAA@TP composite, with optimal adsorption
occurring at pH 4.5. Beyond this pH, the formation of non-
adsorbable hydroxide species diminishes the removal
capacity.

The point of zero charge represents the pH value at
which the adsorbent surface becomes electrically neutral.
To determine the surface charge of the PAA@TP
composite, the solid addition technique was used. In this
technique, the same amount of PAA@TP composite was
added to a series of solutions with the same ionic strength
but different pH values. By measuring the pH values of the
equilibrium solutions after waiting 24 hours, the pH at
which the surface charge is neutral, that is, pHpzc, was
determined. The solid addition technique allows
researchers to systematically vary the pH of the solution
while keeping other parameters constant. This
information is crucial to understand the adsorption
behavior of the composite under different pH conditions
and to optimize its performance in practical applications
[24]. The pHpzc value for the PAA@TP composite was
determined to be 5.11, as shown in Fig. 3. This pH value
indicates the point at which the surface of the composite
becomes electrically neutral. At solution pH values lower
than the pHpzc value (pHpzc>pH), the surface of the
composite carries a net positive charge, while at solution
pH values greater than the pHpzc value (pHpzc<pH), it
carries a net negative charge on the composite This
information is crucial for understanding the adsorption
behavior of the PAA@TP composite, especially about pH-
dependent processes such as electrostatic interactions
with adsorbate species.
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Effect of Adsorbent Dose

In experiments designed to evaluate the effect of
adsorbent dose, the PAA@TP composite was used in
amounts ranging from 1 to 20 g LY. The relationship
between the adsorbent dose and adsorbed amount is
shown in Fig. 4. It is seen that as the amount of adsorbent
increases, the number of active adsorption sites also
increases. Despite the increase in active centers, the
concentration of Pb?* ions in the solution remains
constant. It was observed that increasing the adsorbent
dose from 1 g L'? to 20 g L'? led to an increase in the
removal percentage from 12% to 70%. This observation
underlines the importance of optimizing the adsorbent
dose in adsorption processes. By appropriately adjusting
the adsorbent dose, researchers can maximize the use of
active adsorption sites and increase the efficiency of
removing contaminants from the solution.

30 100
—e— Q(mgg")
Removal (%)
[Pb*]:1000 mg L™
pH: 4.5 480

25

20

Q/mgg’
Removal (%)

on the homogeneous adsorbent surface. The Freundlich
isotherm model [26] assumes the existence of different
types of adsorptive areas on a heterogeneous surface. The
D-R isotherm model [27] examines the nature of
adsorption on a heterogeneous surface, especially in
porous adsorbents, and evaluates the adsorption process
from an energetic perspective.

The fit of the Langmuir, Freundlich, and D-R isotherm
models for the adsorption of Pb?* ions onto the PAA@TP
composite is shown in Fig. 5, and the parameters of the
isotherm models are summarized in Table 1. When the
correlation coefficients of the Langmuir and Freundlich
isotherm models were examined, it was seen that the
correlation coefficient of the Langmuir model was greater
than the correlation coefficient of the Freundlich model.
This shows that the active centers on the surface of the
PAA@TP composite are distributed homogeneously and
Pb?* ions form a single layer on this homogeneous surface.
The adsorption capacity was determined as 27.3 mgg™. In
addition, the B value of 0.330 obtained from the
Freundlich isotherm equation shows the feasibility of
adsorption. From the D-R isotherm model, the Epr value
calculated as 14.7 k) mol™* and Epr > 8 ki mol?, it can be
inferred that the adsorption of Pb?* ions on PAA@TP
occurs in the form of chemical adsorption.
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Fig. 5. Adsorption isotherms

Table 1. The parameters of isotherm models

é
Isotherm Model Parameter Value
o 5 1 pp 2 pran Langmuir Q. (mgg?) 27.3
Adsorbent dosage / g L™ Q= £ Ki (L mg?) 0.00927
, 1+ K, C, R? 0.988
Fig. 4. Effect of adsorbent dose
Adsorption Isotherms Fre“"dlgCh Xe o
. . Q = XgC B 0.330
To examine the nature of the adsorption process of e R2 0.935
Pb* ions onto the PAA@TP composite, Langmuir, D-R Xor (Mg g2) 37.8
Freundlich, and Dubinin-Radushkevich (D-R) isotherm  Q = Xpgre™ Kore?) -Korx10%/mol? KJ2 2.13
models were applied to the obtained data. The Langmuir . _ p7In (1 n l) E;’R/kj mol™ ;4973
C R .97

isotherm model [25] is based on the assumption that
there is a fixed number of active centers with equal energy

€

Epr = (2Kpg)™®
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A comparison of the Pb%" ion adsorption capacity of
the PAA@TP composite with other adsorbents reported in
the literature is presented in Table 2. Examining Table 2, it
was seen that the efficiency of Pb?* ion removal by the
PAA@TP composite was higher than that of many other

adsorbents. This comparison highlights the superior
performance of the PAA@TP composite in removing Pb?*
ions from aqueous solutions, highlighting its potential as
an effective adsorbent for wastewater treatment and
environmental remediation applications.

Table 2. The comparison of Pb?* ion adsorption capacities of various adsorbents found in the literature

Adsorbent pH Q/ mg g1 from Langmuir Reference
model

MoS;-clinoptilolite 6.0 3.45 [28]
Waste beer yeast 1.0-5.0 2.34 [29]
Peels of banana 5.0 2.18 [30]
Waste beer yeast 1.0-5.0 2.34 [29]
Coconut 4.0 4.38 [31]
Okra waste 5.0 5.0 [32]
Pinus Nigra Tree Bark 8.0 12.6 [33]
Chitosan-GLA beads 4.5 14.24 [34]
Coir 4.9 0.127 [35]
Hydroxyapatite—chitosan composite 7.0 12.04 [36]
PAA@TP 4.5 27.3 This study

Adsorption Kinetics

Adsorption kinetics is very important as it provides
valuable information about the adsorption mechanism
and helps optimize adsorption processes for the effective
removal of heavy metal pollutants from wastewater. The
effect of interaction time on the adsorption of Pb?* ions by
PAA@TP was investigated at time intervals ranging from
10 to 1440 min, as shown in Fig. 6. Looking at Fig. 6, the
adsorption occurs quickly due to the presence of empty
adsorptive sites on the PAA@TP composite surface. As the
equilibrium time is approached, the adsorption rate
gradually slows down. This phenomenon indicates that
Pb?* ions gradually penetrated the pores of the PAA@TP
composite. Further examination of Fig. 6 showed that the
time required for Pb?* adsorption to reach equilibrium
was approximately 180 min. A significant increase in
adsorption was observed beyond this stage, indicating
that the adsorption centers had become saturated.

The kinetic models used for describing the adsorption
process are represented by the equations given in Table 3.
The corresponding graphs of the pseudo-1st-order (PFO)
[37], pseudo-2nd-order (PSO) [38], and intra-particle
diffusion (IPD) [39] models are depicted in Fig. 6, and the
calculated results from these models are summarized in
Table 3. Standard regression coefficient (R?) values were
compared to evaluate the applicability of the PFO and PSO
models. It was seen that the R? value for the PSO model
(R?: 0.907) was greater than the value of the PFO model
(R?: 0.881). It also showed that the PSO model provided a
better fit to the experimental data, with the calculated Q:
agreeing more closely with the experimental Qe values.
Additionally, the fit of the experimental data to the IPD
model graph was examined to determine the mechanism
involved in the adsorption process. The multicollinearity
observed in the IPD plot presented in Fig. 6 indicates that
two or more steps are involved in the adsorption process.
The bilge linearity observed in the IPD plot indicates the

presence of both film and pore diffusion mechanisms.
Overall, the kinetic results showed that the adsorption
process of Pb2* ions onto the PAA@TP composite followed
multiple steps characterized by IPD and PSO patterns.
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Fig. 6. Adsorption kinetics

Table 3. The parameters of kinetic models

Kinetic model Parameter Value
PFO Q:/ mggt 28.1
Q¢ = Qe[1 —e7Xut] Q./mgg?! 26.2
H, = k,10Q, k1 x103/mint 29.3
H1x103/mggtmin?t 770

R? 0.881

PSO Q¢ mggt 28.1
Q = t Q./mgg? 28.7
tTr 1 t kox103/mglgmin-t 1.39

el e

2Q%]  1Qe H2x103/mg g min- 1145

H, = k,Q? R2 0.907
IPD ki x103/mg gt min-0-> 5261
Q; = k;t%° R2 0.936
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Adsorption Thermodynamics

The effect of temperature on the adsorption process is
a critical aspect to consider in adsorption studies.
Thermodynamic parameters such as AG®, AH°, and AS°
were calculated using the following equations [40].

Q
K,= = 4
= (4)
AS°  AH°
-2 An (5)
InK, R RT
AG® = AH® — TAS® (6)

The Van't Hoff graph was plotted to observe the effect
of temperature on adsorption (Fig. 7), and the resulting
thermodynamic parameters are summarized in Table 4.
The standard enthalpy value was found to be -22.7 kJ mol
!, The fact that the adsorption process was exothermic
showed that increasing the temperature led to a decrease
in the adsorption capacity. The entropy value was found
to be -47.8 ] molt K. In addition, negative values of AG®
indicated that the nature of the adsorption was
thermodynamically feasible and spontaneous. Overall,
these findings showed that the adsorption process was
affected by temperature and followed an exothermic
path.
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Fig. 7. Adsorption thermodynamics

Tablo 4. Thermodynamic parameters

Temperature/°C
AH/k) mol!
AG%/k) mol?

RZ

AS°/) mol! K1

(6]

-9.40

25 -22.7 -8.45 -47.8 0.936

40 -7.73

Reusability

In adsorption studies, the reusability and recovery of
the adsorbent are crucial factors to consider. Therefore, it
is essential to investigate the desorption behavior of the
PAA@TP composite used for removing Pb?* ions. To
examine the desorption of Pb?* ions from the PAA@TP
composite, three solvents were utilized: 1 mol L?
solutions of HCI, NaOH, and ethyl alcohol. After subjecting
the composite to three desorption cycles, it was observed
that HCI achieved the highest yield of desorption, with a
rate of 57% (as shown in Fig. 8). This finding demonstrated
that HCl was the most effective solvent for removing Pb?*
ions from the PAA@TP composite, leading to a relatively
high recovered ion yield.

I HCI: 57.3
I NaOH: 21.1
80 I Ethanol: 7.8

60 -

Recovery%

40 -

HCI NaOH Ethanol

Fig. 8. The effect of desorption on PAA@TP

Conclusion

In this article, the adsorption of Pb?* ions on the
PAA@TP composite used as an adsorbent was thoroughly
investigated. Various experimental parameters such as
pH, contact time, adsorbent dose, initial concentration of
the solution, and temperature were systematically varied
to optimize the adsorption conditions. Optimum removal
conditions were determined as pH 4.5, adsorbent dose 5
g L%, 24-hour contact time, and 25°C temperature.
Experimental data were applied to Langmuir, Freundlich,
and D-R isotherms models. Among these models, the
Langmuir model showing monolayer adsorption behavior
showed the best fit to the experimental data. Under
optimum conditions, the monolayer adsorption capacity
was determined as 27.3 mg g*. Adsorption kinetics
showed that the adsorption process followed the PSO and
IPD models. Adsorption thermodynamics showed that the
adsorption process was exothermic and spontaneous. All
these findings showed that the PAA@TP composite is a
useful, cost-effective, and promising adsorbent for the
removal of Pb?* ions from wastewater.
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