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Hydrogels are the most commonly used 3D polymer mesh materials for environmental removal due to their
ability to hold water in their porous structures. In this study, polymeric hydrogels were used for metal removal
from wastewater. Polyacrylic acid is an environmentally friendly polymer with known biodegradable and
antimicrobial properties. Polyacrylic acid based (PAA) hydrogel were used as an adsorbent for removal of the
M2+ (Cd?*, Ni?* and Cu®") and Fe" ions from aqueous solutions in this study. Eco-friendly functional PAA-
based hydrogel was obtained by in-situ free radical polymerization technique. The effect of pH on the
swelling characteristic of hydrogel was examined exhaustively and the highest swelling capacity as 1200% was
seen for 2% cross-linked PAA hydrogel at pH 10. All these samples gave highly impressive results in the
adsorption of Cu2+, Cd2+, Ni2+, and Fe®' from water solutions at pH values between 2 and 10. The highest
adsorption capacity of the metal ions on hydrogel was specified as Cd>* ion. Due to its clean production process,
high heavy-metal adsorption capacity and the re-usability, PAA-based hydrogels have a high potential as an eco-

friendly cleaner production material.

1. Introduction

Polymeric hydrogels can retain multiple layers of water in their
structures [1-3]. Hydrogels due to their extremely superior water
retention properties; show hydrophilic character and high swelling
behaviour, also they are biocompatible and can be obtained in desired
large masses [4]. A 3D cross-linked system using hydrophilic polymers,
referred as hydrogels, which swells and absorbs water onto their struc-
ture to swell in solutions. Hydrogels are most attractive materials of “soft
matter” preferred in various application areas [5]. Hydrogels can be
used in many systems; agriculture and botanic [6], drug delivery sys-
tems [7], medical systems [8], tissue engineering [9], protein and cell
immobilization [10], wastewater treatment [11]. Nowadays, there has
been a marked strength in the improvement of the hydrogel composite
and their application in several purposes, contain environmental
improvement [12-14]. Concerning contaminated water, hydrogel based
composites have shown upper performance in adsorption of different
inorganic and organic pollutants [15,16]. Hydrogel based composites
are adapted to cover most applications to achieve more functional
properties such as greatest balance swelling, higher absorption rate,
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small residue content, porosity, smooth softness, high strength, odour-
less, photo stability [17].

With the rapid increase in the global population and the need for
continuous industrialization, the pollution problem that is at the basis of
life, such as clean water, is the foremost threat. As a basic result of this
problem, the loss of 6 children per minute reveals the importance of
studies in this area [18]. Heavy metals, the most common water pol-
lutants, cause serious adverse health effects. Since heavy metals cannot
be degraded by natural biological means, the water treatment industry
has been working to find solutions for decades [19,20]. Water is the
basic necessity of all life in nature. The development of chemical in-
dustry and extensive application of many chemical agents in agriculture,
harmful compounds have been polluted air and soil, and consequently,
drinking water, which resulted in numerous diseases. Heavy metal ions
become serious threats to ecological environment due to not biode-
gradable and tend to accumulate in living tissues [21]. Economically,
hydrogels are the most suitable materials for waste water removal.
Because of the adsorption limits do not decrease after several recovery
and reuse [22]. Having high adsorption limit, mechanical strength,
biodegradability and reusability in various pH ranges all make sense of
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hydrogels in removing all impurities from wastewater [22]. To improve
the quality of life, polymer material is widely used due to its durability,
density and cost-effective nature. Hydrophilic structure of hydrogels is
due to the number of polar hydrophilic groups like —OH, —~COOH,
—CONHj; and -SO3H. These groups are attached onto polymer chain with
response to different stimuli [23]. Hydrogel has been found to exhibit
incredibly extraordinary properties for reusability. Previous studies
have shown that up to five adsorption-desorption cycle hydrogels give
good results [24]. In the wastewater treatment applications, reusability
is the most important property for an adsorbent [17,25]. In adsorption
applications where harmful particles are immobilized on a substrate and
contributes to the improvement of dispersion, the adsorption capacity of
the substrate can be increased by improving the surface properties.
Particles immobilized on the substrate by adsorption play an active role
in most cases, depending on the degree of exposure and contact between
the pollutants and the adsorbent [26]. A wide variety of physical and
chemical treatment processes are used to treat wastewater and
contaminated water. The mechanisms used make use of either the pore
size differences or the chemical affinity between the substrate and the
pollutant. These two mechanisms can work separately or simultaneously
in the adsorption process [27].

Since heavy metals directly and indirectly cause health problems in
contact with people and aquatic animals, it is significant to remove these
ions from wastewater [28]. Heavy metals accumulate easily in the
human body, causing serious illnesses ranging from liver damage to
kidney failure and also affect food chain directly. For this reason, spe-
cific guidelines for water quality components, including heavy metal
ions, are reported by the World Health Organization with up-to-date
revisions [19,20,29]. For example, the Cd ion accumulated and
retained in the body is a toxic heavy metal that causes bone and lung
cancer and kidney damage to occur [30]. The well known “Itai-Itai
disease” is a typical case of chronic cadmium poisoning [20]. Similarly,
large amounts of Ni cause serious effects on the human body such as lung
embolism, heart conditions, respiratory failure and birth defects [31].
Excess cupper ion in humans causes diarrhea, nausea, dizziness and
headache [32]. In addition, excess of ionic iron (Fe?>" and Fe*) in water
is toxic to aquatic life and it can be caused deadly effect on them [33].
Although these metals have toxic affect for the humans and the envi-
ronment in high concentrations, usage of these metals is also crucial for
numerous routine processes [34]. Therefore, it is necessary to adopt an
easy and effective technique for removing heavy metal ions from
wastewater [35]. Today, some methods have been designed to remove
toxic inorganic ions from contaminated water such as electrochemical
treatment, ion exchange resins, ultrafiltration nozzles etc. Among these
techniques, adsorption based processes are extensively used to remove
metal ions from wastewater owing to its low operating costs, higher
efficiency, simple of use and lower sludge production [36]. Adsorption
has been recognized as an easy-to-apply technique for removing con-
taminants from contaminated environments. The porous structure of the
adsorbents facilitates this process. For the adsorption mechanism using
various adsorbents, adjustable pore structure and high surface area/
mass ratio with chemical stability are the most important factors [29]. In
their study, Alharbi et al. summarized the advantages and disadvantages
of different methods in removing pollutants in the form as a table [19].
Adsorption technology is a purification technique that utilizes the high
adsorption capacity of adsorbents to remove certain contaminants. The
most general properties required from a good adsorbent; large specific
surface area, high adsorption performance, outstanding selectivity,
excellent chemical and thermal stability, cheap availability and reus-
ability. Adsorption is affected by the physical and chemical properties of
pollutants, pH values, coexisting substances, temperature, contact time
and adsorbent dosage. As reported in previous studies, adsorption
mechanisms occur through ion exchange, electrostatic adsorption,
hydrogen bonding, specific surface bonding, and chelation [20].

In 2018, Du et., al synthesized hydrogels via by using in-situ poly-
merization technique of acrylic acid (AA) in PVA solution, and poly
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(acrylic acid) (PAA) chains were cross-linked with N,N’-methylene bis-
(2-propenamide) (MBA). They chose PAA for its high Tg degree and SiC
for higher temperature stability [37]. In this work PAA-based hydrogel
was synthesized by in situ radical polymerization technique. The ob-
tained hydrogels were characterized by morphological (Field Emission
Scanning Electron Microscopy) and structural (Fourier Transform
Infrared Spectroscopy). The characterized hydrogel was used for the
removal of Cu?*, Ni2*, Cd?* and Fe3* heavy metal ions from aqueous
solutions in different ranges of concentrations, temperatures and pH.
The adsorption capacities of prepared with variety range of concentra-
tion metal ion aqueous solutions samples were determined using by
Atomic Absorption Spectroscopy (AAS). Adsorption isotherms, adsorp-
tion kinetics and adsorption thermodynamics have been studied in
detail.

2. Experimental
2.1. Chemicals and reagents

Materials used throughout this study; acrylic acid, ammonium per-
sulfate, N,N’-methylenebisacrylamide (N,N’-MBAAm) were purchased
from Sigma-Aldrich, USA. Copper(Il) acetate monohydrate, nickel(Il)
nitrate hexahydrate and cadmium acetate dihydrate, iron(III) nitrate
nonahdrate were supplied from Merck, Germany and Sigma Aldrich,
USA, respectively. For pH adjustment NaOH, NH4OH and HCl were used
from Merck, Germany. Deionized water was used in all experimental
stages.

2.2. Synthesis of poly (acrylic acid) based hydrogels

Free radical polymerization technique used to synthesize acrylic acid
(AA) hydrogel by using with a radicalic initiator (ammonium persulfate)
and a crosslinking agent (N,N’ methylenebis(acrylamide)). The hydrogel
solution was prepared presence of monomer (5.5mol L™1), initiator
(0.01 mol .- 1) and crosslinking agent (0.45 mol L) in deionized water.
All chemicals were filled into PVC straws, heated in a water bath to 80 °C
and waited this temperature for 2h. Then, hydrogel was carefully
released from the PVC straws. The obtained hydrogel samples were cut
in cylindrical shape (3-4 mm in length) equally, and the hydrogels were
dried in a room condition for overnight.

2.3. Characterization of PAA-hydrogel

2.3.1. Swelling behaviour

The swelling behaviour of PAA-based hydrogel was followed 56 h in
water at room temperature at different pH range (2-10). Each part of the
dried and weighed hydrogel samples was placed in 10 mL of distilled
water. At each time point, the scaffolds were taken out of the water
solution and were weighed at steady time intervals after removing the
excess water until equilibrium was reached. The swelling ratio (S, %)
was determined among the equation is given below;

MM 100 1)
ny

Swelling, % =

where m, is mass of swelling at time t and m; is mass of hydrogel used as
adsorbents

2.3.2. FT-IR spectroscopy

The chemical structure of PAA hydrogels obtained from acrylic acid
monomer with radical polymerization technique has been proven with
FT-IR analysis by Perkin Elmer, USA, Spectrum 100 model FT-IR. The
wavelength is in the range of 400-4000cm!. Attenuated Total
Reflection (ATR) module was used and each spectrum was scanned 4
times and studied at a resolution of 4 cm ™.
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Fig. 1. Swelling behaviour of PAA-based hydrogel in the range of pH 2-10
at 56 h.

2.3.3. SEM-EDX and elemental mapping analysis

FESEM analyses were recorded with Carl Zeiss, Germany, Supra
40VP model SEM. Metal ion dispersion in PAA hydrogel were scanned
by carrying out the mapping technique with the Bruker EDX detector. In
order to confirm the results of metal ions adsorption and desorption,
EDX analysis was conducted on samples.

2.3.4. Batch adsorption studies

The analytical grade salts copper(II) acetate monohydrate, nickel(II)
nitrate hexahydrate and cadmium acetate dehydrate, iron(IIl) nitrate
nonahydrate procured were utilized to prepare a stock solution of
1000 ppm. 50, 100, 150, 200 and 250 ppm solutions were prepared by
diluting the 1000 ppm stock solution.

The batch adsorption studies were accomplished in a 50 mL flask
each were contained 10 mL of salt solution except the cases where the
initial metal ion concentration and temperature were varied. The con-
centration of the metal solutions was measured before and after the
adsorption studies using Atomic Absorption Spectrophotometer (AAS)
(Perkin Elmer, USA, Elmer Analyst 800). In this study, initial metal
concentration and temperature affect were examined as the parameters
on the adsorption of Cu?*, Cd%*, Ni?* and Fe". The quantity of metal
adsorbed onto per gram of adsorbent (qe) and the percentage removal
efficiency (% Removal) were determined by using Egs. (2) and (3),
respectively [38].

Table 1
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FT-IR functional groups of PAA-based hydrogel.

Functional groups

Wave number (cm ')

—OH 3500-3300
C—H 2935
—C=0 1693
—C—0 1238, 1161

In this equation, C, is initial metal concentration (mg/L), C is metal
concentration in equilibrium (mg/L), V is the metal solution volume (L)
and m is the adsorbent mass (g).

2.3.5. Batch desorption studies

The desorption of Cu?*, Cd?*, Ni2™ and Fe>* studies were performed
using batch experiments with pH 2 solution, waiting for 48 h to equili-
brate on desorption. Initial metal concentration and volume of the so-
lution were kept fixed at 250 ppm and 10 mL, respectively. At the end of
the equilibration time, the sorbent was separated and the supernatant
was exposed to the measurement of residual metal ion density. The
concentration of the metal solutions was measured before and after the
desorption experiments using AAS. The percentage of desorption
(Desorption %) was determined using Eq. (4):

Ca
Desorption, % = o x 100 4

In this equation, Cy and C, are metal ion solution concentrations in
the initial and equilibrium (ppm).

3. Results and discussion

3.1. pH effect of swelling behaviour

Fig. 1 shows the swelling behaviour of the hydrogel according to the
pH effects. In this study, it was seen that each hydrogel sample holds a
large amount of water. In each sample, the swelling value obtained after
2h is over 120%. In the data obtained after 24 h, this value exceeded
200%. Swelling amounts of the samples increased over time and remained
stable after reaching equilibrium. The increase of pH of the aqueous so-
lutions in PAA-based hydrogel leads to a significantly change in the
swelling ratio. The swelling values of hydrogel reached equilibrium in
48 h. The pH value with the highest swelling behaviour was obtained as
pH 10. In solutions after pH 10, the physical structure of the gels began to
deteriorate. After reaching equilibrium, the swelling size of hydrogels at
different pH is given in Fig. 2. Accordingly, with the diameter of 15 mm,
the largest hydrogel, which swells without being deformed, was observed
at pH 10.

V(C, - C,
ge = % (2
3.2. FT-IR spectroscopy results
C,—C.
FoRemoval = ", x 100 3 The FT-IR results of samples before the adsorption of metal ions in
hydrogels were given in Table 1. As seen in Table 1, the FT-IR spectra of
oH2 pHa pH6 pH8 PH10
e ¢ 15 mm
7 mm 8 mm Lalida 11imm

,unmnpnmmpnnnrru,nut nmlnnpmlm i

0 s 1

1

Fig. 2. Swelling sizes of PAA hydrogel at different pH (2-10).
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Fig. 3. The pH effect of non-adsorbed (center) and metal adsorbed hydrogel’s surface SEM images (1 kX).

PAA-based hydrogel presented numerous characteristic peaks arisen from
the functional groups of PAA molecules. The broad peaks within the range
of 3500 to 3300 cm™! can be attributed to the stretching vibrations of
hydroxyl groups (—OH) in hydrogel. The peaks observed at 2935 cm ™
were related to the asymmetrical vibration of —CHp in PAA hydrogel [39].
The peak located at 1693 cm ™" induces from the stretching vibration of
—C=0 bands in—COOH groups [40]. The peaks around 1000-1300 cm ™!
regions are match to the stretching vibration of —C—O bond in —COOH
groups. The FT-IR results obtained for PAA are similar to the previous re-
sults of this research group [41].

3.3. Morphology of polyacrylic acid based hydrogel

Fig. 3 presents the SEM pictures of the PAA-hydrogel (placed at
center) before and after the adsorption of Cu, Cd, Ni and Fe. Highly
porous surface was observed for hydrogels before metals adsorption.
Due to the metals engaged the active sites in the hydrogels, the surfaces
were seen tight and rough.

Images were taken at 1 kX magnification. The changes in the surface
morphology of hydrogel which were stabilized after 48 h in 250 ppm
metal solutions at different pH are quite strong evident. Accordingly, the
pH increased from 2 to 10 while the surface roughness decreased. At the
lowest pH that metal adsorbed hydrogel is PAA-Fe. The surface of the
PAA-Fe hydrogel is completely composed of channel lines. For this
reason, the higher surface area was mostly seen in the hydrogel that
adsorbed Fe ion at pH 2.

The hydrogels were classified as macroporous materials [42]. Since
porosity enables interaction between molecules, it increases the adsorp-
tion capacity. Rough surfaces in hydrogels are proof of metal adsorption.
This was proven by the EDX spectrum and elemental mapping of the
hydrogel surfaces (Table 3 and Fig. 9).

3.4. Adsorption studies

3.4.1. Effect of initial metal concentration on removal efficiency

The adsorption of Cu?*, Cd?*, Ni** and Fe>* onto PAA-hydrogel
surface was specified with a varied in the initial metal concentration
from 50 to 250 ppm. The process temperature was kept fixed at room

100 -

80
% 60 =Cu
2 =Cd
" 40 #Ni
Fe

20

0 T T T T 1
S50ppm  100ppm 150 ppm 200 ppm 250 ppm

Initial metal concentration

Fig. 4. Effect of initial metal concentration on % removal.

temperature, while the adsorbent dosage was about 60 mg. pH of the
cu?t, cd?t, Ni*" and Fe®' metal solutions were 6, 10, 10 and 2,
respectively. Fig. 4 shows the % removal of the metals onto PAA-hydrogel
as a function of the initial metal concentration. When the initial con-
centration increased, each metal adsorption process showed the same
tendency in the percentage removal increased. By the reasons of the
saturation of the adsorption active centers on the adsorbent surface, no
significant change in adsorption was observed after 150 ppm. While the
maximum % removal was determined as 95.33% in Cd?* solution where
the metal concentration was 150 ppm, the minimum % removal was
specified as 32.0% in Fe>* solution where the metal concentration was
50 ppm. While concentration effect is not observed in Cd and Ni removal,
in Fe and Cu removal percentage increased as metal concentration
increased. In this study, the possible adsorption mechanism is given as
follows.

~COOH—~COO™ + H" (5)
~CO0™ 4+ M?* = ~[~CO0™ ], [M]** ©)
~COO™ +Fe** » ~~CO0~ Fe** )
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Fig. 5. Effect of temperature on % removal.

M2+ (Cu®*, Ni%" and Cd*") ions and Fe** have been adsorbed onto
the surface of PAA hydrogels are assumed to occur through ion-
exchange and chelating between positively charged M2t; Fe3* and
nonionized or ionized carboxylic groups within the polymer chain of
polyacrylic acid. The adsorption mechanism can be verified by the
balance of adsorption provided by the pH change of the heavy metal
aqueous solution formed. Hydrogels are 3D cross-linked polymer net-
works and have a large number of functional groups that can be used as
adsorption sites in the form of ion-exchange and chelation. PAA also
contains active —COOH regions. In an aqueous solution, these —COOH
groups in hydrogels dissociate to give protons at which pH will drop in
that solutions [43,44].

pH plays a fundamental role in the adsorption of metal ions on
polymer hydrogels. Previous studies have examined the effect of pH on
the swelling behavior of hydrogels. Different behaviors with changing pH
were observed in this effect [45]. The swelling behavior of PAA hydrogel
at pH 4 coincides with the pKa value of acrylic acid [44]. This behavior
occurs at pH values higher than the pKa value of acrylic acid, the
decomposition of carboxyl groups leads to the formation of carboxylate
[44].
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3.4.2. Effect of temperature on removal efficiency

For adsorption itself, temperature acts as a marker in exothermic and
endothermic definitions. Operation temperature is also important for
process feasibility and economy. The effect of temperature on the %
removal was specified by the adsorption studies of Cu?*, Cd**, Ni®* and
Fe3" onto PAA-hydrogel surface with a variation in the temperature
from 30 to 60°C. The initial metal concentration was kept fixed at
250 ppm. pH of the Cu?*, Cd%*, Ni2* and Fe3* metal solutions were 5,
10, 10 and 3, respectively.

The results of the % removal for each temperature were given in
Fig. 5. The removal efficiency of Cu?*, Cd**and Ni%* were slightly rising
by increasing the temperature from 30 to 60 °C. Fe>* adsorption process
was the most affected process by temperature. The fact that the highest
AH° value among other metal ions belongs to iron is a proof of this. It
can be said that the increasing of the temperature has slightly effect on
adsorption capacity that makes the adsorption process economical.

3.5. Adsorption isotherms

Adsorption isotherm is significant to predict behavior of solid-liquid
adsorption process and the optimum efficiency of the adsorbent. It is
considerable to prove the most suitable correlation for the equilibrium
curves to optimize the design of the adsorption of the adsorbates
[46,47]. The metal ion concentration is related to the quantity of metal
ion adsorbed on the hydrogel surface used as an adsorbent. In this study,
Langmuir, Freundlich and Temkin isotherm were used to specify the
adsorption behavior of Cu?*, Cd?*, Ni?* and Fe®>' metals onto PAA-
hydrogel.

3.5.1. Langmuir

The Langmuir isotherm model is the furthest used isotherm for the
adsorption between liquid and solid [48]. This isotherm theory makes
any assumptions: adsorption occur at significant homogenous sites
therein the adsorbent, the interaction between adsorbed materials can
be neglectable, and the adsorption occurs as monolayer adsorption [38].
Linear form of Langmuir isotherm equation is given as:

C, 1 Ce

Ze = ®
qe KLqm qm
1 000 Experimental Langmuir Freundlich Temkin

80 -

60

40

0 - .
2 4 6 8 10 12
Ce (ng/L)
100 ¢ Experimental Langmuir Freundlich Temkin
T
g
40
<
20 - A 4
0 T T )
30 50 70 90 110 130

Ce(mg/L)

Fig. 6. Comparison of the experimental and predicted isotherm models for (a) Cu®*" (b) Cd** (c) Ni** (d) Fe>*
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Fig. 7. Van’t Hoff Plot for the adsorption of Cu, Cd, Ni and Fe onto AA hydrogel.

where g, is the maximum adsorption capacity per unit weight adsorbent
theoretically (mg/g), K; is Langmuir constant (L/mg), C, is the con-
centration of the solution at equilibrium (mg/L) and ¢, is the adsorption
capacity per unit weight adsorbent at equilibrium (mg/g) [49].

3.5.2. Freundlich

The Freundlich isotherm model is used to identify the heterogeneous
surface with the irregular adsorption heat distribution on the adsorbate
surface [50]. The linear form of Freundlich isotherm equation is given
as:

1
logg, = logK; +—logC. 9
n

in this equation, Kr (mg/g) and 1/n is Freundlich constants and C, is the
equilibrium concentration of the solution (mg/L) and g, is the equilib-
rium adsorption capacity per unit weight adsorbent (mg/g) [51].

3.5.3. Temkin

The Temkin equation says that as all the degrees of the attachment
centers of an adsorbent increase, the sorption energy decreases linearly.
In this case, as the liquid-solid interactions rise, the adsorption heat will
decrease linearly. The linear form of Temkin isotherm equation is given
as:

4. = B,InKr + B,;InC, (10)

in this equation, B; = RT/b, K7 is the equilibrium binding constant (L/
mg) indicating to the maximum binding energy and constant Bj is
related to the adsorption heat [47].

On the analysis of each isotherm model, it is proven from Fig. 6 the
adsorption phenomena on PAA-hydrogel was not different from metal to
metal. The equilibrium data were well fitted by Freundlich isotherm
model for the all metal ions, so that the Freundlich isotherm was suitable
model to explain the behavior of Cu?*, Cd%*, Ni%* and Fe3* adsorbed
onto PAA- based hydrogel. It suggests that the adsorption process had in
irregular distribution of adsorption heat over the surface with hetero-
geneous surface.

3.6. Thermodynamic analysis

Thermodynamic analysis is important to evaluate the feasibility of
the adsorption reactions which provides information about the inherent
energy and structural changes [52]. In the study, the temperature range
was varied from 30 to 60°C to calculate thermodynamic parameters
such as: standard free energy change /\G (kJ/mol), standard enthalpy
change AH (kJ/mol) and standard entropy change AS (kJ/mol.K).
Therefore, /AH and /\S were determined from the Van’t Hoff equation

Table 2
Thermodynamic parameters of Cu, Cd, Ni and Fe adsorption onto AA hydrogel.

AG® (kJ/mol) AH° (kJ/ AS° (kJ/mol.
mol) K)
30°C 40°C 50°C 60°C
Cu —0.074 —0.558 —0.482 —0.867 6.876 23.170
cd —0.061 —0.504 —0.387 —0.812 6.366 21.397
Ni 0.492 0.261 0.076 —0.499 9.988 31.134
Fe 3.568 3.334 2.980 2.811 11.540 26.298
as follow:
AH AS
K, = —+— 11
=rr TR an

The relationship between /\G and K. is given in Eq. (12). Here, T (K)
is the temperature and R (8.314 J/mol2K) is the gas constant [53]:

AG = —RTIn(K,) 12)

According to thermodynamic analysis, Van't Hoff Plot for the
adsorption of Cu®", Cd?", Ni?* and Fe>" onto AA hydrogel were given in
Fig. 7. The thermodynamic parameters of AG® (kJ/mol), AH® (kJ/mol)
and AS° (kJ/mol-K) of adsorption obtained for the Cu?*, Cd%*, Ni>* and
Fe3* adsorption were also given in Table 2. The negative slope in the
Van’t Hoff equation and the positive AH® values found for each metal
ions in adsorption indicate that the adsorption process is endothermic.
We can also say that the metal ion adsorption on the PAA hydrogel is
endothermic, showing that ion uptake increases as the temperature in-
creases. The values of AH® are within the 1-93 kJ/mol demonstrate that
the adsorption mechanism is physisorption [51]. From Table 2, it is seen
that physisorption is more sufficient for all the metal ions adsorption
process. The positive values of AS prove an overall entropy increase for
the adsorption, which is referred to the increase in the randomness at the
liquid-solid interface during adsorption [38]. This randomness in-
creases with the ion activity and water molecules while dehydration or
the replacement of a larger amount of species obtained from the
adsorbent surface with the adsorbate [46]. The negative AG®° demon-
strate that the process is thermodynamically feasible and the sponta-
neous nature of the adsorption [54]. Table 2 indicate that the values of
AG® for Ni at lower temperatures are slightly positive, and AG® de-
creases to lower values with rising temperature. It express that the
adsorption process is less favored at lower temperature. The positive and
small values of AG® were signified that the process was simple but non-
spontaneous. Overall, the removal efficiencies were increased with
increasing temperature [55].
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Table 3
Element distribution of metal adsorbed and desorbed PAA hydrogel.
AA Cu Adsorbed Cu Desorbed Cd Adsorbed Cd Desorbed Ni Adsorbed Ni Desorbed Fe Adsorbed Fe Desorbed
C (%) 51.69 49.99 50.91 51.35 50.45 46.96 49.99 38.71 47.80
0O (%) 48.31 45.23 47.57 47.44 49.55 49.35 48.15 40.94 48.06
Cu (%) - 4.79 1.52 - - - - - -
Cd (%) - - - 1.21 0.00 - - - -
Ni (%) - - - - - 3.68 1.86 - -
Fe (%) - - - - - - - 20.35 4.14
200
180 .
= 50 ppm-Adsorption

g 160 50 ppm-Desorption

a

f.‘ 140 ® 100 ppm-Adsorption

ug 120 100 ppm-Desorption

g ® 150 ppm-Adsorpti

5 100 _ 150 ppm-Adsorption

S 150 ppm-Desorption

- 80 .

g m 200 ppm-Adsorption

= 60 200 ppm-Desorption

40 m 250 ppm-Adsorption
20 J I i] L 250 ppm-Desorption
0 K 1 l .
Cu Cd Ni Fe

Fig. 8. The metal concentrations of supernatants after both adsorption and desorption.

Adcanrntinn
Adsorption

“m

orption

Fig. 9. Map images of the distribution of metal elements of hydrogels after 250 ppm metal adsorption (48 h) and release (48 h).

3.7. Desorption studies

One of the most important property of the adsorbent is its reus-
ability. Reusability is superior property to reduce process cost. The re-
usability studies and importance of mechanism were reported in pre-
vious studies [56]. Desorption studies were done to specify the reus-
ability of PAA-hydrogel. The metal concentrations of supernatants
after both adsorption and desorption were given in Fig. 8. When the
desorption results of each metal were examined, it was specified that
as the adsorbed metal concentration increased, the amount of
desorption increased and the desorption capacity of metals was
Cd > Cu > Ni > Fe. The maximum desorption capacity was obtained in
cadmium metal. When desorption studies of cadmium are examined, it
is seen that desorption increases when concentration increases. How-
ever, no significant change was observed in the metal concentration of
200 ppm and 250 ppm.

Metal distribution in adsorption and desorption has also been
demonstrated using by elemental mapping (Fig. 9). The apparently ho-
mogeneous colour change on the surface of the adsorbent explains that
the PAA hydrogel adsorbs the metal ions homogeneously. The surface of
the adsorbent is completely covered with metal ions. The amount of
metal attached to the hydrogel surface decreased after release. This is
proof of the re-usability of the hydrogel when the proper pH environ-
ment is provided. According to Fig. 9, the most metal-emitting was seen
at PAA-Cd hydrogel. The fact that the Fe atom has the most element
distribution in adsorption is because the folds on the surface are mostly
seen in PAA-Fe depending on the pH.

The results of EDX analysis of metal adsorbed and after desorption of
hydrogel at the same magnification are given in Table 3. Accordingly,
the amount of metal accumulation taken from the surface of the gels
after 48h of 250 ppm adsorption and the mass percentages of the
remaining metals after 48h at pH 2 of the adsorbed hydrogels at
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250 ppm for 48 h were compared. According to these results, the highest
metal removal was observed in Cd?* and the least was seen in Ni2*. EDX
analysis results are compatible with adsorption capacities.

4. Conclusion

In this study, eco-friendly PAA-hydrogels were produced and Cu*?,
Cd*2, Ni*? and Fe™ heavy metals adsorption capacity have been
examined. According to the adsorption experiments carried out under
the same process conditions, the adsorption capacities of heavy metals
were specified as Cd > Ni > Cu > Fe. It has been observed that the pH
effect of the aqueous medium is quite high on the physical swelling
behaviour of hydrogel. While the swelling values obtained by preserving
the gel structure without being deformed with increasing pH, while
benefiting from these features in adsorption and adsorbing a large
amount of water, it also kept more metal ions in its body. In this way,
while the capacity to hold metal ions at high pHs values, it was possible
for gels at lower pH to release metal ions due to their shrinking behavior.
This has enabled hydrogel to be re-used. Thus, PAA-based hydrogel,
which is environmentally sensitive and used for wastewater treatment,
have taken on the role of cleaning materials.
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