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Abstract

Bio-based hydrogels (denoted as PC-PAAc/GA) comprised of Pectin (PC) and polyacrylic acid (PAAc) reinforced with dif-
ferent ratios of gallic acid (GA) were prepared by gamma radiation at irradiation dose 20 kGy. The prepared hydrogels were
investigated by different analytical tools. The swelling performance was studied versus time, pH of the medium and gallic
acid content. The experimental data depicted that the swelling increases with pH of medium until the equilibrium of swelling
after 350 min. The maximum swelling was attained at pH10 for both PC-PAAc and PC-PAA/GA1.5. Also, the data reveal
that the incorporation of GA in the hydrogel matrix enhanced the swelling performance of the hydrogel up to an optimum
value of GA, i.e. PC-PAA/GAL1.5. Further increase in GA concentration leads to formation of a highly crosslinked structure
with reduced swelling. The results demonstrated that the prepared hydrogels displayed excellent antibacterial activity against
gram + ve bacteria (E.coli) and gram-ve bacteria (S.aureus). This potent antimicrobial activity is mainly originated from GA
which was proved as a strong antibacterial agent. Moreover, the removal performance of the investigated hydrogels was veri-
fied towards Pb*? cation as one of the most poisonous heavy metals. The data revealed that the maximum removal percent-
age of Pb (II) was attained by PC-PAAc/GA1.5 hydrogel (90 mg g™'). The correlation coefficients of the Langmuir model
are too higher than that of the Freundlich model that assumed the adsorption of lead cations is mainly a chemical process.
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Introduction

The remediation of polluted water has gained prodigious
global attention [1-5]. Indeed, numerous contaminants pro-
duced from different human activities are discharged into
water effluents [6, 7]. The sources of heavy metal cations
in running water include the sewage of the industrial fac-
tories, agricultural pesticide wastes, and metal mining [8].
Certain heavy metal ions such as lead, mercury, and arsenic
are highly hazardous as they induce a series of threats to
the entire ecosystem; and specially to the food chain from
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the base to the top [9, 10]. There were numerous solutions
proposed by several researchers to eliminate different heavy
metals, or at least to reduce their destructive effects [11-13].

Most of the commonly used techniques are chemically
based, such as precipitation, electro-dialysis, or oxidation
and reductions reactions [14]. Other physical protocols such
as ultrafiltration are also applied [15].

Adsorption technology has been employed as one of the
most promising techniques for heavy metal ions removal [16,
17]. Among different adsorbents, hydrogels are considered
very attractive materials [18, 19]. Hydrogels contain active
groups such as — COOH, — OH, and —NH, in their network
structures, which are necessary for the chelating of the heavy
metal ions [20]. Bio-based hydrogels are considered a green
alternative to traditional hydrogels [21, 22]. The properties
of natural polymers have shed light on their reputation in
several fields [23-26]. Pectin is a hydrophilic polysaccha-
ride that occurs naturally and is increasingly used in the
pharmaceutical and biotechnology industries [27, 28]. It is
inexpensive, biodegradable, biocompatible, and renewable,
thus encouraging researchers to investigate its possible use
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in industrial applications [29-31]. However, the low chemi-
cal resistance and microbial attack limit industrial applica-
tions of pectin. It can be overcome by copolymerization with
a synthetic polymer such as polyacrylic acid (PAAc) [32].
Copolymers offer benefits not usually noticed in homopoly-
mers [33]. So, most absorbable polymers are of copolymer
types. Poly(acrylic acid) grafted pectin and cross-linked
with glutaraldehyde was investigated in the adsorption of
cadmium ions [34].

Gallic acid (GA) (3, 4, 5-trihydroxybenzoic acid) is a nat-
urally occurring low molecular weight trihydroxy molecule
with potent antioxidant properties. It is found in many foods
such as grapes, nuts, tea, and sumac in its free form or as
one of its derivatives. GA exists as an ester in plant tissues,
and several esters of sugars, glycosides, polyols, and phenols
have also been identified [35]. It effectively protects against
oxidative damage caused by reactive species such as super-
oxide (O,), hydroxyl (HO™), and peroxyl (ROO™), as well as
non-radicals such as hypochlorous acid (HOCI) and hydro-
gen peroxide (H,0,), which are often encountered in bio-
logical systems [36]. On the other hand, radiation induced
crosslinking has been widely known for its readiness and
greenness [37, 38].

The current study presents the preparation of a new
series of eco-friendly hydrogels based on Pectin-Poly
(acrylic acid)/gallic acid (PC-PAAc/GA) via gamma
irradiation technique. The prepared hydrogels are inves-
tigated under different working conditions to verify their
suitable usability as effective sorbents. The elements of
the claimed hydrogels were carefully selected to achieve
maximum removal performance. For instance, the car-
boxylic acid groups of Pectin and PAAc display high
activity towards metal ions via chelation. The incorpo-
ration of GA in the hydrogel matrix is due to its anti-
bacterial activity which is crucial for safe wastewater
treatment. Compared with chemical methods, preparing
hydrogels by radiation-induced copolymerization is a
clean, convenient, and inexpensive method [39-41]. The
prepared bio-based hydrogels were inspected as possible
adsorbents for the removal of Pb(II) ions from simulated
solutions.

Materials and methods
Chemicals

Pectin powder (PC) extracted from apple peels, with a
degree of esterification of 50-75%, was purchased from
Sigma-Aldrich (China). Acrylic acid (AAc), purity of
99.9%, was supplied from Aldrich, Darmstadt, Germany.
Gallic acid (GA) was obtained from Qualikems Fine Chem
Pvt (India). Other chemicals such as NaOH, HCI and
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Pb(NO;), were purchased from El-Nasr Co. (Cairo, Egypt)
as high grade chemicals. Deionized water was used in all
the experiments.

Preparation of PC-PAAc/GA hydrogel

5 g of pectin was dissolved in 65 mL of deionized water
and stirred at 60 °C until obtaining a homogenous solu-
tion. Then 30 mL of AAc monomer was added to the pec-
tin solution, and the mixture of PC-AAc was stirred on a
magnetic stirrer at ambient temperature until homogeneity,
where the total polymer/monomer content was 35 wt%.
2 g of GA was added to 50 mL of distilled water and was
sonicated at 25 °C for 30 min. The mixture was stirred on
a magnetic stirrer until GA was fully dissolved. Different
volumes of GA solution (mL), 0.0, 0.5, 1.0, 1.5, and 2.0,
were added to the prepared PC-AAc solution (where the
total volume of each was 20 mL) with continuous stir-
ring (Table 1). The resulted solutions were poured into
glass test tubes, and they were exposed to %°Co-gamma
irradiation at an irradiation dose of 20 kGy. The produced
hydrogels were sliced into almost identical discs. Then,
the discs were extracted in distilled water at 70 °C for two
hours to exclude the unreacted materials and air-dried to
a constant weight.

Characterization of PC-PAAc/GA hydrogels

Fourier transform infrared spectroscopy (FT-IR)

The IR spectra of PC-PAAc/GA hydrogels were recorded
on FT-IR model Bruker, Unicom infra-red spectrophotom-
eter, Germany, at 400-4000 cm™~! wavelength range.
X-ray diffraction analysis (XRD)

The crystallinity of PC-PAAc/GA hydrogel samples was
examined at room temperature by XD-DI Series, Shimadzu

device containing copper target with (A=1.542 A), 30 mA
electric current, 40 kV operating voltage, over 20 of range

Table 1 The composition of different PC-AAc/ GA formulations

Sample PC-AAc PC-AAc GA GA
(mL) (wt.%) (mL) (wt.%)
PC-PAAC/GAO 20.0 1 0.0 0
PC-PAAc /GAO.5 19.5 0.975 0.5 0.02
PC-PAAc /GA1 19.0 0.950 1.0 0.04
PC-PAAc /GA1.5 18.5 0.925 1.5 0.06
PC-PAAc/GA2 18.0 0.900 2.0 0.08
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4° to 90°, and speed of scanning 8°/min to measure the
X-Ray Diffraction (XRD) patterns of the samples.

Thermogravimetric analysis (TGA)

TGA was carried out using a thermogravimetric ana-
lyzer (Perkin-Elmer Co., USA) at a heating rate of 15°C
min~'from 30 to 600-C under a nitrogen atmosphere.

Atomic force microscopy (AFM)

The topography of PC-PAAc /GA dry, wet hydrogels, and
metal loaded were monitored via the AFM, Flexaxiom
Nanosurf, C3000 at the dynamic mode (non-contact) to con-
firm chemical modification and to detect the changes accom-
panying the removal process. The AFM examinations were
conducted at room temperature using a NCLR rectangular-
shaped silicon cantilever with a resonant frequency of 9 kHz.

Field emission scanning electron microscopy (FE-SEM)

The surface morphology of PC-PAAc /GA dry, wet hydro-
gels, and metal loaded were monitored via a high-resolution
electron microscope (SEM) (JEOL—JSM 5200 SCANNING
MICROSCORPE, Japan) with voltage accelerated at 25 kV.

Swelling study

A hydrogel disc of known weight was submerged in 30 mL
distilled water at different time intervals till reaching the
equilibrium state. The extra water on the turgid sample's
surface was removed using a filter paper then the samples
were reweighed again. The swelling percentage was calcu-
lated using the following equation:

. Wz - Wd
Swelling (%) = v % 100 (n

d
where, W, is the weight of the wet hydrogel at time “#” and
W, is weight of dry hydrogel.

To study the effect of pH on the swelling behavior, a
known weight of PC-PAAc/GA1.5 and Pectin/PAAc/GAOQ
hydrogels was immersed in buffer solutions at pH’s 2, 3, 5.5,
7.5, and 10.5 at room temperature for 350 min. The above
steps were repeated to calculate the swelling percent.

Antibacterial activity assessment

Antibacterial activity against Escherichia coli (E.coli)
ATCC 25,922 (a representative Gram-negative bacterium)
and Staphylococcus aureus subsp. aureus (S.aureus) ATCC

25,923 (a representative Gram-positive bacterium) was
examined using the agar diffusion method described in
AATCC TM 147-1998 [42]. The sample with a diameter of
around 0.5 cm was sterilized by UV irradiation for 15 min
on both sides and gently placed onto the agar surface. After
the incubation at 37 °C for 24 h, a clear area indicating no
bacterial growth along the borders of the sample or antago-
nistic zone was measured and recorded. Each sample was
measured three times.

Adsorption study

The batch equilibrium technique was used to study the
adsorption behavior of the prepared hydrogels towards
Pb(II) ions. In this regard, 0.05 g of the hydrogel sample
was immersed in 20 mL of Pb(II) cation solution of ini-
tial concentration of 50 mg/L (C;) at ambient temperature
(~25 °C) and pH =35 with stirring for 24 h. Then the hydro-
gel was removed, and the final concentration of Pb(II) ions
(C; mg/L) was measured using Agilent 5100 Inductively
Coupled Plasma -Optical Emission Spectrophotometer (ICP-
OES) with Synchronous Vertical Dual View (SVDV). For
each series of measurements, the intensity calibration curve
was constructed composed of a blank and three or more
standards from Merck. The standard reference material for
trace elements in water and quality control samples from the
National Institute of Standards and Technology (NIST), was
used to confirm the instrument readings.

The removal percentage was calculated using the follow-
ing equation [43]:
Co—C

0

The removal (%) =

x 100 )

In order to investigate the adsorption isotherms, the effect
of Pb(Il) ions concentration on the removal percentage was
studied using different concentrations of Pb(II) ions; 10, 20,
30, 50, 70, and 100 mg/L. In each experiment, 0.05 g of
PC-PAAc/GAOQ and PC-PAAc/GAL1.5 hydrogels were placed
in 20 mL of Pb(II) ions of a definite concentration for 24 h
with stirring at ambient temperature (~25 °C). The previ-
ous steps were repeated and the removal (%) was calculated
using Eq. (2).

Reusability study

The reusability of the most effective sorbent was investigated
at three swelling/deswelling cycles. The composites were
immersed in HCI (1 M, 30 mL) solution with a magnetic
stirrer at room temperature for 60 min to remove all the sor-
bet material and to clean the adsorbent for further removal.
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Statistical analysis

The prepared hydrogel properties were estimated in trip-
licate as the replicated experimental units, The data were
plotted using Origin 2016 (OriginLab Corp., Northamp-
ton, MA, USA), and all the results were statistically ana-
lyzed using the ONE-WAY ANOVA. Differences among
average values were analyzed by Duncan's multiple range
tests using IBM SPSS software version 24 as a statistical
resource at P <0.05.

Results and discussion
Preparation of the hydrogel

Gamma irradiation is efficient and simple technique for
the preparation of hydrogel. When the solution mixture
PC polymer and AAc monomer is subjected to gamma
rays, radiolysis of water during irradiation yields hydro-
gen (H-) and hydroxyl (OH-) free radicals. The (OH:)
attack the polymer chain to form a macroradical. The free
radicals formed on AAc start to polymerize. The macro-
radicals attack the AAc moieties to produce a crosslinked
network structure of PC-PAAc hydrogel. GA molecule
can interact with PC to form PC-PAAc /GA hydrogel
product, as shown in Fig. 1. A fixed dose of gamma
(20KGy) irradiation was applied to promote crosslinking

based on previous studies to obtain the desirable degree
of crosslinking. It is established that high irradiation
doses induce formation of highly crosslinked structures
with undesired properties [44—46].

Swelling behavior

Figure 2a shows the swelling behavior of PC-PAAc/GA
hydrogels of different GA contents as a function of time.
The swelling behavior of a hydrogel is controlled by the
main backbone structure that is made up of cross-linked
chains [47]. As seen in the Figure PC-PAAc/GA hydrogels
displayed high swelling behavior, which was boosted by time
until the equilibrium of swelling was attained after 350 min
for all hydrogels. On the other hand, it can be noted that the
swelling equilibrium increases with increasing GA content
in PC-PAAc/GA hydrogel network structure, Fig. 2b. The
hydrophilicity of PC-PAAc/GA hydrogels was enhanced
by increasing the hydrophilic moieties, which was done
by increasing GA content. However, a drop in the swelling
equilibrium was observed as the GA content was increased
in PC-PAAc/GA2. A higher GA content may produce a
denser network structure as well as diminished space for
water storage [48]. The high swelling property is an impor-
tant feature in using material as an adsorbent. The higher the
available active sites on the network structure, the higher the
swelling will be. Therefore, PC-PAAc/GA1.5 hydrogel was
chosen to be used in the following studies where it exhibited
the highest swelling (%).

Fig.1 A proposed reaction for O (0}
formation of PC-PAAc/GA COOH OH COOCH3 OH HO
O™ . < 1 OH
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Fig.2 Swelling behavior of the PC-PAAc/GA hydrogels as a function of time (a) GA content (b) and pH (c)

Figure 2¢ shows the effect of pH on the equilibrium swell-
ing of PC-PAAc/GAL1.5 hydrogel compared with PC-PAAc/
GAQO. The equilibrium of swelling was enhanced by increas-
ing pH from 2 to 10 for both hydrogels. It is known that
the carboxylic group is responsive to the medium pH. The
carboxylic group protonates in an acidic medium up to pH;
4.6 where it is the pKa value of PAAc [49]. Therefore, an
extra increase in pH value produces deprotonation of the car-
boxylic group. The repulsion of the negatively charged car-
boxylate ions permits the uptake of more water molecules,
thus enhancing the equilibrium of swelling [42].

Fourier transform infrared spectroscopy analysis
(FT-IR)

Figure 3a shows FTIR spectra of PC-PAAc/GAQ and PC-
PAACc/GA1.5 hydrogels. In both spectra, there is a wide peak
at 3200- 3600 cm™! assigned to O—H groups. The peak of
C-H appears at 2937 cm™' in PC-PAAc/GAO hydrogel. The
peaks of aliphatic C-H and aromatic C-H of phenolic rings
of GA overlapped with the O-H peak in PC-PAAc/GAL.5
hydrogel spectrum [50]. The peak of C=0 was obtained
at 1707.7 cm™! for PC-PAAc/GAO, which was shifted

to 1710 cm™! by adding GA in the hydrogel matrix. The
C-H stretching vibration has been confirmed by the peak
at 1448 cm™! for PC-PAAc/GAO hydrogel and shifted to
1460 cm™!. The peak at 1158 cm™! corresponds to the
stretching vibration of —COOQO™ that reduced and shifted
to 1160 cm™! in PC-PAAc/GA1.5 [51, 52]. It is suggested
that the intramolecular hydrogen bonds, which are formed
between GA and polymeric chain are responsible for shift-
ing and reducing the intensity of peaks of PC-PAAc/GA1.5
hydrogel [53].

X-ray diffraction analysis (XRD)

The XRD patterns of PC-PAAc/GAO and PC-PAAc/
GAL1.5 hydrogels is illustrated in Fig. 3a. It is clear that
the X-ray diffraction patterns for both hydrogels depicted
broad peaks at 20 =20.4° that reflected the amorphous
structure of the hydrogels [54]. The intensity of this peak
increased, and the broadness of the peak decreased after
the incorporation of GA in PC-PAAc/GAL1.5 hydrogel
implied increasing in crystallinity. GA may act as a plas-
ticizer, thus decreasing the activation energy and enabling
polymeric chain mobility.
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Fig.3 FTIR spectra (a), XRD diffraction patterns (b) TGA (c) and DTG (d) thermograms of PC-PAAc/GAO and PC-PAAc/GA 1.5 hydrogels

Thermal stability

The thermal stability of PC-PAAc/GA1.5 compared with
PC-PAAc/GAO hydrogel was investigated by TGA and DTG,
as shown in Figs. 3c, d. It can be noted that the thermal deg-
radation was performed in three decomposition stages for
both hydrogels. The first decomposition stage was shown
at 203 °C for PC-PAAc/GAO and increased to 206 °C for
PC-PAAc/GAL1.5 hydrogel due to the elimination of the
hydrated water. The second decomposition stage appeared
at 296 °C and 300 °C C for PC-PAAc/GAO and PC-PAAc/
GAL.5 hydrogels, respectively, due to the elimination of
side groups. The third decomposition stage is the main stage
where decomposition of the backbone matrix was achieved.
The stage was performed at 425 °C for PC-PAAc/GAO and
435 °C for PC-PAAc/GAL1.5 hydrogel. The weight residue
of PC-PAAc/GAO hydrogel is 21% and for PC-PAAc/GAL1.5
is 27%. The results indicated that the thermal stability of

@ Springer

PC-PAAc/GAL.5 hydrogel is higher than PC-PAAc/GAO.
The thermograms proved the higher degradation tempera-
ture for PC-PAAc/GA1.5 than PC-PAAc/GAOQ, assuming the
improvement in the thermal stability by adding GA. Similar
behavior was obtained by Samper et al. [55], where 0.5 wt
% silibinin and quercetin acted as oxidative retardants for PP
as both natural additives successfully delayed the onset of
thermal oxidation. Dopico-Garcia et al. [56] showed that the
use of natural antioxidants could successfully result in poly-
olefins with enhanced stabilization against thermal-oxidation
degradation.

Surface and topography investigations
The AFM images of PC-PAAc/GAO and PC-PAAc/GA1.5

hydrogels are given in Fig. 4. Upon investigating the pro-
vided images, it can be seen that the prepared hydrogels are
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Fig.4 AFM images of PC-
PAACc/GAO (a) and PC-PAAc/
GAL1.5 (b) hydrogels

Z-Axis - Scan forward Polynomial fit

(a)

1.00 x 103

Polynomial fit 153nm

Z-Axis - Scan forward Parabola fit

W

(b)

Parabola fit 15{nm

highly porous with a rough surface. The effect of structural
variation on the topography and the roughness of the pre-
pared hydrogels is clear. The incorporation of GA in the
hydrogel matrix improved the porous and roughness of the
surface.

Antibacterial activity

The antibacterial activity of PC-PAAc/GA1.5 hydrogel
compared with PC-PAAc/GAO against gram + bacteria (E.
coli) and gram- bacteria (S.aureus) was investigated as
shown in Fig. 5. It can be observed that there is a clear

1.00 x 1073

inhibition zone surrounding PC-PAAc/GA1.5 against E.
coli and S.aureus (Fig. 5b, d), where it does not exist
in PC-PAAc/GAO hydrogel that is gallic acid-free. The
clear large inhibition zone for PC-PAAc/GA1.5 hydro-
gel reflected a successful inhibiting against the bacterial
growth for both gram* and gram™, and confirming the
strong antimicrobial activity of GA. The results proved
that the prepared hydrogel has excellent antibacterial
properties, and the antibacterial activity mainly origi-
nated from GA. Since the GA molecule is a benzoic acid
derivative, it contains three hydroxyl groups. It is consid-
ered that the more the acid includes hydroxyl groups, the

@ Springer
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Fig.5 Photographs of the inhibition zone of the PC-PAAc/GAO against gram+ bacteria (a), gram- bacteria (¢) and PC-PAAc/GA1.5 against

gram + bacteria (b), gram- bacteria (d)

better the antimicrobial activity will have. These acids are
attacking the microorganism due to the antioxidant prop-
erty of the phenolic compounds. The more the hydroxyla-
tion and the antioxidant concentration, the high the toxic-
ity that kills the microorganisms. The COOH groups and
the H-donating have significant capabilities to stabilize
free radicals. The GA molecule is rupturing the bacterial
cell wall. It works by disturbing the permeability of the
cell membrane and preventing the formation of a bacterial
biofilm. Similar investigation was proven by Miklasinska-
Majdanik et al. [57].
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Adsorption study

In this section, the capability of the prepared PC-PAAc/GA
hydrogels towards the removal of Pb (II) ions was investi-
gated. Figure 6 shows the effect of GA content in the hydro-
gel matrix on the removal of Pb (II) ions. The investigation
was performed at initial metal ions concentration; 50 mg/L
and at the pH of the Pb (II) ions solution=>5. It should be
noted that above pH 5.5, insoluble lead hydroxide precipi-
tated thus, the adsorption investigation was failed [58].
At the same time, the carboxylic groups on the hydrogel
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Fig.6 Effect of GA content on removal (%) of Pb(Il) by PC-PAAc/
GA hydrogels at initial metal concentration 50 mg/L, time 24 h
and,adsorbate weight 0.05 g

deprotonated above 4.6 as mentioned before. Therefore, the
pH of Pb (I) ions solution does not need any adjustment. As
seen in Fig. 6, no remarkable increase in the removal (%) was
observed by increasing GA content. The removal percentage
of Pb (IT) ions by PC-PAAc/GAO is 82.1 was increased by
increasing GA content to get the maximum value of 90% by
using Pectin-PAAc/GA1.5. A drop in the removal (%) to 83.5
was noticed by applying PC-PAAc/GA2.

An interesting investigation for studying the surface
changes of PC-PAAc/GA hydrogels after the uptake of
Pb (IT) ions is shown in Fig. 7a—j. The obtained images
demonstrated the efficiency of the AFM in monitoring the
surface variation, describing the changes associated with
the removal process, and confirming the affinities of the
hydrogels towards Pb (II). Upon investigating the provided
images, it can be seen that the prepared hydrogels are highly
porous with a rough surface. Although there are no notice-
able changes in the height values, there is a visible change
in roughness measurement, which increases by the increase
in GA content in the hydrogel matrix, as seen in Fig. 7k, 1.
The images and the derived AFM data run parallel to the
swelling data and prove that the maximum removal perfor-
mance was achieved by PC-PAAc/GA1.5 hydrogel. It can
be concluded that the roughness and height measurements
increase as the porosity increases, i.e. as the order of increas-
ing the amount of GA. However, a decrease in roughness and
height for PC-PAAc/GA2 was observed. Further increase
of GA content causes blockage of pores and diminishing of
pore volume, which leads to a reduction in the height and
roughness and negatively affects the removal efficiency. This
finding may be attributed to the benzene ring of GA, which

decreases the hydrophilicity and therefore reduces the metal
uptake. Our finding agrees with Zhang et al. and Gray et al.
[59-61].

Figure 8 shows the fractured surface morphology of
unloaded and Pb(II)-loaded PC-PAAc/GAO and PC-PAAc/
GAL1.5 hydrogels. From the FE-SEM micrographs, it is
observed that minute voids are present on the surface that
could facilitate the incorporation of the metal cation. As seen
in Fig. 8b, d for the metal ions loaded hydrogels, the Pb(II)
ions have adhered to the surface of the hydrogel matrix. It
is also clear that all the hydrogels depict three-dimensional
micro-porous inner structures. The porous structure plays a
crucial role in water permeation regions to allow the penetra-
tion of aqueous solution containing the metal cation, owing
to the absorption of water caused by the electrostatic forces
resulting from the reactive groups within the polymer chains.

The effect of the initial Pb(II) ions concentration on the
removal percentage is shown in Fig. 9a. It can be observed
that the Pb(II) removal parentage decreases with increasing
the initial metal ions concentration. At a low concentration
of Pb(Il), the vacant active sites on the hydrogel surface
permit to adsorb more Pb(Il) ions. By increasing the ini-
tial metal ions concentration, a decrease in the free active
sites available for adsorption. This means a district of the
free active sites required for adsorption thus decreasing the
removal percentage of Pb(Il) ions.

To know the possibility of interaction between PC-PAAc/
GA hydrogels and Pb(II) the adsorption isotherms were
studied [62].The adsorption isotherms express the heteroge-
neity/homogeneity of adsorbents [63]. For this purpose, the
Langmuir and the Freundlich isotherm models were applied.
The Langmuir model considers the monolayer adsorption of
solutes onto definite sites on the adsorbent surface. No addi-
tional sorption can be done once these sites become filled.
The isotherm model is presented by the following Eq. (3)

_ quLCe
=11k, 3)

where C, (mg/L) and q, (mg/g) are the adsorbate concen-
tration and the amount of adsorbates adsorbed at the equi-
librium, respectively. K| is the Langmuir constant (L/mg)
and q,,, the maximum adsorption capacity of the adsorbent
(mg/g).

The Freundlich model considers the adsorption processes
performed on a heterogonous surface.

The isotherm model is presented by the following Eq. (4)

g, = KzC)/" 4)

where Ky, is the Freundlich isotherm constants and n is the
adsorption intensity.

The two isotherm models are applied as shown in
(Fig. 9b, c). It was found that the correlation coefficients of
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cycles of Pd**ions by PC-PAAc/GAO and PC-PAAc/GA1.5 hydrogels
initial Pd**ions conc. 50 mg/L

the Langmuir model are too higher than that of the Freun-
dlich model for both PC-PAAc/GAO and PC-PAAc/GA1.5
hydrogels. The results suggested that the active sites on the
hydrogel surface are homogenously distributed. The adsorp-
tion of Pb(II) ions by PC-PAAc/GA hydrogel is a chemical
adsorption process [64]. It is also noted that PC-PAAc/GA
hydrogel contains many hydroxyl and carboxylic groups that
can attract and coordinate with Pb (I) cations. A comparison
between the removal performance of PC-PAAc/GA hydrogel
and relevant formulations is given in Table 2.

The recyclability of the optimum hydrogel was con-
ducted at three adsorption/desorption cycles and it was
also compared with the hydrogel lacking GA, (Fig. 10). It
was demonstrated that the removal performance is nearly

Table2 A comparison between the removal performance of PC-
PAAc/GA hydrogel and relevant formulations

Adsorbent Adsorption Adsorption  References
capacity model

Sodium Alginate / Itaconic 1.23 mmol/g Freundlich [65]
Acid

hydroxyapatite/polyacrylamide 123-209 mg/g ~ Langmuir [66]
(HAp/PAAm) composite
hydrogels

Graphene oxide-chitosan- (138.89 mg g~') Langmuir [67]
poly(acrylic acid)

(GO-CS-AA) hydrogel
nanocomposite

Hydrous ferric oxide- 1.466 mmol/g Langmuir [68]
Poly(trans-aconitic acid/2-
hydroxyethyl acrylate (HFO-
P(TAA/HEA)) hydrogel

PC-PAAc/GA 90 mg/g Langmuir This work

@ Springer

the same with a negligible decline. This proves that the
prepared sorbents can be used several times with an accept-
able efficiency.

Conclusion

Green hydrogels comprised of Pectin/polyacrylic acid/ gal-
lic acid were prepared by using varying gallic acid content
via gamma radiation at irradiation dose 20 kGy. The exper-
imental data revealed that the hydrogel of formulation PC-
PAAc/GAL.5 displayed the highest swelling capacity. The
equilibrium of swelling was attained after 350 min and it
was enhanced by increasing pH from 2 to 10. XRD analysis
confirmed the amorphous structure of the hydrogels. TGA
confirmed an improvement in the thermal stability by adding
GA in the matrix. The results proved that the incorporation of
GA in the hydrogel matrix resulted in excellent antibacterial
activity against gram+ bacteria (E.coli) and gram- bacteria (S.
aureus). The maximum removal percentage of Pb(Il) by PC-
PAAC/GA hydrogel is 90 mg g~'. The correlation coefficients
of the Langmuir model are too higher than that of the Freun-
dlich model that assumed the adsorption is a chemical process.
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