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Abstract

Silver nanoparticles have recently gained significant attention due to their remarkable properties as photocatalysts and anti-
microbial agents. However, their widespread use has been hampered by several issues such as aggregation and stabilization.
To address these challenges, this study explores the incorporation of silver nanoparticles within potassium polyacrylate (PPA)
hydrogel. The integration process was accomplished through in-situ reduction of silver ions using sodium borohydride. The
synthesized PPA/Ag nanocomposite was characterized by using UV-visible, XRD, SEM, and FTIR techniques. The silver
nitrate (AgNO;) sample had an indirect optical bandgap of 3.3 eV, but adding PPA decreased it to 2.42 eV. The prepared
PPA/Ag composites exhibited superior photocatalytic activity in the degradation of rose bengal dye. The highest degradation
efficiency of 95% was observed for PPA/Ag (16 mM), while the lowest efficiency of 88% was recorded for PPA/Ag (10 mM).
To assess the antibacterial effectiveness of the four PPA/Ag samples (2 mM, 5 mM, 10 mM, and 16 mM) against various
bacteria such as E. coli, P. aeruginosa, and S. aureus, the agar diffusion technique was employed. The results show that the
largest inhibition zones were achieved in the presence of PPA/Ag (2 mM) samples against E. coli and P. aeruginosa bacterial
strains, while PPA/Ag (10 mM) presented a better effect against S. aureus than the other prepared samples. Additionally,
the prepared samples demonstrated excellent antimicrobial properties against diverse microorganisms. This finding makes
PPA/Ag potentially useful in applications such as wastewater treatment and wound healing.
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1 Introduction
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The world has witnessed a dramatic increase in population
and massive industrial activities in the last decades, leading
to injurious chemical substances taking over as the primary
contributor to water pollution. For instance, organic dyes are
frequently released into the local environment along with
wastewater without being sufficiently treated. The rapid and
practical removal of organic dyes from wastewater has been
a challenging problem for scientists to solve [1-3] because
of their unique properties, including catalytic, optical, and
magnetic properties [4, 5]. Metal and metallic nanoparticles
have been studied in a variety of scientific fields, such as
energy science, agriculture, textiles, and the environment.
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antimicrobial activity [8, 9], ease of accessibility, and low
drug resistance, metallic nanoparticles have also been used
as antimicrobial and anticancer agents in biomedical appli-
cations [10, 11].

Rose bengal is a synthetic dye that is commonly used in
textile, printing, and paper industries and is known to be per-
sistent in the environment, causing potential health and envi-
ronmental hazards. The degradation of rose bengal dye can
be challenging due to its complex structure and resistance to
conventional degradation methods [12]. However, AgNPs-
based hydrogel has shown promising results in degrading
rose bengal dye. The hydrogel matrix provides a stable and
porous structure that allows for the effective dispersion and
immobilization of AgNPs, enhancing their catalytic activity.
Moreover, the hydrogel matrix can act as a barrier, prevent-
ing the release of AgNPs into the environment [13].

Among different metallic nanoparticles, silver nanopar-
ticles have gained significant attention in the past decades.
However, some issues may prevent their use, such as the
fact that silver nanoparticles smaller than 50 nm in free
form can be toxic to human health and the environment.
Also, silver nanoparticles have a high active surface area,
which gives them a natural tendency to aggregate in solution
over time [14, 15]. Additionally, the separation process of
metallic nanoparticles from the solutions is still one of the
most favorable requirements [16]. A further issue that can
adversely affect the use of metallic nanoparticles is that they
are not stabilized materials. The above-mentioned issues can
be easily overcome by the incorporation of silver nanoparti-
cles in or with hydrogels. Hydrogels are three-dimensional
networks; they have the ability to swell and absorb water
or aqueous solutions (without dissolving in them) hundreds
of times their dry weight within their structure. Hydrogels
have outstanding characteristics such as hydrophilicity, high
swelling ratio, stimulus response, and biocompatibility [17],
allowing them to be used successfully in agriculture, bio-
medical, pharmaceuticals, biosensors, drug delivery, tissue
engineering, and separation devices [18-23].

In their swollen form, hydrogels provide suitable sup-
port for nanoparticles intended for use in aqueous-based
reactions [24, 25]; they can provide free space between net-
works that serve as nanoreactors and serve for nanoparticle
nucleation and growth. Moreover, the available free-network
spaces between hydrogel networks allow the formation and
stabilization of the nanoparticles within. Therefore numer-
ous hydrogels based on natural polymers like chitosan,
gelatin, and starch or synthetic polymers like polysaccha-
ride, poly(acrylamide) N-isopropylacrylamide, and sodium
acrylate [26-31] were loaded with metallic nanoparticles for
the purposes of photocatalysis and antimicrobial activity. The
practical incorporation of nanotechnology in pharmaceuticals
has led to research on the antimicrobial properties of inorganic
nanoparticles (NPs), such as metals (Ag, Au, Cu, and Pt) and
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metal oxides (Ag,0, TiO,, SiO,, CuO, ZnO, CaO, MgO, and
Fe,05) [13, 32, 33]. Among these, Ag NPs have been exten-
sively studied and utilized in various biomedical applications
due to their efficacy as antibacterial, antifungal, antiviral, and
anti-inflammatory agents. Specifically, Ag NPs have been
found to strongly adsorb onto microorganisms and disrupt
their biochemical pathways through various mechanisms,
such as the generation of reactive oxygen species (ROS) and
the inhibition of electron transfer reactions [34, 35].

As supports for the fabrication of AgNPs, a variety of
hydrogels including chitosan, alginate, collagen, and gelatin
have been employed. Due to its outstanding biocompatibil-
ity, biodegradability, and simplicity of functionalization, chi-
tosan is the hydrogel that is used the most frequently among
these. For instance, AgNPs for the treatment of bacterial
infections have been created using chitosan hydrogels. In a
study by Pengrui Jin et al. (2022) [36], AgNPs were created
using chitosan hydrogels and then put onto polyurethane
foam to treat wound infections.

These experiments show the possibility of employing hydro-
gels as manufacturing substrates for silver nanoparticles with
significant antibacterial properties. Further study is required
to improve the synthesis procedure and assess these materi-
als’ performance in various applications because the hydrogel
choice can have an impact on the properties of the final product.

Earlier investigations have explored the potential of utiliz-
ing cross-linked potassium acrylate polymer as a constitu-
ent of water-absorbing geocomposites for the purpose of
sequestering soil water and conveying it to the interior of
a spatially arranged skeletal structure [37, 38]. The present
study sought to enhance the performance of the hydrogel
by incorporating Ag NPs and to evaluate its effectiveness
as a novel composite material for the degradation of dyes in
wastewater and for exhibiting antibacterial properties.

In this study, by encapsulating silver nanoparticles with
potassium polyacrylate hydrogel (PPA/Ag) as a suitable sub-
strate for stabilization of silver nanoparticles and also by using
the high porosity of potassium polyacrylate, stable nanoparti-
cles with high porosity and contact surface were synthesized.
Silver nanoparticles have good antibacterial properties, and
also, the porosity of PPA improves the photocatalytic proper-
ties of Ag NPs. In this research, the design, fabrication, and
characterization of PPA hydrogel are functionalized with
mesoporous Ag nanoparticles for use as novel agents for anti-
bacterial photocatalytic activities. As far as we know, this is
the initial documentation of the production of PPA/Ag nano-
composites. PPA/Ag nanocomposite was characterized by
XRD, FTIR, SEM, and UV-Vis. The obtained Ag-Gels nano-
composites were used for the photodegradation of rose bengal
dye as photocatalysis under sunlight irradiation to evaluate the
photocatalytic performance, and they were also tested against
different bacterial strains as antimicrobial materials to evaluate
the antimicrobial performance as well.
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2 Materials and methods
2.1 Materials

Potassium polyacrylate hydrogel was purchased from ARTAGR
O POLSKA, Poland. Silver nitrate (AgNO5 99.92%), sodium
borohydride (NaBH, 98%), and rose bengal were purchased
from Biochem Chemophara, United Kingdom. Mueller Hinton
agar was purchased from Biokar diagnostics, France. Nutrient
agar was purchased from Titan Biotech LTD, India, and Double
distilled water was used for preparing solutions.

2.2 Preparation of Ag NPs loaded with potassium
polyacrylate hydrogel

The preparation of silver nitrate nanoparticles (Ag NPs)
within potassium polyacrylate (PPA) hydrogel was achieved
through a facile method which was reported in the literature
[29, 30]. First, a stock solution of silver nitrate was pre-
pared, and then the dry PPA hydrogel that had been precisely
weighed was immersed in the silver nitrate solution in beak-
ers containing 30 ml of different concentrations (2 mM, 5
mM, 10 mM, and 16 mM) for 24 h to get silver ions-loaded
gels. At this point, the silver ions were transferred from the
solution into the hydrogel structure by filling free spaces in
the hydrogel networks and by anchoring through the pres-
ence of hydrogel chemical groups such as hydroxylic (-OH),
carboxylic (-COOH), amidic (-CONH-), and primary amidic
(-CONH,). Next, a stock solution of sodium borohydride
was prepared, and the swollen hydrogel loaded with Ag™*
ions was taken out and immersed in the sodium borohydride
solution in beakers containing 30 ml of different concentra-
tions (4 mM, 10 mM, 20 mM, and 32 mM) for another 24
h in order to reduce the silver ions into silver nanoparticles.
Here, the color of the swollen hydrogel immediately turned
dark brown, which indicates the formation of silver nanopar-
ticles. Finally, the swollen hydrogel loaded with silver nano-
particles was washed with distilled water several times, dried
in an oven at 50 °C, ground into a fine powder, and analyzed
using multiple analytical characterization techniques. The
prepared samples are noted (PPA/Agl, PPA/Ag2, PPA/Ag3,
and PPA/Ag4) in the upcoming sections.

2.3 Characterization
2.3.1 UV-Vis measurement

UV-Visible spectroscopy was used to perform preliminary
characterization of the formed silver nanoparticles in the
swollen hydrogel. Because of their surface plasmon reso-
nance (SPR), silver nanoparticles possess unique and tunable
optical properties that depend on the form, size, and size

distribution of the nanoparticles [39]. Well-dispersed sam-
ples of gels loaded with AgNPs in distilled water (10 mg/
ml) for 10 days were centrifuged at 3000 rpm for 10 min and
used to measure the absorption spectra. The distilled water
was used as a blank solution. Absorption measurements
were recorded on a SECOMAM Uviline 9600 spectropho-
tometer with a scanning range of 200—800 nm.

2.3.2 FTIR spectroscopy

FTIR analysis of pure hydrogel and hydrogel loaded with
AgNPs was recorded on a Cary 630 FTIR spectrometer in
the range of 400-4000 cm™ to study the modifications that
have occurred in the structure of the hydrogel loaded with
AgNPs.

2.3.3 X-ray diffraction (XRD)

This analysis was performed by using a Rigaku Miniflex
600 diffractometer in the range 05° < 20 < 80° to iden-
tify the structure of AgNPs within the hydrogel. By using
the Scherrer formula with the full width at half maximum
intensity (FWHM), it was possible to calculate the crystal-
lite size [40].

KA
" P cos O &y

where “k” represents the form factor (0.9), “D” represents
the crystallite size, “#” denotes the full width at half maxi-
mum (FWHM), and “6” represents the diffraction angle.

2.3.4 Scanning electron microscopy (SEM)

The JEOL JSM 840A (Japan) scanning electron microscope
was used for taking the surface morphology images of the
prepared AgNPs-loaded gels and pure gels. SEM specimens
were prepared by placing 2-3 drops of gels/Ag solution on
a silicon wafer and drying in air.

2.4 Photocatalytic activity of gels/Ag NPs

The catalytic activity of different samples (PPA/Agl,
PPA/Ag2, PPA/Ag3, and PPA/Ag4) was evaluated by
the photocatalytic degradation of rose bengal dye under
sunlight. To start the catalytic degradation process, an
aqueous solution of R.B dye (3.107> M) was prepared with
double distilled water. Then, 30 mg of the prepared samples
were put into beakers containing 30 ml of dye solution. After
various periods of time (0 min, 15 min, 30 min, 60 min, 90
min, and 120 min), 10 ml of the suspension was withdrawn
from the medium, centrifuged at 3000 rpm for 10 min to
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separate the solids, and the supernatant was finally analyzed
by an ultraviolet—visible (UV—Vis) spectrophotometer at
Amax = 542 nm wavelength. The percentage degradation
(D%) of the R.B. dye was calculated through the following
equation [41].

D% = (Ag—A,) /Ay % 100 Q)

where (A, — A,) represents the difference between the
first and last absorbance of the R.B dye at its maximum
wavelength. At the same time, A, is the absorbance of R.B.
dye before the degradation process begins.

Note that PPA/Agl, PPA/Ag2, PPA/Ag3, and PPA/Ag4
are assigned to the prepared samples at different concentra-
tions of Ag-loaded PPA (2 mM, 5 mM, 10 mM, and 16 mM),
respectively.

2.5 Antibacterial activity

To investigate the antimicrobial effect of the prepared
samples. Three types of bacterial strains Pseudomonas
aeruginosa ATCC 27853 (P. aeruginosa), Escherichia coli
ATCC 25922 (E. coli), and Staphylococcus aureus ATCC
25923 (S. aureus) were chosen for the antibacterial activity
test. The agar well diffusion assay method was used; it is a
commonly used method to assess antimicrobial activity [42].
The strains were first cultured in nutrient agar (composition:
agar 15 g, peptone 5 g, sodium chloride (NaCl) 5 g, beef
extract 1.5 g, and yeast extract 1.5 g, prepared in 1 L distilled
water, pH 7.0) and then inoculated in Petri plates containing
Mueller Hinton agar. After that, the prepared samples (in
the swollen form) were put into the wells. Finally, the plates
were incubated at 37 °C, and the inhibition zones were
measured after 24 h of incubation. The test was conducted
with three replications, and various antibiotics were
also included in the test as positive controls, particularly
gentamicin, ofloxacin, cefixime, and cotrimoxazole.

Reduction
= g™
, NaBH,
(Agent) . .

(Loading Ag )

3 Results and discussion

Several recent studies have focused on the synthesis of
hydrogels containing metal nanoparticles [28, 43] because
of their explicit involvement in various biomedical uses,
such as bio-catalysis, contrast imaging, cell labeling, and
antibacterial applications [44]. The present study provided
an easy procedure for integrating AgNP within potassium
polyacrylate hydrogel by immersing dry PPA hydrogel in
AgNO; aqueous solution and transferring the gel to NaBH,
aqueous solution for the reduction reaction, as was demon-
strated in the previous section. Figure 1 illustrates the steps
of producing AgNPs in the hydrogel networks. The benefit
of this procedure is that it allows the hydrogel to hold a lot
of Ag™ ions and facilitates their reduction. Thus, it affords
an evenly distributed spread of AgNPs within hydrogel net-
works and gives them excellent stabilization as well. Con-
sider that PPA chains work effectively as stabilizing agents.

3.1 UV-Vis spectroscopy

UV-Vis spectroscopy was the first technique conducted to
examine the integration of AgNPs in the hydrogel. The UV-
Vis spectra of Ag-embedded gels show an explicit absorption
peak at around 419 nm (Fig. 2a) due to the surface plasmon
resonance effect caused by the quantum size of AgNPs [45,
46], but neither the pure hydrogel nor the AgNO; exhibited an
absorption peak at this wavelength. In addition, it is essential
to note that there were no other absorption peaks around 335
nm and 560 nm wavelengths (Fig. 2a), which refers to the
absence of AgNPs aggregation [29]. The presence of silver
ions (Ag") in the solution causes the absorption band in the
aqueous solution of silver nitrate. Silver ions (Ag") and nitrate
ions (NO®") are produced when silver nitrate (AgNO;) dis-
solves in water. The distinctive absorption band seen in the
solution’s UV-Vis spectra is caused by the silver ions. The
indirect optical bandgap of the silver nitrate (AgNO;) sample

—

Sun radiation ~ \

Hydrogel + AQNO, Ag - Potassium polyacrylate hdrogel Photodegradation Antibacterial

Fig. 1 A schematic illustration of potassium polyacrylate hydrogel-loaded AgNPs preparation
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Fig.2 UV-Vis spectra of (a)
AgNO;, pure PPA and the
prepared PPA/Ag, (b) bandgap
of AgNOj;, and (c) bandgap of
PPA/Ag
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was determined to be 3.3 eV (Fig. 2b). However, upon the
introduction of PPA, the bandgap was observed to decrease to
2.42 eV (Fig. 2c). This reduction in bandgap renders the PPA/
Ag composite material highly suitable for use in the process
of photocatalytic degradation.

3.2 FTIR spectroscopy

Figure 3 represents Fourier transform infrared spectra of
the pure PPA hydrogel and silver nanoparticles-loaded
PPA hydrogel sample. The FTIR spectra of PPA hydro-
gel showed a substantial broadening of the O-H stretch-
ing of PPA at 3376-3235 cm™!. The peaks at 2929 cm™!
and 1446 cm~! correspond to C-H asym./sym stretch-
ing and C-H bending. The apparent peaks at 2363 cm™!,
2117 cm™', and 1654 cm™" are due to the 0=C=0, C=C
and C=C stretching, respectively [47], and 1401 cm™! is
assigned to the O-H bending of the carboxylic group. The
observed peaks at (1550 em™!, 1222 cm™") and 1319 cm™!
are due to N-H group bending (Coates, 2000) and C-N
group stretching, respectively. The obtained peaks at 1162
cm™! and 1058 cm™! are due to the stretching of C-O of
primary alcohol [28]. The FTIR analysis of AgNPs-loaded
hydrogel revealed similar peaks to PPA hydrogel, but dif-
ferences in the intensity and frequency of various peaks
were observed (Fig. 3). The presence of AgNPs in the
hydrogel caused a decrease in the bending intensity of

3
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Fig.3 Fourier transform infrared (FTIR) spectra of (a) pure PPA
hydrogel and (b) silver nanoparticles-loaded PPA hydrogel

O-H and N-H peaks and a considerable shifting of these
peaks from 1401 cm™! and 1550 cm™' to 1395 cm™! and
1535 cm™! respectively. The intensity is always depend-
ent on the molecular weight of the PPA hydrogel; the
more AgNPs loaded in the PPA hydrogel, the lower the
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intensity revealed. The weakening intensity refers to the
silver bonding to oxygen and nitrogen, which raises the
molecular weight of the compound (PPA/Ag) and makes
it heavier than before, resulting in a decline in intensity.
The shifting of O-H and N-H bending towered minimum
frequency, referring to the weakening of intermolecular
hydrogen bonds due to the existence of AgNPs [14]. Fur-
thermore, the peak of the N-H group bending at 1222 cm™!
has disappeared, and a new peak was found at 849 cm™!
which supports the possibility of forming a new bond link-
ing AgNPs with nitrogen.

Moreover, O-H stretching at 3376-3235 cm~! in PPA
showed less intensity in PPA loaded with AgNPs, which
would also support the possibility of interaction between
oxygen and Ag. These findings offer substantial proof
that AgNPs were successfully incorporated into the PPA
hydrogel.

3.3 XRD analysis

X-ray diffraction technique was also employed to confirm
the integration of AgNPs in the PPA hydrogel networks.
From Fig. 4, there were any peaks appear in the XRD
pattern of the pure PPA hydrogel, while the XRD pattern
of PPA/Ag shows four diffraction peaks found at 38.43°,
44.65°, 64.85° and 77.88° are attributed to the diffraction
planes (111), (200), (220), and (311) of the face-centered
cubic (fcc) of the AgNPs, respectively, which definitely
proved the formation of AgNPs within the hydrogel struc-
ture. The crystallite sizes of the PPA/Ag were 31.83 nm,
according to the Scherrer formula.

(1) —— PPA/Ag

— PPA

(200)

(220)  (311)

Intensity (a.u.)

10 20 30 40 50 60 70 80
2 Theta (Degree)

Fig.4 XRD diffraction patterns of pure PPA and PPA loaded with
AgNPs (PPA/Ag)
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3.4 Scanning electron microscopy

The SEM images of plain PPA hydrogel are depicted in
Fig. 5. Figure 5 shows the morphology of the PPA hydro-
gel as it was an irregularly shaped nanogel. Fig. 6 appears
the EDX analysis of hydrogel containing AgNPs. The EDX
quantitative analysis contains 60.48% and 34.12% for Ag
and carbon elements, respectively, confirming the presence
of AgNPs in the PPA hydrogel.

3.5 Photocatalytic degradation study

Photocatalytic activity arises as a result of the photocata-
lyst’s interaction with UV irradiation, which produces
extremely reactive hydroxyl radicals, which are thought to
be the main species responsible for oxidation [48, 49].

Water in the surrounding media produces hydroxyl radi-
cals (¢OH) when a photocatalyst is exposed to UV light.
These hydroxyl radicals are a reliable sign of the catalyst’s
photocatalytic activity [50].

Hydroxyl radicals (¢OH) react with organic molecules,
minerals, and other substances in the medium around the
catalyst, breaking chemical bonds and forming new com-
pounds as a result. This reaction is a strong sign of oxidation
in the system [51].

The degradation of an anionic dye solution in the pres-
ence of the prepared samples (PPA/Agl, PPA/Ag2, PPA/
Ag3, and PPA/Ag4) was studied in this work; the samples
acted as catalysts in this degradation process. Rose bengal
(R.B.) (Fig. 7) was used as a model dye in this study, and
the degradation process was investigated under irradiation
of visible sunlight from 11:30 a.m. to 1:30 p.m. Rose ben-
gal (R.B.) dye has a big absorption peak at 542 nm, which
represents its maximum wavelength. Figure 7 depicts the
UV-visible spectra of dye degradation as a function of time
as well as the degradation efficiency of various catalysts. It
was obviously observed that after adding the catalysts, the

Fig.5 SEM images of pure PPA hydrogel
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Fig. 7 UV-Vis spectra of the
degradation of R.B. (concentra- 204 @
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color of the R.B aqueous solution started to convert from
pink to transparent, and its absorption intensity at A, = 542
nm began to decrease with increasing time, which confirmed
the effective photocatalytic degradation of R-B in the pres-
ence of the catalysts.

The calculated degradation efficiencies showed almost
similar percentages for all the prepared catalysts. Also, the
results showed that the highest values of D% were achieved
after 120 min of exposing R.B. dye to visible sunlight in the
presence of the catalysts. The results are listed in Table 1.
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Fig.7 (continued)
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Table 1 Values of degradation efficiency, correlation coefficient, and
rate constant

Catalysts D (%) R? k (min™h)
PPA/Agl 94 0.991 0.025
PPA/Ag2 93 0.961 0.020
PPA/Ag3 88 0.992 0.018
PPA/Ag4 95 0.972 0.022

The rate constant of the degradation reaction was achieved
by the Langmuir-Hinshelwood (L-H) model. This model (Eq.
(3)) is the most commonly used equation to define photocata-
Iytic reactions, study kinetics, and establish the relationship
between initial dye concentration and initial rate degradation.

1/K =1/(Kc * K;_y) + Cy/ke 3)

where C; is the dye’s initial concentration (mg/L), k.. is the
reaction rate constant (mg/L min), and K; j, is the Langmuir-
Hinshelwood adsorption equilibrium constant (L/mg).

The rate of reaction may be defined as proportional to the
decrease in the concentration of a reactant per time and the
increase in the concentration of a product per time. Equation
(4) represents the rate expression of the reaction.

r=—dC/dt = kC “)
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In the case of low concentration of the R.B. dye, Eq. (4)
can be integrated to give a linear equation as follows :[52, 53]

—1In(C/C0) =1n (Cy/C) = kt )

where C is the initial concentration of R.B. dye and C
is the concentration of R.B. dye at any time (¢) of irradia-
tion. k is the pseudo-first-order rate constant (min~"); it can
be obtained from the slope of the straight line by plotting
In(Cy/C) versus irradiation time (min). Figure 8 shows the
plots of In(C/C,) values against irradiation time for the reac-
tions in this experiment. The values of the rate constant k
and the correlation coefficient R* are tabulated in Table 1.

According to Fig. 9, it is noticed that the photocatalytic
degradation was performed with good performance. In addi-
tion, the results showed that the prepared PPA/Ag catalysts
provided considerable rate constant k values for R.B. deg-
radation, and they were pretty similar, except PPA/Ag]1 pro-
vided a slightly lesser value of k than the other catalysts.
Moreover, when large values of the correlation coefficient
are obtained in an experiment, this indicates that the interac-
tions follow pseudo-first-order kinetics. Pseudo-first-order
kinetics means that reactions follow the speed of a true first-
order reaction in the initial stages of the reaction, but slow
down significantly in the later stages of the reaction.

Figure 10 presents a schematic representation of the poten-
tial mechanism involved in the degradation of RB dye using
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simultaneously react with protons to produce hydroperoxyl
1.0 —=— PPA/Agl radicals (HOOe). On the other hand, the photogenerated holes
—e— PPA/Ag2 (h*) in the VB migrate to the backside of the PPA/Ag surface
0.8 —— PPA/Ag3 and react with either water (H,0) or hydroxide (OH") ions to
PPA/Agd generate active species like hydroxyl radicals (OHe). These
< 0.6 processes are facilitated by the efficient separation of pho-
% togenerated electron-hole pairs, which significantly contribute
0.4 to the degradation of RB. The following steps are potential for
the degradation of RB [12]:
0.2 -t
PPA/Ag+hv — e +h ©6)
0.0 - -
O, +e7+,~ + H+ - «OOH 7
T T T T T T
0 20 40 60 80 100 120
Time (min) e” ++00H - H,0, ®)
Fig.9 C/C, plots of R.B. versus irradiation time in the presence of  H,0, + e— — HO « +OH™ 9)

catalysts

PPA/Ag. As shown in Egs. (6)—(10), when exposed to light,
the high surface area of PPA/Ag facilitates the generation of
electron-hole (¢~-h") pairs between the conduction band (CB)
and valence band (VB) of PPA/Ag, leading to the degrada-
tion of RB dye [54]. Initially, the photogenerated electrons
(e7) in the CB of PPA/Ag migrate toward the surface and are
scavenged by oxygen (O,) to form superoxide anion (O, ") and

dye + «OH + «O, — Degradation products + CO, + H,0O
10)

3.6 Antibacterial activity
The PPA hydrogel and all the prepared samples of AgNPs-

loaded hydrogel (PPA/Agl, PPA/Ag2, PPA/Ag3, and PPA/
Ag4) were tested against three types of microorganisms: P.
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Fig. 10 Proposed mechanism
for the photocatalytic degrada-
tion of RB dye using PPA/Ag
under solar light irradiation

RB + PPA/Ag

Table2 Samples’ inhibition zones (mm) of the antibacterial activity
test

Samples P. aeruginosa E. coli S. aureus
PPA/Agl 18.5 21 11
PPA/Ag2 13 12 13
PPA/Ag3 14 12 15
PPA/Ag4 14 13 12.5

aeruginosa, E. coli, and S. aureus; the test was conducted
with three replications. According to Table 2, all the samples
embedded with AgNPs presented a significant antibacterial
effect against the different types of microorganisms, while
the pure hydrogel presented no effect. Furthermore, PPA/
Agl showed a magnificent inhibition zone against P. aer-
uginosa and E. coli, as observed in Fig. 11. Moreover, as a
comparison between the prepared samples and the different
antibiotics used in this test (Table 3), PPA/Ag] presented
relatively equal inhibition zones against E. coli and P. aer-
uginosa bacterial strains when compared with OFX and
larger inhibition zones than the other antibiotics (Fig. 12).
The samples (PPA/Ag2, PPA/Ag3, and PPA/Ag4) showed
better antibacterial effects than CFM against S. aureus. The
main antimicrobial mechanisms of action could be due to
the fact that AgNPs release from PPA hydrogel and adhere
to microbial cells, penetrate into them, and attack both the

Fig. 11 Antibacterial activity
effect of the prepared samples
against the different strains

- PPA/Ag3
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respiratory chain and cell division by interacting with phos-
phors and sulfur-containing compounds in the bacterial
cells, leading to their death [8, 55].

4 Conclusion

The used approach enables easy integration of silver nano-
particles in potassium polyacrylate hydrogel. The formation
of silver nanoparticles in the hydrogel networks was con-
firmed by various analyzing techniques, including UV-Vis
spectrophotometry, FTIR spectroscopy, XRD, and SEM.
Furthermore, the prepared PPA/Ag samples presented high
efficiency in the photocatalytic degradation of rose bengal
dye, where the highest degradation efficiency reached 95%
for PPA/Ag4, followed by PPA/Agl, then PPA/Ag2, and
finally PPA/Ag3 with 94%, 93%, and 88%, respectively. In

Table 3 Antibiotics’ inhibition zones (mm) of antibacterial activity
test

Antibiotics P. aeruginosa E. coli S. aureus
Cefixime 6 9 13
Ofloxacin 21 21 23
Cotrimoxazole 6 6 17
Gentamicin / 16 /




Biomass Conversion and Biorefinery

Fig. 12 Antibacterial activity
effect of the antibiotics against
the different strains

addition, broad inhibition zones were observed against E.
coli, P. aeruginosa, and S. aureus microorganism strains,
which evidenced excellent antimicrobial effects for the pre-
pared PPA/Ag samples. According to the obtained results,
these Ag-loaded PPA hydrogel nanocomposites can be suc-
cessfully used in wastewater treatments as catalysts and in
medical fields such as drug carriers and wound healing.
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