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In this study, Ag nanoparticles were loaded successfully into poly acrylic acid hydrogel (PAA) as a matrix to prepare PAA-Ag
nanocomposite catalyst. The prepared catalyst was characterized by scanning electron microscope (SEM), transmission electron
microscope (TEM), Fourier transform infrared spectrophotometer (FT-IR), thermal gravimetric analyzer (TGA), inductively coupled
plasma atomic emission spectrometer (ICP), and X-Ray photoelectron spectroscope (XPS). The catalyst with NaBH,4 was used to degrade
some common pollutant dyes such as methyl orange (MO), thodamine B (Rh. B) and methylene blue (MB) in water. UV-visible
spectrophotometer was applied to determine the initial and final concentration of dyes. Some effective factors on degradation such as the
amount of catalyst, the initial concentration of dye, time, and pH were investigated. The results demonstrated that the amount of catalyst
equal to 0.02 and 0.03 g with 0.01 g of NaBH, in 50 ml water are appropriate to completely degrade 50 ppm of MO, Rh. B, and MB,
respectively, at pH = 6.5 in less than 15 min.
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INTRODUCTION

oxygen of water [5]. Likewise, they can cause human
injuries such as eye irritation, skin irritation, multi-organ

Due to rapid industrialization and urbanization, organic
dyes have become one of the main sources of severe
pollutions in wastewaters [1,2]. Organic dyes discharged
from different industries such as textile, paper, printing,
food, and cosmetic industries to our surrounding water
bodies result in significant environmental pollution [3.,4].
Dye effluents color water bodies and disturb the natural
growth activity of aquatic life by decreasing the dissolved
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tissue injury, several cancers, and lung disease [6,7].
Consequently, the removal and/or reduction of organic
hazardous dye effluents, for instance, methyl orange (MO),
methylene blue (MB), and rhodamine B (Rh. B), in
a demanding effort. In this

wastewater  is regard,

conventional biological treatment, like using

microorganisms [8,9], and also typical wastewater treatment
methods  including adsorption [10], photocatalytic
degradation [11], chemical oxidation [12], membrane

filtration [13,14], flocculation [15] and electro-oxidation
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[16,17] have been documented for reduction of organic
dyes. However, they are generally ineffective methods
dye highly
microorganisms. In this respect, the assessments performed

because effluents  are resistant  to
showed that activated carbon adsorption and coagulation

technologies are not effective. In addition, oxidation
technique produces by-products that might be toxic [14].
Furthermore, dye destruction by means of physical-
chemical treatments in a high effluent concentration is
practically impossible.

In order to solve these issues, nanotechnology recently
has been extended to the wastewater treatments [9,18]. Due
to the high surface area of nanoparticles that exhibit
enhanced reactivity, they have many promising applications
in effluent treatments [19-21]. Silver nanoparticles (Ag
NPs) along with many applications ranging from sensing to
optics [22,23], data storage and antibacterial activity [24-26]
act as the suitable catalysts in water treatment [27-29]. Ag
NPs possesses excellent electron relay effect [30] than the
other transition elements, as a main advantage. In addition,
the Ag nanoparticles have superior anti-bacterial properties
[31]. In spite of many advantages, Ag NPs suffer from
instability in water and tend to aggregate which in the long
run decreases their catalysts ability. To protect Ag NPs from
aggregation, both electrostatic and steric stabilization
methods have been used [32-34]. Among all of the
stabilizing systems, hydrogels are the most powerful ones,
particularly when stabilized metal nanoparticles are used as
catalysts. Hydrogels provide large free space between the
cross-linked networks that act as a nanoreactor for the
nucleation and growth of the nanoparticles [35-37].
Moreover, the surface of the metal nanoparticles not only is
not affected by stabilization, but also the speed of catalytic
reaction can be tuned by controlling the crosslinking density
of the polymeric network.

This paper aims at studying the ability of synthesized
Ag-NPs as an efficient catalyst for the degradation of
organic dye pollutants such as MB, Rh. B and MO using
NaBHy, as a reducing agent at room temperature.

According to the best of our knowledge, this is for the
very first time that Ag-NPs fabricated in PAA hydrogel are
being used as the catalyst with high activity toward
methylene blue (MB), methyl orange (MO), and rthodamine
B (Rh. B) in current approach. Among the various kinds of
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PAA-based catalysts, the applied approach in this study
showed excellent results for the degradation of dyes
compared to other similar studies in the literature. The
effect of various parameters on the dye reduction was
studied. The reusability of the catalyst was also investigated
for three consecutive cycles.

EXPERIMENTAL

Materials

Acrylic acid (AA), ammonium persulfate (APS), and
methyl orange (MO) were supplied by Sigma Aldrich.
N,N'"-methylene bis-acrylamide (MBA) and the N,N,N’,N'-
tetra methyl methylene di amine (TEMED) were obtained
from Acros. Hydrochloric acid (HCI), sodium hydroxide
(NaOH), Ag (CH;COO), sodium borohydride (NaBH,),
methylene blue (MB), and rhodamine B (Rh. B) were
purchased from Merck. All samples were used without
further purification. All solutions were prepared using
deionized water throughout the experiments.

Instrumentation

A Bruker FT-IR spectrophotometer was used to record
FT-IR spectra in KBr disk. ICP-AES, Spectro Genesis was
applied to determine the amount of loaded silver in PAA
hydrogel. Scanning electron microscopy (SEM), MIRA3
FEG SEM (Tescan, Czech Republic), was utilized to

investigate the morphology of PAA hydrogel by
accelerating voltage equal to 10 keV. The size and
nanostructure of silver NPs inside the PAA-Ag

nanocomposite was characterized by transmission electron
microcopy (TEM, HITACHI S-4800). Thermogravimetric
analysis (TGA) was carried out to study the thermal
properties of PAA-Ag nanocomposite by an STA409PC
Netzsch thermal analyzer, made in Germany. The X-ray
photoelectron spectrum (XPS) was performed by a 1600E
Perkin Elmer applying Mg-K, excitation source. UV-visible
spectra were measured using an Analytik Jena (SPECORD
205) model of UV-Vis double beam spectrophotometer at a
wavelength of 200-700 nm. The sample measurements were
performed in a 1 cm quartz cuvette at room temperature.
Deionized water was used for the background correction of
all UV-Vis absorption spectra. The effect of the pH on dye
degradation was investigated by pH meter (Metrohm,
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Switzerland).

Preparation of Catalyst

Preparation of hydrogel-based AA. 72.5 mmol AA,
55 mg MBA (0.5%) and 10 ul TEMED were mixed with 4
ml of pure water, and then 0.165 g APS dissolved in 1 ml
water was added to this solution. Thereafter, it was
immersed in a 40 °C water bath for 4 h. Finally, it washed
with water to remove un-reacted species and was dried at
40 °C.

In situ synthesis of silver nanoparticles within PAA
hydrogel. Silver ions were loaded into the hydrogel
network for 24 h at room temperature under continuous
stirring. Then, metal ions loaded in hydrogels were treated
with 50 ml, 0.1 M NaBH; as a reducing agent, to reduce the
Ag” ions to AgP® in the PAA lattice. Finally, the prepared
PAA-Ag hydrogel nanocomposites were filtered, and then
washed with deionized water.

Catalytic Activity Measurement

The removal of methylene blue (MB, 50 mg 1), methyl
orange (MO, 30 mg I"") and rhodamine B (Rh. B, 50 mg I'")
in aqueous solution was carried out in the presence of
PAA-Ag and NaBH,; as the reducing agent. For this
purpose, 0.02 g of the sample was dispersed in 50 ml
solution of the dye. The solute on samples was withdrawn
from the reaction medium at the regular time intervals. The
PAA-Ag was separated from the solution by centrifugation
at 4000 rpm for 20 min and the change on the absorbance at
a maximum wavelength (A,.x) of dyes (664 nm for MB, 462
for MO and 552 nm for Rh. B) was monitored by UV-Vis
spectrophotometer. The effect of PAA-Ag amount on the
dye removal was studied by contacting 50 ml of dye
solution (50 mg I"' for MB and Rh. B and 30 mg I for MO)
for 60 min. Different amounts of PAA-Ag (0.01, 0.02, 0.03
and 0.04 g) were applied. The effect of initial dye
concentration on the dye removal was investigated. The
PAA-Ag (0.02 g) was added to 50 ml of different dye
concentrations (20, 30, 40 and 50 mg 1" for MB, Rh. B) and
(5, 10, 20 and 30 mg 1" for BR5). The effect of various pHs
(2,5, 8 and 9) on the dye removal was studied. The removal
performance of the process was defined as:
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(Co — C)

0

100 = %100 (1)

A, —A
%Removal = (0147)

0

where Ay and C, are the initial absorbance and
concentration, A and C are the final absorbance and
concentration at Ay, = 664 nm for MB, A= 462 nm for

MO and A = 552 nm for Rh. B, respectively.

RESULTS AND DISCUSSION

Characterization

Figure 1 shows the FT-IR spectra of AA, PAA hydrogel,
and Ag-PAA nanocomposite. In the figure, the peak at 3530
cm’™ is related to OH stretching band and the peaks at 2865
and 2935 cm™ are related to CH stretching bands of AA and
PAA hydrogel. Furthermore, CO double bond and COO
stretching bonds are seen at the 1462 and 1739 cm™' regions,
respectively (Boruah et al. 2014). In addition, the overlap of
OH band and NH band of MBA is seen at about 3200 cm™
[38]. The peak appeared at 400-700 cm™ is assigned to the
vibrational bond of the Ag-O in the Ag-PPA lattice.
Obviously, this peak is not seen in the FT-IR spectrum of
bare PAA. To investigate the morphology of the hydrogel,
the SEM analysis was performed. Figure 2 displays the
micrographs of the PAA hydrogel that show the highly
porous structure of the hydrogel. According to the
micrographs, the shape and size of pores were non-uniform.
Thermal gravimetric analysis (TGA) was applied to
characterize the thermal properties of PAA and PAA-Ag
and total amount of entrapped Ag inside the PAA-Ag
nanocomposite.

Figure 3 illustrates TGA curves of PAA hydrogel and
PAA-Ag nanocomposite. As obviously seen, two weight
loss processes occur for both samples while heating up. At
the first step, less than 250 °C, the physically absorbed
water molecules are realized. At the second step, as the
major weight loss, the PAA hydrogel starts to decompose
from 250 °C and then are completely decomposed at 800 °C
with no carbon residue according to the previously reported
research. Comparing the PAA hydrogel and PAA-Ag
nanocomposite indicates that total weight ratio of Ag within
the PAA-Ag nanocomposite had been 19.7%. It was also
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Fig. 1. FT-IR spectra of acrylic acid (AA), poly acrylic acid hydrogel (PAA) and Ag-PAA nanocomposite.

Fig. 2. SEM images of PAA hydrogel.

determined by ICP measurement that displayed Ag weight
had been 194 mg within 0.1 g of PAA. In comparison to
bare PAA hydrogel, it was obvious that the thermal stability
of PAA-Ag nanocomposite has been increased. The stability
could be attributed to the formation of coordination bond
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between Ag NPs and functional group of PPA. The TGA
analyses were carried out under N, gas to remove the
possibility of formation of oxide compounds during the
experiment due to the presence of O,. The formation
of oxide couldlead to the thermal stability at TGA
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Fig. 3. TGA thermograms of PAA hydrogel and PAA-Ag nanocomposite.

Fig. 4. TEM images of Ag nanoparticle within PAA-Ag nanocomposite.

experiments. The TEM analysis was applied to investigate
the nanostructure of PAA-Ag hydrogel (Fig. 4). As shown
in Fig. 4, Ag NPs are distributed in PAA matrix and
possess spherical shape with sizes about 20-40 nm. The
X-ray photoelectron spectroscopy (XPS) was performed to
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achieve more information about the ionic state of the Ag
NPs within the PAA-Ag nanocomposite.

Figure 5 shows a high-resolution Ag XP-spectrum
related to the Ag NPs. The observed peaks at 369.95 and
375.97 eV, are related to 3ds,and 3d;,, spin-orbit coupled
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Fig. 5. XPS spectrum of PAA-Ag nanocomposite. The peaks are related to 3d metallic silver.
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Fig. 6. Removal of dyes at different catalyst amount. The dyes are methylene blue (MB), methyl orange (MO),
and rhodamine B (Rh. B).
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core levels of silver, respectively. This and the energy
splitting value of 3d doublet of silver about 6.0 eV confirm
the formation of Ag NPs in metallic state [39,40].

Catalytic Degradation of Organic Dyes

The prepared PAA-Ag nanocomposite act as a catalyst
facilitating electron transfer from the reduction agent (BH,
anions) to dye molecules. When the molecules are being
reduced, the colored water changes to colorless by-products
or changes to the conjugated molecules due to degradation
of dye molecules. The studies have demonstrated that
removal of dyesin absence of catalyst has a low rate
constant leading to the long term elimination of dye to
several hours that is not suitable for practical applications
[41]. However, by using an appropriate catalyst such as
silver NPs distributed in a suitable porous matrix like PAA
hydrogel, and the
reduction reaction time decrease to a few min due to

electron transfer process improves
electron relay effect [30]. The removal of dyes by PAA and
Ag-PAA in the presence of NaBH, was performed. The
results showed the removal equals zero for PAA with
NaBH; and Ag-PAA without NaBH,. Therefore, the
association of PAA on dye removal was zero. Due to results
and our best of knowledge, the existence of Ag as an
electron relay agent with NaBH, as a reducing agent is
necessary to have the removal values more than zero.

In following, the effective factors in dye elimination
such as the amount of catalyst, reaction time, dye initial
concentration, and pH for the removal of dyes (MO, Rh. B
and MB) with the help of BH4 by PAA-Ag catalyst are
investigated. The amount of catalyst and concentration of
dyes can affect the catalytic capacity. In addition, by
varying pH, the surface charge of catalyst and the charge on
dye molecules change, and consequently influence the
swelling percentage of hydrogel. Then, these parameters
the percentage of dyes [42-44].
Accordingly, these were selected to find optimum

impact removal
conditions for the removal of dyes.

Effect of the catalyst amount. Figure 6 illustrates the
effect of catalyst amount on the removal percentage of dye
at conditions: 50 ppm of each dye, 15 min reaction time,
and 0.01 ppm of NaBH,. The results showed that the
amount of catalyst equal to 0.02 g completely removed the
MO and MB dyes. In addition, 0.03 g of catalyst eliminated
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Rh. B dye by 100%. These amounts were used to remove
dyes in the next experiments.

Effect of time factor. The effect of reaction time on
degradation of dye is shown in Fig. 7. Degradation is
displayed by a decrease in peak height of absorbance and
absorption intensity at An.x of dye. According to Fig. 7, a
rapid decrease occurs in the major peak height of dyes in 12
minutes after adding PAA-Ag catalyst. When the peak
height of dye at A, of dye is equal to zero, the dye was
degraded completely. Figures 7a, b and c correspond to
MO, Rh. B and MB spectrums of dyes, respectively.

Effect of dye concentration. Figure 8 demonstrates the
removal of dyes at the different initial concentrations.
Figures 8a, b and ¢ correspond to MO, Rh. B and MB,
respectively. The concentration of dyes was changed from
10 ppm to 50 ppm. According to Figs. 8a for 10 ppm of
concentration, MO was removed during 10 min completely,
and for 30 ppm of concentration, it was eliminated in 15
min with 100% of degradation. According to Fig. 8b, for 10
and 50 ppm of dye concentration, Rh. B was removed over
8 and 14 min by 100%, respectively. 10 and 50 ppm of MB
were also removed during 8 and 12 min, respectively, as
given in Fig. 8c.

Effect of pH. Figure 9 displays the effect of pH on the
removal of dyes. The experiments were performed at pH
equal to 2, 5, 6.5, 9 and optimum conditions documented in
previous sections. As shown, for Rh. B, the removal of dye
was a maximum value, 100% at pH = 6.5. The removal was
negligible at other pHs. For MO dye at acidic Ph, equal to 2
and 5, the dye removal was 40% and 35%, respectively, and
at pH = 9, it was negligiblee. MO was also removed
completely at pH = 6.5. Furthermore, the removal of dye
was 100% for MB dye at pH = 5 and 6.5, and it was
negligible at other pHs.

Table 1 shows a comparison between the properties of
the prepared catalyst and a similar catalyst by another
approach to degrade the dyes. As shown, the selected
approach in this study has exhibited excellent results against
the other approaches.

CONCLUSIONS

In summary, PAA-Ag nanocomposite has been

synthesized successfully and characterized by SEM, TEM,
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Fig. 7. Successive UV-Vis spectra of a) methyl orange (MO), b) rhodamine B (Rh. B), and ¢) methylene blue (MB)
dye reduction, using PA A-Ag nanocomposite as the catalyst and NaBH, as the reducing agent.
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and c¢) methylene blue (MB) at
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Fig. 9. Removal of dyes: a) methyl orange (MO), b) rhodamine B (Rh. B), and ¢) methylene blue (MB)

at different pHs (pH =2, 5, 6.5, and 9).

Table 1. A Comparison between Prepared Catalyst and a Similar Catalyst with another Approach

Type of catalyst Dye Concentration  Size of NPs  Time Removal Amount of Ref.
of dye percent catalyst
PAA-Ag/Ag NPs Rh.B 4 ppm 50 min 50% 1 ml Hou and
MB 10 ppm 10-15nm 90 min 60% (Volume) etal.
MO - - -
Ag-PAA Rh.B 50 ppm 100% Current study
nanocomposite MB 50 ppm 20-40 nm <15 100% 003 ¢
MO 30 ppm min 100% (Mass)

FT-IR, TGA, ICP and XPS. The catalyst has been used to
degrade methyl orange (MO), rhodamine B (Rh. B) and
methylene blue (MB) in water. The results illustrated that
the amount of catalyst equal to 0.02 g with NaBH, (0.01 g)
completely degrades MO and Rh. B. 0.03 g of catalyst
degraded MB completely. The optimum conditions were
pH
concentration of 50 ppm for each dye with 0.01 g of NaBH,.

6.5, reaction time less than 15 min, and initial

Furthermore, MB dye was completely degraded atpH =S5.
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Finally, the developed catalyst exhibited a satisfactory
performance on degradation of organic dyes that could be
applicable in wastewater purification purposes.
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