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Abstract
In this research work, a simple method of silver nanoparticles’ self-synthesis in chitosan (CH) biopolymer hydrogels without 
utilizing a reducing agent is shown. The synthesized material was used as a catalyst in different reduction reactions. For 
this purpose, different amounts of CH powder were dissolved in acidic aqueous solutions and then crosslinked it with the 
formaldehyde solution to make a CH biopolymer hydrogel. Among all the prepared samples, a CH hydrogel prepared from 
a dense solution was found to be suitable for this study because of good mechanical stability. For the self-synthesis of silver 
nanoparticles inside hydrogel, it was immersed in an aqueous solution of  AgNO3 (10 mM) for 3 days at room temperature. 
The color of the chitosan hydrogel changed to brown from transparent which indicated the successful formation of silver 
nanoparticles on CH hydrogel (Ag-CH). No reducing agent for conversion of the  Ag1+ ions to nanoparticles in this whole 
synthesis method. Instrumental techniques such as FESEM, XRD and EDX analysis confirmed the successful preparation 
of Ag-CH. The Ag-CH was checked as a catalyst in the 2-nitrophenol (2-NP) and acridine orange (ArO) reduction reactions. 
Both reactions were carried out at high rate constants (2-NP = 0.260  min−1, ArO = 0.253  min−1) by using the Ag-CH hydro-
gel catalyst. In addition, we discussed the mechanism of action of the reducing agent, the effect of kapp on the two reduction 
reactions of Ag-CH and the recyclability.
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Introduction

With the rapid development of industrialization, a consid-
erable amount of waste is continuously discharged into the 
environment through nearby water streams. Although clean 
water is important to society, these ongoing waste treatment 
processes tend to reduce the quality of water [1–3]. In par-
ticular, organic compounds such as dyes can contaminate the 
aqueous environment if not properly processed by textiles, 
paint, food, leather and paper industries [4–7]. Synthetic 
dyes have a wide range of uses which makes their use una-
voidable. The only way to handle these dye contaminants is 

to develop safe disposal mechanisms and methods so that 
they can coexist with the ecosystem to provide a friendly 
environment. Until now, many wastewater treatment strate-
gies, such as neutralizing acidic and alkaline fluids, chemi-
cal oxidation and flocculation, effluents containing activated 
carbon and added organic carbon, biodegradable tools and 
catalytic techniques have been explored [8–17]. Among 
the above-mentioned strategies, catalysis is considered to 
be most suitable because it is energy-sustainable, environ-
mentally compatible, and results in the complete or partial 
degradation of dye contaminants. In particular, various types 
of dyes have been used to simulate organic contaminants in 
wastewater [18].

Removal of different toxic chemicals such as azo dyes, 
heavy metal ions, pesticides and pollutants from wastewater 
can be achieved by various techniques. Mainly, chemical and 
physicochemical methods are involved in the said purpose 
[19]. Sometimes combination of the methods like adsorp-
tion, biological systems, chemical precipitation, membrane 
processes, reverse osmosis, ion-exchange, ultrafiltration 
are used. The choice of solvent extraction combined with 
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different methods depends on the concentration of contami-
nants in the wastewater [20].

Nitrophenol (NP) is a common organic compound with 
a variety of industrial applications in the pharmaceutical, 
explosive, dye and agrochemical industries. Most NPs pos-
sess toxicity to human health. Among such nitrophenols, the 
substituted nitro groups containing such as 4-nitrophenol 
(4-NP), 2,4-dinitrophenol, 2-nitrophenol and the like are pre-
sent. US Environmental Protection Agency considers NPs 
as the most toxic contaminant. It is because its short-term 
inhalation can lead to serious health issues such as headache, 
vomiting, purpura and lethargy [21–23]. Therefore, due to 
these facts about various NPs, scientists are now looking for 
appropriate method for removing them from aqueous bodies 
or converting it to less-toxic chemicals. In this regard, the 
reduction of NPs by a suitable catalyst with the use of reduc-
ing agent in an aqueous medium to produce aminophenols 
(APs) is a facile process of dealing these toxic compounds 
[24, 25]. In fact, other methods could be used for such com-
pounds removal from water bodies but catalytic reduction is 
one of the most effective, environmentally friendly and low 
cost method. This process is also suitable and acceptable for 
large scale industries. Over the past two decades, numer-
ous metal and metal oxide nanoparticles-based catalysts like 
copper, palladium, silver, gold and platinum etc. have been 
tested as catalysts for the said reduction reactions. It was 
found that the catalytic activity of catalysts mostly depends 
on the size, shape and nature of the nanoparticles [26–29]. 
The decrease in the catalytic activities were observed due to 
the nanoparticle’s aggregation. Aggregation of nanoparticles 
occur easily, and its prevention is utmost important. These 
agglomerated nanoparticles lead to a reduction in the surface 
area, thus lowering the catalytic activity.

So far, different metal nanoparticles have been tested as 
catalysts. Among such metals, silver nanoparticles (AgNP) 
have attracted a great deal of attention due to their cost-
performance ratio with other noble metals [30, 31]. To help 
prevent the metal nanoparticles from aggregation, the use 
of solid polymeric supports is a commonly adopted method. 
Polymers in different forms such as microfibers [32–34], 
nanofibers [35–37], sheets [38], films, and spheres [39–41], 
hydrogels and other forms [42, 43]have been used as cata-
lytic supports. All such studies necessarily used the reduc-
ing agents like sodium borohydride, citric acid or hydrazine 
for the synthesis of metal nanoparticles. However, the easy 
green synthesis of AgNP with high catalytic activity remains 
an important challenge [44, 45].

Chitosan (CH) is a deacetylated product of the second 
most abundantly available polymer in nature. Usually, 50% 
or above degree of deacetylated chitin becomes soluble in 
acidic aqueous medium and is referred to as CH. The dis-
solution of the CH in acidic medium occurs by protona-
tion of the –NH2 functional group at the C-2 position of the 

d-glucosamine repeating unit. As a result, the CH polysac-
charide converts to a polyelectrolyte. Due to its abundantly 
availability in nature, it finds many subsequent uses. CH 
has been used in many studies due to its biocompatible and 
easy availability from cheap sources. It is usually processed 
in the form of its acidic aqueous solution to form variety of 
desirable products such as nanofibers, coatings, hydrogels 
and films.

Owing to the low cytotoxicity and enzymatic degradation, 
hydrogels consisting of CH and other polysaccharides are 
widely used as the main material in a variety of biomedi-
cal applications such as tissue engineering, therapeutic drug 
delivery and medical implants [46, 47]. Recently, we used 
it as a coating material for enhanced immobilization of the 
metal nanoparticles over microscopic substrates which were 
used as dip catalysts for the reduction of the toxic organic 
pollutants[32–34, 48]. From these studies, it was found as 
an excellent coating material. Previously, many synthetic 
polymer-based hydrogels such as p(methacrylic acid-co-
acrylonitrile)-metal (metal: Co and Cu) microgel [49], 
poly(N-isopropylacrylamide-co-allylacetic acid) microgels 
[50], cationic microgels embedding metal nanoparticles [51] 
and cobalt loaded poly(2-acrylamido-2-methyl-1-propansul-
fonic acid) hydrogels [52] have been used for the immobili-
zation of catalytic metal nanoparticles.

In contrast to synthetic polymer-based hydrogels, we 
chose to use the CH hydrogel for the synthesis of the AgNp 
and their use as a catalyst for catalyzing the water-based 
reduction processes of toxic organic compounds.

Experimental

Materials

Yellowish powder high molecular weight chitosan with a 
degree of deacetylation of 75% was bought from Sigma-
Aldrich, Ireland. Silver nitrate  (AgNO3, 169.87 g/ml) was 
purchased from MERCK. A reducing agent of sodium boro-
hydride  (NaBH4, 37.83 g/mol) in powder form was pur-
chased from Loba-chemie. Acetic acid  (CH3COOH, 60.05 
g/mol), 2-nitrophenol  (C6H5NO3, 139.11 g/mol), acridine 
orange  (C17H19N3, 265.36 g/mol) and a cross linking mate-
rial formaldehyde solution 38% w/w (HCHO, 30.03 g/mol) 
were purchased from BDH chemicals, Poole, England. All 
the solutions were prepared in de-ionized (DI) water.

Synthesis of Catalyst

Three different concentration solutions of CH were used for 
the preparation of hydrogels. 2.4 g of CH was dissolved in 
deionized water (30 ml containing 20% v/v acetic acid) to 
obtain a clear yellowish solution. A solution of formaldehyde 
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(4 ml) was then mixed with the CH solution by stirring for 1 
h. The whole CH solution was poured into few plastic tubes. 
These tubes filled with polymer solution were statically kept 
for 24 h to transform into hydrogel. After 24 h of inspection, 
the CH solution solidified into a clear cylindrical hydrogel 
inside tubes. The CH hydrogel was obtained from the tubes 
and washed with NaOH solution and deionized water several 
times and stored.

Preparation of Ag Nanoparticles in Chitosan 
Hydrogel (Ag‑CH)

Small pieces of the CH hydrogel were obtained by cutting 
the cylindrical stored hydrogels. Then known amount of 
CH hydrogel was added to a beaker containing an aqueous 
 AgNO3 solution (10 mM, 30 ml). The contents of the beaker 
were continuously stirred for 24 h. The next day, the clear 
CH hydrogel turned its color to slightly brown. Further, the 
CH hydrogel pieces were kept in the  AgNO3 aqueous solu-
tion for additional 48 h. After this time span, a dark brown 
CH hydrogel was found at the end of three days. The change 
in color from clear to brown in the hydrogel indicated the 
self-synthesis of Ag nanoparticles by crosslinked CH chains. 
The sample was named as Ag-CH.

Study of Catalytic Activity

The synthesized Ag-CH pieces were tested as catalyst in 
the reduction reaction of 2-nitrophenol (2-NP) and acridine 
orange (ArO) two model compounds.  NaBH4 was used as a 
reducing agent for the reduction. In a typical reduction reac-
tion experiment of 2-NP, a clean beaker was charged with 
30 ml. Thereafter, an addition of predetermined amount of 
Ag-CH was performed to beaker to start the stirring process. 
A pre-measured  NaBH4 amount was inserted to the stirred 
solution of 2-NP mixed with Ag-CH. After addition of the 
reducing agent, a solution (3 ml) from beaker was taken with 
a sterile syringe. It was then put into a quartz cuvette for 
measuring the UV-visible spectra with a spectrophotometer. 
After the spectral measurement, the solution in the cuvette 
is again placed in the reaction medium. The recording of 
the spectra was resumed until the solution in beaker became 
clear. The reduction reaction of ArO dye was performed 
in accordance with the above method. The reuse test was 
carried out in a similar manner except that the recovered 
Ag-CH was from one reaction was again used for the next 
batch of reactions.

Characterization

In this study, CH and Ag-CH samples were morphologically 
analyzed by field emission electron microscopy (FESEM). 
Pure CH and Ag-CH hydrogel samples were lyophilized for 

FESEM analysis. Lyophilized samples were coated with 
platinum (Pt) using a coater for 30 s prior to morphologi-
cal study. X-ray diffraction study was performed using an 
ARL X’tra, Thermo Scientific diffractometer. The device 
was operated at high voltage and high current. This device 
is equipped with a Cu anode that generates CuK-alpha radia-
tion (0.1542 nm). Spectroscopic data for catalytic experi-
ments were recorded using an ultraviolet-visible spectropho-
tometer from Evolution 300 from Thermo Scientific.

Result and Discussion

Observation During Samples’ Preparation

The preparation of CH and Ag-CH hydrogels is shown step-
wise in Scheme 1. The formaldehyde solution was added to 
chitosan which was dissolved in acidic media. After mixing 
of the two solutions, it was filled into different plastic tubes 
and kept at static conditions for 24 h at room temperature. 
After 24 h, the solutions turned into hydrogels in the tubes. 
The tubes were broken and pure CH cylindrical hydrogels 
were obtained. These hydrogels were cut into pieces, neu-
tralized with NaOH solution and further washed with DI 
water for removing the excess and unreacted formaldehyde, 
CH chains and other ions. Thereafter, the washed CH hydro-
gel pieces were added to an aqueous  AgNO3 (10 mM) solu-
tion and kept for stirring. A visual confirmation of the suc-
cessful synthesis of the Ag nanoparticles inside CH hydrogel 
was observed by the color change.

XRD

In Fig. 1, the XRD patterns of CH and Ag-CH hydrogel are 
shown. The XRD pattern of CH had similar features as 
reported earlier. There was a single broad peak in the XRD 
pattern of CH hydrogel sample in the 2θ range of 20°–43°. 
This broad peak was due to the amorphous structure of chi-
tosan. On the other hand, the XRD pattern of Ag-CH con-
tains four additional peaks to the amorphous CH peak. These 
four peaks were due the reflections of (111), (200), (220) and 
(311) from a face-centered cubic unit cell of Ag metal in the 
range of 2θ = 35°–80° [32, 38]. The two reflections of Ag 
nanoparticles (111) and (220) overlapped with the amor-
phous peak of CH in the Ag-CH sample. Thus XRD clearly 
indicated the successful formation of the Ag nanoparticles 
inside the CH hydrogel. The Ag nanoparticles’ size was 
determined from (111) reflection in the XRD pattern of 
Ag-CH sample. This peak was separated from the pattern by 
deconvolution and using the Scherrer’s equation of 
D =

0.9�

�cos�
 , (where D, λ, β and θ represent the size, X-ray 

wavelength, peak breadth and diffraction angle, respectively) 
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the size of the nanoparticles was determined. The size was 
estimated to be 11 nm.

FESEM

Figure 2 a shows a FESEM image of a pure CH hydrogel. 
The sample was made from a 8 wt/wt% CH hydrogel. It 
displays the hydrogel porous morphology [53, 54]. The elon-
gated pores can be clearly observed in the surface of the 
sample which might be due to the collapsing of the pores 
while cutting the sample by knife for the morphological 
analysis. The existence of such pores may help in the sol-
vent (aqueous medium) penetration to the inner of the CH 
hydrogel. Based-on the observed porosity, it might appear 
a good catalytic support. Figure 2b shows a highly enlarged 
image of the CH hydrogel which shows a smooth surface 
morphology. Moreover, no particles were observed in this 
image which proves that sample was pure. Figure 2c shows a 
highly magnified SEM image of Ag-CH. Many bright spots 
can be easily viewed in the surface of this sample along-
with number of cracks. It can be said that these bright spots 
represent the existence of Ag nanoparticles in the Ag-CH 
sample. The nanoparticles’ sizes are in the range of 70 ± 22 
nm. The larger size of the particles in FESEM as compared 
to the XRD results might be due to their aggregation in the 
hydrogel sample.

Scheme 1  Illustration of the preparation process of Ag-CH hydrogel. 
a Mixing of chitosan and formaldehyde solutions, b mixed solution in 
plastic tube as static condition for 24 h, c separation of hydrogel and 
cutting into pieces, d CH hydrogel washing and e its insertion into an 
aqueous  AgNO3 solution for the adsorption of silver ions and their in-
situ reduction to the Ag nanoparticles.

2θ (o)
0 20 40 60 80 100
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Fig. 1  XRD patterns of the freeze-dried pure CH and Ag-CH hydro-
gels

Fig. 2  FESEM images of a CH, b enlarged image of CH and c 
Ag-CH hydrogels
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EDS

EDS is a reliable technique that quickly determine the ele-
ments presents in the sample. Figures 3a represents the EDS 
spectrum of pure CH hydrogel sample. The EDS spectrum 
of CH showed peaks from the four elements. These elements 
were nitrogen, oxygen, carbon, and platinum. The nitrogen, 
oxygen and carbon elements make the chitosan polymer 
chains while the peak of platinum element was observed 
due to its coating on the sample. Figure 3b shows the EDS 
spectrum of Ag-CH hydrogel. In this spectrum total five ele-
ments’ peaks were observed which were carbon, nitrogen, 
oxygen, platinum and silver. The appearance of the silver 
peak in the EDS spectrum demonstrate the existence of the 
Ag nanoparticles in the Ag-CH sample.

Catalytic Investigation

The formation of amino derivatives by the reduction of 
corresponding aromatic nitro compounds is an industrially 
important process. However,  NaBH4, even though a strong 
reducing agent, cannot easily reduce the aromatic nitro 
compounds in aqueous or non-aqueous solution. There are 
many reports on the catalysis of transition metal complexes 
by borohydrides for the reduction of nitroaromatics [55]. 
The catalytic activity of Ag-CH hydrogel nanocomposites 
was investigated for the reduction process of 2-nitrophenol 
(2-NP) to 2-aminophenol (2-AP) by excess  NaBH4. Accord-
ing to some previous reports, a strong absorption peak at 277 

nm is normally observed from the neutral or acidic pH solu-
tion of the 2-NP in the UV–Vis absorption spectrum [48, 
56]. When  NaBH4 solution is added to 2-NP, the absorption 
peaks of 2-NP are significantly and instantly red shifted to 
414 nm, corresponding to the creation of nitrophenolate ions 
[48]. As a result of addition of  NaBH4 to the 2-NP solution, 
a turning of the initial light yellow color of the solution to 
darker yellow was observed. We had similar observation 
during the addition of the  NaBH4 to the 2-NP solution. Even 
if an excessive amount of freshly prepared  NaBH4 was added 
to the nitrophenol solution, the intensity of the absorption 
peak did not significantly change for a long time, indicating 
that  NaBH4 itself cannot reduce the 2-NP molecules [57].

The kinetic study of the model experiment was studied 
by using pseudo-first-order kinetic equation affected by 
2-NP concentration. It is considered because the amount 
of  NaBH4 used is greater than 2-NP, and its concentration 
remains intact during the reduction reaction. Therefore, the 
rate of reduction reaction of 2-NP to 2-AP is independent 
of the concentration of the reducing agent. The reaction rate 
constant  (kapp) is generally used to obtain the catalytic reduc-
tion property of the prepared catalyst, and the calculation 
method is as follows:

 wherein  C0 represents the concentration of the catalyst-
free nitrophenol, and  Ct represents the concentration of the 
t reaction time (s) after the addition of the Ag-CH hydrogel 
and the kapp apparent reaction rate constant  (s−1).

Figure 4a indicates the uv-visible absorption spectra from 
the 2-NP solution. This solution had an excess amount of the 
 NaBH4, so that the conditions were feasible for the pseudo-
first order kinetic reaction described above. It is distinct 
from this figure that the reaction of the 2-NP to 2-AP suc-
cessfully progressed by the addition of the Ag-CH hydrogel 
catalyst because the peak intensity significantly decreased 
with time until it completely vanished. Figure 4b indicates 
the relationship between the ln(Ct/C0) and the reaction time 
for 2-NP transformation to 2-AP. Moreover, additional data 
of the ln(Ct/C0) and the reaction time for the reactions of the 
2-NP- to 2-AP while varying the Ag-CH hydrogel catalyst 
is also alongside plotted in Fig. 4b. A distinct linear rela-
tionship between ln(Ct/C0) and the reaction time for all the 
three reactions could be easily observed in this figure, which 
means that the catalytic reaction followed the pseudo-first-
order rate law. For 2-NP, the reaction rate constants, kapp, 
calculated from the slopes of the lines were 0.260, 0.801 and 
0.161  min−1. Figure 4c represents the concentration ratio 
(%) vs reaction time. It is clear from Fig. 4c that the high 
quantity of the Ag-CH hydrogel catalyst resulted in the quick 
decolorization of the 2-NP solution as the concentration 

(1)Ln
Ct

C
0

= Ln
At

A
0

= −kappt

Fig. 3  Elemental analysis of the samples: EDS spectra of a pure CH 
and b Ag-CH hydrogels



967Journal of Polymers and the Environment (2020) 28:962–972 

1 3

ratio quickly decreased over time. Similarly, the use of low-
est quantity of the Ag-CH hydrogel catalyst took longer time 
to decolorize the 2-NP solution. Such results are in correla-
tion with the literature reports[36, 56, 58].

Acridine orange is broadly recognized and used in a 
variety of fields, including assessment of sperm chroma-
tin quality and epifluorescence microscopy. Its staining is 
mainly beneficial for quick screening of ordinarily sterile 
specimens. It is advised for use the detection of microorgan-
isms in direct smears prepared from different materials in 
fluorescence microscopy. ArO is a versatile fluorescent dye 
used to stain the acid vacuoles (autophagosomes, lysosomes 
and endosomes), DNA and RNA of living cells. It irritates 
the mucous membranes and the upper respiratory tract. Inha-
lation, ingestion or skin absorption may be harmful. The 
substance may irritate the eyes, skin or respiratory system. 
Its widespread use causes problems for the environment and 

humans, so it must be removed. In addition to many other 
ways of dealing with the pollutants in water, the catalytic 
reduction is now-a-days considered best to reduce the tox-
icity. Figure 5a represents the UV–Visible spectra recorded 
from ArO aqueous solution during its  NaBH4 reduction pro-
cess. In this reaction, 0.1 g of Ag-CH hydrogel was used as 
a catalyst. After the 0.3 g of  NaBH4 and catalyst (Ag-CH) 
were combined to the ArO solution, the absorption inten-
sity at λmax = 265 and 466 nm began to decrease as the time 
passed. Such results indicate that  NaBH4 alone was unable 
to well reduce the dye molecules of ArO in the aqueous 
form. Based-on the spectral results from the ArO dye aque-
ous solution, the complete reduction of ArO was achieved 
in the time span of 8 min as the absorption intensity at 466 
nm completely disappeared. Furthermore, the UV-visible 
spectral data of ArO aqueous solution were kinetically 
examined by focusing on λmax values   at different recorded 

Fig. 4  The reduction reaction of 2-NP by  NaBH4 using Ag-CH catalyst: a time-dependent UV–Visible spectra of the 2-NP solution in the course 
of reaction, b ln(Ct/C0) vs time plot while testing the different amounts of  NaBH4, and c plot of  Ct/C0 (%) vs time
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times and processed with the pseudo first-order kinetic 
equation described above. Figure 5b indicates the In(Ct/C0) 
data   versus time for the ArO reduction process. The slope 
of In(Ct/C0) versus time was used to calculate the rate of 
reaction. The observed reaction rate as determined from the 
experimental data Kapp = 0.253  min−1. To further explore 
this reduction reaction, two more fresh reactions were per-
formed. Other conditions were same as above except that the 
amount of  NaBH4 was changed to 0.15 g and 0.6 g using 30 
ml of ArO dye solution and 0.1 g of Ag-CH. The ln(Ct/C0) 
versus t data have been displayed for the above two reac-
tions in Fig. 5b. The Kapp values of 0.142 and 0.394  min−1 
were noted from the Ag-CH catalyzed ArO reduction using 
0.15 and 0.6 g of the reducing agent, respectively. Figure 5c 
reveals the residual ArO dye concentration  (Ct/C0 (%)) in 
the stepwise reduction reaction. According to this figure, 
less than 5% ArO remained after each reduction reaction, 

indicating that the effectiveness of the Ag-CH catalyst was 
high.

Based-on the results obtained in this experimental work, 
the following mechanism could be described. The interac-
tion between the  BH4

−1 and reducible species occur on the 
surface of the Ag nanoparticles present in the Ag-CH hydro-
gel. The porous hydrogel may easily allow the adsorption 
of the species towards the Ag nanoparticles. After the elec-
tron donation process aided by the Ag nanoparticles to the 
adsorbed species, a desorption of the newly formed product 
takes place.

To date, many catalysts have been used to catalyze these 
reactions and some notable studies were mentioned in the 
following text. Table 1 shows the catalytic performance of 
different catalysts previously mentioned in the literature 
for the reduction of 2-NP and ArO. Farhadi et al. synthe-
sized a nanocomposite of bismuth subcarbonate–zinc ferrite 

Fig. 5  Typical ArO (0.14 mM in water) reduction process by  NaBH4 
as observed by measuring the UV-visible spectra from its aqueous 
solution (a), ln(Ct/C0) vs time (b) and  Ct/C0 (%) vs time (c). The 

effect of change of the amount of  NaBH4 on the kinetics of the ArO 
reduction was studied where black cubes = 0.3 g, blue triangles = 0.15 
g and red circle = 0.6 g and of  NaBH4. Time interval 1 min
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 (Bi2O2CO3/ZnFe2O4) catalyst for the reduction of nitrophe-
nols and nitroaniline. Their sheet-like nanocomposite cata-
lyst was able to reduce the 2-NP in 17 min. Similarly, Ag/
TP,  PPA3/Fe3O4–Cu,  Ag3PO4/CoFe2O4, and Au@Fe3O4yolk 
shell catalysts reduced the 2-NP in 16, 25, 46 and 8 min, 
respectively. In contrast to these results, Ag-CH hydrogels 
swiftly reduced the 2-NP in 6 min of time. Information 
regarding different catalysts, used for the reduction of ArO, 
were gathered from the literature and presented in Table 1 
for comparison with our prepared catalyst. Ag-CH hydrogels 
as compared to the literature reports also outperformed in 
the reduction of ArO.

Recycling and reuse of nanocatalysts are beneficial for 
the industry as it lowers the product cost. Therefore, the 
recycling of Ag-CH hydrogel was investigated towards the 
reduction of 2-NP to 2-AP in aqueous solution in presence of 
 NaBH4. After completion of the reaction, Ag-CH hydrogel 
catalyst was recycled simply by taking it out of the reac-
tion media by filtering the solution and subsequently used 
for the next experiment. Thus, an Ag-CH catalyst was three 
times used in both reduction reactions. Figure 6 shows the 
recyclability of Ag-CH catalyst for ArO and 2-NP with 
respect to time. The results obtained showed that Ag-CH 
hydrogel shows complete reusability over three consecutive 
cycles with a slight loss of catalytic activity. The Ag-CH 
completed the reduction reactions within quite short times 
while the next two cycles took longer times. As shown in 
Fig. 6, the same catalyst was used for three reactions of ArO 
which took 8, 11 and 13 min to fully reduce the organic 
compound while in case of 2-NP it took 17, 20 and 21 min 
for its more than 90% reduction. A case study shows that 
this work exhibits higher or comparable efficiencies than 
other systems in terms of simple synthesis, inexpensive and 
nominal nanocatalysts reusability, mild reaction conditions, 
short reaction times and high throughput products.

Conclusion

Ag nanoparticles were successfully prepared in chitosan hydro-
gel matrix by a facile method of using the polymer chains as 
reducing agent. The Ag ions absorbed from the aqueous solu-
tion by the chitosan hydrogel were slowly transformed to Ag 
nanoparticles by chitosan chains. The process was validated by 
the color change of the Ag-CH hydrogel from clear to brown. 
The obtained Ag-CH samples and pure chitosan hydrogels 
were characterized by FESEM, XRD and EDS procedures. All 
these procedures successfully indicated the formation of Ag 
nanoparticles within chitosan hydrogels. To further apply the 
prepared Ag-CH, the two reduction reactions of 2-NP and ArO 
were chosen. Both compound aqueous solutions were reduced 
with  NaBH4 as a reducing material which the Ag-CH pieces 
acted as catalyst. The obtained rate constants of 0.260 and 
0.253  min−1 were calculated for 2-NP and ArO, respectively. 
The catalytic Ag nanoparticles present in the chitosan hydrogel 
were easily retrieved and directly utilized in another one, thus 
proving good recyclability. Based-on the results described in 
this article, we predict applying this developed material as a 
catalyst for some other important reactions.
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