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a b s t r a c t

Hydrogels are attracting increasing attention recently and are used as carrier systems for the in-situ 
synthesis of metal nanoparticles. The present study aims to createnanoreactor systems through the 
preparation of hydrogels based on poly (acrylic acid). Poly (acrylic acid), p(AA), hydrogels have been 
synthesized by radical polymerization in solution of AA as monomer, N,N’-Methylene bis acryl 
amide, (MBA), as cross linking agents and ammonium per-sulfate (APS) as initiator and N,N,N’,N’-te-
tramethylmethylenediamine (TEMED) as accelerator. The investigated hydrogels were characterized 
by Fourier transform infrared (FT-IR) spectroscopy and the porosity of hydrogels was determined by 
Scanning Electron Microscope (SEM). As the polymeric hydrogel matrices are inherently negatively 
charged, the metal salt of PdCl2 was loaded into hydrogel matrices from the corresponding metal 
salt solution in ethanol. Pd nanoparticles are generated in situ inside related hydrogels by chemical 
reduction of the absorbed metal ions with a reducing agent such as sodium boron hydride (NaBH4). 
P(AA)-Pd nanocomposites were characterized by transmission electron microscopy (TEM), ther-
mal gravimetric analysis (TGA), X-Ray photo electron spectroscopy (XPS) and inductively coupled 
plasma atomic emission spectrometer (ICP). The catalytic activity of p(AA)-Pd catalyst was investi-
gated in the aerobic oxidation of primary alcohols and reduction of nitro compounds by emphasizing 
the effect of different parameters such as temperature, catalyst amount, substituent effect, etc. The 
catalyst was easily recovered from the reaction media and it could be re-used for other three runs 
without significant loss of activity.
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1. Introduction

Selective oxidation of primary alcohols to aldehydes and 
restricting their over oxidation to acids is an important prob-
lem in organic synthesis [1,2]. Many researchers have been 
recently focused on the development of new and efficient 
heterogeneous and recyclable catalysts to achieve the effi-
cient oxidation of alcohols in green solvent, such as water, 
with molecular oxygen as an oxidant [3,4]. Recently, noble 
metal nanocatalysts, such as Au [5], Pd [6], Pt [7] and Rh 
[8], have stimulated great interest because they avoid using 

toxic oxidizing reagent and no by-product other than water 
is produced. Of all the noble metal nanocatalysts, palladium 
nanoparticles are favorable owing to their high catalytic 
efficiency [9]. However, palladium nanoparticles, similarly 
to other nanoparticles, have a tendency to aggregate and 
lose their important properties. To overcome this problem, 
metal nanoparticles are usually loaded or dispersed in a solid 
matrix, such as polymeric matrices like hydrogels [10], poly 
electrolyte brushes [11] and dendrimers [12], or inorganic 
oxides like silica [13], alumina [14], titania [15] and zeolite 
[16]. Amongst these, hydrogels are attracting increasing 
attention recently and are used as carrier systems for the 
in-situ synthesis of metal nanoparticles [17]. In fact, the swol-
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len hydrogels provide free space for nucleation and growth 
of noble metal nanoparticles [18]. In addition, among all the 
stabilizing systems, hydrogels are the most effective ones, 
particularly when stabilized metal nanoparticles are used 
as catalysts. For instance, the surface of the embedded metal 
nanoparticles within hydrogels, is not covered and for this 
reason catalytic activity is not affected by stabilization. Also, 
the swelling ability allows an easy and fast diffusion of reac-
tants into the hydrogels and the speed of catalytic reaction 
can be tuned by controlling the cross linking density of poly-
meric networks.

Nitrophenol and its derivatives are important by-prod-
ucts produced from pesticides, herbicides and synthetic 
dyes [19–20]. 4-Nitrophenol (4-Np) can damage the kidney, 
central nervous system and liver. Thus its removal from the 
environment is a crucial task. The reduction of 4-Np is also 
necessary for the manufacture of analgesic, antipyretic and 
other drugs, in pharmaceutical industries [21]. In addition 
this reaction has been widely exploited for confirming the 
synthesis of efficient nanoparticle catalysts by the study of 
catalytic activities of nanoparticles [22].

In these regards, synthesis of Pd nanocatalyst embedded 
within the p(AA) hydrogel matrix’s for aerobic alcohol oxi-
dation and reduction of nitrophenol was studied. Synthesis 
of Pd nanoparticle within the p(AA) hydrogels was easily 
achieved just by adjusting reducing agents. The effects of var-
ious parameters on the oxidation/reduction reactions were 
studied. The high efficiency of encapsulated Pd nanopar-
ticles for aerobic alcohol oxidation can be attributed to the 
highly-concentrated reactants and Pd nanocatalyst within 
the hydrogels and activated alcohol through strong hydro-
gen bonding between alcohol and the acrylic acid segment 
[23]. Finally, the reusability of the catalyst was also investi-
gated for several times. The hydrogel/Pd composite catalyst 
systems were easily recovered and reused.

According to the best of our knowledge this is for the 
very first time that Pd is fabricated in p(AA) hydrogel. Also, 
no report exists in literature regarding the investigation of 
reduction of nitrophenol and oxidation of alcohols in the 
presence of O2 as an oxidant in aqueous medium by poly 
(AA)-Pd composite. 

2. Experimental

2.1. Materials and equipment

The monomer, acrylic acid (AA) (99%, Sigma Aldrich), 
the cross linker, N,N’-methylenebisacrylamide (MBA) (99%, 
Across), the initiator, ammonium persulfate (APS) (99%, 
Sigma Aldrich), and the accelerator N,N,N’,N’-tetrameth-
ylmethylenediamine (TEMED) (98% Across) were used in 
hydrogel preparation. Palladium (II) chloride (65% Merck) 
was used as metal ion source. Sodium borohydride (NaBH4, 
98%, Merck) was used in the reduction of metal ions to pre-
pare metal nanoparticles. All the chemicals were used as 
received without further purification. FT-IR spectra of sam-
ples pelletized with KBr were recorded in KBr disks with a 
Bruker FT–IR spectrophotometer. The exact amount of the 
palladium in the composites was determined by ICP-AES, 
Spectro Genesis. The morphology of swollen p(AA), hydro-
gel was investigated with Scanning Electron Microscopy 
(SEM) via MIRA3 FEG SEM (Tescan, Czech Republic) and 

an accelerating voltage of 10 keV. The sample was swollen 
and quickly frozen in liquid nitrogen. The hydrogel was 
freeze-dried at –50ºC for 3 days to preserve its porous struc-
ture without any collapse. After that, the dried samples 
were deposited onto an aluminum stub and sputter-coated 
with gold for 60 s to enhance conductivity. Transmission 
electron micro copy (TEM, HITACHI S-4800) was used to 
determine the size of metal nanoparticles inside the hydro-
gel nanocomposites. To image the palladium nanoparticles, 
TEM analysis was performed on a JEM-2100 (JEOL). The 
swollen hydrogel was finely grounded with the help of a 
soft ball and the resulted hydrogel nanocomposite samples 
were dispersed in 1 mL of ethanol and dropped on collo-
dion film coated copper grid for TEM analysis. The X-ray 
photo electron spectrum (XPS) was collected in a 1600E 
Perkin Elmer using Mg-Kα excitation sources. All the bind-
ing energy (BE) values were referenced to the C 1s line at 
284.5  eV. The reaction products of oxidation were deter-
mined and analyzed using an HP Agilent 6890 gas chro-
matograph equipped with a HP-5 capillary column (phenyl 
methyl siloxane 30 m × 320 µm × 0.25 µm).

2.2. Preparation of hydrogels

Polymeric hydrogels were synthesized from AA via free 
radical polymerization reaction techniques in mild con-
dition (40°C), as shown in Fig. 1, [24,25]. In the synthesis 
of p(AA) hydrogels, 5 mL AA (0.0725 mol), 0.055  g MBA 
(0.5%), and 10 µL TEMED were mixed with 4 mL pure water 
and to this solution a separately prepared APS solution 
of 0.165 g APS in 1 mL water (1 mol% of AA) was added 
and vortexed homogeneously. The mixture was placed 
into plastic straws (~4 mm in diameter), and these plastic 
straws were immersed in a 40°C water bath controlled by 
a thermostat for 4 h to complete polymerization and cross 
linking. Finally, the obtained 3-D hydrogels were cut in 
equal shapes and washed with approximately of 2000 mL 
of water for 24 h. The wash water replenished every 2 h to 
remove un-reacted species (monomer, cross linker, acceler-
ator, and initiator). After the cleaning procedure, hydrogels 
were dried in an oven to a constant weight at 40°C and kept 
in sealed containers for further use.

Selected FT-IR (KBr, cm–1): (p(AA)): 3530 (br, strong), 
2935   m), 2865 (w), 1739 (vs), 1558 (m), 1462 (s), 1419 (m), 
1257 (m), 1172 (s), 1118 (w), 937 (w), 805 (m), 642 (w), 491 (w).

2.3. �In situ synthesis of metal nanoparticles within p(AA)  
hydrogel

For in situ fabrication of metal nanoparticles within p(AA) 
hydrogel, first palladium ions were loaded into hydrogel net-
works by dispersing 0.1 g of the dried p(AA) hydrogel into 
500 ppm aqueous solution of PdCl2 (50 mL) for 24 h at room 
temperature under continuous stirring. Pd(II) ions loaded on 
hydrogels were washed with DI to remove unbound metal 
ions. Then, to reduce metal ions within hydrogel networks, 
metal ions loaded on hydrogels were treated with 0.1 M 
NaBH4 (50 mL). Finally, the prepared p(AA)–Pd hydrogel 
composites were filtered, washed with DI water and used 
for characterization and as catalyst. The amounts of metal 
nanoparticles entrapped in p(AA) hydrogels were calculated 
by ICP measurements after dissolution of metal nanoparti-
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cles embedded within p(AA) hydrogel by treating with 5 M 
HCl aqueous solution.

2.4. �Determination of the amount of metal nanoparticle within 
p(AA)-Pd composites

The amount of metal nanoparticle within p(AA) was 
determined by inductively coupled plasma atomic emis-
sion spectrometer (ICP) (Spectro Genesis) using the metal 
ion solution obtained by treating p(AA)-Pd composites 
with 5 M 30 mL HCl three times for 8 h to dissolve the metal 
nanoparticle in the p(AA)-Pd composites.

2.5. General oxidation procedure

A mixture of p(AA)-Pd hydrogel-composites in water 
(3.0 mL) was placed into a two-necked flask equipped with 
a magnetic stirrer. The flask was evacuated and refilled 
with pure oxygen (balloon filled). Then the benzyl alco-
hol (0.108 g, 1.0 mmol) was added into the solution with a 
syringe. The mixture was heated to reach the set tempera-
ture under O2 atmosphere for 24 h. Then the solution was 
introduced to continue the reaction in the stable tempera-
ture. The resulting mixture was vigorously stirred at 60°C 
under O2 atmosphere for 24 h. After the reaction, the cat-
alyst was de-swelled in MeOH (2.0 mL) for 24 h. Then the 
organic phase was combined and removed the solvent and 
analyzed immediately by GC. The oxidation products were 
identified by comparing the retention times with the litera-
ture data. For the blank test with the bare hydrogel without 
Pd, the oxidation reaction of benzyl alcohol was accom-
plished with p(AA). 

To test the reusability of the p(AA)-Pd composites, after 
every usage, the catalyst systems were separated from reac-

tion mixture by filtration, washed with DI water and reused 
in the same reaction conditions again. 

2.6. General reduction procedure

Catalytic activity of p(AA)-Pd composites was studied 
for the catalytic reduction of 4-NP. 0.01 M solution of 4-NP 
was prepared and into 50 mL of this solution 0.35 M of 
NaBH4 was added and stirred at 250 rpm. Certain amount of 
hydrogel composite was added as a catalyst into this mixture. 
About 0.3 mL sample was taken out from reaction mixture at 
different time intervals and diluted up to 15 times. Then the 
progress of the reduction reaction was observed by measur-
ing the absorption maxima at 400 nm by UV-Visible spectro-
photometer (Shimadzu 1601). Reduction rate constant was 
calculated by measuring the decrease in intensity of absorp-
tion peak at 400 nm. To study the effect of temperature on 
the rate of reduction of 4-NP, the reduction was carried out 
at three different temperatures; 30°C, 50°C and 70°C keeping 
the amount of reactants and catalyst constant. Also the effect 
of amount of catalyst was investigated on the reduction of 
4-NP. For this, different amounts of catalysts were used and 
other reaction conditions were kept constant. To evaluate the 
reusability of catalysts, after first cycle the catalysts were sep-
arated from reaction medium by filtration, washed with DI 
water and used again for the reduction of 4-NP under the 
same conditions till fourth cycle.

3. Results and discussion 

3.1. Synthesis and characterization

The FT-IR spectra of AA and p(AA) hydrogels are pre-
sented in Figs. 2a and b, respectively. Fig. 2a indicates 

Fig. 1. Schematic presentation of p(AA) synthesis and preparation of metal nanoparticle within p(AA) hydrogel.
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the O–H stretching band in 3530 cm−1 region and the C–H 
stretching at 2935 and 2865 cm−1 regions, respectively [26]. 
Also the bands at 1739 and 1462 cm–1 are assigned to C=O 
and COO− stretching band of acrylic acid, respectively [27]. 
In addition, the NH band of MBA is overlapped by OH band 
at about 3200 cm–1 [28] so the related band is disordered. 

Scanning electron microscopy technique was used to 
analyze the morphology of hydrogel. The SEM image of 
p(AA), shown in Fig. 3, indicates the formation of homoge-
neous and highly porous material. 

To determine the thermal properties and the amount 
of metal nanoparticles entrapped inside the hydrogel net-
works, thermal gravimetric analysis (TGA) was performed 
for pure and composite hydrogels. Fig. 4 shows TGA curves 
of bare p(AA) (Fig. 4a), and p(AA)–Pd composites (Fig. 4b). 
It could be seen clearly that there were two processes of 
weight loss for all samples when heating up the tempera-
ture. The first stage at less than 250°C was due to the release 
of the physically absorbed water. The second as a major 
weight loss in the range of 250–800°C was obtained from 
the decomposition of p(AA). p(AA) was thermally decom-
posed completely with a negligible carbon residue at 800°C. 
These results indicate that the amount of metallic palladium 
nanoparticles in the synthesized p(AA)–Pd was found to 
be 17.6 wt%. The amount of metal ion within the hydrogel 
was determined, also, by using ICP after dissolution by HCl 
treatment and it was to be 1.45 mmol Pd/g hydrogel. 

To investigate the nanostructure of the sample, TEM 
measurement was carried out. The TEM images of metal 
nanoparticles-containing p(AA) hydrogels are given in 
Fig. 5. As can be seen, metal nanoparticles with a uniform 
spherical shape, about <50 nm, are distributed within 
p(AA) hydrogel matrices. 

To gain further insight into the ionic state of the nanoparti-
cles, XPS measurements were performed. A high-resolution Pd 
3d X-ray photo electron spectrum of the palladium nanopar-
ticles is shown in Fig. 6. The XPS data of p(AA)-Pd shows a 
dominating Pd0 due to two significant binding energies of the 
Pd 3d5/2 and 3d3/2electrons at 336.3 and 341.6 eV [29–31].  

Fig. 2. FTIR spectra of a) acrylic acid, b) p(acrylic acid) hydrogel.

Fig. 3. SEM images of p(AA) hydrogel.

 

Fig. 4. TGA thermogrames of a) bare p(AA) hydrogel, b) p(AA)-
Pd composite.
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3.2. �The catalytic activity of p(AA)-Pd toward the oxidation 
reaction of alcohols

The selective oxidation of alcohols, especially employ-
ing oxygen as the terminal oxidant, is one of the most 
important reactions in organic synthesis [32].

With the p(AA)-Pd catalysts in hand, we evaluated 
their catalytic activity for the aerobic oxidation of alcohols 
by using water as a green solvent at 60°C, and some results 
are summarized in Table 1. Initially, the oxidation reaction 
of the benzyl alcohol as the model substrate was selected, 
and was carried out in water at 60°C. The blank exper-
iment without Pd loading exhibits a negligible benzyl 
alcohol conversion (<5% at 60°C and 24 h reaction time). 
However, in the presence of the Pd catalyst, benzyl alcohol 
conversion increases. Within 24 h and with 0.011 mmol Pd, 
18% isolated yield of the benzaldehyde was obtained and 
the selectivity was more than 99 % (Table 1, entry 1). In 
another reaction, 0.022 mmol Pd was used with increased 
yield to 86% (Table 1, entry 2). Therefore, the optimized 

amount of catalyst was determined to be 0.022 mmol Pd 
for model reaction. 

To establish the scope for the activity of p(AA)-Pd, 
this study was further extended to the catalytic oxidation 
of other primary benzyl alcohols with substituent such as 
4-MeO, 4-F, 4-Br and 2-Cl groups (Table 1, entries 3–6). No 
carboxylic acids or esters were observed for all substrates 
investigated. The substitution effect on aromatic substrates 
was studied as shown in Table 1. 

Primary benzylic alcohols with electron-donating sub-
stituent, such as p-methoxybenzyl alcohol, were converted 
to p-anisaldehyde in excellent yield. The conversion of alco-
hols, increased in the presence of electron-donating substit-
uent, such as –OMe at the para position of benzyl alcohol, 
(Table 1, entry 3), but in contrary, withdrawing groups, such 
as –F, Cl and –Br, (Table 1, entries 4, 5 and 6) decreased the 
conversion [33]. This trend is in agreement with Hammett 
plot results [34]. In addition, the oxidation of 2-substitute 
benzyl alcohol was obtained in a moderate yield (Table 1, 
entry 5), which may be attributed to the steric hindrance by 
the surface of the palladium sites [35]. 

A hypothesis of the possible mechanism of catalytic 
oxidation of alcohols by p(AA)-Pd is presented in Fig. 2. 
Deprotonation of alcohol was promoted by K2CO3 to from 
alkoxide on the Pd surfaces. Pd catalyzes the β-hydride 
elimination to produce corresponding aldehyde along with 
the formation of O2 and H2O.

The reusability of p(AA)–Pd catalyst systems was stud-
ied by using the same catalyst in benzyl alcohol oxidation 
repeatedly up to three times. After every use, the catalysts 
were filtered and washed with DI water, and used again 
for the same reaction under the same reaction conditions. 
The results for benzyl alcohol oxidation by p(AA)–Pd are 
illustrated in Table 2.

Fig. 5. TEM images of metal nanoparticles from p(AA)-Pd (white spots can be considered as Pd nanoparticles).

Fig. 6. Palladium 3d XPS spectrum of the palladium–polymer 
composite.

Fig. 7. Plausible pathways for the oxidation of alcohols in the 
presence of p(AA)-Pd. 
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3.3. �The catalytic activity of p(AA)-Pd toward the reduction 
reaction of nitro phenol

Catalytic activity of the prepared p(AA)–Pd composites 
was investigated for reduction of 4-NP.

Nitro compound reduction reactions were selected 
because of their importance in the environments, and in the 
number of manufacturing of various pharmacology prod-
ucts, dye and pigment industries [36]. According to ther-
modynamic studies, the reduction of nitro compounds is 
possible in the presence of excess amounts of aqueous solu-
tion of NaBH4, as reducing agent, with large kinetic barrier 
[37]. Fortunately, the presence of a catalyst helps to over-
come this energy barrier and makes these reactions feasible 
under mild conditions such as room temperature. 

In all the catalytic reduction of nitro aromatic com-
pounds, 0.022 mmol of hydrogel–Pd composites were used 
as catalyst. 

Reduction of nitro compounds was tracked by measur-
ing the decrease in their absorbance peak in UV-Vis spectra 
taken at various intervals of times. Only a small amount of 
4-NP was reduced in the absence of catalyst even after 3 h 
as shown in Fig. 8. But after the addition of catalyst almost 
all of the 4-NP present in the reaction mixture was reduced 
within 8 min as demonstrated in Fig. 9.

In order to evaluate the effect of temperature on the 
catalytic activity of p(AA)–Pd composites, the reduction 
of 4-NP was investigated at three different temperatures; 
30°C, 50°C, 70°C keeping the amount of reactant and cat-
alyst constant.

Since the reduction was performed in the excess amount 
of NaBH4, as reducing agent, the reactions supposed as 
pseudo first order and values of kapp were calculated by 
plotting ln(Ct/C0) vs. time as shown in Fig. 10. Where C0 is 
the initial concentration of 4-NP and Ct is the concentra-
tion of 4-NP at different time intervals during the reduc-
tion reaction. As presented in Fig. 10, a good linear pattern 
of plots of ln(Ct/C0) vs time for the reduction of 4-NP cata-
lyzed by p(AA)–Pd composites was observed. Such a linear 
correlation not only confirms that these reactions follow 
pseudo first order kinetics but also demonstrates the homo-
geneous distribution of Pd MNPs within p(AA) hydrogels. 
The reduction rates were increased linearly as temperature 
rise. Because at higher temperature, rate of diffusion of 
reactant molecules into hydrogel composites and collision 

Table 2 
Effect of catalyst recycling on benzyl alcohol oxidation a

Number of cycle Conversion (%) Benzaldehyde 
selectivity (%)

Fresh 86 >99
1 84 >99
2 87 >99
3 85 >99

a Catalyst (p(AA)-Pd), substrate (1.0 mmol), H2O, (3 mL) as sol-
vent, K2CO3 1.2 mmol, temperature 60ºC, Time = 24 h under O2 
atmosphere.

Table 1 
Catalytic activity of p(AA)-Pd on benzyl alcohol oxidationa

Entry Substrate Catalyst amount 
(mmol Pd)

Conversion 
b (%)

Product Benzaldehyde 
Selectivity (%)

1 0.011 18 >99

2 0.022 86 >99

3 0.022 93.5 >99

4 0.022 70 >99

5 0.022 19.4 >99

6 0.022 75 >99

a Catalyst (p(AA)-Pd), substrate (1.0 mmol), H2O, (3 mL) as solvent, K2CO3 1.2 mmol, temperature 60ºC, Time = 24 h under O2 atmosphere 

b Conversions are based on the starting substrate.
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frequency of reactant and catalyst increase due to enhance 
in the average kinetic energy of molecules. 

Activation parameters can be calculated from the data 
obtained by the reduction reactions carried out at different 
temperatures catalyzed by p(AA)-Pd composite. Energy 
of activation (Ea) was calculated from Arrhenius equation 
which is given below

ln ln ( / )k A E RTa= − � (1)

According the Arrhenius equation, ln kapp was plotted 
against 1/T, as shown in Fig. 11, Ea was calculated from the 
slope of this plot and found to be 17.50 kJ mol–1. The activa-
tion enthalpy (ΔH#) and entropy (ΔS#) were calculated by 
using Eyring equations [Eq. (2)].

ln / ln( / ) / / ( / )# #k T kB h S R H R T= + −Δ Δ 1 � (2)

According to Eyring equation, ln kapp/T was plotted 
against 1/T, as shown in Fig. 12. The value of ΔH# was 

Fig. 8. UV-Visible spectra of 4-NP in the absence of catalyst and 
presence of NaBH4. Reaction conditions; 0.01 M 4-NP 50 mL, 
NaBH4 = 0.35 M, catalyst = non, 30°C.

Fig. 9. UV-Visible spectra for the reduction of 4-NP catalyzed 
by p(AA)-Pd composite and NaBH4. Reaction conditions; 0.01 M 
4-NP 50 mL, NaBH4 = 0.35 M, catalyst = 0.022 mmol, 30°C.

Fig. 10. The determination of apparent rate constants (kapp) for 
the reduction 4-NP catalyzed by p(AA)–Pd composites with 
temperature. 

Fig. 11. The determination of apparent rate constants (kapp) for 
the reduction 4-NP catalyzed by p(AA)–Pd with temperature.

Fig. 12. Plot of ln(kapp /T) vs. 1/T for the reduction 4-NP cata-
lyzed by p(AA)–Pd with temperature.
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calculated from the slope of this plot and was found to 
be 14.34 kJ mol– 1. The positive value of ΔH# shows that 
the formation of an activated complex in the reduction 
of 4-NP is an endothermic process [39]. The value of ΔS# 
was calculated from the intercept of plot of ln(kapp/T) vs. 
1/T and was found as –203.75  J  mol–1 K–1.The negative 
value of ΔS#

 shows that the reduction of 4-NP is entropi-
cally unfavorable which can be made favorable by add-
ing catalyst [38]. 

The effect of catalyst amount on the reduction rate of 
4-NP was also investigated. The reaction was studied at 
three different amounts of catalyst viz. 0.011, 0.022, 0.044 
mmol. As shown in Fig. 13, with an increase in catalyst 
amount, the increase in rate of reaction was observed, as 
expected. As with the increase in amount of catalysts, the 
available catalytic sites are also increased. The presence of 
larger catalytic sites in the reaction mixture increases the 
effective collision frequency, and hence the rate of reaction 
is also increased.

The recyclability of p(AA)-Pd was investigated in sev-
eral runs of the reduction reaction of 4-NP. At the end of 
the reaction, the p(AA)-Pd catalyst systems were separated 
and their activity in the next runs was investigated. The cat-
alytic activity of p(AA)-Pd is preserved even after 4 runs. 
After every use, the catalysts were filtered and washed with 
DI, and used again for the same reaction under the same 
reaction conditions. The percent activity and conversion 
for 4-NP reduction by p(AA)–Pd are illustrated in Fig. 14. 
Activity was calculated by taking ratio of reduction rate of 
every successive reaction to the initial reduction rate, and 
as illustrated from Fig. 11, 100% conversion of 4-NP was 
observed after 4th use of Pdnanocatalyst system. However, 
4% loss in the activity of p(AA)–Pd catalyst was observed at 
the end of four consecutive use.

4. Conclusions

It was demonstrated here that a facile preparation of 
p(AA) hydrogels via radical polymerization was accom-
plished. The p(AA) hydrogels were then used as templates 

for in situ synthesis of Pd nanoparticles to prepare p(AA)-Pd 
composites. The prepared composites were found to be 
very effective catalysts toward oxidation reaction of benzyl 
alcohols and reduction of nitrophenol under green condi-
tions such as easy separation of the catalyst, using water 
as solvent and relatively low temperature. These organic 
inorganic hybrid hydrogels were found to be efficient and 
reusable catalysts in oxidation reactions of primary benzyl 
alcohols in good to excellent yields.

Acknowledgements

Authors are thankful to University of Zanjan for finan-
cial support of this study.

References

[1]	 A.S. Sharma, H. Kaur, D. Shah, Selective oxidation of alcohols 
by supported gold nanoparticles: recent advances, RSC Adv., 6 
(2016) 28688–28727.

[2]	 H. Kargar, Synthesis, characterization and crystal structure of 
a manganese (III) Schiff base complex and investigation of its 
catalytic activity in the oxidation of benzylic alcohols, Transi-
tion, Met. Chem., 39 (2014) 811–817. 

[3]	 T. Mallat, A. Baiker, Oxidation of alcohols with molecular oxy-
gen on solid catalysts, Chem. Rev., 104 (2004) 3037–3058.

 [4]	 H. Tsunoyama, H. Sakurai, Y. Negishi, T. Tsukuda, Size-spe-
cific catalytic activity of polymer-stabilized goldnanoclusters 
for aerobic alcohol oxidation in water, J. Am. Chem. Soc., 127 
(2005) 9374–9375.

[5]	 H. Miyamura, R. Matsubara, Y. Miyazaki, S. Kobayashi, Aero-
bic oxidation of alcohols at room temperature and atmospheric 
conditions catalyzed by reusable goldnanoclusters stabilized 
by the benzene rings of polystyrene derivatives, Angew. 
Chem. Int. Ed., 46 (2007) 4151–4154. 

[6]	 D. Ferri, C. Mondelli, F. Krumeich, A. Baiker, Discrimination 
of active palladium sites in catalytic liquid-phase oxidation of 
benzyl alcohol, J. Phys. Chem. B, 110 (2006) 22982–22986.

[7]	 A. Biffis, L. Minati, Efficient aerobic oxidation of alcohols in 
water catalysed by micro gel-stabilised metalnanoclusters, J. 
Catal., 236 (2005) 405–409.

[8]	 Z. Opre, J.D. Grunwaldt, M. Maciejewski, D. Ferri, T. Mallat, A. 
Baiker, Promoted Ru–hydroxyapatite: designed structure for 

Fig. 13. The change in reduction rate constant of 4-NP with the 
amount of Pd catalyst inside p(AA)–Pd composites.

Fig. 14. The change in conversion (red column) and activity 
(green column) of p(AA)–Pd catalyst systems with repetitive 
usage in 4-NP reduction. [30 °C, 0.01 M 4-NP = 50 mL, [NaBH4] 
= 0.35 M, catalyst = 0.022 mmol]. 



M. Ghorbanloo et al. / Desalination and Water Treatment 115 (2018) 106–114114

the fast and highly selective oxidation of alcohols with oxygen, 
J. Catal., 230 (2005) 406–419.

[9]	 H. Jiang, X. Sun, Y. Du, R. Chen, W. Xing, Catalytic activity of 
palladium nanoparticles immobilized on an amino-function-
alized ceramic membrane support, Chin. J. Catal., 35 (2014) 
1990–1996.

[10]	 J.I. Zhang, S.H. Xu, E. Kumacheva, Photo generation of fluores-
cent silver nanoclusters in polymer micro gels, Adv. Mater., 17 
(2005) 2336–2340.

[11]	 Y. Mei, Y. Lu, F. Polzer, M. Ballauff, M. Drechsler, Catalytic 
activity of palladium nanoparticles encapsulated in spheri-
cal poly electrolyte brushes and core−shell micro gels, Chem. 
Mater., 19 (2007) 1062–1069.

[12]	 J.N. Reek, S. Arevalo, R. van Heerbeek, P.C. Kamer, P.W. Van 
Leeuwen, Dendrimers in catalysis, Adv. Catal., 49 (2006) 
71–151. 

[13]	 M. Esmaeilpour, J. Javidi, F.N. Dodeji, M. Mokhtari Abarghoui, 
M(II) Schiff base complexes (M = zinc, manganese, cadmium, 
cobalt, copper, nickel, iron, and palladium) supported on super 
paramagnetic Fe3O4@SiO2 nanoparticles: Synthesis, character-
ization and catalytic activity for Sonogashira-Hagihara cou-
pling reactions, Transition. Met. Chem., 39 (2014) 797–809.

[14]	 T. Miyadera, Alumina-supported silver catalysts for the selec-
tive reduction of nitric oxide with propene and oxygen-con-
taining organic compounds, Appl. Catal. B Environ., 2 (1993) 
199–205.

[15]	 M. Valden, X. Lai, D.W. Goodman, Onset of catalytic activity 
of gold clusters on titania with the appearance of nonmetallic 
properties, Science, 281 (1998) 1647–1650.

[16]	 M. Zaarour, M. El Roz, B. Dong, R. Retoux, R. Aad, J. Cardin, 
C. Dufour, F. Gourbilleau, J.P. Gilson, S. Mintova, Photochem-
ical Preparation of Silver Nanoparticles Supported on Zeolite 
Crystals, Langmuir, 30 (2014) 6250–6256.

[17]	 P.S. Gils, D. Ray, P.K. Sahooa, Designing of silver nanoparticles 
in gum arabic based semi-IPN hydrogel, Int. J. Biol. Macromol., 
46 (2010) 237–244. 

[18]	 Z. Wang, B. Tan, I. Hussain, N. Schaeffer, M.F. Wyatt, M. Brust, 
A.I. Cooper, Design of polymeric stabilizers for size-controlled 
synthesis of mono disperse gold nanoparticles in water, Lang-
muir, 23 (2007) 885–895.

[19]	 S. Panigrahi, S. Basu, S. Praharaj, S. Pande, S. Jana, A. Pal, 
S.K. Ghosh, T. Pal, Synthesis and size-selective catalysis by 
supported gold nanoparticles: study on heterogeneous and 
homogeneous catalytic process, J. Phys. Chem. C, 111 (2007) 
4596–4605.

[20]	 T. Aditya, A. Pal, T. Pal, Nitroarene reduction: a trusted model 
reaction to test nanoparticle catalysts, Chem. Commun., 51 
(2015) 9410–4931. 

[21]	 K.B. Narayanan, N. Sakthivel, Synthesis and characterization 
of nano-gold composite using Cylindrocladium floridanum 
and its heterogeneous catalysis in the degradation of 4-nitro-
phenol, J. Hazard. Mater., 189 (2011) 519–525. 

[22]	 L. Shang, T. Bian, B. Zhang, D.D. Zhang, L.Z. Wu, C. Ho Tung, Y. 
Yin, T. Zhang, Graphene-supported ultra fine metal nanoparticles 
encapsulated by mesoporous silica: robust catalysts for oxidation 
and reduction reactions, Angew. Chem., 126 (2014) 254–258. 

[23]	 W. Hyk, M. Ciszkowska, Preparation and electrochemical 
characterization of poly(N-isopropylacrylamide-co-acrylic 
acid) gels swollen by non aqueous solvents:  Alcohols, J. Phys. 
Chem. B, 106 (2006) 11469–11473.

[24]	 N. Sahiner, F. Seven, The use of super porous p(AAc (acrylic 
acid)) cryogels as support for Co and Ninanoparticle prepara-
tion and as reactor in H2 production from sodium borohydride 
hydrolysis, Energy, 71 (2014) 170–179.

[25]	 N. Sahiner, Soft and flexible hydrogel templates of different sizes 
and various functionalities for metal nanoparticle preparation 
and their use in catalysis, Prog. Polym. Sci., 38 (2013) 1329–1356.

[26]	 M. Boruah, P. Gogoi, A.K. Manhar, M. Khannam, M. Man-
dalb, S.K. Dolui, Biocompatible carboxymethylcellulose-g-poly 
(acrylic acid)/OMMT nanocomposite hydrogel for in vitro 
release of vitamin B 12, RSC Adv., 4 (2014) 43865–43873.

[27]	 M. Irani, H. Ismail, Z. Ahmad, M. Fan, Synthesis of linear 
low-density polyethylene-g-poly (acrylic acid)-co-starch/
organo-montmorillonite hydrogel composite as an adsorbent 
for removal of Pb (ΙΙ) from aqueous solutions, J. Environ. Sci., 
27 (2015) 9–20.

[28]	 S. Demirci, N. Sahiner, The use of metal nanoparticle-embed-
ded poly(ethyleneimine) composite micro gel in the reduction 
of nitrophenols, Water Air Soil Pollut., 226 (2015) 64–76. 

[29]	 A.R. Siamaki, Y. Lin, K. Woodberry, J.W. Connell, B.F. Gupton, 
Palladium nanoparticles supported on carbon nanotubes from 
solventless preparations: versatile catalysts for ligand-free 
Suzuki cross coupling reactions, J. Mater. Chem. A, 1 (2013) 
12909–12918. 

[30]	 C. Wang, F. Yang, W. Yang, L. Ren, Y. Zhang, X. Jia, L. Zhang, 
Y. Li, PdO nanoparticles enhancing the catalytic activity of 
Pd/carbonnanotubes for 4-nitrophenol reduction, RSC Adv., 5 
(2015) 27526–27532. 

[31]	 F. Yang, C. Chi, S. Dong, C. Wang, X. Jia, L. Ren, Y. Zhang, 
L. Zhang, Y. Li, Pd/PdO nanoparticles supported on carbon 
nanotubes: A highly effective catalyst for promoting Suzuki 
reaction in water, Catal. Today, 256 (2015) 186–192. 

[32]	 B. Karimi, S. Abedi, J.H. Clark, V. Budarin, Highly efficient aer-
obic oxidation of alcohols using a recoverable catalyst: the role 
of mesoporous channels of SBA-15 in stabilizing palladium 
nanoparticles, Angew. Chem. Int. Ed. Engl., 45 (2006) 4776–
4779. 

[33]	 S. Velusamy, M. Ahmad, T. Punniyamurthy, Novel polyani-
line-supported molybdenum-catalyzed aerobic oxidation of 
alcohols to aldehydes and ketones, Org. Lett., 6 (2004) 4821–
4824. 

[34]	 P.D. Sharma, P. Panchariya, P. Purohit, P.K. Sharma, Struc-
ture-reactivity correlation in the oxidation of substituted ben-
zyl alcohols by imidazolium fluorochromate, Eur. Chem. Bull., 
2 (2013) 816–824. 

[35]	 M.R. Nabid, Y. Bide, E. Aghaghafari, S.J.T. Rezaei, PdNPs@ 
P2VP-Fe3O4 organic–inorganic hybrid micro gels as a nanore-
actor for selective aerobic oxidation of alcohols, Catal. Lett., 144 
(2014) 355–363. 

[36]	 H.S. Lee, Y.W. Lin, Permeation of hair dye ingredients, 
p-phenylenediamine and aminophenol isomers, through pro-
tective gloves, Ann. Occup. Hyg., 53 (2009) 289–296.

[37]	 M. Ajmal, M. Siddiq, M.H. Al-Lohedanc, N. Sahiner, Highly 
versatile p (MAc)–M (M: Cu, Co, Ni) micro gel composite cat-
alyst for individual and simultaneous catalytic reduction of 
nitro compounds and dyes, RSC Adv., 4 (2014) 59562–59570.

[38]	 M. Ajmal, S. Demirci, M. Siddiq, N. Aktas, N. Sahiner, Beta-
ine micro gel preparation from 2-(methacryloyloxy) ethyl] 
dimethyl (3-sulfopropyl) ammonium hydroxide and its use as 
a catalyst system, Colloid. Surface, 486 (2015) 29–37.


