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ABSTRACT

Starch poly(acrylic acid) (St-p(AA)) hydrogel was synthesized by radical polymerization in solution
of starch with acrylic acid as monomer, N,N'-methylenebisacrylamide as the cross-linking agent and
potassium persulfate as the initiator. St-p(AA) was used as a reactor for in situ synthesis of copper
and cobalt nanoparticles. St-p(AA)-Cu and St-p(AA)-Co nanocomposites were characterized by
Fourier transform infrared, scanning electron microscopy, transmission electron microscopy, thermal
gravimetric analysis and atomic absorption spectroscopy. Catalytic performances of the prepared
starch-p(AA)-M (M: Cu, Co) hydrogel composites were investigated by using them as catalyst in the
reduction of 4-nitrophenol (4-NP) to 4-aminophenol. The effects of several parameters on the reduc-
tion reaction as temperature, catalyst amount and the initial concentration of NaBH, were investigated.
The activation energy, activation enthalpy and activation of entropy for the reaction were calculated as

36.32, 34.97 and —197.52 T mol™ K, respectively.
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1. Introduction

Recently, metal nanoparticles have been used for many
purposes including catalysis [1], reducing agents [2] and
so on. Nanoparticles are versatile building blocks with
high surface-to-volume ratio, high edge concentration [3],
unusual electronic properties [4,5] and high surface energy
that make them an interesting subject in CO oxidation [6],
alcohol dehydrogenation [7] and nitrophenol reduction [8].
However, the aggregation of these compounds, often poses
major barrier against common real-life requests. To over-
come these problems, metal nanoparticles are usually loaded
or dispersed in a solid matrix, such as polymeric matrices,
for example, polysaccharide [9], dendrimers [10], block copo-
lymer micelles [11] and hydrogels [12]. Of these, hydrogels
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are highly regarded for using as carrier systems for the in
situ synthesis of metal nanoparticles [13,14]. Because their
matrixes have the ability to tune the guest-host interaction
in order to provide well-defined spatial distribution. The
well-defined spatial distribution provides kinetic stability for
metal nanoparticles.

Nitrophenol and its derivatives are importantby-products
produced from pesticides, herbicides and synthetic dyes
[15,16]. The reduction of 4-NP to the corresponding amine
is also necessary in the industrial synthesis of dyes, drugs,
pharmaceuticals, photographic and agricultural chemicals
[17]. In addition, this reaction has been widely exploited for
confirming the synthesis of efficient nanoparticle catalyst by
the study of catalytic activities of nanoparticles [18-21].

In these regards, we prepared starch poly(acrylic acid)
(St-p(AA)) hydrogel and used it as reactor as well as stabiliz-
ers for the synthesis of copper and cobalt metal nanoparticles.
The catalytic activity of the prepared St-p(AA)-M composites
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were investigated for the reduction of 4-NP. The effect of dif-
ferent parameters, such as catalyst amount, NaBH4 amount
and temperature, on the reduction reaction was studied. In
addition, the reusability of the catalyst was also investigated
for five consecutive cycles.

2. Experimental
2.1. Materials and instruments

Cobalt(Il) ~ chloride hexahydrate (CoClL-6H,O, 99%
Sigma-Aldrich) and copper(Il) chloride (CuCl, 99% Aldrich)
were used as metal ion sources while sodium borohydride
(NaBH,, 98% Aldrich) was used as reducing agent for metal
nanoparticle preparation. 2-Nitrophenol (2-NP 99% Acros)
and 4-nitrophenol (4-NP 99% Acros) were used as nitro com-
pounds for reduction reaction. Fourier transform infrared
(FTIR) spectra were recorded in KBr disks with a Bruker FTIR
spectrophotometer. A morphological property of equilibrium
swollen St-p(AA) hydrogel was investigated using scanning
electron microscopy (SEM) via MIRA3 FEG SEM (Tescan,
Czech Republic) and an accelerating voltage of 10 keV. The
amounts of metal nanoparticles entrapped in hydrogels were
calculated by atomic absorption spectroscopic (AAS) mea-
surements after dissolution of metal nanoparticles embedded
within St-p(AA) hydrogel by treating with 5 M HCl aqueous
solution. Transmission electron microcopy (TEM, HITACHI
S-4800) was used to find out the size of metal nanoparticles
inside the hydrogel nanocomposites. To image the copper
nanocomposites on TEM, the swollen hydrogel was finely
grounded with the help of a soft ball and the resulted hydrogel
nanocomposites samples were dispersed in 1 mL of distilled
water and dropped on copper net. Thermogravimetric analysis
(TGA) was performed on an STA409PC Netzsch thermal ana-
lyzer in flowing N, (60 mL min™") at a heating rate of 10°C min™.

2.2. Preparation and characterization of bare St-p(AA)
and St-p(AA)-M composites

St-p(AA) hydrogel was prepared according to previous
literatures [22]. On average, 12.25 g acrylic acid (AA; 0.17 mol)
was partially neutralized with sodium hydroxide solution
which was added dropwise in an ice bath. A suspension of
1.00 g starch was added to AA solution and then was stirred for
15 min. On average, 0.05 g of N,N'-nethylenebis(acrylamide)
(MBA) and 1 mL ammonium persulfate solution in water
(30% W/V) were added to mixture and polymerization was
completed in water bath under nitrogen atmosphere at 70°C
for 30 min. The resulting hydrogel was poured into 100 mL
acetone and stirred 24 h. Then the sample was oven-dried in
an air-circulating oven at 70°C for 24 h.

Selected FTIR (KBr, cm™): (St-p(AA)): 3,440 (br), 2,929 (m),
2,855 (w), 1,751 (m), 1,648 (s), 1,472 (m), 1,444 (w), 1,395 (m),
1,172 (w), 1,124 (m), 1,034 (m), 810 (w), 684 (m), 668 (s),
660 (w).

A morphological property of equilibrium swollen
St-p(AA) hydrogel was investigated using SEM via MIRA3
FEG SEM (Tescan, Czech Republic) and an accelerating volt-
age of 10 keV. The samples were removed from the water
and quickly frozen by immersion in liquid nitrogen. The
hydrogels were freeze-dried at -50°C for 3 d to maintain

their porous structure 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.

2.3. Preparation of St-p(AA)-Cu and St-p(AA)-Co composites

For in situ fabrication of metal nanoparticles within
St-p(AA) hydrogel, first metal ions (Cu'? or Co™, separately)
were loaded into hydrogel network by dispersing 0.1 g of the
dried St-p(AA) hydrogel in 50 mL, 500 ppm aqueous solution
of Cu(Cl, or COCIZ, separately, for 24 h at room temperature
under continuous stirring. The metal ion-loaded hydrogels
were washed with deionized (DI) water to remove unbound
metal ions. Finally, metal ion-loaded and cleaned hydrogel
pieces were transferred to 50 mL of 0.5 M aqueous NaBH,
solution in a water bath shaker at room temperature for 5 h
till the reduction process was completed. Again, hydrogels
were washed with DI water. To determine the amounts of
metal nanoparticles inside St-p(AA) network, St-p(AA)-M
composites were treated with 5 M HCJ, to dissolve metal par-
ticles from the network and the amount of metal nanoparti-
cles released from the composites were determined by atomic
absorption spectroscopy.

2.4. General reduction procedure

To reduce 4-NP to 4-AP 50 mL, 0.35 M NaBH, containing
0.01 M 4-NP solution was prepared. Then, certain amount
of composite hydrogel catalyst was added to the solution to
initiate the reduction. After adding the hydrogel-composite
catalyst, 0.3 mL sample was taken from the reaction medium
at certain time intervals and diluted to certain concentration
to observe the conversion of 4-NP to 4-AP at 400 nm in the
absorption spectrum of a UV-visible spectrophotometer.
Reduction rate constants were calculated by measuring the
decrease in intensities of their absorption peaks at 400 nm.
The reusability of the catalyst was investigated by using the
same catalyst in five consecutive runs of reduction reactions
and the hydrogel-M catalysts were washed with DI water
before each usage.

3. Results and discussion
3.1. Characterization

The FTIR spectra for starch, AA and starch-p(AA)
hydrogel are presented in Figs. 1(a)—(c), respectively. The
FTIR spectrum of starch (Fig. 1(a)) displays the O-H stretch-
ing absorption in the region of 3,400 cm™ and the C-H
stretching at 2,935 and 2,892 cm™. A triplet peak of starch for
the C-O-C stretching appears at 1,170, 1,100, and 1,000 cm™
[23]. In the spectrum of St-p(AA) (Fig. 1(c)) two peaks at 2,929
and 2,860 cm™ correspond to the C-H symmetric and asym-
metric stretching of starch and MBA. C=0O stretching band
of AA appears at 1,751 cm™, and the COO" stretching of AA
appears at 1,444 cm™. The peaks of starch for the C-O-C
stretching appear in the spectrum of St-p(AA) (1,172, 1,124
and 1,034 cm™) with a shift from what have been described
in spectrum of starch [24]. In addition, the NH band of MBA
is overlapped by OH peak at about 3,200 cm™ so the related
peak is disordered.
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SEM technique was used to analyze the morphology
of hydrogel. The SEM image of St-p(AA), shown in Fig. 2,
indicates the formation of homogeneous and highly porous
material.

The thermal stability of bare hydrogel and nanocom-
posites were determined by TGA. Fig. 3 shows TGA curves
of bare St-p(AA) (Fig. 3(a)) and St-p(AA)-M composites
(Figs. 3(b) and (c)). It could be seen clearly that there were
two processes of weight loss for all samples when heating
up the temperature. The first stage at less than 250°C was due
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Fig. 1. FTIR spectra of (a) starch, (b) acrylic acid and (c) St-p(AA)
hydrogel.
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Fig. 2. FESEM image of St-p(AA) hydrogel porous.

to the release of the physically absorbed water. The second as
a major weight loss in the range of 250°C-800°C was obtained
from the decomposition of St-p(AA). St-p(AA) was thermally
decomposed completely with no carbon residue at 800°C,
which is similar to other previous reports [25]. Upon their
comparison and reduction of bare St-p(AA) hydrogel from
St-p(AA)-Cu and St-p(AA)-Co composite hydrogels, it was
found that the metal content of the composites was 27 wt%
Cu and 43 wt% Co compounds, respectively.

To investigate the nanostructures, the samples were
examined with TEM observations. The TEM images of metal
nanoparticles-containing St-p(AA) hydrogels are given in
Figs. 4(a) and (b). As can be seen, metal nanoparticles with
a uniform spherical shape are distributed within St-p(AA)
hydrogel matrices. The amount of metal nanoparticles within
the hydrogels was determined by using AAS after dissolu-
tion by HCI treatment and theirs amounts are 4.15 and
7.19 mmol g hydrogel for copper and cobalt nanoparticles,
respectively.

3.2. Catalytic reduction of 4-NP by Cu(0)
and Co(0)-containing St-p(AA)

Catalytic activity of the prepared St-p(AA)-M (M = Cu,
Co) composites was investigated for reduction of 4-NP. Nitro
compound reduction reactions were elected because of their
importance in the environments, and in the number of man-
ufacturing of various pharmacology products, dye and pig-
ment industries [26,27]. According to thermodynamic studies,
the reduction of nitro compounds is possible in the presence
of excess amounts of aqueous solution of NaBH,, as reducing
agent, with large kinetic barrier [28-30]. Fortunately, the pres-
ence of a catalyst helps to overcome this energy barrier and
makes these reactions feasible under mild conditions such
as room temperature. In all the catalytic reduction of 4-NF,
0.085 mmol of hydrogel-M composite was used as catalyst.

Reduction of nitro compound was tracked by measuring
the decrease in their absorbance peak in UV-Vis spectra
taken at various intervals of times as shown in Fig. 5.
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Fig. 3. TG thermograms of (a) bare St-p(AA) and (b) St-p(AA)-Cu
(Cu =27%wt), St-p(AA)-Co (Co = 43 wt%) composites.
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The effect of the types of metal nano-catalysts is demon-
strated in Fig. 6(a). As illustrated in Fig. 6(a), St-p(AA)-Cu
composite reduced 4-NP faster than Co-containing composite;
hence, St-p(AA)-Cu composite was selected as catalyst for
the detailed kinetic studies.

As degradation of NP was carried out in large excess
of NaBH,, this reaction was supposed as pseudo-first order
and values of k = were calculated by plotting C/C, vs.
time as shown in Fig. 6(b). In order to evaluate the effect
of temperature on the catalytic activity of St-p(AA)-Cu
composite, the reduction of 4-NP was investigated at three
different temperatures; 25°C, 40°C, 60°C keeping the amount
of reactant and catalyst constant. Dependence of reaction

Fig. 4. TEM images of metal nanoparticles from (a) St-p(AA)-Cu
and (b) St-p(AA)-Co nanocomposites (white spots considered
as Cu nanoparticles in (a) and Co nanoparticels are marked by
arrows in (b)).
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Fig. 5. Reduction of 4-nitrophenol by NaBH,; UV-visible spectra
of solution of 4-NP measured at different time in the presence
of St-p(AA)-Cu composites at 25°C. Reaction conditions: 0.01 M
4-NP, 0.35 M NaBH,, 0.085 mmol of Cu nanoparticle at 25°C.
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Fig. 6. (a) Plots of C/C, as a function of time for the reduction
of 4-NP catalyzed by St-p(AA)-M (M = Cu and Co) composites
at 25°C; (b) plots of C/C, as a function of time for the reduction
of 4-NP catalyzed by St-p(AA)-Co composites at different
temperatures. Reaction conditions: 0.01 M 4-NP, 0.35 M NaBH,,
0.085 mmol of Cu nanoparticle at 25°C.
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rate on temperature is displayed in Fig. 6(b), ((C,/C,) vs. time
at different temperatures) where C,is the initial concentra-
tion of 4-NP and C, is the concentration of 4-NP at different
time intervals during the reduction reaction. The reduction
rates were increased as temperature rise. Because at higher
temperature, rate of diffusion of reactant molecules into
hydrogel composites and collision frequency of reactant and
catalyst increase due to enhance in the average kinetic energy
of molecules.

The pseudo-first-order rate constants (k) for the reactions
of 4-NP were calculated and are listed in Table 1. The activa-
tion energy (E ) for 4-NP reduction catalyzed by St-p(AA)-Cu
was calculated using the well-known Arrhenius equation
(Eq. (1)) and it was found as 36.32 k] mol ™.

The activation enthalpy (AH*) and entropy (AS*) were cal-
culated by using Eyring equation (Eq. (2)) and their values
were found as AH* = 34.97 k] mol™ and AS* =-197.52 k] mol™;
and their individual constructed Ink vs. 1/T, and In(k/T) vs.
1/T, graphs are shown in Figs. 7(a) and (b), respectively.

Ink=1In A (E /RT) @
In k/T = In (k,/h) + AS*/R — AH*/R (1/T) @)

The effect of catalyst amount on the reduction rate of 4-NP
was also investigated. The reaction was done using different
amounts of catalyst namely, 0.085, 0.043 and 0.17 mmol. It is
clear that the increase in the amount of catalyst has a great
effect on the reduction rate, as shown in Fig. 8. The reduc-
tion reactions were also carried out in the absence of catalyst.
No reduction was detected for 4-NP in the UV-Vis spectrum.
This is in agreement with the reported literatures which
states that the reduction of 4-NP is thermodynamically unfa-
vorable in the absence of catalyst [31]. To detect whether the
reduction rate affected by empty hydrogel or not, the same
reaction conditions were organized at 25°C with bare hydro-
gel, and no reduction was detected.

In order to investigate the effect of NaBH, amount on the
reduction rate, different amounts of NaBH, (0.1-0.5 M) were
used in reduction of 4-NP to 4-AP. There is a linear increase
in the reduction rate of 4-NP with the increase in the amount
of NaBH, at 25°C. The same trend has been reported in sev-
eral literatures [32]
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of reduction rate of every consecutive reaction to the initial
reduction rate, and as reported in Table 2, 100% conversion of
4-NP was observed after 5th use of Cu nano-catalyst systems.
However, 4.5% loss in the activity of St-p(AA)-Cu catalysts
was observed at the end of four consecutive uses. It can be
concluded that these composites can be used up to five cycles
without any significant loss of conversion and very little loss
of activity in the reduction of 4-NP. The slight decrease in
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Fig. 7. (a) Ink — 1/T graphs for 4-NP (Arrhenius Eq. (1)), and
(b) In(k/T) — 1/T graphs (Eyring Eq. (2)) by St-p(AA)-Cu
composites. Reaction conditions: 0.01 M 4-NP, 0.35 M NaBH,,
0.085 mmol of Cu nanoparticle at 25°C.

The reusability of St-p(AA)-Cu catalyst systems were also 09
studied by using the catalysts in 4-NP reduction successively 08 - -
up to five times. The percent activity and conversion are 07 |
reported in Table 2. Activity was calculated by taking ratio o5 4
~ 05 -
Table 1 g 04 - .
The change in the reduction rate constants of 4-NP with different 3 03 -
temperatures and activation parameters in catalysis with 02
St-p(AA)-C it =
p(AA)-Cu composite ol | -
Temperature K R? AH? AS* 0 ; ; ;
app
(°C) (min™) (kJ mol™)  (Jmol™ K™) 0 0.0425 0.085 0.17
25 0.208 0.977 Catalyst amount (mmol)
40 0.352 0.980 34.97 -197.52
50 0.594 0.982 Fig. 8. The change of reduction rate constant of 4-NP with
60 1.012 0.974 amount of St-p(AA)-Cu as catalyst. Reaction conditions: 0.01 M

4-NP, 0.35 M NaBH,, 0.085 mmol of Cu nanoparticle at 25°C.
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Table 2
The activity and conversion values of reduction of 4-NP in the presence of St-p(AA)-Cu
Catalyst Values (%) Fresh 1th recycle 2nd recycle 3rd recycle 4th recycle 5th recycle
St-p(AA)-Cu Activity 100 100 97 92 86 82
Conversion 100 100 100 100 100 100
St-p(AA)-Co Activity 100 98 90 85 78 69
Conversion 100 100 100 100 100 100
Table 3
Comparison of the rate constant and activation energy calculated in the present work with reported literature
Catalyst K, (min™) E_ Reference
p(AMPS)-Cu hydrogel composite 0.1032 28.2 [34]
P(APTMACI)-Cu 0.405 47.90 [35]
P(AMPS)-Co 0.12 27.8 [36]
CPL-Ag NCs 0.9 Not reported [37]
Ag@MWCNTs-polymer 0.472 Not reported [38]
St-p(AA)-Cu 0.208 36.32 This work

the activity can be attributed to the formation of some boron
compound and/or some oxides that prevent catalytic perfor-
mance of active sites [33].

3.3. Comparison with other reported catalytic system

Table 3 provides a comparison of the 4-NP reduction
results obtained (k, ~and E ) for our present catalytic system
with those reportecf in the literatures [34-38]. From Table 3, it
is seen that St-p(AA)-Cu showed higher catalytic activity over
reported catalysts. Although p(AMPS)-Cu, and p(AMPS)-Co
hydrogel composites showed high reaction rate in 4-NP
reduction. A comparison between our catalysts and previ-
ously reported systems indicated that our system has higher
catalytic activity. One reason for the high catalytic activities in
our system could be the softness, flexibility and hydrophilic
nature of the hydrogels, carriers and stabilizers, which were
used for the preparation of the metal nanoparticles. The other
reason could be the hydrophilicity and types of functional
groups in the polymeric network, which promotes the overall
catalytic process in the system.

4. Conclusion

Herein, it was demonstrated here that a facile preparation
of St-p(AA) hydrogel by radical polymerization was accom-
plished. Starch due to its non-toxicity, good biocompati-
bility, biodegradability and bioadhesiveness is frequently
used for the preparation of nanoparticle matrixes. It was
demonstrated that the prepared composites were found very
effective catalysts for the individual and simultaneous degra-
dation of nitrophenol. Furthermore, St-p(AA)-Cu composite
reduced 4-NP faster than Co-containing composite.
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