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Abstract This mini-review is focused on preparation of
polymer protected gold (AuNPs) and silver (AgNPs)
nanoparticles that are immobilized on the surface of inor-
ganic supporters and within hydrogel and/or cryogel
matrices. A series of water soluble polymers such as
poly(N-vinylpyrrolidone), poly(acrylic acid), branched
polyethyleneimine, and amphoteric cryogel based on the
copolymer of N,N-dimethylaminoethylmethacrylate and
methacrylic acid poly(DMAEM-MAA) were used for
reduction and stabilization of metal nanoparticles. The
catalytic properties of polymer protected AuNPs and
AgNPs were evaluated with respect to hydrogen peroxide
decomposition, hydrogenation of 4-nitrophenol and oxi-
dation of cyclohexane.
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poly(DMAEM-MAA)  Amphoteric cryogel based on
copolymer of N,N-
dimethylaminoethylmethacrylate
and methacrylic acid

Poly(DMAEM-MAA)/ Gold nanoparticles immobilized

AuNPs within poly(DMAEM-MAA)
cryogel matrix

PVP Poly(N-vinylpyrrolidone)

PVP-AgNPs Silver nanoparticles protected by

PVP
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PVP and supported onto PAAH
Silver nanoparticles protected by
PVP and supported onto ZnO
Gold nanoparticles protected by
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PVP and supported onto PAAH
Gold nanoparticles protected by
PVP and supported onto ZnO

PVP-AgNPs/PAAH
PVP-AgNPs/ZnO
PVP-AuNPs
PVP-AuNPs/PAAH

PVP-AuNPs/ZnO

SEM Scanning electron microscope

SOD Superoxide dismutase

TEM Transmission electron
microscope

TOF Turnover frequency

TON Turnover number

UV-Vis Ultraviolet—Visible spectra

1 Introduction

General principles and recent developments in synthesis,
investigation and application of metal nanoparticles have
been reviewed in fundamental monographs [1-4]. Among
the metal nanoparticles, the AuNPs and AgNPs attracted
significant attention due to their unique optical, electrical,
biomedical and catalytic properties [5-8]. Hydrophilic
polymers possessing nonionic [9-12], anionic [13], catio-
nic [14, 15] and amphoteric [16—18] nature are widely used
for reduction and stabilization of AuNPs and AgNPs in
solution.

Gold and silver catalysts represent rapidly growing
interests due to their potential applicabilities to many
reactions of both industrial and environmental importance
[19, 20]. Typical examples are the low-temperature cat-
alytic combustion, partial oxidation of hydrocarbons,
hydrogenation of carbon oxides and unsaturated hydro-
carbons, reduction of nitrogen oxides, and so forth [21].
Recent review [22] describes the size-, shape-, structure-
and composition-dependent behavior of AuNPs employed
in alkylation, dehydrogenation, hydrogenation, and

selective oxidation reactions for the conversion of hydro-
carbons (with main emphasis on fossil resources) to
chemicals. The perspectives of substituting platinum group
metals for automobile emission control with gold were
outlined by authors [23].

Synthesis of gold and silver hydrosols was carried out in
one-step process by reduction of aqueous solutions of metal
salts using poly(N-vinylpyrrolidone) (PVP) [24]. Shape,
size, and optical properties of the particles were tuned by
changing the employed PVP/metal salt ratio. Size of PVP
protected AuNPs ranging from 10 to 110 nm was easily
controlled by varying the content of PVP molecules
(0.01-10 g dL™") [6].

The catalytic activity of AuNPs loaded on the supports
(ZnO, Al,O3 and MgO) by a colloidal deposition method in
benzene conversion was compared [25]. The catalytic
activity of AuNPs/ZnO was much greater than that of
AuNPs/Al,O5; and AuNPs/MgO. The high catalytic activity
of the AuNPs/ZnO was attributed to the effects of strong
metal-oxide interaction which is possibly originated from
the small lattice parameter difference between Au {111}
and ZnO {101} lattice planes.

The intrinsic enzyme-like activity of nanoparticles
(NPs) has received a great deal of interest due to stability
against denaturating, low cost and high resistance to high
concentration of substrates compared with natural
enzymes. Recent advances in NPs as enzyme mimetics and
their analytical and environmental applications were
reviewed in [26]. It was demonstrated that AuNPs can act
as superoxide dismutase (SOD) and catalase mimetics.
Authors [27] reported that AuNPs can catalyze the rapid
decomposition of hydrogen peroxide. Molecular recogni-
tion of AuNPs and AgNPs together with other noble metal
nanoparticles with respect to DNA, proteins, nucleic acids
and molecules from the family of supramolecular chem-
istry was described in review article [28].

The structural combination of a polymer hydrogel net-
work with metal nanoparticles provides superior function-
ality to the composite materials with potential applications
in various fields, including catalysis, electronics, bio-
sensing, drug delivery, nano-medicine, and environmental
remediation [29, 30]. The review article of Sahiner [31] has
been addressed to a flexible and highly adaptable platform
for the design of hydrogels with an outlook toward their
use in material science, engineering and catalysis. Espe-
cially the use of hydrogel matrices for in situ preparation of
metal nanoparticles is feasible and readily applicable in the
catalysis of various aquatic and non-aquatic reactions.

Cryogels prepared using the cryogelation technique
have highly elastic three-dimensional structure consisting
of a network of interconnected macropores [32, 33].
Cryogel catalysts could be promising due to the inherent
features of these materials: macroporous structures,
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adjustable hydrophilicity and hydrophobicity, and flexible
choice and combination of catalytic groups. Supporting of
noble and transition metal ions in bulk of amphoteric
macrogels followed by reduction to zero-valent state will
open new perspectives for development of effective cat-
alytic systems for decomposition, isomerization, hydro-
genation, and oxidation of various organic substrates [34—
36]. In this context design of monolithic support with
microporous structure that can provide both nanoparticle
loading and liquid flux is challenging task. A considerable
effort of researchers is devoted to construct the catalytic
system that is highly active, selective, stable, easy to
handle, reusable and simple to separate the product from
the reaction medium [37]. Superporous cryogels of poly(2-
hydroxy ethyl methacrylate) and poly(3-sulfopropyl
methacrylate) [38], poly(acrylic acid) [39], poly(4-vinyl-
pyridine) [40], poly(2-acrylamido-2-methyl-1-propansul-
fonic acid) [41] and their templated metal nanoparticle
composites (Co, Ni, Cu, and Fe) were used in hydrogen
generation from the hydrolysis of NaBH, and hydrogena-
tion of 4-nitrophenol. Betaine type microgel based on
poly2-(methacryloyloxy) ethyl] dimethyl (3-sulfopropyl)
ammonium hydroxide, was used as template for the in situ
synthesis of Ni nanoparticles and as catalysts for hydro-
genation of nitrogroup containing substrates—4-nitrophe-
nol (4-NP), 2-nitrophenol (2-NP) and 4-nitroaniline (4-NA)
[42]. The reduction of substrates is easily monitored by
measuring the decrease in the peak of absorption maxima
at 414, 400, and 380 nm for 2-, 4-, and 4-NA, respectively.

Our previous literature survey reveals that the number of
published papers on the topic of gold catalysis increases
substantially [43, 44]. Earlier [45, 46] we have synthesized
the PVP protected AuNPs and AgNPs and deposited them
on Al,O; by impregnation method. Their catalytic activi-
ties were evaluated with respect to hydrogen peroxide
decomposition [47]. In the present review we describe the
preparation of the AuNPs and AgNPs stabilized by a series
of water-soluble and water-swelling polymers possessing
nonionic, anionic, cationic and amphoteric character. After
characterization of AuNPs and AgNPs in solution and solid
state, they were deposited on ZnO supporter, within
hydrogel and cryogel matrices and further the catalytic
activity of supported catalysts with respect to hydrogen
peroxide decomposition, oxidation of cyclohexane, and
reduction of 4-nitrophenol was studied.

2 Supporting of Polymer-Protected AuNPs
and AgNPs onto ZnO

Scheme 1 illustrates the synthetic pathway of NPs. Boiling
of the mixtures of PVP (or poly(acrylic acid) (PAA),
branched polyethyleneimine (BPEI), poly(DMAEM-
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MAA)), HAuCl, and KOH in aqueous solution produces
the AuNPs. The water-soluble polymers plays the role of
both reducing and stabilizing agents.

The detailed reduction mechanism of HAuCl, in pres-
ence of PVP was described by authors [48]. The specula-
tive supramolecular interaction between functional groups
of PVP and AuNPs with participation of chemisorbed
lactame ring is suggested (Scheme 2) [49].

One of the main characteristics of AuNPs and AgNPs is
appearance of absorption spectra in visible region due to
so-called “plasmon resonance” phenomenon. The colored
solutions of AuNPs (PVP-AuNPs) and AgNPs stabilized by
PVP (PVP-AgNPs) are shown in Fig. 1. The formation of
AuNPs and AgNPs is easily detected due to appearance of
the absorption bands at 520-550 and 410-415 nm,
respectively (data not given).

Figures 2 and 3 represent the size distributions of
AuNPs and AgNPs stabilized by PVP [49]. In dependence
of the number-average molecular weight of PVP (M,,) the
average sizes of PVP-AuNPs increase in the following
order: PVP-10 kD (~10 nm) > PVP-40 kD (~ 15 nm) >
PVP-350 kD (~25 nm). The average sizes of PVP-AgNPs
in dependence of the M,, of PVP increase in the following
order: PVP-10 kD (~ 6.5 nm) > PVP-40 kD (~ 12 nm) >
PVP-350 kD (~44 nm). Thus, the optimal molecular
weight of PVP leading to smaller size of AuNPs and AgNPs
is PVP-10 kD.

The TEM images clearly show that the average size of
the PVP-AuNPs supported on ZnO is 8.2 £ 0.8 nm and
smaller than that of PVP-AuNPs in aqueous solution (~ 10
nm) [50]. The PVP-AuNPs images are represented by the
small dark particles while ZnO is shown as the larger
particles with less intense color (Fig. 4).

3 Immobilization of Polymer-Protected AuNPs
and AgNPs Within Hydrogel and Cryogel
Matrix

Various synthetic methods have been reported for producing
of AuNPs-hydrogel composites: (1) preparation of the
nanoparticles and hydrogels separately and then combining
the two [51, 52], (2) mixing of the pre-formed nanoparticles
with monomer precursor(s) and the polymerization of the
mixture [53, 54], (3) embedding of metal salts within
hydrogel matrix followed by reduction with the help of
reducing agents [55]. The last approach, for instance, was
realized for immobilization of AuNPs within NIPAM-based
hydrogels [56-58]. As distinct from the abovementioned
procedures, the approach of authors [59] is based on “one
pot” preparation and immobilization of PEI-protected gold
nanoparticles within PAAH in the presence of the ionic
liquid (IL)—1-ethyl-3-methylimidazolium ethylsulfate. By



J Inorg Organomet Polym (2016) 26:1198-1211 1201
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Fig. 1 Samples of AuNPs (/-3)
and AgNPs (a—c) stabilized by
PVP with M,, = 10 kD (I, a),
40 kD (2, b) and 350 kD (3, ¢)
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Size (d.nm) Size (d.nm) Size (d.nm)

Fig. 2 Size distributions of AuNPs stabilized by PVP with M, = 10 kD (a) 40 kD (b) and 350 kD (c)

regulating the conditions of synthesis and concentration of Hydrogel-immobilized gold nanoparticles were pre-
the components it was possible to change the size and  pared using three approaches: (1) in-situ; (2) adsorption;
morphology of the formed nanoparticles, as well as to  and (3) boronhydride methods [60]. Figure 5 shows the
control the gel network parameters. photos and TEM images of PAAH hydrogel samples with
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Fig. 3 Size distributions of AgNPs stabilized by PVP with M,, = 10 kD (a) 40 kD (b), and 350 kD (c)

Fig. 5 PVP (/) and BPEI (2) stabilized AuNPs immobilized within PAAH prepared by in-situ (a) and adsorption (b) methods. TEM image of

PEI-AuNPs (¢) immobilized within PAAH matrix by in-situ method

immobilized AuNPs prepared using in-situ and adsorption
methods.

The dimensions of AuNPs in aqueous solution and
immobilized within PAAH are compared in Table 1.
Analysis of TEM images indicates that in all cases the
average size of AuNPs in aqueous solution is considerably
smaller than that the average size of AuNPs immobilized

@ Springer

within the PAAH matrix. This may be accounted for
aggregation of AuNPs inside of PAAH matrix.

An equimolar amphoteric cryogel polyf(DMAEM-MAA)
crosslinked by 5 mol% of MBAA was used for immobi-
lization of AuNPs and as catalysts (Fig. 6) [61, 62].

According to SEM images the average pore size of
pristine poly(DMAEM-MAA) sample is varied from 40 to
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Table 1 The average size of PVP- and PEl-stabilized AuNPs in
aqueous solution and in PAAH matrix

Samples DLS (nm) TEM (nm)
PVP-AuNPs in aqueous solution 6.5 8.2
PVP-AuNPs/PAAH Not measurable 46
PEI-AuNPs in aqueous solution 7.0 7.3

PEI-AuNPs/PAAH Not measurable 128

80 um (Fig. 7a). The morphology of AuNPs particles on
the surface of cryogel is triangular although the hexagonal,
spherical and rod-like species are observed (Fig. 7b). The
bigger sizes of AuNPs triangles immobilized within
poly(DMAEM-MAA) cryogels are varied from 3 to 10 pm.

4 Catalytic Properties of Polymer-Protected
and Gel-Immobilized AuNPs and AgNPs

The catalytic properties of AuNPs and AgNPs supported
onto zinc oxide, hydrogel and cryogel matrices were
evaluated with respect to hydrogen decomposition, 4-
nitrophenol hydrogenation and cyclohexane oxidation
reactions.

5 Decomposition of Hydrogen Peroxide

5.1 Catalytic Activity of PVP-AuNPs/ZnO
in Decomposition of Hydrogen Peroxide

Kinetics and mechanisms of hydrogen peroxide decom-
position in presence of metal complexes are well described

N
H3C/ \CH3

in literature [63]. According to ESR spectroscopy mea-
surements [64] the AuNPs generates the reactive oxygen
species along with formation of hydroxyl radicals at lower
and evolution of O, at higher pH.

The influence of catalyst amount (m.,), concentration of
substrate ([H,O,]), temperature (T) and molecular weight
of PVP (M,) to find the optimal conditions of H,O,
decomposition in presence of PVP-AuNPs/ZnO was stud-
ied [49, 50]. It should be mentioned that ZnO itself,
without immobilized AuNPs, decomposes only 10 % of
H,0, during 4 h. At concentration of [H,O,] = 30 wt%
and T = 318 K the decomposition rate of hydrogen per-
oxide increases with increasing of the m., (Fig. 8).

As seen from Fig. 6 the rate of decomposition of H,O,
at m,; = 30 mg is higher than at m.,, = 50 mg. Thus the
optimal amount of catalyst for H,O, decomposition was
accepted as 30 mg. At m., = 30 mg, the decomposition
rate of hydrogen peroxide gradually increases with
increasing of temperature (Fig. 9). However the rate of
H,0, decomposition at T = 328 K is close to T = 318 K,
therefore the latter can be considered as optimal
temperature.

At T =318 K and mg, = 30 mg the rate of H,O,
decomposition increases with increasing of H,O, concen-
tration. However at [H,O,] = 40 wt% a very fast decom-
position of hydrogen peroxide taking places during several
minutes is not effective for further oxidation of organic
substrates. Therefore it is accepted that the optimal con-
centration of H,O, is 30 wt%.

Thus the optimal conditions for H,O, decomposition in
the presence of PVP-AuNPs/ZnO were equal to: mg, =
30 mg, T = 318 K, [H,O,] = 30 wt%, M,, = 10 kD. The
activation energy of H,O, decomposition is equal to
44.1 kJ mol ™! that is lower than the MnO, (58 kJ mol 1),

Fig. 6 Structural units of amphoteric cryogels derived from MAA and DMAEM (left), dry, swollen in water and containing the AuNPs cryogel

samples (right)
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15kVv. X1,200 10pm 0000 1162 60Pa

Fig. 7 Morphology of the surface of poly(DMAEM-MAA) (a) and poly(DMAEM-MAA)/AuNPs (b, ¢)
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Fig. 8 Decomposition rate of hydrogen peroxide on PVP-AuNPs/

ZnO in dependence of the m.,. T =318 K, [H,O,] = 30 wt%,
M, = 10 kD
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Fig. 9 Decomposition of hydrogen peroxide in the presence of PVP-

AuNPs/ZnO at different temperatures. T = 298 (1), 308 (2), 318 (3),
and 328 K (4). m¢y = 30 mg, [H,0,] = 30 wt%, M,, = 10 kD

@ Springer

iodide (56 kJ mol™") and the platinum metal catalysts
(49 kI mol™") [65] and higher than iron oxide
(32.8 kJ mol ") [66]. The activation energy of the reaction
is about 75 kJ mol ! in the absence of catalyst and is about
7-8 kJ mol ™! in the presence of catalase [65].

The efficiency of 1 ng of Au to decompose H,O, was
also calculated. Since the amount of AuNPs immobilized
on the surface of ZnO is not exceeded 0.2 wt%, the content
of Au in 30 mg of PVP-AuNPs/ZnO catalyst is about
0.06 mg (or 6 x 10* ng). The maximal amount of released
oxygen according to Figs. 8 and 9 is 75-80 mL. Then the
ability of 1 ng of Au to produce oxygen is about
1.25-1.50 pL.

The successive decomposition of hydrogen peroxide
demonstrates the gradually loss of catalytic activity. In our
mind either aggregation or leaching out of AuNPs in the
course of hydrogen peroxide decomposition reaction is
probably responsible for the observed deactivation during
consecutive catalytic runs. Earlier [67] the same phe-
nomenon was observed for PVP protected Pd nanoparticles
immobilized within the gel matrix of polyacrylamide after
hydrogenation of the successive portions of allyl alcohol.

6 Catalytic Activity of PVP-AgNPs/ZnO
in Decomposition of Hydrogen Peroxide

As in case of AuNPs, the AgNPs also generate either
hydroxyl radicals at lower pH or oxygen molecules at
higher pH [68]. The PVP-AgNPs deposited on ZnO shows
a lower catalytic activity than that of PVP-AuNPs [46]. At
similar conditions the volume of released oxygen in pres-
ence of PVP-AgNPs/ZnO is two times lower than PVP-
AuNPs/ZnO. The catalytic activity of PVP-AgNPs/ZnO in
dependence of the molecular weight of PVP changes in the
next order: PVP(40 kD)-AgNPs/ZnO > PVP(350 kD)-
AgNPs/ZnO > PVP(10 kD)-AgNPs/ZnO. Decomposition
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of H,O, is too slow and too fast in presence of
PVP(10 kD)-AgNPs/ZnO and PVP(40 kD)-AgNPs/ZnO
respectively. The optimal molecular weight of PVP seems
to be 350 kD. As previously mentioned a very fast
decomposition of hydrogen peroxide is not effective for
further oxidation of organic substrates.

7 Decomposition of Hydrogen Peroxide by AulNPs
Immobilized Within Polyacrylamide Hydrogel
(PAAH)

The kinetic curves of hydrogen peroxide decomposition in
the presence of gel-immobilized AuNPs prepared using
different methods are shown in Figs. 10 and 11 [69].

The catalytic activity of gel-immobilized AuNPs in
decomposition reaction of hydrogen peroxide is substan-
tially dependent on the method of their preparation.
According to the preparation method the catalytic efficacy
is changed as follows: Method 2 (PEI stabilizer) > method
2 (PVP stabilizer) > Method 1 (PEI stabilizer). Thus, the
most active catalyst for hydrogen peroxide decomposition
is PEI-protected AuNPs immobilized within PAAH and
prepared by sorption method 2. In this regard, all further
studies for finding optimal decomposition of hydrogen
peroxide conditions in the presence of gel-immobilized
AuNPs were performed with this catalyst. The optimal
conditions decomposition of hydrogen peroxide in the
presence of PAAH-immobilized PEI-AuNPs are the fol-
lowing: T = 318 K, the mass of catalyst is 30 mg, sub-
strate concentration is 30 %.

25 A1
-
€ 20
c
()
(@)]
g 15 -
o 2
£ o *
5 10
5 3
o
5 5 4
>
05
0. T T T T T 1
0 20 40 60 80 100

t, min

Fig. 10 Decomposition of hydrogen peroxide in presence of PAAH-
immobilized AuNPs prepared by sorption method with PEI (/) and
PVP (2) as stabilizing agents; boronhydrate method (3) and “in-situ”
method with PEI (4) and PVP (5) as stabilizing agents. Experimental
conditions: m¢, = 30 mg, [H,0,] = 30 wt%, T = 318 K

A 3

1-298K
2 - 308K
3-318K
4 - 328K

—{ 1

100 120

Fig. 11 Temperature dependent decomposition of hydrogen peroxide
in the presence of AuNPs-PEI/PAAH prepared by sorption method.
Mgy = 30 mg, [H>0,] = 30 wt%

8 Hydrogenation of 4-Nitrophenol

The reduction of 4-NP to 4-AP by NaBH, (or hydrogen) as
model reaction is easily monitored by measurement of the
absorption spectra of substrate and reaction product at 400
and 300 nm, respectively [70]. In our case the cryogel
specimen containing AuNPs served as continuous-flow
tank reactor for hydrogenation of 4-NP to 4-AP [62]. The
flow-through catalytic reactor represents a glass tube with
inner diameter 67 mm and height 100 mm which is filled
by dry cryogel pieces with diameter 5 mm and height
10 mm. At first 10 or 15 mL of deionized water is passed
through the cryogel sample. Due to quick swelling of
cryogel the tight sealing between the inner wall of the glass
tube and swollen sample takes place. Such simple con-
struction allows the mixture of substrate and reducing
agent to flow through the cryogel pores and to create
enough contacts between the catalyst and reaction mixture.
Passing of the mixture of 4-NP and NaBH, through
amphoteric cryogel containing AuNPs may cause two
effects: the first is additional reduction of Au** to Au® by
NaBHy,, the second is reduction of 4-NP to 4-AP (Fig. 12).

The 95 % conversion is reached during 4 min after five
times repeated passing of 10 mL mixture of 4-NP and
NaBH, through the catalytic reactor (Fig. 13a). The same
conversion degree is reached during 13 min after the suc-
cessive fluxing of 50 mL mixture of 4-NP and NaBH,
(Fig. 13b). The poly(DMAEM-MAA)/AuNPs preserved
the high catalytic activity even after passing of 100 mL of
4-NP and NaBH, mixture. In our mind 100 % conversion
of 4-NP is not reachable due to capturing of some amounts
of substrate in deadly volume of cryogel. It should be noted
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Fig. 12 Schematic
representation of flow-through
catalytic reactor APS+TMED HAUCI‘
-12 °C 90 °C
DRAEM * MARSMEAN DMAEM-MAA DMAEM-MAA/AUNPs
mixture cryogel cryogel
NaBH,
4-NPh
4-APh

flow-through catalytic reactor

that neither the mixture of 4-NP and NaBH, itself, nor the
mixture of 4-NP and NaBH,; fluxed through the poly
(DMAEM-MAA) cryogel does not produce 4-AP in
absence of immobilized AuNPs.

The reduction rate constant of 4-NP has the pseudo-first-
order and depends on the concentration of nitrophenolate-
anion rather than concentration of NaBH, due to its excess

1]

Optical density

400
%, nm

450

[71]. The kinetics of 4-NP reduction is expressed by
equation

D
1n<ﬂ) —In < ’) — kot
Co D,

where C; and C, are concentrations, D, and D, are optical
densities of nitrophenolate-anions at definite time t and
t=0.

(1)

0,8 4

Optical density
K= K=
B [=2]

o
N
1

0,0
250

—

350 450

A, nm

]

400

300

Fig. 13 The time dependent absorbance spectra of 4-NP and 4-AP during the 1st (a) and 5th (b) process cyclicity. t = O (curve 1),  (curve 2), 2
(curve 3), 3 (curve 4), 4 (curve 5), 5 (curve 6), 8 (curve 7), 11 (curve 8) min
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In (C{/Co)

24

.34 2

. . . . . . .
0 2 4 6 8 10 12
t, min

Fig. 14 The reaction kinetic curves of In(C/C,) versus time as a
function of process cyclicity. The 1st cycle (1), the 2nd cycle (2), the
5th cycle (3), the 10th cycle (4)

The logarithmic dependence of the Eq. (1) has linear
character and shows that the first cycle is completed during
4 min with 95 % conversion, the second cycle—after
6 min, while the 95 % conversion of 4-NP to 4-AP during
10 cycles requires 11 min (Fig. 14). The apparent rate
constants (k,pp) found from the slopes of kinetic curves of
Fig. 14 during the Ist, 2nd, 5th, and 10th reduction cycles
of 4-NP are equal to 13.5 x 1073 s_l, 8 x 1073 s_l,
6.3 x 107 57", and 4.6 x 107> s~". Thus, the k,p, value
decreases with increasing of process cyclicity. Cryogel
catalyst sustained over 10 cycles without loss of activity.

The kinetic rate constant of poly(DMAEM-MAA)/
AuNPs for the reduction of 4-NP to 4-AP was compared
with literature data (Table 2).

Comparative analysis shows that poly(DMAEM-MAA)/
AuNPs catalyst occupies intermediate position among the
catalytic systems used for reduction of 4- to 4-AP. The
detailed mechanism of the reduction of 4-NP on the surface
of AuNPs is given by authors [79]. In our mind the 4-NP
molecules are stabilized within the inner surface of poly
(DMAEM-MAA)/AuNPs via hydrogen bonds between OH
groups of substrate and COOH (or —-N(CH3),) groups of
cryogel. The immobilized AuNPs in cryogel pores gener-
ates hydrogen atoms from the NaBH, that in its turn
hydrogenate the nitro groups. Detachment of 4-AP mole-
cules from the surface of poly(DMAEM-MAA)/AuNPs
takes place due to electrostatic repulsion, e.g. the nega-
tively charged surface of AuNPs repels the same charged
4-nitrophenolate anions from the reaction mixture. The
lifetime of the catalyst is usually expressed through the
turnover number (TON) that is the number of moles of
substrate that a mole of the catalyst can convert before
inactivation [80]. The stability of poly(DMAEM-MAA)/
AuNPs catalyst, the so-called TON that is defined as

[4 — NP]
TON = [AuTs] x OCT (2)
(where [4-NP] and [AuNPs] are the molar concentrations
of substrate and catalyst, OCT is the overall catalytic time)
and the turnover frequency (TOF) calculated (for the first
cycle) according to equation

[4 — NP] - [conversion]

TON =
[AuNPs] - ¢

(3)

was equal to TON = 38.17 and TOF = 21.56 h!,
respectively.

Table 2 The rate constants of

-2 —1

the reduction of 4-NP to 4-AP Type of catalyst Rate constant, X107~ s Ref.
catalyzed by metal PE/AuNPs 4.6 [71]
nanoparticles supported on
various polymers PEI-C,,/AuNPs 5.2 [71]
HPEI-IBAM/AuNPs ~2-3 [70]
Chitosan/AuNPs 0.24 [72]
Resin/AuNPs 2.5 [73]
Chitosan/FeNPs 0.24 [74]
PEC/AuNPs 0.5
PEC/PdNPs 0.394
PEC/AgNPs 0.142 [75]
PEC/AuNPss0/AgNPss 0.678
PEC/AuNPss50/AgNPs,s/PANPs,5 0.983
PAMAM dendrimers/AuNPs 2.51 [76]
PAMAM dendrimers/AgNPs 0.71
PAMAM dendrimers/CuNPs 243
PD1-2/AuNPs ~2.8 [77]
Poly(DMAEM-MAA)/AuNPs 1.35 [62, 78]
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Fig. 15 Chromatograms of the products of cyclohexane oxidation
catalyzed by BPEI-AuNPs/ZnO (a), PAA-AuNPs/ZnO (b) and PVP-
AuNPs/ZnO (c). Product identification: /—CH-ol, 2—CH-one, 3—
aldehydes, 4—carboxylic acids. Oxidation conditions: m,, = 70 mg,
solvent—acetonitrile is 4 mL, Vcy =1 mL, [H;0,] = 30 %,
Voo, = 0.6 mL, T =348 K, t=6h

9 Oxidation of Cyclohexane (CH)

The oxidation of CH is of greatest interest because the
reaction products of cyclohexane—cyclohexanol (CH-ol)
and cyclohexanone (CH-one) are the key products for the
production of adipic acid that is further used itself in the
food industry and as lubricant materials as well as for
preparation of polyamide materials, plastics, and foams
[81]. In industrial conditions the oxidation of CH to CH-
one and CH-ol proceeds in the presence of homogeneous or
heterogeneous catalysts at the interval of temperature
140-160 °C and pressure 1 atm. The selectivity of the
oxidation process is 60—70 %, conversion reaches up to
10 % [82].

Figure 15 shows the chromatograms of the oxidation
products of CH by PVP-AuNPs/ZnO, PAA-AuNPs/ZnO,
and BPEI-AuNPs/ZnO [60]. The catalyst based on PVP-
AuNPs/ZnO mostly converts the CH to CH-ol and CH-one
while in the presence of PAA-AuNPs/ZnO and BPEI-

[

—~— J b

a

T T T T T T T T T T T
5,0 55 6,0 6,5 7,0 7,5
Time, min

Fig. 16 Chromatograms of the products of cyclohexane oxidation
catalyzed by PEI-AuNPs/PAAH (in situ method) (a), PVP-AuNPs/
PAAH (adsorption method) (b), AuNPs/PAAH (boronhydride
method) (c¢), BPEI-AuNPs/PAAH (adsorption method) (d), Oxidation
conditions: mg,, = 30 mg, Veu = 1 mL, [H,O,] = 30 %,
VHZOZ =0.6 mL, T =318 K, t=6h

AuNPs/ZnO the main oxidation products of CH are both
aldehydes and carboxylic acids (Table 3). However the
conversion of CH in all cases is too low (1.0-3.4 %).
According to chromatographic analysis (Fig. 16), the
yield of CH-ol, CH-one and carboxylic acids in the pres-
ence of BPEI-AuNPs/PAAH (prepared by adsorption
method) is 29.5, 22.5 and 48 %, respectively; the conver-
sion is 37 % (Table 4). In the presence of BPEI-AuNPs/
PAAH (prepared by “in-situ” method), PVP-AuNPs/
PAAH (prepared by adsorption method), and AuNPs/
PAAH (prepared by boronhydride method) the conversion
is low and varies between 5 and 7 %, the yield of CH-ol is
in the range of 7.6-8.7 %, the yield of CH-one is
6.5-8.4 %, the yield of carboxylic acids is 8§3.8-85.6 %. In
spite of high yield of carboxylic acids, the conversion of
the CH is low and varies between 5.1 and 7.2 %. Thus, the
best catalyst for the oxidation of CH to CH-ol and CH-one
is AuNPs stabilized with BPEI and immobilized into the
matrix of PAAH and prepared by adsorption method.

Table 3 The results of chromatographic analysis of the oxidation products of CH catalyzed by PVP-AuNPs/ZnO, PAA-AuNPs/ZnO, BPEI-

AuNPs/ZnO

Catalyst CH-ol (%) CH-one (%) Aldehydes (%) Carboxylic acids (%) Conversion (%)
PVP-AuNPs/ZnO 43.00 55.00 Trace Trace 1.00
PAA-AuNPs/ZnO 8.80 18.70 10.12 62.37 3.00
BPEI-AuNPs/ZnO 8.45 13.00 6.40 72.20 3.40
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Table 4 The results of chromatographic analysis of the oxidation products of CH catalyzed by PVP-AuNPs/PAAH and BPEI-AuNPs/PAAH

Catalyst CH-ol (%) CH-one (%) Aldehydes (%) Carboxylic acids (%) Conversion (%)
BPEI-AuNPs/PAAH adsorption method 29.5 225 Trace 48.0 37
BPEI-AuNPs/PAAH in situ method 7.9 6.5 Trace 85.6 7.2
PVP-AuNPs/PAAH adsorption method 7.6 8.4 Trace 84.0 6.4
AuNPs/PAAH boronhydride method 8.7 7.5 Trace 83.8 5.1

While the catalysts BPEI-AuNPs/PAAH (prepared by “in-
situ” method), PVP-AuNPs/PAAH (prepared by adsorption
method), and AuNPs/PAAH (prepared by boronhydride
method) are more selective with respect to carboxylic
acids.

Thus the oxidation products of CH in the presence of
AuNPs protected by water-soluble polymers and immobi-
lized on ZnO and PAAH supporters are CH-ol, CH-one,
aldehydes and carboxylic acids with various yields and
conversions. The further experiments should be carried out
to increase the selectivity of catalysts with respect to
desired key products and to find the optimal conditions of
catalytic reactions.

10 Conclusion

Gold (AuNPs) and silver (AgNPs) nanoparticles were
prepared by “one-pot” synthetic protocol, e.g. by boiling
of the aqueous solution of HAuCl, and KOH in the pres-
ence of various water-soluble polymers. The DLS, SEM
and TEM results reveal that the average size of AuNPs and
AgNPs stabilized by PVP is varied from 10 to 25 nm and
from 6.5 to 44 nm, respectively. It was established that the
average sizes of AuNPs and AgNPs stabilized by PVP in
aqueous solution increase with increasing of the molecular
weight of PVP. The TEM images indicate that the average
size of AuNPs in aqueous solution is considerably smaller
than that the average size of AuNPs immobilized within the
PAAH matrix. This may be accounted for aggregation of
AuNPs inside of PAAH matrix. Polymer-protected gold
and silver nanoparticles supported on zinc oxide were used
as nanosized catalysts in decomposition of hydrogen per-
oxide. The optimal conditions H,O, decomposition in
dependence of catalysts amount, concentration of substrate,
molecular weight of PVP, and temperature were found.
The catalytic properties of AuNPs immobilized within
PAAH matrix were evaluated. The catalytic activity of gel-
immobilized AuNPs in decomposition of hydrogen per-
oxide is substantially dependent on the method of their
preparation. According to the preparation procedure, the
most active catalyst for hydrogen peroxide decomposition
is BPEI-protected AuNPs immobilized within PAAH and

prepared by adsorption method. It was found that the most
effective catalysts for oxidation of CH to CH-ol and CH-
one are PVP-AuNPs/ZnO and BPEI-AuNPs/PAAH (pre-
pared by adsorption method). The rest catalysts are more
selective for conversion of CH to carboxylic acids.
Amphoteric cryogel based on poly(DMAEM-MAA) was
synthesized by cryopolymerization technique. SEM images
of cryogel show sponge-like porous structure composed of
interconnected channels. The AuNPs are mostly accumu-
lated on the surface of cryogel in the form of spherical and
triangular AuNPs species of different sizes. Passing of the
mixture of 4-NP and NaBH, through amphoteric cryogel
containing AuNPs leads to additional reduction of Au>" to
Au® and reduction of 4-NP to 4-AP. The turnover number
(TON) and the turnover frequency (TOF) of cryogel cata-
lyst are equal to 38.17 and 21.56 h™', respectively. The
potential application of amphoteric cryogel samples with
immobilized AuNPs as effective flow-through units for
continuous hydrogenation of 4-NP is demonstrated.
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