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Abstract: Introduction. With the development of the chemical industry, the search for and synthesis
of new, and modification of the existing nanocatalytic systems are of great importance. In view of this, the
preparation of new catalysts by immobilization of transition metal metals in a polymer matrix becomes an
important direction in chemical synthesis. Purpose of this work is to submit experimental data on the
synthesis and study of the catalytic properties of silver and nickel nanostructures, immobilized in polymer
matrices, based on a binary system of unsaturated polyester — polyethylene glycol maleate — with acrylic
acid. Nanocomposites have been obtained by reducing a solution of nickel and silver metal salts with
sodium hypophosphite in the presence of an ammonia solution of silver chloride. Methodology. By the
methods of spectroscopy, microscopy the sizes, structure and morphology of polymer-stabilized
nanoparticles are determined. Results. The obtained nanocomposites contain isolated Ag® nanoparticles
with a diameter of 60£10 nm, predominantly spherical in shape and metallic Ni® with a cubic shape of
70+10 nm, uniformly distributed in the polymer matrix, as well as agglomerates on the surface of the
polymer matrix, the dimensions of which vary within 150-200 nm. The catalytic activity of the
synthesized nanocomposites, which show high efficiency in comparison with the standard metal catalysts,
has been also studied.
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1. Introduction

In recent years, many works have been carried out, aimed at creating various
types of nanoscale structures that include metal nanoparticles in combination with
the functional polymers. Such particles, having a significant reactivity and an
increased tendency to ion exchange, upon immobilization in the polymer
matrices, impart new properties to the resulting nanocomposites. The stability of
nanoparticles in polymer matrices is maintained for a long time. The scope of
application of nanocomposite materials is very extensive: from catalytic processes
in the chemical industry to the manufacture of medical and cosmetic preparations.
As a result, large-scale fundamental and applied research to develop innovative
materials and technologies, especially nanocomposites, is an urgent task, and is of
great scientific and practical interest [1, 2].

From a practical point of view, polymer-immobilized metal nanoparticles
(MPNs) are of great interest for obtaining a new generation of efficient and stable
hydrogenation and oxidation nanocatalysts operating on the principle of enzymes
under mild conditions (at the room temperature and atmospheric pressure).

Based on the foregoing, it can be concluded that the synthesis of new
nanocatalysts of the “metal-polymer matri” type, in combination with the
immobilization of catalytically active transition metals in polymeric supports,
opens up a wide range of their applications. Therefore, today the search for new
catalytic systems, in particular, nanocatalysts with high activity and selectivity, is
an urgent task.

In previous works, we presented the results of the research on the
development of new methods for the synthesis of “smart” polymers, based on
unsaturated polyesters, cured with the unsaturated carboxylic acids. The
properties of polymeric materials obtained on their basis are unique, providing a
wide range of their practical applications in agriculture, medicine, petrochemistry,
and chemical synthesis. In this regard, it should be noted that the synthesis of
“smart” copolymers with a high moisture absorption capacity, based on available
and inexpensive raw materials — unsaturated polyesters cured with ionic vinyl
monomers — and its further study is an important direction [3-6].

Previously, new mono- and bimetallic metal-polymer nanocomposites based
on the copolymers of polyethylene-(propylene)glycolmaleines (p-EGM, p-PGM)
with AA and metallic cobalt were synthesized. The possibility of using
copolymers of the above unsaturated polyesters with AA as a matrix for the
preparation of effective hydrogenation catalysts has been shown. Thus, it has been
found that the resulting MPCs contain isolated NPMs with a diameter of 30-120
nm, predominantly spherical in shape, uniformly distributed in the polymer
matrix [5].

The main purpose of this work is to study the physicochemical properties and
catalytic activity of nanocomposites, based on the smart polymer matrix p-EGM—
AA with metals, nickel and silver.
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2. Experimental part

The immobilization of metal particles into polymeric substrates of the p-
EGM-AA binary system with a composition of 14.8:85.2 wt.% was carried out by
reducing Ni*?, Ag* to Ni° Ag° with sodium hypophosphite (0.5 N) in a 0.5 N
solution of their nitrates, in the presence of a catalyst — an ammonia solution of
silver chloride. The reduction of Ni*?, Ag*! in the volume of the p-EGM-AA
polymer matrix was carried out in several stages:

— incorporation of Ni*2, Ag* ions into the polymer matrix;

— diffusion of reagents inside the polymer matrix;

—the reaction between nickel and silver nitrates and sodium hypophosphite,
proceeding with the formation of nanosized metal particles (NPs).

The salt reduction method used in this way had an important advantage over
the other methods of NPM synthesis: reproducibility of the results and the
possibility of obtaining large amounts of nanoparticles with a narrow size
distribution. The type of reducing agent in this case had a significant effect on the
formation of metal NPs. Thus, the MPCs of p-EGM-AA/Ag® and p-EGM-
AA/Ni® were obtained. Figure 1 shows the main structural fragments of p-EGM—
AA/AgQ:
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Figure 1 — Structural fragments of the p-EGM-AA/Ag monometallic polymer complex

The structure of the polymer and nanocomposites was studied by
microscopy. For example, an ultrathin sample was imaged, using a universal
thermal field transmission electron microscope (TEM) JEOL JEM-2100 200 kV
(Japan); The resolution at the optimal working distance was 0.8 nm at 2 kV, at the
convergence point was 1.2 nmat 1 kV Figure 2.
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The polymers molecular weight characteristics were analyzed by gel
permeation chromatography in dioxane on a PolymerLabs GPC-120
chromatograph with two PLgel columns. Molecular weight (MW) was calculated
according to calibration standards.

The study of the structure, morphology, elemental composition of the
synthesized complexes was established by microscopy on a MIRA 3 TESCAN
SEM “Oxford Instruments” (2012) with a high-performance silicon-drift detector
X-Act for elemental analysis at an accelerating voltage of 20 kV Figures 3, 4.

The amount of adsorbed metal in the complex was determined on a 4210
MP-AES atomic emission spectrometer (Agilent Technologies Bayan Lepas Free,
Malaysia), based on determining the elemental composition of the substance from
the optical emission spectra of atoms and ions of the analyzed sample excited by
nitrogen plasma.

The study of catalytic activity was carried out by pyridine hydrogenation in a
diaphragm electrocatalytic thermostatic cell, divided into anode and cathode parts
by an MK-40 membrane diaphragm, according to the procedure. The anode was a
platinum grid, and the cathode was a copper plate (type | conductor) with a
surface area of 0.048 dm?, which tightly adjoined the bottom of the electrolyzer
and serveed as a substrate for the catalyst. Hydrogenation of pyridine was carried
out at different values of the current strength and different temperatures. The
hydrogenation process included the following steps:

— start of the process — an introduction of the solutions and regulation of the
process conditions, 20% NaOH solution was used as anolyte, 5% NaOH solution
was used as catholyte;

— the resulting metal-polymer complexes were saturated with electrocatalytic
hydrogen for 30 min in the cathode part of the cell until the ratio of the volumes
of released Hz and O in the burettes was equal to 2:1;

— the hydrogenation process itself — a sample of the substrate (pyridine) was
introduced into the cathode space of the cell, and the volumes of the released
hydrogen and oxygen were noted every 2 min. The process was carried out until
the absorption of hydrogen ceased. The amount of absorbed hydrogen was used to
determine the rate of reduction of pyridine W) (mol-s™) and the hydrogen
utilization factor.

The hydrogenation reaction products were analyzed on an Agilent 7890A
chromatograph with a 5975C mass selective detector. The obtained samples were
extracted on catholyte with diethyl ether in a ratio of 1:1. Preliminary preparation
of samples was carried out on a CryoMill vibratory mill (Retsch, Germany, 2015).

3. The discussion of the results

For the synthesis of the polymer matrix, polyethylene (propylene) glycol
maleinate with a molecular weight of ~2820 Da has been used as the initial
monomer. The molecular weight of the polymer affects the copolymer swelling
degree and, accordingly, determines the pore size of the polymer matrix. The
degree of swelling of the studied p-EGM with AA binary systems has been

8
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~1900-2400%. The polymer matrix structure can have a significant effect on the
crystal structure and morphology of the resulting metal NPs; therefore, special
attention should be paid to the analysis of the surface morphology of copolymers.
For example, Figure 2 shows electron micrographs of the p-EGM-AA binary
systems studied by us.

Figure 2 — Micrograph of the polymer matrix — p-EGM-AA (14.8:85.2 wt.%)

According to the TEM results for the p-EGM-AA copolymer with a
composition of 14.8:85.2 wt.%, the pore size of network copolymers varies from
0.5 umto 1.1 um. It should be noted that the uniform pores of the polymer matrix
promote the formation and growth of individual particles in the bulk of the
polymer, preventing their aggregation.

Further, the nanocomposites, obtained by the reduction of a solution of salts
of nickel and silver metals with sodium hypophosphite in the presence of an
ammonia solution of silver chloride contain the isolated Ag® NPs with a diameter
of 50+10 nm, predominantly spherical in shape and metallic Ni°® NPs with a size
of 60+10 nm, cubic in shape (Figure 3a), evenly distributed in the polymer matrix.
In some cases, they form agglomerates on the surface of the polymer matrix with
sizes in the range of 150-180 nm (Figure 3b). Previously, it was found that metal-
polymer complexes based on copolymers of p-EGM with AA, immobilized in
them and reduced to Co®, are resistant to aggregation and oxidation, which gives
us the right to assume a similar behavior of our samples, containing Ag°® and Ni°.
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DNeKTpoHHOE n3ob6pa>xeHune 3 DNnekKTrpoHHoOe n3o6pa>XxeHue S

Figure 3— Electron micrographs of metal particles in nanocatalysts:
a-nickel in p-EGM-AA/Ni; b — silver in p-EGM-AA/Ag

The main part of NPs (about 80%) of the total mass is made up of the
particles with the sizes from 25 to 80 nm. A smaller part falls on larger
formations, 85-110 nm in size. Aggregates larger than 210 nm (about 15%) are
formed as a result of the adhesion of small particles that are marked on the
polymer surface.

The use of the p-EGM-AA binary system makes it possible to achieve a high
uniformity of the distribution of metal particles (Ni° in the volume of the
polymer matrix, as evidenced by the results of energy dispersive spectrometry,
shown in Figure 4.

Figure 4 — Micrographs of the distribution of individual elements in the volume of the polymer matrix

According to the results of energy dispersive spectrometry, the average
number of metal particles per 10 pm is ~1300+100 units. The particles for Ag°
and ~1000+100 units — for Ni% The content of Ag® and Ni° metals in
nanocomposites is ~20 wt.% of the total mass.

Figure 5 below shows the hydrogenation curve of pyridine, which
characterizes the course of the process without a catalyst. An analysis of this
curve shows that the character is not pronounced: it lies almost parallel to the
abscissa axis, while at the initial stage, absorption of a certain amount of
hydrogen is observed. In comparison with the process of hydrogenation without a
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catalyst, the hydrogenation curve of pyridine in the presence of p-EGM-AA/Ni°
and p-EGM-AA/Ag® shows intense absorption of hydrogen. The maximum
reaction rate is reached already by 20-25 minutes (Figure 5), and then drops
sharply. During this time, in the system with the participation of p-EGM-AA/NI°,
pyridine is hydrogenated up to 40% to the reaction products, and in the presence
of p-EGM-AA/AQ’, up to 45%. Among the reaction products, in addition to the
final product — piperidine — secondary products are found: in particular,
tetrahydropyridine (from 4 to 7%) and dipiperidyl (from 5 to 7%).

W(H2) mol/l/s

——Ni ——Ag < without kat

Figure 5- Change in the rate of pyridine hydrogenation during the reaction on catalysts:
p-EGM-AA/Ni® and p-EGM-AA/AQ®

As can be seen from the curve of the dependence of the rate (W) of the
reaction of hydrogenation of pyridine to piperidine on time (t), it has 3 sections,
similar for the both systems under study. At the first stage, hydrogen is
intensively absorbed, therefore, the main part of pyridine is hydrogenated at the
initial stage of the process. In the second section of the curve, a decrease in the
hydrogenation rate is observed, due to the consumption of a part of the pyridine
subjected to hydrogenation in the first stage. In the final section, the reaction rate
remains almost unchanged, which is proof of the completion of the process we are
studying.

Chromatographic analysis (Table 1) shows that, in addition to piperidine, the
catholyte after hydrogenation contains a secondary product, tetrahydropyridine, in
small amounts. Table 1 also shows the main results of the electrocatalytic
hydrogenation of pyridine at different current strengths in comparison. It has been
found that in the presence of p-EGM/AA-Ni® and p-EGM/AA-AQ°
nanocomposites at 1A, it has contributed to the uptake of ~70 ml and 60 ml of
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hydrogen, respectively, which is almost 3 times higher than in the presence of Ni
skeletal catalyst and in 7 times higher in the absence of a catalyst. The substance
yield of piperidine has been 88% under the conditions of 1.5 A, 25°C, using p-
EGM/AA-Ni°. The yield of piperidine on the substance as a whole varies within
70-88%.

Table 1- The results of the electrocatalytic hydrogenation of pyridine at different current strengths in
comparison

Catalyst Current Pressure, Volume of Process Product Secondary
strength, mm Hg absorbed duration, yield — products,
A Art. hydrogen min piperidine, %
(Vabsorbed Hz), %
ml

withoutcat 0.5 752 5.6 40 5.12 -
alyst 1.0 754 8.7 20 6.30 -
15 754 9.1 30 8.54 -

2.0 762 8.1 28 7.93 -

Ni 0.5 761 221 60 9.66 -
1.0 765 22.9 44 13.85 0.4

15 760 243 40 16.85 0.8
2.0 760 23.4 40 15.48 11
n-OT'M— 0.5 772 58.7 120 72.43 5.0
AK/NI® 1.0 780 68.9 82 82.71 4.3
15 772 76.7 66 88.21 35
2.0 772 67.2 54 86.47 8.0
n-OTM— 0.5 775 59.3 120 71.88 53
AKIAG 10 760 615 86 80.89 5.1
15 767 68.7 78 83.28 4.2
2.0 760 69.9 72 79.98 9.2
Experimental conditions: T= 25°C — not determined

MPC (Me?") p-EGM-AA/Ni° and p-EGM-AA/AgP perform a dual role in the
process: at the same time they accelerate the decomposition of hypophosphite and
further the nanocomposite accelerates the reduction of pyridine to piperidine:

NaH,PO,, H,O
212, oY o

MPC (Me2+) MPC (Mco) + H;PO; + H'

< :N-H + secondary
products

12



ISSN 1813-1107, eISSN 2710-1185 Me 2, 2023

The activity of p-EGM-AA/Ni® and p-EGM-AA/Ag® metal catalysts in
pyridinane hydrogenation is an order of magnitude higher than that of skeletal
nickel. So, for example, the reaction rate with the use of nanometallic systems
increases by ~5-6 times, as compared with skeletal nickel, and ~10-11 times
higher, as compared with the implementation of the hydrogenation process
without a catalyst. It should also be noted that the selectivity of the nanocatalytic
systems under study with respect to piperidine is ~3—4 times higher than that of
skeletal nickel.

4. Conclusion

As the studies show p-EGM-AA/Ni®, p-EGM-AA/Ag® exhibit a high
catalytic activity, chemical stability, and selectivity in the hydrogenation process.
Reducing the size of the catalyst particles to nanometric ones makes it possible to
increase the contact surface of the polymer with the reaction medium and,
thereby, to increase the efficiency of catalysis by several times, and the gel matrix
protects the particles from coagulation and oxidation. The obtained
nanocomposites under the new synthesis conditions contain the isolated Ag® NPs,
the diameter of which is 60+10 nm, having a predominantly spherical shape, and
metallic Ni® NPs, the size of which does not exceed 70+10 nm, having a cubic
shape, uniformly distributed in the polymer matrix. In some cases, on the surface
of the polymer matrix, they stick together into agglomerates, the dimensions of
which vary within 150-200 nm. The reaction rate of catalytic hydrogenation,
using the synthesized nanometallic systems increases by ~5-6 times as compared
with skeletal nickel, and by ~10-11 times as compared with hydrogenation in the
absence of a catalyst. On the basis of the data obtained, it has been established
that the selectivity of the nanocatalysts studied by us for piperidine is ~3—4 times
higher than that for skeletal nickel. The substance yield of piperidine has been
88% under the conditions of 1.5 A, 25°C, using p-EGM-AA/NI°.

The work has been carried out at the Research Institute of Chemical
Problems in the Laboratory of Biotechnology of the N-PLC of E.A. Buketov
Karaganda University (Karaganda, Kazakhstan), and on the basis of the analytical
and inorganic department of the University of Karlov (the Czech Republic).
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Tyiiingeme: Kipicne. XuMusi eHepKoCiOiHIH JaMybIMEH jKaHa MaTepHUalapibl i3[iey KOHE CHHTE3CY
JKOHE KOJIJJAHBICTaFbl HAHOKATAJIUTUKAIIBIK JKYienepai Monudukanusiay yIkeH MaHbI3Fa ue OOJbII OTBIP.
OcpbiFaH 0ailIaHBICTBI AyBICTIANIBI METAIAAP bl TIOJIMMEPIIi MaTpHLAa UMMOOHIN3ALUSIIAY apKbUIBI KaHa
KaTaJIn3aTopiap/sl JaiblHay XUMUSUIBIK CHHTE3/le MaHbI3/bl OaFbITKA aiiHamabl. JKymbicmoiy makcamol
— KaHbIKIAraH HOMMA(GUP — IOJMITUWICHITIMKOIb MaleHMHAT—aKpUI KbIIIKbUIBI OMHAPIBIK KyHeci
HETi3iHAeri  HOJNMMEpIiK — MaTpuiajapia  MMMOOWIM3AIUIAaHFaH —~ KyMiC — JKOHE  HHKEIb
HAHOKYPBUIBIMIAPBIHBIH CHUHTE31 KOHE KATAIUTHUKAIBIK KACHETTEpPIH 3epTTey OOWBIHIIA TKIpHOETiK
JiepekTepai ycbiHy. HaHOKOMIO3MTTEp HHKEIb JXOHE KyMIiC METal TY3JapbIHBIH EPITIHAICIH KyMic
XJIOPUIHIH aMMHaK epITIHAICIHIH KaThICYbIMEH HATpuil rUnodoc(uTiMEH TOTBIKCHI3AHIBIPY aPKbUIBI
anpiHAbl.  Odicmeme. CHNEKTPOCKOIHS, MHKPOCKONHS OIiCTEpIMEH MOJUMEPMEH TYpaKTaHIbIPbUIFaH
HAHOOOJIILIEKTEP/IIH ~ OJIIeMIepi, KYpbUIBIMBI ~ JKOHE  MOP(OIOTHICHl  AHBIKTAIJIBl.  AJIBIHFAH
HAaHOKOMIIO3UTTEP/IiH KypaMbIHaa auameTpi 60+£10 uM oxmaynanran Ag® HaHoOemmekTepi 6ap, mimmiHi
6aceM cepanblk skoHe Tekure mimimi 70+10 BM Meramnaeik Ni°, momumep MaTpunackiHma Gipkeski
TapajFfaH, COHbIMEH Kartap monumep Oetingeri emmemaepi 150-200 HM apasbIFbIHIAFBI arjioMepaTTap
6ap. CTaHmapTThl KaTaau3aTOPJIAPMEH CaJbICTHIPFAaHIa JKOFApbl THIMALTIK KOPCETETiH CHHTE3JCIreH
HAHOKOMIIO3UTTEP/IiH KaTaJTUTHKAIBIK OCICEHITIT 1e 3epTTeN/Ii.

Tyiiinai ce3aep: MONMITHICHITIMKOIb MAJICHHATHI, METAJUI-IOJIUMEPITi, HAHOKOMITO3HUT, KaTaJUTHKAJIBIK
OenceH 1K, HAHOKOMITO3HT, HAHOOOIIIIEKTED, MOIUMEP MATPHULIACH.
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CHUHTE3 W MCCJIEIOBAHME METAJLI-IMIOJUMEPHBIX HAHOKOMIIO3UTOB HA
OCHOBE COIIOJIMMEPOB MNOJIMATUJIEHIJIMKOJIb MAJIEMHATA C AKPUWJIOBOMN
KHCJIOTOM, U UX KATAJIMTUYECKHUE CBOMCTBA
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Pe3tome. Bsedenue. C pa3BUTHEM XMMHYECKOH IPOMBIIIIEHHOCTH OOJIBIIOE 3HAYEHHE HPHOOpPETaroT
MOHCK M CHHTE3 HOBBIX M MOJU(HKALS CYIIECTBYIOIINX HAHOKAaTAINTUYECKUX CHCTEM. B cBs3u ¢ 3TUM
MONyYCHHE HOBBIX KATAIM3aTOPOB ITyTeM HMMOOWIM3AUM HEPEeXOAHBIX METAalIOB B IOIUMEPHYIO
MAaTpHUlly CTAHOBUTCSl BAXKHBIM HAlPABICHUEM B XUMHYECKOM CHUHTe3e. Llens macmoswyeli pabomvl —
MPEICTaBUTh OIKCIEPUMEHTAIbHbIE JAHHBIE M0 CHHTE3Y W M3Yy4YEHHIO KaTaIUTHYECKUX CBOMCTB
HAHOCTPYKTYp cepebpa M HHUKeI, IMMOOMIH30BaHHBIX B IOIMMEpPHBIC MATPHIEI HA OCHOBE OMHApHOU
CHCTEMBl HCHACHINIECHHBIH MOMMI(QUP —IOMMATHICHITIUKONb MaJeuHaT — C aKPHIOBOH KHCIIOTOM.
HaHokOMIO3UTBI IMOJy4Yadd BOCCTAHOBJIEHHEM pacTBOpa cojeil MeTauloB Hukens U cepedpa
runopocHUToM HATpUs B HPHUCYTCTBMM aMMMAuHOTO pacTBOpa XJjopuua cepedpa. Memooonoeus.
MerogaMu CIEKTPOCKOINH, MUKPOCKOIIUH OIPENeIeHbl Pa3Mephl, CTPYKTypa H MOP(OIOrHs MOIUMEp-
CTaOMIM3HPOBAaHHBIX ~HAHOYACTHI. B  pe3ynemame  TONydeHHbIE HAHOKOMIIO3HTBI — COIEPXKAT
M30/MpOBaHHble HaHodacTHibl Ag’ juameTpoM 6010 HM MpeMMylIecTBEHHO chepudecKoil GopMbl U
meramueckuit Ni°® ky6uueckoit popmbl 70£10 HM, paBHOMEPHO pacripe/ie/ieHHble B TOIMMEPHOi
MaTpHIle, a TAKKE arJioMepaThl Ha HOBEPXHOCTH IIOIMMEPHAs MAaTPHIIA, pa3sMephl KOTOPOil KOIeOmoTcs B
mpeaenax 150200 ©m. HccnenoBaHa TakKe KaTalUTHYeCKas AKTHBHOCTh CHHTE3MPOBAaHHBIX
HAHOKOMIIO3UTOB, IPOSBISAIOIINX BBICOKYI0 3(Q(GEKTHBHOCTh IO CPAaBHEHHIO CO CTaHAApPTHHIMU
METAUINYECKUMHU KaTaIH3aTOPaMU.
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