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Selection of optimal conditions for obtaining of Co nanoparticles
in the matrix of polymeric hydrogels

Results of the influence of external factors on process of immobilization of metal nanoparticles on copoly-
mers based on unsaturated polyester resins with unsaturated carboxylic acids were considered in the article.
The effects of concentration of cobalt chloride solutions and distribution of metal particles by sizes in the ma-
trix were studied. Results showed that increasing of cobalt concentration in solution shifts the equilibrium
towards the formation of larger particles, i.e. there is a tendency to flocculation and formation of bi- and
polymodal dispersions. The dependence of the dispersion formed at reduction of metal containing particles on
the reducing agent and its concentration were researched. Potassium hypophosphite and sodium
tetrahydroborate were used as reducing agents. It was found that upon reduction by sodium tetrahydroborate
of cobalt nanoparticles have larger sizes than by using potassium hypophosphite.

Keywords: polyethylene glycol maleate, polypropylene glycol maleate, unsaturated polyester resins, catal-
ysis, nanoparticles, reducing agent, catalyst, metal-polymeric complex, polymer matrix, electrocatalytic hy-
drogenation.

Catalytic hydrogenation is one of the most important processes of chemical industry, used for the reduc-
tion of organic compounds. Heterogeneous catalysts such as of palladium, platinum, etc. are traditionally
used in industries. In order to economize nickel, cobalt, iron, copper, etc. may be used, but they have low
activity and selectivity. Therefore the reactions, in their presence of these metals are mainly under rigid con-
ditions. It is difficult to separate the homogeneous catalysts from the reaction products and use again. Thus it
is important to produce catalysts possessing of both homogeneous and heterogeneous properties, namely
high activity, selectivity and stability.

Incorporation of nanostructured metals in polymer matrix is one of the main directions of such a cata-
lytically active, high-quality and low-cost catalysts creation and they are called metal-polymer or hybrid cat-
alysts. Polymer nanocomposites contain the polymer matrix with distributed therein nanoparticles or
nanofillers, which may be in spherical, flat or fiber structure. In recent years polymeric nanocomposites are
especially in demand therefore a lot of different types of nanofillers enhancing and changing the properties
of the initial polymers were developed. Total compatibility of base material with nanoparticles (NPs) added
to it is general procedure for obtaining polymeric nanocomposites. However, it is important to properly dis-
tribute nanoparticles in the polymer for the final result.

Recovery of macrosize metals metals in swollen copolymers is not effective and subsequently NPs of
Co were used. The largest part of atoms is beyond boundary of planar surface and has higher catalytic activi-
ty due to the small size of particles. This technology is relevant in electrocatalytic hydrogenation and also in
many other fields such as the creation of non-linear optical element, laser systems, communication devices,
structures with nanometer geometry for recording information, the transformation of radiations of different
energy.

Nano-, micro- and nonionic, anionic, cationic and amphoteric characters macroporouse hydrogels are
perspective and scantily explored polymeric matrixes for immobilization of metals NPs. It allows economiz-
ing the expensive and rare materials. The special properties of metal nanoparticles enhance catalytic activity
that gives the possibility to catalyzing of reactions which impossible to carry out with those metals in the
original amount.

Before to discussing the results for polydispersity of the metal nanoparticles, we describe what steps
preceded it. Firstly, unsaturated polyester resins (UPR) were synthesized which molar mass was controlled
by the synthesis conditions and reaction time. UPR were obtained with a molar mass of 1500—4000. Further,
copolymerization reactions with acrylic acid(AA) and metacrylic acid(MAA) at different initial ratios of
those comonomers were carried out. Scheme of copolymerization of UPR with acrylic acids is follows.
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where R =-H, —CH;.

Then the copolymer is placed in a metal salt solution from which restored using various reducing
agents. In that way the metal particles were immobilized in a polymer grid i.e. metal-polymer composite was
produced.

Let us consider each stage from the viewpoint of metal particles dispersion. The production conditions
were varied in order to select the optimal conditions for producing cobalt nanoparticles in the polymer ma-
trix. Table 1 shows the experimental results on the influence of CoCl, concentration on size and
polydispersity of the metal nanoparticles. The data were obtained by photon correlation spectroscopy instru-
ment Malvern Zetasizer Nano S90. In the final product content of Co nanoparticles rises with the increasing
CoCl, concentration in solution to a certain value, but the actual yield is reduced a bit [1-3].

Table 1
Effect of concentration CoCl, on size and polydispersity of metal nanoparticles
. Concentration Concentration Yield . 0
Composi- . . . . | Size of Co . .
Copolymer tion of CoCl, in solu- | of ammonia solution |of nanoparti- article. nm Polydispersity
tion, N of AgCl, N cles, % p ’

Polyethylene 1 0.05 0.1-10° 82+1,1 310+15 0.125
glycol maleinate
(p-EGM:MAA) 2 0.10 0.2:10° 80+1 315+17 0.184
(18.22:81.78 3
mass. %) 3 0.20 0.4-10 54+0,5 445422 0.750

Cobalt chloride solution with of 0.1N concentrations is optimal for the case when a satisfactory combi-
nation of the yield of metal particles, particle size and polydispersity is achieved. The catalyst concentration
doesn’t have essential influence on the properties of the final product. Perhaps the changes will affect the
kinetics of the process that are studied and regulated at the following stages.

Similar results were obtained for the systems: copolymer of UPR with AA and MAA with cobalt. Thus
we obtained the cobalt nanoparticles with an average particle diameter of 180 + 2.3 nm for p-EGM:AA and
300%1.5 nm for polypropylene glycol maleinate (p-PGM):MAA (Fig. 1, 2) by using samples of more cross-
linked polymers as matrixes.
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Size (r.nm): % Intensity Width (r.nm):
Z-Average (r.nm): 90,85 Paak 1: a0,00 100,0 23,00
Pdl: 0,154 Peak 2: 0,000 0,0 0,000
Intercept: 0,950 Peak 3: 0,000 0,0 0,000

Result quality : Good
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Figure 1. Distribution of cobalt nanoparticles on the basis of EGM:AA copolymer
Size (d.nm): % Intensity Width (d.nm):
Z-Average (d.nm): 305,02 Peak 1: 3064 100,0 16,04
Pdl: 0,385 Peak 2: 0,000 0,0 0,000
Intercept: 0,360 Peak 3: 0,000 0,0 0,000

Result quality : Good
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Figure 2. Distribution of cobalt nanoparticles on the basis of PGM:MAA copolymer

Electron Microscopy results confirm the data obtained by photon correlation spectroscopy. Histograms
of numerical distribution by sizes of Co nanoparticles, after their matrix synthesis in the volume of polymer
gel based on of UPR and AA (MAA) were plotted, using the results of microscopic studies by the procedure
(Fig. 3) [4, 5].

The results indicate that relatively uniform particle size distribution is observed in the gel volume. Thus,
increasing Co concentration shifts the equilibrium towards the formation of larger particles, i.e. there is a
tendency to flocculation and the formation of bi- and multimodal dispersed systems. Nature and concentra-
tion of the reducing agent deeply influence on the dispersion of formed metal particles at recovery. There-
fore, for comparison, we use reducing agent such as sodium hypophosphite and potassium tetrahydroborate,
which are of great practical importance and used for a wide range of metals recovery. Synthesis of cobalt
NSP was carried by chemical reduction of metal ions from the salt solution [6, 7].
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Figure 3. The content of Co particles in the MPC

Microphotographs of metal-polymer composites obtained at recovering by various reducing agents are
shown in Figure 4.
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Figure 4. Electron microscopic images of the MPC with immobilized nanoparticles of Co
at recovering by NaBH, (/) and KH,PO,-H,0 (2)
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It is seen from the electronic images, the metal nanoparticles have a larger size when used as a reducing
agent of NaBH, than KH,PO,. Thus, the reduction of cobalt ions by potassium hypophosphite and sodium
tetrahydroborate metal cobalt particle sizes are 50-100 and 500-600 nm, respectively. Alkaline medium,
which was maintained by addition of ammonia solution (to pH 8.5) also contributed to swelling polymer grid
and immobilizing metals in pores [8, 9]. Table 2 shows content and the particle size of Co in polymer hydro-
gels on the basis of UPR.

Table 2

Sizes and content of Co nanoparticles

Reducing agent, M | Sizes of Co’ particle, nm | Content of Co”, kg/m2
Reducing agent NaBH,, redox potential —1.24 to 0.48 V
620
%103 614
5*%10 623 2
Average 61944
500
%113 520
1*10 510 2
Average 51010
Reducing agent KH,PO,-H,0, redox potential -0.5 to —1.57 V
100
~ 105
* 3
5*%10 125 1
Average 110£15
50
%103 48
1*10 55 11
Average 51+4

Since NaBHj, is a stronger reducing agent the reaction of formation of cobalt particles occurs at high-
rate with formation of larger particles. Recovery of smaller cobalt NPs by KH,PO,-H,0 proceeds rather easi-
ly but in the presence of an ammonia solution of silver chloride. At the same time large difference between
the redox potential of the reducing agent and the recovered metal is important for obtaining highly dispersive
metal particles [10].

The quantitative composition of the resulting cobalt metal in the polymer matrix volume was deter-
mined on the atomic absorption spectrometer AA 140 Varian (USA). These data are also confirmed by the
results of atomic — emission spectroscopy (Fig. 5).
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Figure 5. A composition analysis the UPR on the laser atomic-emission spectrometer Matrix Continuum
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According to the FTIR-spectra of copolymers p-EGM:AA, MAA and p-PGM:AA, MAA there is no in-
tense absorption band at 1670 cm™, corresponding to vibrations of unreacted double bonds. There are intense
absorption band at 1157 cm™, corresponding ether bond vibrations. Vibrations of the methyl groups of
methacrylic acid 2926 cm™, carboxyl groups, providing swelling appear in the 1723 cm™. Absorption bands
of MPC carboxyl groups are shift towards higher wavelengths (2-4 cm™) perhaps bathochromic shift is de-
termined by the formation of non-chemical bonds between the polymer molecules and metal (cobalt).

Thus, on the basis of the above, we can draw the following conclusions:

1. The increasing of cobalt concentration in solution displaces the equilibrium towards the formation of
larger particles, i.e. there is a tendency to flocculation and the formation of bi- and polymodal dispersions.

2. NPs of cobalt have larger sizes upon reduction by sodium tetrahydroborate than by using potassium
hypophosphite.
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IHoauMmepJti ruapores b MATPUUACHIHAAFBI KOOAJbLT HAHO0OJIIIIEKTEPIH AJYAbIH
OHTAMJIBI JKAF1alJIapbl

Makanana KaHBIKIAraH MOMMA(UPIL MAHbIpIap MeH KaHBIKIaraH KapOOH KbINIKBUIAAPBl HETi3iHzeri
CONOJINMEpJIepre OPHBIKTHIPBUIFAH HAHOOJIIEMAI METaT OeJIIeKTepiHe KOopIIaraH opTa (aKTOpIapbIHBIH
acepi KapactbIpbuFal. KoGanbsT X10pHai KOHIEHTPALMACHIHBIH BIKIIANIBI, COHBIMEH KaTap MaTpHIa/ia MeTall
OeuekTepiHe KOpLIaraH Kejemuepi OoiiplHIIa Tapamybl 3epTTenreH. KoOambT TY3bIHBIH KOHIGHTPa-
LUSICBHIHBIH KOFapbUIaybl YJIKEH KoJeM/i OOIIeKTepIiH Ty3inyiHe Kapail Tere-TeHIiKTi bIFbICTBIPAThIHIBIFBI,
AFHH  (UIOKYJISALMS KOHE OH-, MOJUMOJANIBIBI JUCIEPCTi JKYHenepaiH Ty3ily TeHAEHLMACHI, OaiKaibl.
Merankypamasl OeIIIEKTepAiH TOTBIFYbl Ke3iHAE TY3UICTiH OUCHEePCTUTIKTIH TOTHIKTHIPFBIIIKA )KOHE OHBIH
KOHICHTPAIMsChIHA TAYeNIUNri 3epTTenii. TOTBHIKTBIPFBIN peTiHAe Kaauid THnopocUTi KoHEe HATpHit
TETparuapoOopaTel KOJMAHBULAEL. KoOambTTHIH HaHOOINIIEMI OeIICKTEpiHIH CUHTE31 Ke3iHIe aralFaH
TOTHIKTBHIPFBIITAPAAH HATPHAMIH TeTporuapoboparel, Kaiuuii runodocduTiHe KaparaHma, MeETaI
OeJIIeKTepi YIKCH KoJIeMI'e Ue eKeHi OaifKalibl.

Kinm ce30ep: NONM3TUICHIIINKOJILMAICUHAT, MOJIMIIPONMICHIIINKOIBMAJICHHAT, KaHBIKIAaraH moauddupii
maibIpnap, KaTauu3, HaHOOJIIEKTep, TOTHIKTBIPFBIII, KaTalu3aTop, METaI-MOoNUMeEpTl KelleHaep,
MONUMEPITi MaTPHULIA, YIEKTPOKATAUTHKANBIK THAPIIEY.
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HOI{ﬁOp ONITUMAJIBHBIX yCHOBHﬁ AJIA TIOJTYYCHUSI HAHOYACTHI Co
B MaTpuie nNnoJIMMEpPHOro rujiporeJis

PaccMoTpeHs! pe3yabTaTsl BIMSHHS BHEITHUX (DAaKTOPOB Ha MpolEcC MIMMOOMIN3ALNY HAHOPa3MEPHBIX Yac-
THIl METAJUIOB B COIIOJINMEPHI Ha OCHOBE HEHACHIMEHHBIX ITOJMI(GHPHBIX CMOJI C HEHACHIIEHHBIMU KapOOHO-
BEIMH KHCJIOTaMH. M3y4eHo BiIMsSHME KOHIEHTPAIK PacTBOPOB COJIel Xjopuaa kobanbTa, a TakXkKe pacipe-
JieJIeHHe JacTHI] MeTajlla 110 pa3MepaM B 00beMe MaTpHUIBL. Y CTAaHOBIICHO, YTO MOBBIICHUE KOHIIEHTPAIUN
KoOasibTa CMEIaeT paBHOBECHE B CTOPOHY 00pa3zoBaHMs O0Jiee KPYITHBIX YaCTHII, T.€. MOSBISICTCS TCHICHIINS
K (aokymnaiuu n o6pa3oBaHUIO OU- M MOJMMOJANBHBIX JUCHEPCHBIX chcTeM. M3ydeHa 3aBUCHMOCTB JwcC-
MEePCHOCTU 00Pa3yIOMUXCs MPH BOCCTAHOBIEHHH METAJUICOAEPKAIMX JAaCTUI] OT BOCCTAHOBHUTEIIS, & TAKKeE
€ro KOHLEHTpaluu. B kayecTBe BOCCTAHOBUTENCH ObUIM HCIOIb30BaHbI TUNOGOCHUT Kalust U TETparuapo-
6opart Hatpus. IIpu cuHTe3e HAHOPAa3MEPHBIX YAaCTUIl KOOAIbTAa MOXKHO OTMETHTH, UTO NPH HCIOJIB30BAaHUH
TeTparuapodopaTa HaTpys HAHOYACTHLBI METAJUIa UMEIOT OOJIBLIMI pa3Mep, 4eM IpH runodochure Kanus.

Kniouesvie cnosa: TNOJIMOTUIICHIVIMKOJIbMAJICUHAT, MOJUNPONWICHTJIMKOJIbMAJICHHAT, HCHACBIIICHHAA MOJIU-
Bq)HpHaSI CMOJIa, KaTajin3, HaHOYaCTULbl, BOCCTAHOBUTCJIb, KaTajln3aTop, MeTa.]UIHOJIHMepHLIﬁ KOMIIJIEKC, 110~
JIMMEpHas MaTpula, SJICKTPOKATATIUTUICCKOC T'HIPpUPOBAHUC.
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