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AHHOTalHs. B 1TaHHOI paboTe IIpefCTaBIeHbl pe3y/IbTaThl HCCIeLOBAHUS IIPOLlecca BOCCTAHOBIEHH I HAHOYA-
CTHI] CeleHa C MCII0TIb30BaHHEeM Pa3/IMYHBbIX BOCCTAHOBUTe/Ier. HaHOYACTHIIBI ITOSTyYaIld METOAOM XHMMHUYECKOro
BOCCTAHOBJIEHH S B BOLHOM Cpejie, B KaUeCcTBe [IPeKyPCcopa HCII0/b30BaIach CeJIEHHCTAsI KHUC/IO0Ta, a CTabuniu3a-
TOpoM 6bL11 BBIOPaH KOKaMUAoIpornuabeTanH. CpeHU THAPOAUHAMUYECKUI Pailyc 06pa31ioB HCCeI0BaTH
MeTOozioM POTOHHOM KOPPeISIIHOHHOM CIIEKTPOCKOIIHH, a (-TI0TEeHIIHAJ —~ METOLOM aKyCTHUYeCKOH U 3/IeKTPOaKy-
CTUYEeCKOM CIIeKTPOCKOMHH. YCTAaHOB/IEHO, UTO HAHOUACTHUIIBI CelleHa, MoyuYeHHble C MCII0/Ib30BaHHUEeM acKop-
OMHOBOI KHC/IOTH UMEIOT CPeJHUM THIPOANHAMUYECKUN paguyc - 12,93 HM, C HCII0NIb30BaHHEM bopruapuaa
HaTpus - 23,16 HM, C TUMOYeBHUHOM - 21,85 HM. 06Pa3LU>I, I10JTyYeHHBIe C MCII0Ib30BaHHEeM I'HPpa3ruHa, TUOCY/Ib
daTa HaTpHs U L-LIMcTerHa, KOaryJIupoBaIu B TeUeHHe HeKOTOPOro BpeMeHH II0C/Ie CMHTe3a, a C TAKMMH BOCCTa-
HOBUTEISIMH, KaK YPOTPOIIKH, [IUTPAT HATPHSI, IIIOK03a K MOUYeBHHA, HAHOYACTHUIIBL CeleHa He OblIK cHOpMHU-
poBaHbI. OIIpeeeHbl OIITHMA/IbHbIE COOTHOLIEHU I IIPEKYPCOpa M BOCCTAHOBUTE/IS, a TAKKE II0JIyUYeHbl 3aBH-
CHMOCTH CPeJlHero IUPOAHHAMHUYECKOro paiuyca IIoly4eHHBIX 06pa3ioB. AHAIN3 II0JIyUeHHBIX Pe3y/IbTaToB
[I0Ka3aJl, YTO OIITUMAJIbHBIM BOCCTAHOBHUTEJIEM JIJISI IIOTIYUeHH I HAHOYACTHL] CeJleHa SIBJIsIeTCs aCKopbuHOBas
KHCJIOTA C COOTHOLIEHUEM IIPeKypPcopa K BOCCTAHOBUTEIIO 1:4 U CpeIHUM THAPOAMHAMHUYECKUM PagruycoM 14 HM.
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Abstract. This paper presents the results of study of selenium nanoparticles reduction process of using vari-
ous reducing agents. Nanoparticles were obtained by chemical reduction in an aqueous medium, selenious
acid was used as a precursor, and cocamidopropyl betaine was chosen as a stabilizer. The average hydrody-
namic radius of the samples was studied by photon correlation spectroscopy, and the ¢ potential was studied
by acoustic and electroacoustic spectroscopy. It has been established that selenium nanoparticles obtained
using ascorbic acid have an average hydrodynamic radius of 12.93 nm, with sodium borohydride - 23.16 nm,
with timurea - 21.85 nm. Samples obtained using hydrazine, sodium thiosulfate, and L-cysteine coagu-
lated for some time after synthesis, while with reducing agents such as urotropine, sodium citrate, glucose,
and urea, selenium nanoparticles were not formed. The optimal ratios of the precursor and reducing agent
were determined, and the dependences of the average hydrodynamic radius of the obtained samples were
obtained. An analysis of the obtained results showed that the optimal reducing agent for obtaining selenium
nanoparticles is ascorbic acid with a precursor to reducing agent ratio of 1:4 and an average hydrodynamic
radius of 14 nm.
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BBEAEHUE

CeneH SBJISIeTCS 3CCEHLIMAJbHBIM MHKpO3Je-
MeHTOM, 6Hosloruyeckas poab KOTOPOro MK POKO
HCccaenyeTcsl U IIpefCTaBlleHa B psifie OpPUTUHAb-
HBIX IIy6IKUKaKUy 1 0630poB [1, 2]. OH oKa3pIBaeT
CyllleCTBeHHOE BJIHMSHUE Ha IPoLecch PyHKI[HO-
HHUPOBAaHUS UIMMYHHOM CHUCTeMBI, a TakKe obJa-
JaeT BbIpa>KeHHBIMH aHTHOKCHAAHTHBIMU CBO-
cTBaMH [3]. OcHOBHOI QyHKIHell Se B OpTaHH3Me
yejoBeKa SBJSIeTCSl yyacTHe B pOPMUPOBAHHUU
Y IeCTBUM OPraHMUYeCcKOM MOJIeKY/Ibl [IyTaTHOH-
IepOKCHAa3bl ~ OJHOTO M3 BaKHEHIIUX aHTHOKCH-
OAaHTHBIX GepMeHTOB, KOTOPHIH IIpefoTBpalllaeT
OKHC/IUTe/NbHbIe IIPOLlecChl CBOOOJHO NeHCTBY-
IONIUX pafKKanoB [4]. KpoMe Toro, JocTaTo4yHOe
cofepsKaHMe celleHa B OPraHH3Me 4ejl0oBeKa CIIo-
cobCTByeT CHM>KeHHUIO PUCKA PAa3BUTUS CepAeuHO-
COCYAMCTBIX 3a60/IeBAaHUI U CTUMYIHPYeT 06MeH-
HBble [IPOLIeCChl B OpraHusme [5, 6].

Braromapsi CBOMM YHHUKa/JIbHBIMH CBOMCTBAM,
HaHoOpa3MepHble GOPMBI CejleHa HAaXO[ST CBOe
IIpUMeHeHHe B Pa3/IMYHBIX 00/1aCTSIX HAYKH U TeX-
HUKHU. Tak, 3TOT HAaHOMAaTepHuaJ HCIO0Jb3yeTCs
B KaueCcTBe IIperapaToB B BeTepUHAPUHU U Me[U-
LIMHe, a TaKXe B KauecTBe 6HM0IOru4Yecky aKTUB-
HOIM KOPMOBOM J00aBKH MU aHTHOKCUAAHTHOIO

INTRODUCTION

Selenium is an essential trace element, the biolog-
ical role of which is widely studied and presented
in a number of original publications and reviews
(1, 2]. It has a significant influence on the pro-
cesses of immune system functioning and also has
pronounced antioxidant properties [3]. The main
function of Se in the human body, is to partic-
ipate in the formation and action of the organic
molecule glutathione peroxidase - one of the most
important antioxidant enzymes, which prevents
oxidative processes of free-acting radicals [4].
In addition, sufficient selenium content in the
human body helps to reduce the risk of cardiovas-
cular diseases and stimulates metabolic processes
in the body [5, 6].

Due to their unique properties, nanoscale forms
of selenium find their application in various fields
of science and technology. Thus, this nanomaterial
is used as preparations in veterinary medicine and
medicine, as well as a biologically active feed addi-
tive and antioxidant preparation for products of the
perfume and cosmetic industry [7-11].

It is worth noting that nanosized selenium is
characterised by low toxicity compared to inorganic
selenium [12]. However, selenium nanoparticles
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rpernapara AJigd IPoAYyKTOB mapproMepHO-KOCMe-
TH4YeCKOM IIPOMBIIIJIIEHHOCTH [7-11].

CTOUT OTMeTHUTh, YTO HAHOPAa3MePHBIU CeJleH
OT/IIHYaeTCsl HU3KOM TOKCMYHOCTBIO 110 CPaBHe-
HUIO C HeOpTaHUYeCKHUM celeHoM [12]. OmHaKoO
HaHOYAaCTHIIBI CeJIeHa He IPOSAB/AIOT arperaTus-
HYIO yCTOMYHUBOCTh B BOJHOM cpejie 6e3 HCIIO0Jb-
30BaHUS CTabUIM3aTOPOB U CKJIIOHHBI K KOAT YIS~
LMK, YTO 3aTPyAHAET UX IIPaKTHYeCKOe IIpUMe-
HeHHe [13]. B cBSI3U € 3TUM, pa3paboTka MeTomOB
MoJy4YeHH sl HAHOYACTUI] CeJleHa U oAbop ONnTH-
MaJIPHBIX YCJIOBHI CHHTe3a SIBJISIOTCS aKTyalb-
HBIMU BoripocaMu [14-16]. TakuM o6pa3oM, 1ieJIbo
paboThl cTalo KMccleLoBaHMUe mpolecca GopMu-
POBaHMSA HAaHOYACTHI] CejJleHa C MCII0JIb30BaHHEM
Pa3/IHYHBIX BOCCTAHOBHUTeJ/IEH.

METOAbI UCCIEAOBAHUA

CHHTe3 HaHOYACTHI] CeJieHa IIPOBOAUJIN METO-
JOM XMMHYECKOTO0 BOCCTAHOBJIEHH S IIPeKypcopa
cejleHa B BOAHOM Cpejie B IPUCYTCTBUHU CTabUIU-
3aTOpPOB. B KayecTBe mpeKypcopa cejeHa HUCII0/Ib-
30Ba/IU CEJIEHUCTYI0 KUCJIOTY (HZSeO3). B mmporiecce
paboTsl 6BIIM HCCIeLOBAaHBI 30/IM HAaHOYACTHI]
ceJieHAa C UCIO/Ib30BAHMEM CIeAYIOUHMX BOCCTAHO-
BuTesnel: bopruapun Hatpus (NaBH,), ackopbu-
HoBas kucnora (CHgO,4), THOMOUYeBuHA (CH,N,S),
tuocynbdat Hatpus (Na,S,0;), THAPA3UH COISIHO-
kucneii (N,HsCl), L-uuctenn (C;H,NO,S), quTpar
Hatpus (Na;C.Hs0,), rnoko3a (CcH;,0,), Mmoue-
BuHa ((NH,),CO), yporponuH (CsH,,N,). B kauecTBe
cTabunM3aTopa MCII0Ib30BaNIOCh IOBEPXHOCTHO-
aKTHBHOe BelleCTBO KOKAMHUJOIponuibeTauH.

CHUHTe3 HaHOYACTHIL CeJleHa MPOBOOMIIH Clie-
AyomuM ob6pa3oM: Ha IIepPBOM 3Talle TOTO-
BUaU 0,036 M pacTBOp Ce/IeHHUCTOH KHCJOTHI,
B KOTOPOM PacTBOPSIIM HaBecKH cTabuinsaropa,
nmanee roroBuau 0,088 M pacTBOPHI MCITOIb3YEeMBIX
BOCCTaHOBMTe/eH. HakoHell, B paCTBOPEHI CeJIeHHU-
CTOM KHCJIOTBL 10 KaIlJISIM 406aB/IsIIM PacTBOPEL
BOCCTaHOBUTeJIeH U IIepeMelluBa/IH II0/Iy4YeHHbIe
obpa3iel B TeueHHUe 5-10 MUH.

CpenHUMU rUAPOAUHAMHUYECKHUI PafHyC MOy~
YeHHBIX 00pa3loB HAHOYACTHUI] CejieHa OIpe-
Lensald MeToLoM POTOHHOU KOPpeasLHOHHOHU
CIIeKTPOCKOIIMU Ha ycTaHOBKe Photocor-Complex
(00O "AHuTek-97", Poccus). (-IOTeHI[HAJ IIOIY-
YeHHBIX 06pa310B Ol peelssId MEeTOLOM aKyCTH-
4eCKOM U 3/IeKTPOaKyCTU4YeCKOM CIIeKTPOCKOIIHU
Ha ycTaHoBKe DT-1202 npousBoacTBa Dispersion
Technology (Inc., USA).

PE3Y/IbTATDI
Ha mepBOM 3Tame NPOBOLU/IU CHHTe3 HAHO-
YaCcTHUI[ CeJeHa C HUCIOJb30BAHHUEM pa3HBIX
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1 —-Ttuocynbdat HaTpums | sodium thiosulphate
2 —ackopbuHoBsas kmcaoTa | ascorbic acid
3-6opruapua HaTpus | sodium borohydride
4 —TomoyeBumHa | thiourea

5—ruapasuH | hydrazine

6 — L-uncteunH | L-cysteine

7 —umTpat HaTpus | sodium citrate

8 —rnwokosa | glucose

9 — MOYeBMHa | urea

10— ypoTponuH | urotropin

Puc.1l. Ob6pa3ubl HaHo4acmuy ceAeHa C pPa3AUYHbIMU
80CCMaHosUMeAsIMU

Fig.1. Samples of selenium nanoparticles with various reducing
agents

do not exhibit aggregative stability in aqueous
medium without the use of stabilisers and are prone
to coagulation, which complicates their practical
application [13]. In this regard, the development of
methods for the production of selenium nanopar-
ticles and the selection of optimal synthesis con-
ditions is an urgent issue [14-16]. Thus, the aim of
this work was to study the formation of selenium
nanoparticles using different reducing agents.

RECEARCH METHODS
Selenium nanoparticles were synthesised by chem-
ical reduction of selenium precursor in aqueous
medium in the presence of stabilisers. Selenic acid
(H,SeO,) was used as selenium precursor. In the pro-
cess, selenium nanoparticle sols were investigated
using the following reducing agents: sodium boro-
hydride (NaBH,), ascorbic acid (C,HgO,), thiourea
(CHyN,S), sodium thiosulfate (Na,S,0;), hydrazine
hydrochloric acid (N,H;Cl), L-cysteine (C;H,NO,S),
sodium citrate (Na;C,H0,), glucose (C;H;,0), urea
((NH,),C0O), and urotropine (C;H;,N,). The surfactant
cocamidopropyl betaine was used as a stabiliser.
The synthesis of selenium nanoparticles was car-
ried out as follows: at the first stage 0.036 M selenic
acid solution was prepared in which the stabiliser
suspensions were dissolved, then 0.088 M solutions
of the used reducing agents were prepared. Finally,
the solutions of reducing agents were added drop-
wise to the selenitic acid solutions and the obtained
samples were stirred for 5-10 minutes.
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BOCCTAHOBUTeJIeH, IIoJydeHbl 06pa3Libl 30Jek
HaHOYaCTHI] celeHa, HU300paskeHUsI KOTOPBIX
IpeACTaBIeHBl Ha pUc.l.

3Ha4YeHUs CpefHero ruAPOAHHAMUYECKOTO
paguyca u (-IoTeHIIHaJla [I0JyuYeHHBIX 06pa31oB
IpeAcTaBlIeHHl B Tabi.1.

s 6oee HArAsIAHOIO MpeCTaBIeHUs IPO-
Llecca BOCCTAHOBJIEHU S, PeaKIlUKU obpa3oBaHUS
HaHOYaCTHUI] cejleHa IIpe/icCTaB/lIeHbl B Tabs.2.

Ha BTOpoOM 3Tame [s onpeAeneHHUs] ONTHU-
MaJIPHOTO COOTHOIIEHHUS IIpPeKypcopa M BOCCTa-
HOBUTe/S Ha CTabHMJIBHOCTb U pa3Mep HaHO-
YacTHI] CejleHAa NMPOBOAHJIU CHHTE3 HaHoYa-
CTHI] CeleHa C Pa3/IMYHBIM COOTHOLIEeHHEM
KOHIIeHTPallMX BOCCTAHOBUTEJSI U MHPeKyp-
copa cejleHa - CeJ€HMUCTOM KHCJIOTH, ObIIH
HCClIeNOBaHbl 30JIM HAaHOYACTHUIL CeJleHa
C MCIOJb30BAaHHEM CJIeyIIHX BOCCTAHOBU-
Tenen: 6oprunpun Hatpus (NaBH,), ackop-
6bunoBas Kucinora (C,HgO,), THOMOYeBHUHA
(CH4N,S), runpasus conssHokucasy (N,HCl),
L-uucteunH (C;H,;NO,S). B kauecTBe cTabunmusa-
TOpa MCII0Ib30BaJIOCh [IOBEPXHOCTHO-aKTHBHOE
BelleCcTBO - KOKAMHUAOIPONHIb6eTauH.

Ha puc.2 npuBeneHsl o6pa3iibl 30/1ei HAHO-
YacTHI] cejieHa C UCIIOJIb30BaHHMEM B KauecTBe
BOCCTAaHOBHTeJISI aCKOPOHHOBOM KHCIOTHI, 60p-
TUAPUA HATpUs, L-IIMCTerMHA, THOMOYEBHUHBHI,
TUJpa3rHa COMSTHOKMCIIOTO.

[1si onpeneseHUs ONTUMAaJIbHOIO COOTHO-
IIeHUsl NpeKypcopa U BOCCTAHOBUTE/S MOJY-
YeHBl 3aBUCHMOCTH CpeJHero rufpoguHaMHU-
YeCcKOro pajgryca U MHTEHCHUBHOCTH pacCesiHUS

Tabauya 1. 3Ha4yeHUs cpedHez0 2udpoOUHAMUHECK020 paduyca u
{-nomeHyuana nony4eHHblx 06pasu,08 30Aell HaHo4acmuu, ceneHa
Table1. Values of mean hydrodynamic radius and -potential of the
obtained samples of selenium nanoparticle sol sols

HaumeHoBaHue r, HM | nm {-noteHuman
BOCCTAHOBUTENS {-potential
Name of reduction
agent

TviomoyeBuHa (CH,N,S) 21,85 -9,71
Thiourea
HaTpusa 6opruapus 23,16 -4,80
(NaBH,)
Sodium borohydride
HaTpwusa Tnocynbdat 12,93 -6,71
(Na,S,05)

Sodium thiosulphate

rmapasvH (N,H:Cl) 385,50 -11,45
Hydrazine

AcKopbMHOBas KMcoTa 12,24 -16,69
(CgHgOp)

Ascorbic acid

L-unctenH (GGH,NO,S) 157,80 -3,95

L-cysteine

The average hydrodynamic radius of the obtained
samples of selenium nanoparticles was deter-
mined by photon correlation spectroscopy on the
Photocor-Complex unit (Antec-97 Ltd., Russia).

Tabauua 2. Xumuyeckue peakuyuu 06pazo8axus HAHOYACMUL, CeAeHA C UCN0Ab308aHUEM pPA3AUYHbIX B0CCMAaHosumenell
Table 2. Chemical reactions of selenium nanoparticle formation using different reducing agents

BoccTtaHoBUTENb

Reduction agent

Peakuus o6pa3oBaHus
Reaction of formation

AckopbuHosas kucnota (CsHgOg)
Ascorbic acid

H,5e0; +2 CgHgO, = Se +2 CgH,Og + 3H,0

Bopruapug Hatpus (NaBH,)
Sodium borohydride

4H,Se0,+3NaBH, - 4Se +3NaB(OH),+4H,1

TromoyeBuHa (CH,4N,S)
Thiourea

CH,N,S + H,Se0, + HyO = 4NH; +2C0, 1425 + Se

L-unctenH (GGH,NO,S)
L-cysteine

2C,H,NO,S +2H,560, > 2C;HgNO.S +2Se + H, 1

rmapasuH (N,HsCl)
Hydrazine

N,HsCl +H,SeO; -» N, 1+ Se +3H,0 + HCl
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CBeTa OT COOTHOIIEHUS KOMIIOHEHTOB METOLOM
GOTOHHOM KOPPENSIIHOHHON CIIEKTPOCKOIIHH.
Ha maHHOM d3Talle B KadeCTBe BOCCTAHOBUTEIA
HCII01b30BAJIMCh AaCKOpPOUHOBAS KHCIOTa, bopru-
OPUM HATPHUS U THOMOYEBHHA, TaK KaK 00pasiibl
C MCIIOJIb30BaHHEM OJAaHHBIX BeIleCTB [IoKa3alu
HaHb0/bIIYI0 CTAOUIBPHOCTb.

B Tabn1.3 mpencTraBiieHbl 3HAYEHHUS CPeLHUX
TUIPOAUHAMUUYECKHX PAaJHYCOB 30/Iel HAHOYA-
CTHII CejleHa B 3aBUCHUMOCTHU OT COOTHOIICHMU I
KOHIIeHTPAI MK IPeKypCcopa U BOCCTAHOBUTEJIS.

OBCYXAEHUE

I[To pesynpTaTaM HCC/TIeSOBAaHUS BJIUSAHHUSA
THIIa BOCCTAHOBUTeJS OIlpelie/IeHO, YTO HaHU-
6osee arperaTUBHO HEYCTOMYHUBBIMU SIBISI-
Auch o6pa3ibl, MOJYyUYeHHBble C HCIOIb30-
BaHMeM THApasuHa, THOCYyAbdaTa HATPUSH
U L-mycTenHa - faHHBIe 06pa3Iibl OCeIH B Tede-
Hue 60 MHH IIOCJie CHHTe3a. B obpasmax
C UCIIONIb30BAaHHEM aCKOPO6HMHOBON KHCIOTHI,
boprunpuma HATPHUS U TUOMOYEBHHBI BhIIIALe-
HMe ocajika He Habnromanoch, MojlydeHHl CTa-
6ripHBIe 00pa3lbl HAHOPA3MEPHOIO CejleHa.
C oCTanbHBIMHU BOCCTAHOBUTENSIMHU (LHUTPAT
HaTpHs, IJI0KO3a, MOUYEBHHA U YPOTPOIIHH)
peakumuy o6pa3oBaHUS HAHOYACTHIL] CeJleHA He
IIPOM30IIJIO.

B pesynbTaTe aHa/IM3a MMOJYYeHHBIX JAaHHBIX
YCTaHOBJIEHO, YTO HAHOYACTHIIbI, B CHHTEe3e KOTO-
PBIX MCIIOJB30Ba/IMCh THAPA3HUH U L-IIMCTeUH,
“MeloT Haubosblllee 3HaUeHHUe CPpeJHero rujpo-
OHHAMHYeCKOro paguyca 385,5 u 157,8 HM COOT-
BeTCTBeHHO. HaHoUYacTHIIBI CelleHa, IIOJy4YeH-
Hble C HCIIO/Nb30BaHHEM aCKOPOMHOBOM KHC-
JIOTBl, UMEeIOT CPeJHHUMN IHIpOoAHHAMHUYECKHUH
paguyc-12,93 HM, C MCIIO/Ib30BAHHEM 6opr1/1/:1p1/ma
HaTpug - 23,16 HM, ¢ THMO4YeBHHOM - 21,85 HM,
c THOCynbdaTOM HaTpHs — 12,93 HM.

ITo pesyibTaTaM HCCIeAOBaHHSA ONTHMAJb-
HOT'O COOTHOIIEHHUS IIPeKypcopa U BOCCTAHOBMU-
TeJisi B COOTBETCTBHH C pe3yjabTaTaMHu GOTOH-
HOU KOPPeIsSHOHHOM CIIeKTPOCKOIIKHU obpas-
110B OBIJIO OIlpemeseHO, YTO B CEPUH IKCIIEpPH-
MEeHTOB C OOprupuaomM HaTpusi Hauboee OnTH-
MaJjibHOEe COOTHOIIeHHEe IIPeKypcopa U BOCCTa-
HOBHTess - 1:2, pa3Mep o6pa3loB B JAHHOU
cepudu - 17 HM.

B cepuu c ackopbHMHOBON KHCIOTON Haubo-
nee cTabuabHbIe 06Pa3LIbl IIOIYYeHbl C COOTHO-
meHuem 1:8, 1:4, 1:2. laHHBIE 3011 KMEIOT pa3-
Mep 15, 14 u 15 HM cooTBeTCTBeHHO. O6pa3iisl
C comep>kaHHEeM BOCCTAHOBHTess boiblle, yeMm
COOTHOINeHHe 1:8, OTJIMYAIOTCSI MeHbIIeH CcTa-
OHIIBHOCTBIO U OBICTpee KOaryJIHpyIoT.
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COOTHOLLEHME NPeKypcopa v BOCCTAHOBUTENA
n (H,Se0,): n (BoccTaHoBUTENS):
Precursor to reducing agent ratio (H,SeO,): n (reducing agent):

m

1-1:32, 5-1:2, 9 —-8:1,

2-1:16, 6-1:1, 10 - 16:1,
3-1:8, 7-2:1, 11 - 32:1
4-1:4, 8-4:1,

Puc.2. Obpa3ubl 30neli HAHOYACMUL, CEAEHA C PA3AUYHBIM CO-
omHoweHuem npekypcopa u goccmanosumens n (H,SeO,):n
(BoccmaHosumens), 8 Kayecmae 80CCMAHOBUMeEAS UCNOAb30-
8anuch: A - ackopbuHosas Kucaoma, b = 6op2udpud Hampus,
B - L-uucmeuH, I - muomouesuHa, [l — 2u0pd3uH CoAsIHOKUC-
Abll

Fig.2. Samples of sols of selenium nanoparticles with different
ratios of precursor and reducing agent n (H,SeO,):n (reducing
agent), the following was used as a reducing agent: A - ascor-
bic acid, B - sodium borohydride, C - L-cysteine, D - thiourea,
E - hydrazine hydrochloric

The ¢-potential of the obtained samples was deter-
mined by acoustic and electroacoustic spectroscopy
on the DT-1202 unit manufactured by Dispersion
Technology Inc., USA.
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Tabauua 3. 3HayeHus! cpedHuUX 2u0pOAUHAMUYECKUX paduycos U UHMEeHCUBHOCMU paccesiHus ceema 30Aell HAHO4ACmUL, ceneHd 6 3asucu-
MOCMU OM COOMHOWEHUS! KOHUEHMpauuu npekypcopa u 80cCmaHosumenst
Table 3. Values of mean hydrodynamic radii and light scattering intensity of selenium nanoparticle sols as a function of precursor and

reducing agent concentration ratio

CoOoTHoOLWEeHue
Ratio

Ackop6uHoBas
KucioTa
Ascorbic acid

Bbopruapwva,
HaTpus
Sodium

borohydride

BoccTtaHoBUTE/b
Reduction agent

TuomoyeBUHa
Thiourea

L-umcrevH
L-cysteine

r'mapasuH
CONSAHOKUC/bIA
Hydrazine
hydrochloric acid

n(Se): R, HM I,0TH.ed. | R, HM |, OTH. eA. R, HMm |, 0TH. eql. R, HMm |, 0OTH. eq. R, HM |, OTH. eq.
n(BocctaHoBUTeNb | | R, nm I, r.u. R,nm | I, r.u. R, nm I, r.u. R,nm | I, ru R, nm I, r.u.
reduction)
321 5000 14472 8500 11792 30 59968 6643 7700 21 6571
16:1 2507 5826 1245 46973 26 519964 194 5128 122 282307
8:1 1295 8741 57 10085 22 659350 200 7865 125 336043
4:1 1600 1762 142 33794 22 681013 381 27474 87 380547
2:1 63 10756 180 4183 326 735599 422 180474 360 620243
11 33 13197 65 26783 57 980298 136 100315 368 675384
1:2 15 43661 17 15673 273 318832 50 76428 45 985937
1:4 14 50890 5900 20087 247 671484 48 76882 38 781116
1:8 15 60288 3685 8765 2989 607884 78 8952 293 510283
1:16 16 71668 7400 7691 100 849818 42 738654 35 380848
1:32 17 84273 7125 7783 69 884250 40 787006 263 484686
B cepuu c ucnonb3zoBanueM tuomoudeBuHb | RESULTS

06pa3sibl C COOTHOIIEHHEeM KOMIIOHEHTOB 16:1,
8:1, 4:1 oTAIXMYaAJIHCh OITHMAJIBHEIM CPeIHUM
TUAPOSMHAMUYECKHUM PagHyCOM (26, 22, 22 HM
COOTBETCTBEHHO), HO SIBJSIJIHNCH HeCTAabOUJIb-
HBIMH BO BpeMeHH U KOoaryJIHpOBajik B Teye-
HHe 60 MMH II0CJ/Ie CHHTe3a.

B cepuH 3KCIIEPUMEHTOB C HCIIOJIb30BaHUEM
L-1iMcTerMHa OIITUMAaJbHbBIH pasmep (42 1 40 HM)
6p171 y 06pa31loB C COOTHOIIEHHEM IIpeKypcopa
K BOCCTaHoBHUTento 1:16 u 1:32, a B o6pa3uax,
rfe BOCCTAHOBUTeseM OBl TUAPA3UH CONSIHO-
KHUCJIBIM, OONTUMAJbHBIM CPeJHUM TUILPOLU-
HaMHYeCKHM pazuycom (21, 38 u 35 HM) obia-
Ay 30JIM C COOTHOIIIeHHEeM IIpeKypcopa K BOC-
CTaHOBUTe/0 32:1, 1:4 1 1:16, COOTBEeTCTBEHHO.

At the first stage, the synthesis of selenium
nanoparticles was carried out using different reduc-
ing agents, samples of selenium nanoparticle sols were
obtained, the images of which are presented in Fig.1.

The values of the average hydrodynamic radius and
Cpotential of the obtained samples are presented in
Table 1.

To better visualise the reduction process, the sele-
nium nanoparticle formation reactions are presented
in Table 2.

In the second step, to determine the optimum
ratio of precursor and reducing agent on the stabil-
ity and size of selenium nanoparticles, the synthe-
sis of selenium nanoparticles with different con-
centration ratio of reducing agent and selenium

VoL.16 No. 52023 NANO INDUSTRY
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CTOHUT OTMETHUTb, YTO 06pa3l bl HAHOUYACTHUI]L
cejleHa, BOCCTAaHOBJIEHHBIE C HCIIO/Ib30BaHHEM
L-IMcTerMHa U TUAPa3lHa COMSHOKHUCIOTO, He
obnazany arperaTHBHOM YCTOMUYHUBOCTBIO U KO-
TyIHPOBaIl B TeueHHe HEKOTOPOTO BPeMeHHU
IocJjie CHHTe3a.

Ba>kHO OTMeTHUTb, UYTO IIPU HUCIIOJIb30BAHUU
boprunpuaa HaTpus, L-nucTerHa, THOMOYe-
BHUHBI U THJPa3KHa COJISIHOKHC/IOIO B KayecTBe
BOCCTAHOBHUTeJIS B pe3y/bTaTe peaKLIUU Bbles-
I0TCSI ra3006pa3Hble IPOAYKTH peaKLUHU (BOAO-
poa, YIJIeKHUCJIBIM Ta3, a30T), KOTOpble IIpersiT-
CTBYIOT GOPMUPOBAHHIO OJTHOPOJHOIO CJIOS CTa-
6ua1Kr3aTopa Ha MOBEPXHOCTH YaCTHII.

BbIBOJbl

TakuM obpasom, B xome paboTrl O6bII0 ITpoBe-
IeHO MCC/IeJoBaHMe IMpoliecca BOCCTAHOBIEHU
HaHOYaCTHIL cejieHa. AHAJIM3 HCC/IeLOBaHUSA
rmokasaj, 4To Haubosiee CTa6UIBHBIMU SIBJIS-
I0TCsI 00pas31bl HAHOYACTHI] CejleHa, BOCCTAHOB-
JIeHHBIe C HCII0/Ib30BaHHEM aCKOPOMHOBOM KHC-
7n0THL U 6opruapusa HaTpusi. CTOUT OTMETHTD,
YTO BOCCTAHOBJIEHHEe He IIPOU30IIJIO B 06pa3-
LIax, rfe B KaueCTBe BOCCTAHOBUTEe/IeH HCIIO/Ib-
30BajJIMCh LMTPAT HATPU s, IJII0OKO3a, MOYeBHUHA
U YPOTPOIIMH.

I onipeneneHUs ONITUMaJIbHOIO COOTHOIIIE-
HUS IIpeKypcopa U BOCCTAHOBHUTEJI I10/1yYeHbI
3aBUCHMOCTH CpeJHero ruipoguHaMHuYeCcKOro
panuyca OoT COOTHOIIEHH S KOMIIOHEHTOB MeTO-
IoM POTOHHOM KOPPeIsILHOHHOMN CIIeKTPOCKO-
nuu. Ha 3Tom 3Tamne B KayecTBe BOCCTAHOBUTE-
7eH HCII0/b30BaJIMCh aCKOPOMHOBAs KHCIOTA,
bopruapuj HaTpus U THOMO4YeBHHA. AHAJIU3
JAaHHBIX IIOKa3aj, YTO B CEPUHU C aCKOpOHHO-
BOM KHCJIOTOM 06pasIlbl C ONTHUMAJIBHEIM pa3-
MePOM II0JIYYeHBl [IPHU COOTHOIIEHUAX IIPEeKyp-
copa K BoccTaHoBUTenmwo 1:8, 1:4 u 1:2. CpegHUK
TUAPOOHMHAMHUUYECKUH pagHyC IIOJNy4deH-
HBIX 30JIeH cocTaBasgeT 15, 14 1 15 HM COOTBeT-
CTBEHHO. B cepuu c 60pruipuiom HaTpHUsl O pe-
JleJIeHO COOTHOIIeHHe IpeKypcopa K BOCCTAHO-
BHTeI0 1:2 c pasmepom 17 HM. B cBOIO ouepens,
06pasubl C HCIONb30BAHHUEM THOMOYEBUHBI
B KayeCcTBe BOCCTAHOBHUTE/s, XOTh U OTAMYaA~
JIMCh OIITUMAJIbHBIM Pa3MepoOM, HO KOATyJIUuPo-
Ba/I¥ B TeyeHHe 60 MUH II0C/Ie CUHTe3a.

IToce uccnenoBaHUS THIIA BOCCTAHOBUTEIIS
Ha npouecc o6pa3oBaHMUs HAaHOYACTHIL CeleHa
MO>KHO 3aKJ/JIOYHUTh, YTO OINTUMAaJbHBIM BOC-
CTAaHOBHTeJIeM SIBJISLeTCS aCKOpbHHOBAasI KHC-
JI0Ta, IIPH UCII0JIb30BAHHH KOTOPOU He IIPOMC-
XOLHUT BbIJeeHHUs ra3006pa3HbIX NIPOAYKTOB
peakumu.
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precursor selenic acid was carried out.Selenium
nanoparticle sols were investigated using the
following reducing agents: Sodium borohydride
(NaBH,), ascorbic acid (C;HgO,), thiourea (CH,N,S),
hydrazine hydrochloric acid (N,HsCl), L-cysteine
(C3H,NO,S). The surfactant cocamidopropyl beta-
ine was used as a stabiliser.

Figure 2 shows samples of selenium nanoparti-
cle sols using ascorbic acid, sodium borohydride,
L-cysteine, thiourea, and hydrazine hydrochloride
as reducing agent.

To determine the optimal ratio of precursor and
reducing agent, the dependences of the average
hydrodynamic radius and light scattering inten-
sity on the ratio of components were obtained by
photon correlation spectroscopy. At this stage,
ascorbic acid, sodium borohydride and thiourea
were used as reducing agents, since the sam-
ples using these substances showed the highest
stability.

Table 3 shows the values of average hydrody-
namic radii of selenium nanoparticle sols as a
function of precursor to reducing agent concentra-
tion ratio.

DISCUSSION

According to the results of the study of the influ-
ence of the type of reducing agent, it was deter-
mined that the most aggregatively unstable were
the samples obtained using hydrazine, sodium
thiosulfate and L-cysteine - these samples precip-
itated within 60 minutes after synthesis. No pre-
cipitation was observed in samples using ascorbic
acid, sodium borohydride and thiourea and sta-
ble samples of nanoscale selenium were obtained.
With the other reducing agents (sodium citrate,
glucose, urea and urotropine) no reaction of sele-
nium nanoparticles formation occurred.

As aresult of analysing the obtained data, it was
found that the nanoparticles synthesised using
hydrazine and L-cysteine have the highest val-
ues of mean hydrodynamic radius of 385.5 nm and
157.8 nm, respectively. Selenium nanoparticles
obtained using ascorbic acid have an average hydro-
dynamic radius of - 12.93 nm, using sodium boro-
hydride - 23.16 nm, with thymourea - 21.85 nm,
with sodium thiosulphate - 12.93 nm.

According to the results of the study of the opti-
mum ratio of precursor and reducing agent accord-
ing to the results of photon correlation spectros-
copy of the samples, it was determined that in the
series of experiments with sodium borohydride,
the most optimal ratio of precursor and reducing
agent was 1:2, and the size of the samples in this
series was 17 nm.
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In the series with ascorbic acid, the most stable
samples were obtained with a ratio of 1:8, 1:4, 1:2.
These sols have a size of 15, 14 and 15 nm, respec-
tively. Samples with a reducing agent content
greater than the 1:8 ratio are less stable and coag-
ulate faster.

In the series using thiourea, samples with com-
ponent ratios of 16:1, 8:1, 4:1 exhibited optimal
mean hydrodynamic radii (26, 22, 22 nm, respec-
tively) but were unstable over time and coagulated
within 60 min of synthesis.

In the series of experiments using L-cysteine, the
optimum size (42 and 40 nm) were samples with pre-
cursor to reducing agent ratios of 1:16 and 1:32, and
in the samples where the reducing agent was hydra-
zine hydrochloric acid, the optimum mean hydro-
dynamic radius (21, 38 and 35 nm) were possessed by
sols with precursor to reducing agent ratios of 32:1,
1:4 and 1:16, respectively. It is worth noting that the
samples of selenium nanoparticles reduced using
L-cysteine and hydrazine hydrochloride did not pos-
sess aggregation stability and coagulated for some
time after synthesis.

It is important to note that when sodium boro-
hydride, L-cysteine, thiourea and hydrazine
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hydrochloride are used as reducing agents, the
reaction results in the release of gaseous reaction
products (hydrogen, carbon dioxide, nitrogen),
which prevent the formation of a homogeneous
layer of stabiliser on the particle surface.

CONCLUSIONS

Thus, in the course of the work, the process of
reduction of selenium nanoparticles was investi-
gated. The analysis of the study showed that the
most stable are the samples of selenium nanoparti-
cles reduced using ascorbic acid and sodium borohy-
dride. It is worth noting that the reduction did not
occur in the samples where sodium citrate, glucose,
urea and urotropine were used as reducing agents.

To determine the optimal precursor and reduc-
ing agent ratio, the dependences of the average
hydrodynamic radius on the ratio of components
were obtained by photon correlation spectros-
copy. At this stage, ascorbic acid, sodium borohy-
dride and thiourea were used as reducing agents.
The data analysis showed that in the series with
ascorbic acid the samples with optimum size were
obtained at precursor to reducing agent ratios of
1:8, 1:4 and 1:2. The average hydrodynamic radius
of the obtained sols is 15, 14 and 15 nm, respec-
tively. In the series with sodium borohydride, a
precursor to reducing agent ratio of 1:2 was deter-
mined with a size of 17 nm. In turn, the samples
using thiourea as a reducing agent, although
characterised by optimal size, coagulated within
60 min after synthesis.

After studying the reducing agent type on forma-
tion of selenium nanoparticles, it can be concluded
that the optimal reducing agent is ascorbic acid,
which does not produce gaseous reaction products.
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