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MPOCTENIINN KOMILUIEKT OBOPYJOBAHUS
JIJIS1 HAHECEHUSI HAHOYACTHUI] OKCHUJI0B METAJLJIOB
HA MAJJIU-MUIIEHBb ITPU BECKAINEJIBHOM
YJIEKTPOPACIIBIJIEHUN B HOPMAJIBHBIX YCJOBUSX

B macrosimieii paboTe mpencTaBieHa cxema YIpOIEHHOH 1ab0opaTOpHOHM yCTaHOBKH TSI HAaHECEHHsSI COPOCHTOB —
HAHOYACTUL] OKCUI0B Pa3INYHBIX METAIIOB HA METAIIIMUYECKYIO MOJI0XKKY. Y CTaHOBKA MO3BOJISIET PEaIN30BaTh Me-
TOIUKY "7mabopaTopusi Ha MULICHU" 171t MeTaI-adPMHHBIX COPOSHTOB Ha METAJUTMUYEeCcKOi motoxkke st MAJIJINA
Macc-cIeKTpoMeTpuueckoro ananusa. Ha npumepe copbenra TiO, nokaszaHo, uro ¢opmat "mabopaTopus Ha MUIIIe-
HU'" MOKET OBITH MCIIOJIB30BAH AJISl SKCTPAKIIMH TaJIOTEHCOACPIKAINX OEITKOBBIX aJTyKTOB.

K. cn.: copbenTsl, anexTpopacusuienne, MAJIJIN macc-criekTpoMeTpus, IHOKCHA TUTaHa, HAHOYACTHUIIBI

BBEAEHUE

3Ha4yMTeNbHBIE YCUIINS UCCIeioBaTeNnel B 001acTH
Meta-ahpduHHON  Xpomarorpaduu  HalpaBJICHBI
Ha yMEHbIIEHHE KOoJM4yecTBa oOpasua, TpedyeMoro
JUIS aHalW3a, U CHIKCHUE IMOTEpb Ha COpOeHTE MpH
nmpoBeZieHn  MeTam-apguaHOi  XpomaTtorpadun.
[osiBunuck pabOTB, B KOTOPHIX MAaHHITYJIUPYIOT
OYeHb MajsiMu oOBeMaMu oOpasia, a MpoOOomoI-
TOTOBKA CBE/IEHA K HECKOJIBKUM IPOCTBIM 3TaraM —
Tak HasbiBaeMas '"maboparopus Ha wMurmeHu" [1].
IoxpeiTast uau MoauGHUIMPOBAaHHASL CIOEM COpPOEHTa
— HAHOYACTHUI[AMH OKCHJIOB PA3IMYHBIX METAJIIOB —
MUIIEHh MOXET WCIONB30BaThCS Ui  TPSIMOTO
oOoramenuss oOpasua in  Situ € TOCIETYIOLUNM
aHAJIM30M METOJOM MacC-CIEKTPOMETPUH C Mart-
PUYHO-aKTUBUPOBAHHOM JIa3epPHON JIecOopOIe/ noH -
sarmeit (MAJIIN-MC).

Jns HaHeceHust cnos copOeHTa Ha MHUILEHb
pa3paboTaHbl U anpOOMPOBAHBI HECKOJBKO METOIUK

MOnM(UKAMKA  MHIICHHW, HWCIIONB3YIOMNX Ha0op
npuOOpOB M YCTPOMCTB Uil HAaHECEHHs COPOCHTOB.
MeToauKi ~ peamm3yloTcsl  C  HCIIOJBb30BaHUEM

9JIEKTPOPACTIBUICHHS CYCIIEH3UH MeTaluT-ad(pUHHOTO
copOeHTa Ha OCHOBE OKHCEH METaJUIOB B BOJHO-
METaHOIBHOM pacTBope. OTIMYaIOTCS METOINKHU
crocobaMu  MOATOTOBKM moBepxHoctn MAJIJIU-
MUIICHH,  YCJIOBHSMH  TIpollecca  HaNbUICHHUS,
TEMIIEPATypHBIM ~ PEXHUMOM M  MHOTO3TaIHOCTHIO
mporiecca [2—5]. Pa3pabGoTanHple W peamn30BaHHEBIC
METOAUKNA MOAW(HUKAIIMKA MHUIIEHH OCHOBAaHBI Ha HC-
MOJb30BaHUH JIA0OOPATOPHBIX YCTaHOBOK, KOTOpHIC
3a4acTyIO JOBOJILHO CJIOXHBI M JOPOTOCTOSIIIIH.
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ITOCTAHOBKA 3AJAYHN

OTHOCUTENFHO TPOCTON JIAOOPATOPHON yCTaHOB-
KO MOXHO OBUIO OBl CYUHTATh ONMHCAHHYIO
U UCHBITaHHYIO B [6], KoTopas coctour u3z 20
9JIEMEHTOB M YCTPOMCTB. Pe3ynbraThl mccienoBaHuit
OecKarnempHOr0  AJNEKTPOpACTBUICHUST  PacTBOPOB
U CYCNEH3MH TIIpM HOPMaJbHBIX YyCIOBHAX [7]
MO3BOJIMNIM HE TOJBKO YIPOCTHTH JIAOOPATOPHYIO
YCTAaHOBKY [6], HO M caenatb €€ 3HaYUTEIbHO
JemieBiie 0e3 IOTepu KauecTBa pe3yibTaToB.

HPEJJATAEMOE PEITEHUE

Onucanne KOHCTPYKINH

Ha puc. 1 npencraBnena cxema ympoIIeHHOH Jia-
0opaTopHO#l YCTaHOBKH JIJIsl HAHECEHUSI COPOSHTOB —
HAaHOYACTUI] OKCHIOB PpA3IMYHBIX METaJIOB
Ha METaJUTMYECKyI0 MOUIOKKY. JlabopaTopHas ycra-
HOBKAa COCTOUT M3 TPEX OCHOBHBIX Y3JIOB: HH()Y3UOH-
HOM CHCTEMBI (KamleNbHUIIBI); y3Jla OecKareanrHOTO
AJIEKTPOPACIIBUICHUSI PAcTBOPOB MPH aTMOC(HEPHOM
JIABJICHUW W CHCTEMbl OO0CCIICUYCHHMS, BKIIIOUAIOIICH
B ce0s ympaBisieMble 3JIEMEHTBI: BBICOKOBOJBTHBIN
OJIOK mHTaHWsI, MEXaHWYECKUW BO3AYIIHBIA HAcOC
¢ OmokoM mwurtaHus, a takke MAJIA-mumenn mis
HAHECEHHUSI Ha €€ MOBEPXHOCTh MEXaHUYECKU yCTOMU-
9UBOTO TIsITHA copOeHTa. MHOY3HMOHHAS crcTeMa Co-
CTOWT U3: KaMephl KaNeIbHULI 1, perynsaropa cKopo-
cti uHOY3uHM 2 — TMOJBIIKHOTO KoJieca-3aKuMa
BHYTPH KapeTKH, U IJIACTUKOBEIX TPYyOOK 3.



28 C. K. WJIBIOIIOHOK, A. C.T'JIAIUYVYK, A. H. APCEHBEB u np.

Puc. 1. Cxema ynpouieHHOH 1abopaTopHOi
YCTQHOBKM JUIi HAaHECEHHsS COpPOCHTOB —
HAHOYACTHUI] OKCHJIOB Pa3JIMYHBIX METAJUIOB
Ha METAJUTMYECKYIO MOJUIOKKY.

3nmech: KaMmepa KaleldbHHUIBI 1, PerynsTop
ckopocTH MH(Y3HUHU 2, TUIACTUKOBBIE TPYOKH
3, METaJUIMYeCKui Kanmwurip 4 AuaMeTpoM
0.8 MM, BHEITHHN TUDICKTPUICCKUN KaTlHJI-
asp 5, Bo3AyIIHBINA Hacoc 6 — R385 6-12V
DC, Gmnox muTaHWS BO3IYIIHOTO Hacoca 7,
peryiaMpyeMblii BBICOKOBOJIBTHBIH OJIOK MH-
tanuss 8§ Applied Kilovolts, 3a3zemienHas
rJIajikasi MeTaJUIMYecKasi CbeMHasi TUIaCTUHA
9, MAJIJIN-mumiens 10

CycneH3usi HaHOYacTHIl OKCHJA MeTajula B BOJ-
HOM pacTBOpPE METaHOJIA 3AJIMBACTCA B KAaleJIbHUILY
U TI0 TUIACTHKOBOM TpyOKe MOCTymaeT K PeryisTopy
CKOpoCTH HH(Y3MH — O0BEMHOW CKOPOCTH TOJAYN
CYCIICH3UHU B CHCTEMY. BBIOpaHHBIN MOTOK CyCHEH3UH
OT pEryJisiTopa CKOpPOCTH IIOTOKa IO IUIACTUKOBOM
TpyOKe mocTymaeT B METaJUIMYECKUH Kamuuisip 4
nuaMerpoM 0.8 MM y351a GecKanenbHOro PacibUICHHS
pactBopa mpH aTMOC(hEpHOM [aBICHWH TIPH HOP-
MaJIbHBIX yCJIOBUSIX, KOTOPBIH MOAPOOHO ONKCaH B pa-
6orax [6-10].

KoakcnanbHo K Kamwuisipy 4 pacloyoXeH BHEI-
HUN JUAJIEKTPUYECKUN Kanwuislp 5 ¢ BHYTPEHHUM
JUaMeTpoM, OOJIBIIMM BHEIIHETO IUaMeTpa Karuyuls-
pa 4. M3numku HEpacHblJIEHHOTO pacTBOpa, CMadH-
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BaIOI[€ BHEIIHIOI CTEHKY Kamwiisipa 4, BMecTe
¢ 1a0OpaTOPHBIM BO3IYXOM OTKAYHMBAIOTCA BO3IYyIII-
HbIM HacocoM 6 R385 6-12V DC uepe3 3a30p mMexay
Kanmuisipamu 4 u 5. MexaHn4eckuid BO3AYIIHbIN Ha-
COC ymIpaBisieTcst 0JIOKOM NUTaHuSA 7.

OTkavyaHHas 0 KOAKCHAIIBHOMY KaHATy M3JIHLIHSISL
aporasoBas CMECh U3 MEXaHHYECKOI0 Hacoca MOCTy-
MaeT B KaMepy KaleJbHULBI, I7Ie POUCXOIUT Oapbo-
THPOBAaHWE HMCXOTHOW CYCIIEH3WH, YTO HE TO3BOJISIET
copOeHTy ocakaaTbcs Ha JHO. MeTanauyecKuidi Ka-
MWIISAP y371a paclbUICHUs IMOJAKIIOYaeTcs K peryiu-
PYEeMOMY BBICOKOBOJIBTHOMY OJIOKY mNuTaHus §
Applied Kilovolts. [lns peanuzaruu pexuma 3JieK-
TPOpACHbUICHUSI B KAaueCTBE MPOTHBOAIEKTPOJA HC-
MOJIB3YETCS 3a3EMJICHHAsT METaJUIMYecKas IJIaCTHHA,
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KOTOpPOW MOXeT ObITh MO0 TJajnkas CheMHas IuIa-
CTHHA 9 JUI HACTPOWKH peXMa HambUICHHsS cOpOeH-
ta, 6o MAJI/IU-mumiens 10 mis momydeHus HeoO-
XOJMMOTO TSITHA COpOEHTa W peau3aliid METOIUKH
"nmaboparopust Ha MulIeHH". PaccTosiHue MEXIY TOp-
[IOM METATMYECKOT0 KalMIIsipa U IPOTHBOIJIEKTPO-
JIOM cocTaBisieT nmopsaaka 10 mm.

Onucanue padoThl YCTAHOBKH

Pexxum OeckamnenbHOTO paclblUICHHUsST MOXKHO KOH-
TposupoBath Bu3yasbHO. Ha puc. 2, a, moxasassl:
1 — MeHHCK pacmbUIsieMOil cycrieH3un B OecKaresb-
HOM PEXHME, 2 — TOpPeL METAIIMYECKOT0 KaluuIsipa
U 3 — BHEUWIHUHN JUAIEKTpUYECKUN Kanuiap. B ciy-
Yyae CYIIECTBOBAaHHS MHUKpOKareidb B (akesie pacibl-
JMeHWsT Ha TPOTHBOANIEKTpone obpasyercs '"poca"
U3 PacHbLIsIEMOTr0 PacTBOPa, B Cilyyae OECKamenbHOro
pacIblIeHns. Ha IPOTUBOAJIEKTPOIEe 00pa3yeTcs Cyxoe
MEXaHMYECKH YCTOWYHMBOE IIITHO M3 copOeHTa 4.

Puc. 2. Pacnbuienne Hanomnopoinka TiO, Ha TOJHUPOBaH-
Hyto MAJI/I-MutieHs.

a — ¢ororpadus y3na Juis pacrblUICHUS: MEHHCK PACIIbl-
JIEMON CyCIIEH3WH B OECKameIbHOM pexnme 1, Topen
METAJUTMYECKOr0 Kamwuisipa 2, BHEUIHUE TUIJIEKTpUde-
CKHUH Karmuisp 3, Cyxoe MEXaHWYEeCKH yCTOWYNBOE ISTHO
u3 copbOeHTa 4;

0 — mukpodoTorpadus SUCHKN MUILICHH C PACTBUICHHBIM
Ha"onopoukoM TiO,, mody4eHHass METOJIOM ONTHYECKOH
MHUKPOCKOIIHH;

B — MuKpodoTorpadus pacnbsuieHHoro TiO,, mony4yeHHast
meronom COM

CKOpOCTh OTKa4KH IOTOKa JIADOPATOPHOTO BO3IyXa
MEXaHUYECKMM HACOCOM PETyJIUpyeTcs OJIOKOM IH-
Tanusi. Ha Metaimuyeckuil Kanwuidgp MoJaeTcs pery-
JUpyeMOe BBICOKOBOJIBTHOE HampsbKeHue 1o S5 kB.
HOJ’I}IPHOCTB HAIMpsOKCHUA paclblICHUA 3aBUCUT OT
MOJIIPHOCTH PACIIBUIIEMBIX YacTHI] COpOeHTa W pac-
TBOPUTEIIA.

IKCIIEPUMEHT

Armpobanust ynpoIieHHOH J1adopaTopHOil YCTaHOBKH
JUIE HAaHECEHHsI COPOCHTOB — HAHOYACTHI[ OKCHJIOB
PasIMYHBIX METAUIOB Ha METAJUIMYECKYIO MOUIOXKKY
NpOBeJICHa B Clly4yae pacnblieHus HaHonopotka TiO,
(pasmep uactui ~21 uM, Sigma-Aldrich). Mcnonb3o-
Banu cycrnensuto B 30% BoxHom MmetaHose ¢ 0.1%
MYpaBbUHOM KHCJIOTOM C KOHIIEHTpaIMued 4YacTHIl
5 mr/mi. CyCneH3uIo NnperBapuTebHO MepeMelnBa-
JI € TIOMOUIBIO MIEPEMEIITMBAIONIETO YCTPOMCTBA TUTIA
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"Boprekc", 3ateM B TeueHue 10 MUH BBIIEPKUBAIH
B yJIBTPa3BYKOBOW BaHHE.

[l monmyveHus nsTHa copOeHTa AMaMETPOM 2 MM
WCIOJIB30BAIMCH CIEAYIOIINE MapaMeTpbl paclbuie-
HUs: cruia Toka 133 HA; pacCTOSHME MEXKIy MHIIICe-
HBIO U HUIVIOM ~5 MM; WIJIa BBIABMHYTa U3 KOpIyca
Ha (.7 MM; MMPHUIl ¢ CYCTICH3UEH 3aKperieH Ha IITa-
TuBe Ha 70 cM BbIlIE YpOBHs cToja; pabounii o0bem
cycrnieH3un He MeHee 20 MIT; MOCTOSIHHBIH 00BbeM cyc-
MIEH3UH B IINPHUIIE HE MEHEE 5 MJI; BpeMs paclbUICHUS
10 MuH.

MeTooM ONTHYECKOW MHKPOCKOIMM OBUIO ycCTa-
HOBJICHO, TIPU TAaKHX MapaMeTpax yJaeTcsl MOJyYUTh
JIOCTaTOYHO POBHOE IMOKPHITHE, 0oJiee YIIOTHEHHOE

mo KpasM msatHa (puc. 2, 6). Ilpu 3ToM yacTuiel mMa-
Tepuasia JOCTATOYHO IUIOTHO YMAaKOBaHBI, YTO IOJ-
TBEPXKAAIOCh pPE3yJIbTaTaMU MCCICIOBAaHUI C HC-
[OJIB30BAHUEM CKAHHUPYIOLIEH 3JIEKTPOHHOW MMKPO-
ckonmu (COM) (puc. 2, B).

Ha cnenyromem stane momyuennsle nstHa TiO,
ObUTM  WCIONIb30BAaHBl JJIsSi  TIPOBEJCHUS METal-
appuHHON SKCTpakuuu B Gopmate "maboparopus Ha
mumenn". HegaBHo OBUIO MOKAa3aHO, YTO METAlI-
ad¢uHHAs xpomartorpadus TMO3BOJIIET MPOBOJIUTH
oboramenne oOpasia raJoreHcoIepKaliMI COeTH-
HeHusmi [11-13]. IlosTomy B kauecTBe oOpasua ObLT
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Puc. 3. MAJIJIU wmacc-cieKTpbl TPHUNTHYECKOTO THAPOJIM3aTa TJIOOMHA 4eloBeKa, MOIU(UIIMPOBAHHOIO

N1-(4-x10pdenmn)-2-x10paneTaMuaoM.

a — 110 oOorameHust; 6 — HecBs3aBIIasCcs Qpakius; B — Mocie odorameHus Ha maTHe pactbuieHHoro TiO,
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BBIOpaH TPUNTHUYECKUI TUAPOIM3AT TI00MHA YesIoBe-
ka, MomubunupoBaHHoro  N1-(4-xmopdennn)-2-
xyopaneramuioMm (CCAn) takuMm 00pa3oMm, 4YTOOBI
COOTHOIIeHHE MOAU(HUINPOBaHHOW (QOPMBI K HEMO-
muduuupoBanHoil coctasisuio 1:10. B aTom ciyuae,
KaK ITOKa3aHo Ha pHC. 3, a, COOTHOIIIEHUE CUTHAII/TITYM
(S/N) curnana, COOTBETCTBYIOLIETO aAdyKTy TJTOOMHA
genoBeka ¢ CCAn (LLGNVLVCca,VLAHHFGK,
m/z 1886.993, pazHuna macc ¢ HEMOTUPHUIMPOBAH-
HBIM TienTuaoM 167 Jla), He mpeBsimano 4. Metami-
adUHHYIO 3KCTPAKLUHUIO IPOBOIMIIHN P CIEAYIOIINX
YCIIOBUSIX:

e copOeHT — HamnbuieHHbIe TATHA Ti0,;

e copbums — B BoaHO# cpexe mpu pH 6 B Te-
yenrne 20 MHH (HECBS3aBIIYIOCS (PAaKIHIO MOCIe
MIEPEHOCHII Ha CBOOOJHYIO SYEWKY MHILIEHH U CMe-
LIMBAJIX C PACTBOPOM MAaTpHLIb);

® TMPOMBIBKA — JBAXKABI JTUCTHILTAPOBAHHON
BOJOI;

e necopOruss — 30% BOAHBIM aleTOHUTPHIOM
B HIPUCYTCTBUH MaTpULb (anmbda-nmano-4-

TUAPOKCUKOpHYHas kuciota) B 70% BomHOM amero-
Hutpuie ¢ 0.1% TpudTopyKCyCHON KUCIOTOH.

Bce ami0eHTHl BBICYIIMBAIMCh HETMOCPEICTBEHHO
Ha TISITHE copOeHTa. AHAIW3 MPOBOAMIH C ITOMOIIHIO
TaHAEMHOI'0 BPEMSIPOJIETHOTO MAacC-CIIEKTPOMETPA,
OCHAIIEHHOT'0 HCcTOYHUKOM noHoB MAJIJIU, Ultra-
flextreme (Bruker Daltonics), Ha 0a3e pecypcHoro
neHTpa "Pa3BuTHe MOJEKYISPHBIX U KIETOYHBIX TeX-
Honoruit" Hayunoro mapka CIIOI'Y. Crekrtpsl pern-
cTpupoBaiu B auanazoHe m/z 1000-3000 B pexume
"pedICKTPOH" ¢ JACTEKTUPOBAHUEM ITOJIOKHUTEIHHBIX
WOHOB TIpU CIEAYIOUIMX HACTPOMKaX Macc-CIIEKTPO-
MeTpa: HanpsokeHus 1 u 2 Ha ucrognuke paBHbI 20.1
u 18.0 kB cOOTBETCTBEHHO; HANIPSPKEHUE HA JIMH3AaX —
7.0 kB; nanpsokenue Ha peduekrpone 1 — 21.1 xB;
HanpspkeHne Ha pedriextpone 2 — 10.9 kB.

[Ipu yka3aHHBIX YCIIOBHUSIX INPOBEICHHS aHaIN3a
aJyKT TOJIHOCTBIO CBS3BIBAETCS C COPOEHTOM, O UeM
CBHUJICTENBCTBYET OTCYTCTBHE cUrHana ¢ m/z 1886.993
B Macc-CIEKTpe HecBs3apielics ¢pakuuu (puc. 3, 0).
IIpu 3TOM B Macc-cIeKTpe, MOJIy4eHHOM C IISITHA COp-
OeHTa, NCKOMBIA CHTHAJI OKa3aJcsi OAHMM M3 Hambo-
jlee WHTCHCHBHBIX HapsAy C CHIHAJOM, COOTBETCT-
BYIOIINM HEMOAU(QUIIMPOBAHHOMY MENTHTY
LLGNVLVCVLAHHFGK (puc. 3, B).

BbIBO/IbI

Ha ocHOBaHMH IOJIYYEHHBIX PE3yJIBTATOB MOYKHO
clieyiaTh BBIBOA O TOM, 4To Ti0,, HaHECEHHBIH Ha IO-
BEPXHOCTh MUIIICHU METOAOM OECKAaIleIbHOTO 3JIeK-
TPOPACHbUICHUS,, COXpPAHSIET CBOWCTBA  METaJlI-
appunHOro copOeHTa, a NPeNIOKEHHBIH MOIXO0
B ¢opmate "nmaboparopus Ha MUIICHU" MOXKET OBITh

HAVYYHOE [NIPUBOPOCTPOEHME, 2023, Tom 33, Ne 3

WCIOJB30BaH JJIS SKCTPAKIMM TaJOreHCOAepIKaInX
OEIKOBBIX aJlIyKTOB.

Takum 00pa3oM, YCTaHOBJICHO, YTO IMPOCTEHINNI
KOMIUTIEKT 000pyI0BaHuUs I HAHECEHHS] HAHOYACTHI]
okcuioB MetaiioB Ha MAJIJIU-muiens npu Oecka-
METBHOM 3JIEKTPOPACIBUICHNH B HOPMAJBHBIX YCIO-
BUSX TO3BOJISIET TOJIy4aTh POBHBIE YCTOWYMBBHIE I10O-
KpPBITUS HA TIOBEPXHOCTH TBEPAOM MOJIOXKKH TPHU
100% wncnonp3oBanuu cycnensuu. Ha npumepe TiO,
MOKa3aHO, YTO DJIEKTPOPACHBIICHHME B YKa3aHHBIX
YCIIOBUSIX HE NPUBOJAUT K M3MCHEHHUIO CBOWCTB Me-
taiu-adpdunHoro copdenra. Kpome toro, mpoaemoH-
CTpUpOBaHO, 4TO (popmar "mabopaTopusi Ha MHUIIECHH"
MOYET OBITh MCIIOJIB30BaH VI SKCTPAKLUUHU TaloTeH-
cojiepKammx OCITKOBBIX aJITyKTOB.

Aemopul gvipadicaiom 61a200apHOCb PECYPCHBIM YEeH-
mpam "Pazeumue MONEKYISPHBIX U KIEMOYHBIX MEXHON0-
eutt" u "l'eomodenv" Hayunozo napka CII6I'Y 3a 603modic-
HOCMb NPOBedeHUs MACC-CNeKMPOMEMPULeCKUX UCCIe00-
sanutl u npedocmasnernvie COM-cHumku.

Paboma evinonnena ¢ Hucmumyme ananumuueckozo
npubopocmpoerust Poccuiickoii akademuu HAyK 8 pamKax
membt  FFZM-2022-0009 (nomep eoc. peeucmpayuu
122040600002-3) cocyoapcmeennozo 3adanusi Munucmep-
cmea Hayku u evicue2o oopazosanus Poccutickoti @edepa-
yuu Ne 075-01157-23-00 (om 29.12.2022).
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This work presents a scheme for a simplified laboratory setup for the deposition of sorbents — nanoparticles
of various metal oxides — on a metal substrate. The setup makes it possible to implement the "lab-on-plate"
technique for metal-affinity sorbents on a metal substrate for MALDI mass spectrometric analysis. Using the
example of TiO, sorbent, it is shown that the "lab-on-plate" format can be employed for the extraction of halo-

gen-containing protein adducts.

Keywords: sorbents, electrospraying, MALDI mass spectrometry, titanium dioxide, nanoparticles

INTRODUCTION

Significant research efforts in the field of metal-
affinity chromatography are intended to reduce the
amount of sample required for analysis, and losses on
the sorbent during metal-affinity chromatography.
Works appeared in which very small volumes of the
sample were operated on, and sample preparation was
reduced to several simple stages — the so-called "la-
boratory on the target" [1]. A target coated or mod-
ified with a layer of sorbent — nanoparticles of oxides
of various metals — can be used for direct enrichment
of the sample in situ with subsequent analysis by mass
spectrometry with matrix-assisted laser desorp-
tion/ionization (MALDI-MS).

To apply the sorbent layer to the target, several
methods for modifying the target have been developed
and tested using a set of instruments and devices for
applying sorbents. The techniques are implemented
using electrospray of a metal-affinity sorbent suspen-
sion based on metal oxides in an aqueous methanol
solution. The techniques differ in the methods of pre-
paring the surface of the MALDI target, the condi-
tions of the deposition, the temperature regime, and
the multi-stage process [2—5]. The developed and im-
plemented target modification techniques are based on
the use of laboratory facilities, which are often quite
complex and expensive.

PROBLEM STATEMENT

A relatively simple laboratory setup, consisting of
20 elements and units, is described and tested in [6].
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Results of studies of dropless electrospray solutions
and suspensions under normal conditions [7] made it
possible not only to simplify the laboratory setup [6],
but also to make it much cheaper without losing the
quality of the results.

PROPOSED SOLUTION

Design description

Fig. 1 shows the layout of a simplified laboratory
setup for applying sorbents — nanoparticles of oxides
of various metals — on a metal substrate.

Fig. 1. Layout of a simplified laboratory installation
for applying sorbents — nanoparticles of oxides of
various metals on a metal substrate.

Here: 1 — dropper chamber, 2 — infusion speed con-
troller, 3 — plastic tubes, 4 — metal capillary with
a diameter of 0.8 mm, 5 — external dielectric capil-
lary, 6 — air pump R385 6-12V DC, 7 — air pump
power supply, 8 — adjustable high-voltage power
supply Applied Kilovolts, 9 — grounded removable
smooth metal plate, 10 — MALDI target

The laboratory installation consists of three main
units: an infusion system (droppers); a unit for drop-
less electrospraying of solutions at atmospheric pres-
sure; and a support system, including controlled ele-
ments such as a high-voltage power supply, a mechan-
ical air pump with a power supply, as well as
a MALDI target for applying a mechanically stable
sorbent spot on its surface. The infusion system con-
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sists of: a dropper chamber 1, an infusion speed regu-
lator 2 — a movable wheel-clamp wheel inside the
carriage, and plastic tubes 3.

A suspension of metal oxide nanoparticles in an
aqueous methanol solution is poured into a dropper,
and through a plastic tube, it enters the infusion rate
(the volumetric rate of suspension supply to the sys-
tem) regulator. The selected suspension flow from the
flow rate regulator through a plastic tube enters a met-
al capillary 4 with a diameter of 0.8 mm in the unit
(described in detail in [6—10]) for dropless spraying of
the solution at atmospheric pressure under normal
conditions.

Coaxial to the capillary 4 is an external dielectric
capillary 5 with an inner diameter greater than the
outer diameter of the capillary 4. Excess unsprayed
solution wetting the outer wall of capillary 4 together
with laboratory air is pumped out by air pump 6 R385
DC 6-12V through the gap between capillaries 4 and
5. The power supply unit 7 controls the mechanical air
pump.

The excess vapor-gas mixture evacuated through
the coaxial channel from the mechanical pump, enters
the chamber of the dropper, where the initial suspen-
sion is bubbling, which prevents the sorbent from set-
tling to the bottom. The metal capillary of the spray
node is connected to an adjustable high voltage power
supply Applied Kilovolts 8. To implement the electro-
spray mode, a grounded metal plate is used as a coun-
ter electrode, which can be either a smooth removable
plate 9 for adjusting the sorbent deposition mode, or
a MALDI target 10 for obtaining the required sorbent
spot and implementing the laboratory-on-target tech-
nique. The distance between the end face of the metal
capillary and the counter electrode is about 10 mm.

Description of the setup operation

The drop-free spray mode can be controlled visual-
ly. Fig. 2, a, shows: 1 — meniscus of sprayed suspen-
sion in drop-free mode, 2 — end face of a metal capil-
lary, and 3 —external dielectric capillary. In the case
of microdroplets in the spray plume, a "dew" from the
sprayed solution is formed on the counter electrode. In
the case of dropless spraying, a dry, mechanically sta-
ble spot of sorbent 4 is formed on the counter elec-
trode. The pumping speed of the laboratory air flow
by a mechanical pump is controlled by the power
supply. An adjustable high-voltage voltage of up to
5 kV is applied to the metal capillary. The polarity of
the spray voltage depends on the polarity of the
sprayed sorbent and solvent particles.

Fig. 2. Sputtering of TiO, nanopowder onto a po-
lished MALDI target.

a — photograph of the spraying unit: 1 — meniscus
of the sprayed suspension in the non-drip mode, 2 —
metal capillary end, 3 — external dielectric capillary,
4 — dry mechanically stable spot of sorbent;

6 — micrograph of a target cell with a sputtered TiO,
nanopowder obtained by optical microscopy;

B — SEM micrograph of sputtered TiO,

EXPERIMENT

Validation of a simplified laboratory setup for ap-
plying sorbents — nanoparticles of oxides of various
metals — to a metal substrate was carried out in the
case of sputtering of TiO, nanopowder (particle
size — 21 nm, Sigma-Aldrich). A suspension in 30%
aqueous methanol with 0.1% formic acid with a par-
ticle concentration of 5 mg/mL was used. The suspen-
sion was first well mixed with a Vortex mixer, then
held in an ultrasonic bath for 10 min.

To obtain a sorbent spot with a diameter of 2 mm,
the following sputtering parameters were used: current
strength 133 nA; distance between target and
needle — 5 mm; the needle is out of the body by
0.7 mm; the suspension syringe is mounted on a tripod
70 cm above the table level; the working volume of
the suspension is not less than 20 mL; the constant
volume of suspension in the syringe is not less than
5 mL; spraying time 10 min.

Using optical microscopy, it was determined that
with such parameters it is possible to obtain a fairly
even coating, more compacted along the edges of the
spot (Fig. 2, 6). The particles of the material are quite
tightly packed, which was confirmed by the results of
the study using scanning electron microscopy (SEM)
(Fig. 2, B).

At the next stage, the obtained TiO, spots were
used for metal-affinity extraction in the laboratory-on-
target format. It has recently been shown that metal
affinity chromatography makes it possible to enrich
a sample with halogenated compounds [11-13].
Therefore, a tryptic hydrolysate of human globin mod-
ified with NI1-(4-chlorophenyl)-2-chloroacetamide
(CCAn) was chosen as a sample so that the ratio of
modified form to unmodified form was 1:10. In this
case, as shown in Fig. 3, a, the signal-to-noise (S/N)
ratio of the signal corresponding to the human globin
adduct with CCAn (LLGNVLVCCAnVLAHHFGK,
m/z 1886.993, mass difference with the unmodified
167 Da peptide), did not exceed 4. Metal-affinity ex-
traction was carried out under the following condi-
tions:

HAVYYHOE ITPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 3



[TPOCTEMIINN KOMIUIEKT OBOPYJIOBAHUS JIJII HAHECEHUSI HAHOYACTHI] 35

* sorbent — sprayed TiO, spots;

* sorption — in an aqueous medium at pH 6 for
20 min (the unbound fraction was then transferred to
the free target cell and mixed with the matrix solu-
tion);

* rinsing — twice with distilled water;

* desorption — 30% aqueous acetonitrile in the
presence of a matrix (alpha-cyano-4-hydroxycoric
acid) in 70% aqueous acetonitrile with 0.1% trifluo-
roacetic acid.

Fig. 3. MALDI mass spectra of human globin tryptic
hydrolysate modified with N1-(4-chlorophenyl)-2-
chloroacetamide.

a — before enrichment; 6 — unbound fraction; B —
after enrichment on a spot of sputtered TiO,

All eluents were dried directly on the sorbent spot.
The analysis was carried out using a tandem time-of-
flight mass spectrometer UltrafleXtreme (Bruker Dal-
tonics), equipped with a MALDI ion source and lo-
cated in the resource center "Development of Molecu-
lar and Cellular Technologies" of the St. Petersburg
State University Scientific Park. The spectra were
recorded in the range m/z 1000-3000 in the "reflec-
tron" mode with the detection of positive ions at the
following mass spectrometer settings: voltages 1 and
2 at the source were 20.1 and 18.0 kV, respectively;
voltage on lenses — 7.0 kV; voltage on the reflec-
tron 1 — 21.1 kV; voltage on the reflectron 2 —
10.9 kV.

Under these conditions of analysis, the adduct is
fully bound to the sorbent, as evidenced by the ab-
sence of a signal from m/z 1886.993 in the mass spec-
trum of the unbound fraction (Fig. 3, ©6). In the mass
spectrum obtained from the sorbent spot, the desired
signal turned out to be one of the most intense, along
with the signal corresponding to the unmodified pep-
tide LLGNVLVCVLAHHFGK (Fig. 3, B).

CONCLUSIONS

Based on the obtained results, it can be concluded
that TiO, deposited on the target surface according to
the method of dropless electrospray, retains the prop-
erties of a metal-affinity sorbent, and the proposed
approach in laboratory-on-target format can be used
for the extraction of halogen-containing protein ad-
ducts.

Thus, it has been revealed that the simplest set of
equipment for deposition of metal oxide nanoparticles
on a MALDI target during dropless electrospraying
under normal conditions makes it possible to obtain
even stable coatings on the surface of a solid substrate
with 100% use of the suspension. The example of
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TiO, shows that electrospray under these conditions
does not change the properties of the metal affinity
sorbent. In addition, it has been demonstrated that the
laboratory-on-target format can be used to extract ha-
logen-containing protein adducts.
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