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Beenenue

B mocnennue roawl uccieqoBaHus B OOJACTU IKOJOTUHU, OMOJIOTHH, T'E€OJIOTHUU
00BbEeIMHIINCH B €IMHOE HAIIPaBJICHUE SISl BRIPAOOTKH €IMHOTO MOAX0/Ia K OLICHKE POJIU
XUMUYECKUX 3JIEMEHTOB B OMOJOTMYECKHUX MpoIleccax, B (yHKIIMOHUPOBAHUM >KUBBIX
OpPraHu3MOB M 3KOCHUCTEM B YCIOBHUSIX AHTPONOTEHHOIO BO3JCWUCTBUS Ha MPHUPOIY,
3a4acTyI0 BEYIIETO K HEOOPATUMBIM U3MEHEHUSIM B COCTOSIHUM OKPY>Kalollel cpeibl 1
B 3JI0POBBE YETIOBEKA.

Cornacno nanubiM MAT'ATD cpean TOKCHYHBIX BEIIECTB HanOoJiee BPEIHBIMU
JUISL 3I0POBBSI UE€JIOBEKa CUMTAIOTCS: 1) NpPHUPOJHBIE TOKCHUHBI, 2) OpraHUYeCcKue
3arps3HSIONIME BEIIECTBA; 3) PAAUOHYKIUABI U 4) TOKCUYHBIE HEOPTraHUYECKUE
XUMUYECKHE DJIEMEHTHI, K KOTOPBIM, B IEPBYIO OUEPE/b, OTHOCATCS TAXKEJIbIE METAIIBI U
ux coeauHeHusl. KOHTpOJIb KOHIIEHTPALMU TSKEJIBIX METAJNIOB M APYTUX TOKCHUYHBIX
AJIEMEHTOB B arMmocdepe, TMOoUYBE, PACTUTEIBHOCTH U TEOJOTHMUYECKHUX TOpOoJax,
MOHUTOPHHT M TIPOTHO3UPOBAHWE YPOBHS 3arps3HEHUNA HEOOXOAUMBI ISl OIEHKHU
9KOJIOTUYECKON 00CTaHOBKH.

Nudopmanuss 06 >7eMEHTHOM M XUMHUYECKOM COCTaBE T'€OJIOTHYECKHX IPo0
UCIIOJIB3YETCS BO MHOTHX 00JacTAX HAayKd, Hampumep, B Ouojoruw, reorpadum,
COJICP)KUT JIaHHBIE O TOPOJA00OPA3YIOIMIMX T'E€OJIOTHYECKUX Tpolieccax, KOTOPYIO
UCIIOJB3YIOT B TCOXMMHUUYECKHUX HCCICAOBAHMAX JUJISl ONPEACICHUS MUTPALUHU
XUMHUYECKHUX DJIEMEHTOB B MPUPOJE, MPOrHO3UPOBAHUS MTOBEICHUS TOPHBIX MopoA (KUxX
CMeIIIeHHE U J1e(OopMaIlnio), a TakKe JJIS OIEHKH WHXXCHEPHO-T€OJOTUUECCKUX YCIOBUMN
TEPPUTOPUN pa3MEIICHHUS, TPOECKTUPOBAHUS M CTPOUTEIbCTBA 3HAYMMO-BA’KHBIX
00BEKTOB  (HampuMep, AaTOMHBIX  DJIEKTPOCTAHIMK W JIPYTHX  OOBEKTOB
OOIIEeHAITMOHAIBHOTO 3HAYCHHUS ).

['eonmornueckue Mopobl UMEIOT CIOKHBIA XUMUYECKUH COCTAB U HEPABHOMEPHOE
pacmpeneneHne KOMIIOHEHTOB B mpobOe. CremoBaTeNbHO, IS TOMYYEHHUS TOJTHOMN
uHpopMaI 0 cocTaBe MPOOBI TpeOyeTcs OJHOBPEMEHHOE OMPEEICHHUE ITUPOKOTO
Kpyra »3JIEMEHTOB, HaXOJSIIMXCS B Pa3JUYHBIX KOHIIEHTPAIIMOHHBIX JUarna3oHax,
BKJIIOYas yJIbTpPaHWU3KHE coiepkaHus. [l aHamM3a TeoJOoTMYeCKUX TMpod B

COBPEMEHHBIX JIA00PATOPUSX UCIOIB3YIOT 3HAUUTEIbHBIA KOMIUIEKC METOA0B. OHAKO
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OOJBIIMHCTBO 3TUX METOJOB TPEOYIOT MPEABAPUTENILHOW MPOOOMOArOTOBKH:
IPaHyJIMPOBaHUs, CIUIABJIEHUS WJIM PACTBOPEHUS CMECBIO KHUCIOT. DTO CYIIECTBEHHO
YCIIOKHSIET aHaju3, YBEJIWYMBAET BPEMsl W MOTPEIIHOCTh ONpPENENCHUs 3JIEMEHTOB.
OcoOblli  MHTEpEC MPEACTABIAIOT METOJbl, MO3BOJSIONIME MPOBOAUTH aHAIM3
HEIMOCPEJICTBEHHO B TBEPBIX 00pa3liax ¢ MUHUMAJIbHON MPOLEeAYpOil MpoOONOArOTOBKU
win 6e3 Hee. OJHUM U3 TaKKX METOJOB SIBJISIETCS BPEMSIIIPOJIETHASI MACC-CIIEKTPOMETPUS
C HUMITYJIbCHBIM TJCIOUIMM pPa3psaoM, MO3BOJIAIONIAS ONPEAEHsITh IIMPOKUM Kpyr
9JIEMEHTOB B IIMPOKOM KOHIICHTpAIMOHHOM juamnazoHe — oT 10 ppb mo 100% c
MUHUMAaJIBHOM MpoIeaypoi MpoOONOATOTOBKH.

['opHble MOpOIBI TakXkKe COAEpP>KAaT B CBOEM COCTaBE YpaH M TPAHCYpPaHOBBIC
AJIEMEHTBI, KOTOpPbIE OKa3bIBAlOT TOKCHMYHOE BIMSHHE Ha OpPraHU3M YeJOBEKa U
OKpYXalollyl0 cpeny. B pe3ynbrare BhIBETpUBAHUS M BbIIICIAYUBAHUS MPOUCXOJIUT
YBEJIMUEHUE KOHIICHTPALIUM 3TUX 3JIEMEHTOB B OJM3JIEKANIUX BOJHBIX MOBEPXHOCTSIX.
Hcnonb3oBanue OOBIYHBIX METOJOB KOHCEpBAIMK MPOO BOJBI C MOCIEAYIOMIEH UX
TPAHCIIOPTUPOBKOM W  ONpENEJICHUEM YypaHa METOAaMU aTOMHO-3MHCCHOHHOMN
CHEKTPOMETpUEH C WHIYKTUBHO-CBA3AHHOM TIUIa3MOM M Macc-CIIEKTPOMETpUeH ¢
WHAYKTUBHO-CBSI3aHHOW TUIa3MOM CONPSKEHO C CYIIECTBEHHBIMHU MMOTPEUTHOCTIMH,
CBSI3aHHBIMM C HECTAOMJILHOCTHIO 3TUX Mp00. BpeMmsamnpoernas mMacc-CieKTpoOMeTpus €
TJICIOIINM Pa3psAOM SIBISICTCA yIOOHBIM M BHICOKOUYBCTBUTEIBHBIM METOJOM aHAJIN3a,
MO3BOJISIIONIUM OTPENEIATh COJIepKaHUEe ypaHa B BOAHBIX PACTBOpPaX B IIUPOKOM
JMaria3oHe KOHIEHTPAIMH, MPeBapUTEIIbHO COPOMPOBAB €ro Ha BHICOKOA(D(PEKTUBHOM
IIPOBOJISIIEM COPOCHTE, paCIblIsAsl HETOCPEACTBEHHO caM COPOEHT.

B cBs13u ¢ 3TUM aKTyaIbHOCTB PadOTHhI 3aKJII0YAETCs B pa3paboTKe 3KCIPECCHOTO
croco0a, TO3BOJIAIONIETO OJIHOBPEMEHHO M C MHUHUMAIbHOW MPOOOMOATrOTOBKOM
OTIPEIENSITh IMUPOKUN KPYT DJIEMEHTOB B NPHUPOJHBIX 00paslax, BKIIOYAs TMOPOJIHI,
PYIibl, TOYBBI, a TAKXKE YpaH B BOAHBIX PACTBOPAX C €r0 MUHUMAIIbHBIM COJEPKaHUEM.

AKTyallbHOCTh pa0OThl MOATBEPKAAETCS TEM, YTO YacTh HCCIIEIOBaHMI OblLia
BEITIOJTHEHA TIPH MOJIepkKe HaygHoro rpanta PH® N 17-73-20089.

Heabro padoThl sBiIsIaACH pa3padOTKa METOAUYECKUX MMOAXO0B, MO3BOJISIOMNX

OCYILIECTBIISTH MPSAMOU U OBICTPBIN aHAJIN3 COCTaBa re0JIOTHYECKUX TPOO U OTpeeIeHIE
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ypaHa B BOJHBIX PAacTBOpax, CKOHIIGHTPUPOBAHHOTO Ha COpPOCHTE, C MCIIOJIb30BAaHUEM
HOBOTO BBICOKOYYBCTBHUTEIBHOTO METOJa OIPEACIICHUS DJJIEMEHTHOTO COCTaBa —
BPEMSIIPOJIETHON MacC-CIIEKTPOMETPUH C UMITYJIBCHBIM TJICIOIIINM Pa3psioM.

JIJIsi TOCTHKEHUST TIOCTABJICHHOH el ObUIO HEOOXOAUMO PEIINTH CJIeTyIoNIue
3a/avn;

- BBIOpaTh MaTepHall KaTo/1a, 00CCIICUNBAIOIIETO YMEHBIIICHUE BIUSHUS BOJbI U
KHCIIOpO/ia Ha aHAIMTUICCKUE XapaKTEePUCTHKH;

- ONpENeNUTh OTHOCHUTEIbHBIC YYBCTBUTEIBLHOCTH AaHAJTUTOB C  IIEJBIO
UCIIOJIb30BaHUS METO/Ia OTHOCUTEIBHBIX YyBCTBUTEIbHOCTEH (RSF) mst rpamyrpoBku
MacC-CIEKTPAIbHOW CUCTEMBI JIUTS aHAJIN3a Ie0JIOTHUSCKUX 00pasIos;

- OICHUTh METPOJIOTHYCCKHEC XapaKTCPUCTUKH BPEMSIPOJCTHOM  Macc-
CIIEKTPOMETPUN C HMITYJIbCHBIM TJCIOIIUM Pa3psjioM TPHU aHAIHM3E TeOJIOTMYCCKUX
00pa3sIoB CIIOXKHOTO CcOCTaBa (MPaBHIBHOCTh, CIYYalHYIO IOTPEIIHOCTh, IIPEIes
oOHapyKEHHUS, TPEACI ONPEICICHNU);

- pazpaborarh >(PEeKTUBHBIE YTIIEPOAHBIE COPOCHTHI IS CO3JaHUs yIOOHOM
CUCTEMBI KOHCEpPBAILIMK U TPAHCTIOPTUPOBKH;

- HCCTIEZ0BATh MPOIIECCHl KOHIIEHTPUPOBAHUS HA YIIEPOIHBIX COPOEHTAX;

- OLEHUTh METPOJIOTMUECKHE XapaKTEPUCTUKH BPEMSIIPOJIETHON  Macc-
CHEKTPOMETPUU C HMIYJIbCHBIM TICIOMIMM pa3psaoM TpU OINPEACICHUH YypaHa,
NpeBaApUTEIBLHO COPOMPOBAHHOTO M3 BOJHBIX PACTBOPOB HA MOIUDHUIIMPOBAHHBIX
yIIAEPOAHBIX HAHOTPYOKAX, pACIbUISAs HEMOCPEACTBEHHO caM COPOEHT.

Hayuynasi HoBHU3HA paOOTHI 3aKIIOYAETCS B TOM, UTO:

1. Pazpaboransl u onpoOOBaHbI METOINYECKUE MOJIXObI TSt
MHOTOAJIEMEHTHOTO ~aHall3a CIIOKHBIX TE€OJIOTUYECKUX TPo0 ¢ MHUHUMAIbHOU
MpOOOMOATOTOBKOW W HWCIIOJIb30BAHUEM BPEMSIPOJIETHONM Macc-CIEKTPOMETPUU C
UMITYJIBCHBIM TJCIOIIIM Pa3psIIOM.

2. [IpennokeH u peann3oBaH Croco0 KOHIEHTPUPOBAHUS ypaHa W3 BOITHBIX
pacTBOpOB Ha MOAM(PHUIIMPOBAHHBIX TPECCOBAHHBIX YTIIEPOIHBIX HAHOTPYOKax C

MOCJICTYIOIINM PACTIBUICHHEM COPOSHTA B IMITYJILCHOM TJICIOIIEM paspsijie.
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IIpakTuyeckass 3HAYUMOCTH pPAOOTHl 3aKJIIOYAETCS B TOM, YTO Ha OCHOBE
BPEMSIIPOJIETHOM  MacC-CIIEKTPOMETPUM €  HUMIYJIbCHBIM  TJCIOIIUM  Pa3psioM
pa3paboTaHbl METOJIUYECKUE MOJXOAbl JJII OJHOBPEMEHHOI'O OMPEACIICHUS MIUPOKOTO
Kpyra 3JIEMEHTOB, B TOM YHCJI€ PEAKO3EMETbHBIX, B TEOJIOrHYECKUX TPo0ax B 1Uana3oHe
koHIeHTparuii ot 10 ppb 1o 100%; npeioxkeH u peann3oBal 3G GEKTUBHBIN U y100HbIH
croco0 KOHCEpBAallMW, XpaHEHWS, TPAHCIOPTUPOBKU U ONPEACIICHUS ypaHa,
COpOMPOBAHHOI'O U3 BOJIHBIX PACTBOPOB.

IMonoxenusi, BLIHOCUMBbIE HA 3AIUTY.

1. Meroaudeckue MOAXOABl ISl TPSIMOTO MHOTORJIEMEHTHOIO aHaJlu3a
CIOKHBIX TE0JOTUYECKHX TMpoO0 C HCHOJIb30BAHHEM BPEMSIPOJIETHON  Macc-
CIIEKTPOMETPUU C UMITYJIbCHBIM TJICIOIIUM Pa3psiIOM.

2. B03M0XXHOCTBH OZTHOBPEMEHHOT'O OTIPEICIICHUS IIIUPOKOT0 KPyTa JJIEMEHTOB,
B TOM YHCJIC PEAKO3EMENTBHBIX, B TEOJOTUUECKUX MPOOaX B IUAa3zoHe KOHIIEHTPAIIUNA OT
10 ppb 10 100%.

3. Meroguyeckne MOAXOIbI [Ji1 KOHIIEHTPUPOBAHUSA ypaHa W3 BOAHBIX
pacTBOpPOB Ha MOAM(PUIIMPOBAHHBIX TMPECCOBAHHBIX YIIIEPOJIHBIX HAHOTPYOKax C
MOCIIEYIOIIMM PacbIEHHEM COpOEHTa B UMITYJIbCHOM TJICIOIIEM pa3psijie C MpeaeiaMu
obuapyxenus 0,2 ppb.

MeTon0/10THs ¥ METO/bI HCCJICIOBAHMS.

OneHKy MpaBUIIBHOCTH Pa3pabOTaHHOTO MOAX0/1a OCYIIECTBISUIA MTyTeM aHalu3a
CTaHJApTHBIX 00pa3IOB C aTTECTOBAHHBIM COJEPKAHUEM OIPEACIIIEMbIX dJIEMEHTOB, a
TaKk)Ke CPAaBHEHUEM PE3YJIbTATOB OMPENEICHHUs FJIEMEHTOB 110 Pa3pad0TaHHONW METOIUKE
C pe3yJbTaTamH, IOJYYCHHbIMM HE3aBUCMMBIMH MeToAamMu. B kauecTBe MeToja
HCCIIEIOBAHUS UCIIOJIb30BAIA BPEMSIIPOJIETHYIO MACC-CIEKTPOMETPUIO C UMITYJIbCHBIM
TJICIOLIUM Pa3pPsIIOM.

CreneHb J0CTOBEPHOCTH U anpodanus padoThbl.

PaGoTa BhITIOTHEHA HA COBPEMEHHOM aHATUTHYECKOM 000PY/I0BaHNH, BHECEHHOM
B rOCYapCTBEHHBIN PEECTp CPEACTB U3MEPEHUI — BPEMSIIIPOJIETHOM MacC-CIIEKTPOMETPE
C UMITyJIbCHBIM TieomuM paspsanom Jlromac-30. JlocTOBEpHOCTh TONIYYCHHBIX

PE3YIAbTAaTOB OIIPCACICHHUA HIMPOKOIo Kpyra 3JICMCHTOB B TI'COJIOTHYCCKHUX np06ax
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HOATBEPXK/ICHA AHAIM30M CEPTUPHUIMPOBAHHBIX CTAHIAPTHBIX OOPA3IOB COCTABa;
JIOCTOBEPHOCTH IOJYYEHHBIX PE3YJIbTATOB OIpENeNICHUs] ypaHa, cOpOMPOBAHHOIO Ha
copOeHTe, MOATBEPIKICHA METOJIOM «BBEICHO-HAWICHOY.

OCHOBHBIC PE3yJbTAaThl HCCICAOBAHMN JOKIAABIBAINCH W OOCYKAAIUCh Ha
crenyonmx KoHdepenmusax: X MexayHapoaHas KOHOEPEHIHMS MOJIOIbIX YICHBIX MO
xumun «Mennenees 2017» (Cankr-IlerepOypr, 2017 r), XI International Conference on
Chemistry for Young Scientists «Mendeleev 2019» (Cankr-IlerepOypr, 2019 r).

IMy6aukanuu. [To MaTepuany auccepTanud ObLIO OMyOJIMKOBAHO 4 CTaThu B
peLCH3UPYEMBIX MEKIYHAPOIHBIX JKypHalaX, HHAEKcHpyembix Scopus u Web Of
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1. Ganeev A.A., Gubal A.R., Korotetski B., Bogdanova O., Burakov B., Titova
A.D., Solovyev N.D., Ilvanenko N.B., Drobyshev E., lakovleva E., Silanpaa M. Direct
isotope analysis of Chernobyl microparticles using time-of-flight mass spectrometry with
pulsed glow discharge (2017) Microchemical Journal, 132, pp. 286-292. DOI:
10.1016/j.microc.2017.02.015.

2. Ganeev A.A., Titova A.D., Korotetski B., Gubal A.R., Solovyev N.D.,

Vyacheslavov A.V., lakovleva E., Sillanpaa M. Direct quantification of major and trace
elements in geological samples by time-of-flight mass spectrometry with a pulsed glow
discharge  (2019)  Analytical Letters, 50 (4), pp. 671-684. DOI:
10.1080/00032719.2018.1485025.

3. I'aneeB A.A., [HpoOsimeB A.U., I'ybanp A.P., ConoeeB H.JI., Uyunna B.A.,

Npanenko H.b., KononoB A.C., TutoBa A.Jl., 'opOynoB U.C. Ilonblii KaTOJX M HOBBIC

MeTOJIbI aHam3a Ha ero ocHoBe (2019) JKypran anarumuuecxori xumuu, 74 (10), c. 752-
760. DOI: 10.1134/S0044450219100049.

(GaneevA.A., Drobyshev A.l., Gubal A.R., Solovyev N.D., Chuchina V.A., lvanenko
N.B., Kononov A.S., Titova A.D., Gorbunov I.S. Hollow cathode and new related
analytical methods (2019) Journal of Analytical Chemistry, 74 (10), pp. 975-981. DOI:
10.1134/S1061934819100046).

4. Turoa A.JL., IToctaoB B.H., CaBunos C.C., Ctonspoa H.B., iBanenko H.b.,

Uyuuna B.A., I'y6ans A.P., 'aneeB A.A. OmnpeneneHue ypaHa B BOJHBIX pacTBOpax


https://doi.org/10.1016/j.microc.2017.02.015
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METOJIOM BpPEMSAINPOJIETHON MacC-CIIEKTPOMETPUHU C UMIYJIbCHBIM TJCIOUIUM pa3psaoM
MOCJIe €r0 KOHIIGHTPUPOBAHUS OKHCICHHBIMH YIIIEpOJAHbIMH HaHOTpyOkamu (2020)
Ananumuxa u konmponw, 24 (2), c. 96-106. DOI: 10.15826/analitika.2020.24.2.001.

JInuHbIii BKJIAJ aBTOpa COCTOSJI B aKTUBHOM YYacTHH B IOCTAHOBKE 3ajad
UCCJIEeI0BaHUS, CUCTEMATH3alUU JINTEPATYPHBIX JAHHBIX, IIAHUPOBAHUHU, TOATOTOBKE U
MPOBEJICHUH HKCIIEPUMEHTAJIbHBIX HCCIIEIOBaHUN, O0O0pabOTKE M HWHTEpHpEeTaluu,
MOJIYYEHHBIX PE3YyJIbTaTOB, @ TAKKE B MOJATOTOBKE JOKJIAJ0B U MyOIHKAIIUH.

PaGora Beimonnena B  @PexpepanbHoM  ['ocynmapcTBeHHOM  BromkeTHOM
Oo6pazoBatenbHoM Yupexaenud Beicuiero OO6pa3oBanus «Caskt-IletepOyprekuit
INocynapcTBennsiii YHuBepcurer» (MHCTUTYT Xumuu, kadeapa aHaTUTHUYECKON XUMUN)
B COOTBETCTBHM C IJIJAHOM HAay4YHO-HMCCIIEIOBATEIbCKUX padoT mo teme: «Pa3zpaborka
KOMIUIEKCHOTO MeTona omnpeneneHuss P32 B reonoruueckux mnpobax M ypaHa B
IPUPOIHBIX BOJIAX C UCIOJIB30BAHUEM BBHICOKOI((EKTHUBHBIX MPOBOJAIIUX COPOCHTOB U
BPEMSIIPOJIETHON MAaCC-CIIEKTPOMETPUHU C UMITYJIbCHBIM TIICIOIIHUM Pa3psIOM».

BaaronapaocTu. ABTOp BbIpakaeT IIyOodailllyro 01arofapHOCTh HAay4YHOMY
PYKOBOAMTEIO, Ipodeccopy Asnekcanapy AxaTtoBuuy ['aHeeBy 3a MOJAEPAKKY, TOMOIIb
1 o0cykJeHre HaydHoi paboThl, a Takke Buktopy Hukonaesuuy IloctHOBY 1 Ceprero
CepreeBuuy CaBHHOBY — 3a IpEIOCTaBJICHHbIE MaTepuaibl U OOOpyAOBaHUE MJIs
IIPOBEJICHUS SKCIIEPUMEHTOB.

W, xoHewyHO, oOTAeNbHas OJIarOJapHOCTb CEMbE, JAPY3bsIM 3a TMOJACPKKY MU
BHUMAaHHE, KOTOPOE OHM OKa3bIBAJIM BCE 3TO BPEMSI.

N3ydenne (PU3HKO-XMMHUYECKHUX CBOMCTB OOBEKTOB HCCIEIOBAHUS  OBLIO
MPOBEJCHO C UCIIOJIb30BAaHUEM O00OPYIOBAaHUS PECypCHBIX LEHTPOB «/HHOBalMOHHBIE
TEXHOJOTMN KOMIIO3UTHBIX HAaHOMATEPHAIOB», «DU3NYECKHE METOAbI HCCIEIOBAHUS

noBepxHocTu» Hayunoro nmapka CIIOIY.
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I'maBa 1. O030p JuTepaTypsbl
1.1 DneMeHTHBIN COCTaB T€0JOTUUECKUX MPOO

3HaHME JIEMEHTHOI'O COCTaBA I'€0JOTrMYECKUX P00 UMEET OOJIBIIOE 3HAUEHUE J1JIs
BBINIOJIHEHUS (PYHAMEHTaIbHBIX HAYUHBIX HCCIEI0BaHUI B 00JaCTH HayK 0 3emiie. ITO
CBS3aHO C POCTOM HHTEpeca K MOHHUMAaHUI0 OCHOBHBIX 3aKOHOB, 3aKOHOMEPHOCTEH,
(dbakTOpoB 00pa3oBaHMs U TEOXMMHUYECKOM HBOJIONUU 3EMJIM, a TaKXke YCIOBHI
(opMUpPOBaHUS U pa3MEIICHUS MECTOPOXKICHUHN TOJIE3HBIX UCKOMaeMbIX [1,2].

K oCHOBHBIM MOPOIOOOPA3YIOMIMM MHUHEpaTaM OTHOCSTCS TIOJIEBbIC IIMAThI
(Tutaruoksia3, KaJMeBBIM TOJIEBOM ImarT), KBapi, amM@uOOJbl, MUPOKCEHBI, OHOTHUT,
MarHeTUT/WIbMEHUT, onuBUH W anmatut [2]. ComepikaHue caMbIX PAacIPOCTPAHEHHBIX
nopo1000pa3yIoIIX MUHEPAJIOB B 3¢MHOM KOpe npezacTaBieHo B Tadmuie 1.

Tabnuua 1. ConeprkaHue cambIX pacpoOCTPAHEHHBIX MOPOA000PA3YIOIIMX MUHEPAJIOB B
3€EMHOM KOpE

I'pynna Coneg;:anne, Knace Oomasn ¢popmyJia
Mnaruokas 42 Kapraciie (Ca,Na)(Al,Si) AlSi;Oq
AJFOMOCHUIINKATEI
Kanuesbrit
IIOJIEBOM 22 Cunukarsl KAISi3Og
III1aT
Kaapig 18 CumkaTsl SiO,
A0-1X2Y528022(OH, F, C|)2
A=Na,K;
AMPuO0IBI 5 MeTacHIuKAThI X=Ca, Na, Fe?*, Mg, Mn, Li;
Y=Al, Cr, Fe®*, Fe?*, Mg, Mn, Ti;
Z=Si, Al, Cr, Fe**, Ti
AX[Si»06]
[1lenouHsle A=Mg, Fe?*, Na, Ca, Li;
Hupoxcenr 4 CHJIMKATHI X=Mg, Fe?*, Fe3*, Al, Mn?*, Ni?*,
Ti, Cr3*, v3*
Marsne3uaabHO-
buotur 4 KEJIE3UCTHIC K(Mg,Fe)s[SizAlO10][OH,F]2
CITFOJIBI
MarueTur, 9 S — Fes0q4
NneMeHuT FeTiO3
Marse3naibHO-
OnuBuH 1,5 KEJIC3UCTHIC (Mg,Fe)2[SiO4]
CUJIMKATBI
Anarur 0,5 dochate Cas[PO4]s(F,CI,OH)
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['maBHas Macca IIarkokjaa3oB 00pa3yercst MPH KPUCTALTU3AIMN MAarMbl U BXOIHUT
B COCTaB MarMaTHUYECKUX TOPHBIX MTOPOJI, a IPU BBIBETPUBAHUH U IPH THAPOTSPMATBHBIX
BO3/ICHCTBUSIX TUIArMOKIIA3HI JIETKO MEPEXOIAT B TUAPOCIIIONBI U B TIIMHUCTHIC MUHEPAJIBI
— KaOJIMHUT ¥ MOHTMOPHUTOHUT. CITIO/IbI 4aCTO COEPIKAT PA3IUUYHBIC PEAKUE FIICMEHTHI
(Be, B, Sn, Nb, Ta, Ti, Mo, W, U, Th, Y), npucyrcTByioliie B BHJC
CYOMHUKPOCKOITMYECKUX MHUHepajoB-npuMecedi. [IMpokceH SBISCTCS OJHMM U3
OCHOBHBIX MHHEPAJIOB JYHHOTO PErojuTa — OCTATOYHOIO TIPYHTA, SBIISIOMIETOCS
HPOJAYKTOM KOCMHUYECKOT'O BHIBETPUBAHMS TOPO/Ibl. MITbMEHUT SBJISICTCS [ICHHON PyA0H
JUIS TIOJydeHHUs T1 W ero MpoM3BOJAHBIX (OKCHIa THUTaHa, (eppoTHUTaHA U JIp.), €ro
UCTIOJIB3YIOT JIJIsl IPOU3BOICTBA BHICOKOKAYECTBEHHON KPAacKH Jjisi OO€BOM TEXHUKH, B
YaCTHOCTH, BOCHHBIX KOpaOJie; TakKe MIBMEHUTOM OoraTa JiyHHas modBa. OJIMBHH
pacrnpocTpaHeH BO MHOTHX BHIaX METCOPUTOB, a TAK)KE B MAHTUHHBIX M MAarMaTHYCCKUX
nopojax. HedenuH, moiaydaembplii Kak OTXOJ HpH JA00BIYC araTuTa, WCIOJIB3YIOT IS
MPOM3BOJICTBA CHIPBS ISl BHIMUIABKH AJTFOMHUHHS, MOTAIlla U ChIPbs JIJIs MMPOU3BOJICTBA
IIEMEHTA; TaK)Ke OH NMPHMECHSETCS B CTEKOJBHOM M KOKEBEHHON NPOMBIIIICHHOCTSX.
[Tpomeccel, mpoucxoasdiye B 3eMHOM KOpPe Ha CPEIHUX M MaJIbIX TITyOMHAX C y4acTHEM
TOPSYMX BOJHBIX PAacCTBOPOB TIPH BBICOKUX JIABJICHHSX, MOTYT CIIOCOOCTBOBATH
peoOpa3oBaHUI0 MUHEPAJIOB U PYJ U BOZHHKHOBEHUIO MECTOPOXKJICHUH CMEIIAHHOTO
tuna. Takue TUAPOTEPMANIbHBIC MECTOPOXICHHS IPEJICTaBIAIOT Co00M Haubosee
Ba)KHBIN MCTOYHHK TaKUX MeTajuioB, kak Cu, Pb, Ag, Au, Hg, Ge, Ti, Mo, W, Zn, Cd, Co
u np. [1,2].

XVMMHYECKHI COCTaB FOPHBIX MOPOJ U MaTePHAIOB BEChMa pa3HOOOpa3eH Kak 10
COUCTAHUIO OKCHIOB, TaK M II0 HUX OTHOCHUTEIBHOMY cojepikaHuio. Kak BHIHO H3
Tabmumpr 1, cunmmkaTel cOCTaBISIIOT 10 75% Macchl 3¢eMHOW KOPBI, TIO3TOMY aHaju3
TOPHBIX IOPOJ OOBIYHO TIOJAPA3JC/ISAIOT Ha «CHJIMKATHBIA aHalW3», aHalu3 Ha
«IIPUMECHBIC MHKPO3JIECMEHTBI» M aHAJIU3 «IIEJICBBIX JIeMEHTOBY». CHIMKATHBIA aHAIU3
mo TpyaoeMKkocTu coctaBiasieT 40% or Bcero oObeMa Tpyao3aTpaT Ha aHAIU3bl B
reojioruu u reoxumuu. [IpuMeHsemMasi B HacTOsIIIIee BpeMs CXeMa CHJIMKATHOT'O aHain3a
SIBJIIETCS COYETAHHEM KJIACCHYECKUX XUMHUYCCKHX M (U3MKO-XHUMHUYECKHX METOJIOB

aHaJu3a, HapUMep, aTOMHO-a0COPOLIMOHHON CIIEKTPOMETPUHU U CIIEKTpooTOMeTpuUH, a
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MOPOH OrPaHUYMBAETCS TOJIBKO PEHTIeHO(IyOopeceHTHON ciekTpoMeTpuei. [loatomy
IpU CUJIMKATHOM aHaju3€ OOBIYHO OINPEAENAIOT KOHIEHTPAIMU OKCHIOB TOJBKO
nopoooopazyromux snementoB: Na, Mg, Al, Si, P, K, Ca, Ti, Mn u Fe ¢ HmwkxHUM
npenenom ompeaenenus 0,02 macc. %. A npu  omnpenereHUH IPUMECHBIX
MUKPORJIEMEHTOB HIDKHHI ITpeIelt onpenenenus coctapisier 5 ppm mus Nb, Mo, Rb, Sr,
Th, Y, Zr, Se, U; u 10 ppm g As, Co, Cu, Pb, Ni, Zn [1,3].

JI71s1 BBITIOJIHEHUST aHalin3a 00BIYHO TpedyeTcs 4 — 8 T hccieayeMoro BeIecTBa.
[Ipu HegocTaTke Marepuana (Hampumep, MPH aHAIKU3E MUHEPAJIOB) 3TO KOJIUYECTBO
MOXHO YMEHBIIUTh IyTeM KOMOWHUPOBAHUS OMNPEACIICHHUM, BBIMOJHAEMBIX U3
OTJICJIbHBIX HaBECOK. TOYHOCTh aHaiM3a MPU 3TOM OOBIYHO HECKOJBKO CHIIKAETCS 3a
CYET OIIMOOK NMPU OTMEPUBAHUH M YMEHBIIIEHUS HABECKH JJIsSI OTJICIBHBIX OMPECICHUMN.
CocTtaB CWJIMKATHOW TMOPOJABI BBIPAXKAKT CYMMON OKHCIIOB COCTaBIISIIONIUX €€
3JIEMEHTOB, OOBIYHO OH COAEPXKHT cieayromre KomnoneHTsl: SiOz, TiO2, ZrO,, AlLOs,
Fe 03, Cr03, V203, FeO, MnO, CaO, NiO, CoO, MgO, SrO, BaO, ZnO, CuO, K-0,
Na.O, Lizo, H,0O, P,Os, S, SO3, C, F, C|, N, BzOg, BCO, SIIOz, (Ta, Nb)zOs, Pb, Mo, W
Y TPYIIIY PEIKO3EMETbHBIX 3JIEMEHTOB [4].

Ha3Banne «penkas 3emiisi» MEpBOHAYAIBbHO NMPUMEHSIIOCH JI OMUCAHUS MOYTH
BCEX MPUPOJAHBIX OKCUAOB BILIOTH A0 1920 1. 3aT€M 3TOT TEpMUH HaAYaIU MPUMEHSITh J1JIs
Ha3BaHMs CaMHUX AJIEMEHTOB, a HE UX OKCHJIOB, a TAKXKe JUIsi 0003HAYECHHS] HECKOJIBKHUX
AJIIEMEHTOB, C OOJBIITUM TPYAOM pa3lesieMbIX IpYT OT apyra [5].

K penko3zemenbHbIM 3JIEMEHTAM OTHOCATCS JIJAHTAaHOU bl (ATOMHBIE YKcsIa OT 57 10
71) u Y, KOTOpBI UMEET XUMUYECKOE CPOJACTBO K OoJiee TsHKeNbIM JlaHTaHouaam. P33
OOBIYHO JENSATCS Ha JABE TPYMIbBL: «IIEPUEBYIO» WM «IeTKHe 3emim» (0T La mo Sm) u
«UTTPHEBYIO» WIH «TsDKenmbie 3emum» (oT EU go Lu). B Hacrosimee Bpemst K
PEIKO3eMETbHBIM dJIEMEHTAaM IPHUHATO OTHOCUTH 14 3memenToB oT Ce 10 LU, 00BI9HO K
HUM OTHOCAT enle La, a unorma gaxe SC u Y. OHH 00J1a1al0T CXOKUMHU XUMHUYECKUMU U
¢u3nuecKUMH CBOWCTBAMH, B TOM YHCJIE€ HHU3KOW pPACTBOPUMOCTBIO W MaJlOH
MOJIBIKHOCTRIO B 3eMHOM kope [6]. OrTmeTmM, dYro 3a UCKIIOYCHHEM Pm,

PCAKO3CMCEIIBHBIC 3JICMCHTBI HAa CaMOM ACJIC HC OTHOCATCA K PCAKHUM. B HYaCTHOCTH, Ce -
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26-11 BIIeMEHT M0 PacIpOCTPAaHEHHOCTH, @ TM B 3eMHOM KOpe 0oJiee pacrpoCTpaHEH, YeM
l.

Penko3emenbHbIE AIEMEHTBI PEAKO ONMPEAEIAIOT B IOUBAX U OTJIOKEHUSAX B CBSI3U
C MPEANOIOKUTEIbHBIM OTCYTCTBUEM TOKCHUKOJIOTMYECKOTO BO3ACHCTBHUS, @ B TOPHBIX
nopojax U pyaax — C TPYAHOCTBIO uUX omnpeneneHus. Oanako B nocieanue 40 ner
3HAYUTEIBHO BBIPOCIIO MPOMBIIUIEHHOE M TEXHOJOTMYecKoe mnpuMenenue P33, 4yro
BJIEYET 3a COO0M UHTEpEC K ONpeeeHNI0 KoHIleHTpanuii P33 B reonorndyeckux npobdax
HPU MOMCKE HOBBIX MecTOpoxaeHuit [7]. M3BecTHO Gonee 100 MuHEpAIoB, CoaepkKANUX
P33, HekoTopble M3 HHUX HUMEIOT MPOMBILUIEHHOE 3HaueHue. Haumbonee BaKHbIM
ucxoaHbsIM MatepuanoM st Ce u La, a Takke UX COeTUHEHUHN SBISETCS MOHAI[UTHBIN
necok (Ce, La) PO4, ans momydenus coneit Y — OactHe3uT ((propkapobonatr P3D) u
ABKCEHHT, a Takke MOHAIMUT (cMemanHbiid pochar P3D) u MuHepansl TUIA 3BKCEHUTA:
MOJIMKpA3, SUIMHUT, CWIMKAT-aJUIAHUT W LEPUT, KOTOpble 00ecreunBalOT MHUPOBOE
npousBojactBo P33, La u Th [6,8]. BeicokouncTeie okcuasl P3D cioykaT ChIppeM s
IPOU3BOJICTBA  BBICOKOYHUCTBIX (TOPUIOB, HCHOIB3YEMbIX [JII TPUTOTOBIICHHUS
ONTUYECKUX MOHOKPHUCTAJUIOB U BOJOKOHHBIX CBOTOBOJIOB. B TO e Bpems, GTopuabl
psina P3D ciaykat ceipbeM I IPOM3BOJICTBA CAMUX PEIKO3EMEIbHBIX AIeMeHTOB [8].

Takum oOpazom, ompexaenenue P30 ¢ MHUHMMAalIbHBIMU KOHIICHTPALMSMU B
reOJIOTUYECKUX MaTepuanax s IeJiel MHUHEPAJIOTHYEeCKUX U TeTporpauieckux
UCCJIEIOBAaHUN JOJHKHO MPOBOIUTHCS C MOBBINIEHHOW TOYHOCTBIO, YTO JIETAeT 3a7auy
aHaJM3a reoJornYecKuX Mpod OJHOM U3 CIOKHEHUIINX B AHATUTHICCKON XUMUMU.

[Ipu ananmu3e reosIOrH4ecKuX MpoO, WUMEIONIUX CIOXKHBIA XUMHYECKUH COCTaB,
KeJIaTeJbHO HCMHOJb30BaTh MPSMOW BBICOKOUYBCTBUTENIBHBII METOJI, MO3BOJSIONIUN
OJTHOBPEMEHHO ONPENIEIATH BCE HHTEPECYIOLINE UCCIIEIOBATEINS 3JIEMEHTBI B Pa3IMYHbIX
KOHIICHTPAIIMOHHBIX Auana3oHax. OJHaKo MPaKTUYECKU BCE METOAbl ONTUMU3HPOBAHBI
TOJIBKO JJISI OTIPEJIETICHUs] OTPAaHUYEHHOTO Kpyra 3JIEMEHTOB, U UX KOJIMYECTBO CHIIBHO
BapbUpPYETCSd B 3aBUCUMOCTM OT TuNa o0pa3lla MU HCHOJIb3YyEeMbIX MPOLEAYp
npobonoaroToBku. Kaxmprit MeToa nMeeT psij| criennuaecKux 0COOEHHOCTEH B 001acTi
npOoOOMOATOTOBKM  00pa3lioB, YYyBCTBUTEIBHOCTH U JKCHPECCHOCTH OIPEICICHUS

CJI0’KHOTO M pa3HOO0Pa3HOTO COCTaBa OOJBITMHCTBA T€OJIOTHYECKUX OOHEKTOB.



14

1.2 OcHOBHBIE METO/IbI aHAIN3a T€OJIOTUYECKUX MTPOO

Jist  ompeneneHus 3JIEMEHTHOIO COCTaBa TIEOJIOTMYECKUX Npo0 Hapsay ¢
KJIACCUYECKUMHU METOIAMH aHAJTMTUYECKON XUMUH IIUPOKO UCIOJIb3YIOT TAKUE METOIbI,
KaK aTOMHO-3MHMCCHOHHAsl CHEKTPOMETPHUS C MHAYKTUBHO-cBiA3aHHOM miazmoi (MCII-
ADC), aTOMHO-3MHCCHOHHAsI CIIEKTPOMETPHUSL ¢ MUKPOBOJIHOBOM 1uiazmoit (MII-ADC),
MacC-CIIEKTPOMETPUS C WHIYKTUBHO-CBSI3aHHOMN 1a3MOou (UCII-MO),
pentrenodayopecueHTHbi ananus (POA), HeliTpoHHO-akTUBaIIMOHHBIN aHanu3 (HAA),
MaccC-CIEKTPOMETPHUs ¢ MHAYKTUBHO-CBSI3aHHOM MIa3MoM ¢ sasepHoi abnsuuen (JIA-
HCII-MC) u macc-cnektpometpus ¢ Tiactomum paspsaom (Glow Discharge Mass
Spectrometry — GD-MS).

Bce wu3BecTHble Ha JaHHBIE MOMEHT BPEMEHHM HMHCTPYMEHTAJIbHBIE METOJIbI

dHaJIn3a MmoaApa3aCiIA0TCA Ha paspymaromuue U HEpa3pymarouime.

1.2.1 Pa3pymaronirie METObl aHaTN3a
B Takux pacnpoctpaneHHbix metogax ananuza kak UCII-ADC, MIT-ADC, UCII-
MC BBox NpoObI OCYIIECTBIISIETCSI B BUIE PacTBOpa, MOITOMY TpeOyeTcs Mpoleaypa
IPEIBApPUTEIBLHOTO PA3JI0KEHUsT TBEpIbIX o0pa3uoB. [IpuHIMNUanbHas BO3MOXKHOCTH
OJIHOBPEMEHHOTO OTPEEICHUSI PA3TUUYHBIX TPYII 3JIEMEHTOB U3 OJIHOM HABECKU BO
MHOT'OM 3aBUCHUT OT BbIOOpa MeTO 1a TPOOOIIOATOTOBKH U yueTa pa3H000pa3HOTO cocTaBa

aHAMM3UPYEMBIX 00beKTOB. Huxke onrcanbl OCHOBHBIE METO/IbI TPOOOTIOATOTOBKH.

OCHOBHBIE METOIbI IPOOOTIOATOTOBKH T'€0JIOTHUECKUX TTPOO

Brei6op crmocoba pasziokeHus oOpaslia 3aBUCHUT OT IENM aHajau3a, MPUPOIbI
OTIPEJIEISIEMBIX JIEMEHTOB, (DOPMBI UX HAXOXKIEHUS B 00pasile, MATPUYHOTO COCTaBa U
BHIODAaHHOTO METOJja KOHEUHOTO ompeaeneHus. Haumbonee pacmpocTpaHEHHBIMH
METOJaMH PAa3J0KEHUS TEOJOTHYECKUX MpOoO SBISIOTCA CIUIABICHHUE, CIICKAaHUE U
pas3ioxeHne cMechro kuciot [4,9].

Paznoxenue B Kuciaorax. IIpouenypy pasnoXeHHsT B CMECH MUHEPAIbHBIX
KHCIIOT TIMPOKO HCIOIB3YIOT B Ka4eCTBE MPOOOMOATOTOBKH OOpPAa3IOB Pa3TUIHOTO

MNPOUCXOXKACHUA OJIA HMX IIOCICAYIOIICTO aHaJIn3a HMHCTPYMCHTAJIBHBIMH MCTOJAMHU,
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KOTOpbIE TPEOYIOT, YTOOBI aHAIM3UPYEMBIH 00pa3er] ObUT B pacTBOpEHHOM Buie. s
Pa3IoKEeHHsI UCIIOIB3YIOT KaK WHIWBUAyadbHbIe KUCIOTHI: consanyio HCI, miaBukoByio
HF, azotayto HNO3, cepryto H2SOa, xmopayto HCIO4, hochopuyro HsPO4 u ap., Tak u
ux cMmecH. [Ipyn HE0OOXOAMMOCTH B Ka4eCTBE JOOABOK HCITOJIB3YIOT PAa3IMYHbBIC PeareHThI
OKHUCJIUTEIIFHOTO HWJIM BOCCTAHOBUTEIBHOTO XapaKTepa, pearcHThl IS IOJIaBIICHHSI
JCTY4YECTH IPOAYKTOB PEAKIMH, KOMIUIEKCOOOpasyromue areHTsl [9].

KucnoTHoe pa3nokeHre MPUMEHSIOT KaK JJIs HEMOCPEICTBEHHOTO Pa3IOKCHHUS
CaMUX T€0JIOTHYECKUX 00pa3IloB, TaK U IS PACTBOPEHUS MPOAYKTOB IIEpPepadOTKH MOCIIe
POOUPHON TUTABKH M crieKaHus. [lopa3aensoT HECKOIbKO BUIOB Pa3I0KECHUS CMECHIO
KHCJIOT: KUCJIIOTHOE PA3JIOKEHUE B OTKPBITHIX CHCTEMaX M aBTOKJIABHOE Pa3IO’KCHUE B
COUYETAaHUU C MUKPOBOJIHOBBIM HarpeBOM.

Kucnommnoe paznosicenue ¢ omkpwvimplx cucmemax peIKO TPHUMEHSIOT Kak
CaMOCTOSITCIILHBI METOJT BCKPBITHS TPOO CJIOKHOTO COCTaBa, TaK KaK HE Bceraa
o0ecIieuynBaeTCs MOJTHOE PACTBOPCHKE. BOJBIIMHCTBO CHIIMKATHBIX MHHEPAJIOB U TTOPOJ
KACJIOTAaMHM HE pas3jaraloTcsi WIM pasjiaralorcs HemosiHo. Ha mpakTuke pasznoxeHue
CHWJIMKATOB XJIOPOBOJOPOJIHON MJTM a30THOM KUCIOTON MPUMEHSIETCS PEAKO, TOIBKO MPH
aHaNM3e HEKOTOPBIX MUHEpAoB (Hampumep, HedeluH, Tpymmna coAaliuTa), KOTOpbIe
MOJIHOCTBIO pasyiaraloTcs AaHHBIMU KHUCJIOTaMH, M B T€X ClydasX, KOrJja HEOOXOAUMO
OTJICIUTh pasjiaraeMble KUCIOTaMHU MHUHEpaibl OT Hepasnaraembix. CepHas KucCIoTa
NPUMEHSIETCS elle peke BBUIY MOl pacTBOPHUMOCTH HEKOTOPHIX Cyib(aToB. CMech
TUTABUKOBOM M CEPHOM KUCIIOT pa3jiaraeT MOYTH BCE CHIIMKATHI C y/IaJICHUEM KPEMHHUSI B
Buzme SiF4, 3a MCKIIOYCHHEM TOmas3a, CIOJAYMEHA, MHHEPAJOB TPYIIbl CHJIMMAaHUTA
(Al:Si0s) n HEKOTOPBIX TypMaIHHOB [4].

B pa6ore [10] crangapTHbIe 00pa3ibl MOYB U JOHHBIX OTJIOKCHHUMH IMOMEIIAINA B
[IT®D cocynpl, nodasmsun cmech kuciaot (5 mu 70% HCIOs m 10 mu 48% HF) u
BEIIAPUBAIIH JIOCyXa Ha recuaHoit 6ane. [Iponenypy kucioTHoit 0OpabOTKH MPOBOAMIH
TPWKIBI 70 3aBEPIICHUS pPAa3jOoKEHUS CHIMKATHOM MAaTPHIBl. 3aTeéM pPacTBOPHI
MepPeHOCHIIN B K0J10bI Ha 50 M1, moBoawin g0 metku 0,2% HCI.

B pa6ote [11] mpobonoaroroBky npoBoawin mo 1SO 11466:1995 (E) (KauectBo

nouBbl: M3BI€UeHNE MHUKPOIJIEMEHTOB, PACTBOPUMBIX B LIAPCKON BOJKE): 1 T mpoOsI
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CTaHJIApPTHOTO oOpasna ocaaka Mopckux omiokeHuid (SD-N-1/2) mnomemanun B
PCaKIMOHHBIN cocy, AobaBsum cmech kuciaot (0,5 mur H20, 9 mu 30% HCI, 3 M 65%
HNO3), moakirouanu oOpaTHbIM XOJIOIUIBHUK U BBIJIEPKUBAIU B TeueHHE 16 yacoB aJis
YMEHBIICHUsST BPEMEHHU IIOCIEAYIOLIETO Harpesa. JlalpHEHIIWM HarpeB pEeaKklLMOHHOMU
KOJIOBI TPOBOIMIIH IO Hayalla KATICHUS] CMECH U TIPOJIOJDKAIHA HArPEB B TEUCHHE 2 YacOB,
3aTeM KOJIOy M €€ COACPKUMOE OXJITaKIAIH 0 KOMHATHOM TeMIlepaTypsl U JOBOIMIN
pacTBOp 10 METKM pa30aBJICHHOM a30THOM KHUCIOTON. AHAJIM3UPOBAIU JIMIIb
Ha/I0CaI09YHBII pacTBOpP.

B pabote [12] mo 0,05 r oOpa3ioB rpaHuToB u puosutoB FxHoii Cubupu
nomernianu B [IT®D cocyasl, nodasisuiu cmech KuciaoT (5 ma HF + 2 min HNOz + 1 mn
HCIO4), ocTOpOoXHO BCTPSXMBAIM COCYJbI M OCTABISUIM Ha 24 yaca Jyis oOecreueHUsI
TIIATEIHPHOTO TIEpEMEIMBAaHMsI 00pa3lloB W PEareHToB. 3aTeM CMECh CTYIEHYATO
Harpesany B Tedenre 9 yacos: 3 yaca npu 110°C, 3 waca npu 140°C u 3 yaca npu 180°C.
[locne wcmapeHwsi pacTBOPOB MPOLEAYpPYy NOBTOpsUIH. PasznoxuBmmecs o0pa3ibl
obpabarteiBanu 2 mut HNO3 (1:1) u cHoBa ynapusanu. Jlanee no6asisum 10 mx HNO3 u
HarpeBajii B TEUYEHHE HECKOJbKMX MHUHYT 10 TMOJY4YEHHS MPO3payHBIX PaCTBOPOB.
[lonmy4yeHHsle pacTBOpPHI MEpeHOCHIIM B KoJIOY Ha 50 Mil, BHOCWJIM pacTBOpP MHAMS U
BUCMYTa KaK BHYTPEHHUHN CTaHAAPT U JOBOJMIH 10 METKHU TUCTUILIMPOBAHHOM BOJOM.

KucnorHoe pasnokeHHe B OTKpPBITBIX CHCTEMax IOJIPa3yMEBaeT JJIUTEIbHOE
BpeMsi peakiuu (0T MHOTHX YacOB JI0 HECKOJBKHUX JTHEW) U UCIOJIb30BaHUE OOJIBIIOrO
KOJIMYECTBAa KHUCIOT-pEareHTOB, YTO BJE€YeT 3a COOOH CTPOTHUi KOHTPOJIb YHUCTOTHI
peaktnBoB. B TakoMm cnydae, mpH BO3MOXKHOCTH, NPHUOEral0T K aBTOKJIABHOMY
Pa3NOKEHUIO B COYETAHUH C MUKPOBOJHOBBIM HAarpeBOM, KOTOPOE YCKOPSIET MPOIECC
MOKPOTO O030JIeHHs, TPeOyeT MEHBIIEro KOJIWYECTBA KHUCIOT-PEareéHTOB, a TaKke
MUHHAMU3UPYET MOTEPIO OMPEAEIIIEMbIX SJIEMEHTOB B BUJIE JIETYUHX COCTUHECHHM.

Aemoknasnoe pasznoicenue ¢ cOYemMAHUU ¢ MUKPOBOIHOBHIM Hazpegom. J1o
HEJlaBHEro0 BpeMeHW Hanbonee 3()PEKTUBHBIM TOIXOOM TMPU TOATOTOBKE MPOO K
AIIEMEHTHOMY aHAJIM3y CUMTAIU CyX0€ O30JICHHE U CIIaBJICHHE MPoO B TPAAUIIMOHHBIX
MydenpHbix medax. CeromHs ®e K CTaAul TPOOOTMOATOTOBKH MPEIBSBISIOT TaKWE

TpeOOBaHUsA, KaK O3KCIPECCHOCTb, OTCYTCTBUE TMOTEPh M 3arpsA3HEHU Mpoo,
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MUHHMAaJIbHOE BJIUSHHE YEIIOBEUECKOTo (pakTtopa, BOCHPOU3BOJUMOCTH MPOLETYPHI,
aBToMaru3alus u 0€30MacHOCTh IpoIlecca, a TakKe MHUHUMHU3AIUA KOJIMYeCTBa
PacXolyeMbIX pEarcHTOB.

Hcnonb3oBaHrne COBPEMEHHBIX MUKPOBOJIHOBBIX CHUCTEM PA3JI0KEHHUS MO3BOJISET
3HAYUTEJILHO YMEHBIIIUTh BPEMSI BCKPBITHS TPOO 3a cueT MHTEHCU(PUKAIIUU TTPOIIECCOB B
PEaKIMOHHOM 00bEeMe, YTO MPOUCXOAUT OJjarogaps TOBBIINICHHOMY JJaBICHUIO B
FEPMETHYHO 3aKpBITBIX COCY/IaX — aBTOKJIAaBaX, a TAaKK€ BO3MOXKHOCTH 3aJaThb H
KOHTPOJIMPOBATh  TEMIIEPATYpPHO-BPEMEHHOM  PEXUM  HarpeBa cMecu. Takxke
MUKPOBOJHOBBIE CHUCTEMBI PA3JI0KEHUS TMO3BOJISIOT MUHHMHU3UPOBATH BEPOSITHOCTH
MOTEPU OTJIENBbHBIX JJIEMEHTOB MNpH OOpa30BaHUU JIETYYUX COCAWMHEHUN WIH TIPHU
pa3OpbI3rMBaHUK KHIISIIEH peakiuoHHoi cmecu [13].

MeTonuKid ¢ MHUKPOBOJHOBBIM PA3JIOKCHUEM TMPUMEHSIOT MPU  aHAIU3E
Pa3IMYHBIX MAaTEPHUATIOB B METAJTYPTrUH, CTEKOJIBbHOU, KEPAMUUYECKON MPOMBIIILIEHHOCTH
u reosioruu. Mcrnonp3oBaHre aBTOKIABOB MO3BOJIAET O€30MaCHO MPOBOIUTH Pa3I0KEHUE
C MPUMEHCHUEM MHOTHUX JIETYYHX U arpeCCUBHBIX peareHToB, Takux kak HNOs, HCI, HF,
HCIO,. Ilpu sTom mporieaypa oObIMHO 3aHMMAaET He OoJiee Yaca, TaK KaK MOBBINICHHE
TemnepaTypsl B aBToknasax Ha 10°C yckopsieT KHCIIOTHOE pa3loKeHHeE B 1Ba-TPU Pasa.

[Ipu npoOonmoAroToBKE B aBTOKJIABaX C MHKPOBOJIHOBBIM HarpeBOM Kpome
TEMIIEPATypbl PA3IOKEHUS U BPEMEHM BBIAEPKKU IPU 3TOM TeMIEpaType BaKHO
IPaBUJIIBHO BHIOPATh TEMIIEPATYPHO-BPEMEHHOMW pexkuM. Tak MOHOTOHHBIM MeIJIEHHBIN
HarpeB 4YacTO CKa3bIBAETCS HA SKCIIPECCHOCTHU, YBEIMYMBAs BpPEMsl BCEH MPOLEAYpbI
IPOOOTOATOTOBKH, a HEMPEPHIBHBIN OBICTPHIN HArPEB MOXKET OBITh MPUUNHON PA3BUTHS
HEKOHTPOJIMPYEMBIX PEAKIIUM, KOTOPBIE MOTYT IPUBECTHU K ABAPUUHOMN pa3repMeTu3alun
coCyJla U MOTEPSIM JIETYYHX KOMIOHEHTOB, a TAK)KE€ YaCTH MPOOHI.

CoBpeMeHHBIE CHUCTEMBI MHUKPOBOJIHOBOW MPOOOMOATOTOBKA  MOCTABISIOT
COBMECTHO C METOIUKaMu pasnokeHus (Hampumep, ASTM wmim coOCTBEHHBIE METOIUKU
MIPOU3BOJIUTENISI) B KOTOPHIX yKa3aHbl BETUYMHA HABECKH MPOOBI, COCTAB PEaKIIMOHHOM
CMeCH M ONTHUMallbHasi MporpaMma TeMIlepaTypHO-BpeMeHHOro pexkuma. CormnacHo
MOCTaBIIMKaM OOOPYAOBaHUS, 3TH METOAUKU TapaHTUPYIOT MOJHYI) MUHEpaIU3aIUIo

OOJBIIMHCTBA Hp06 I ITOCJICAYIOIICTO MHCTPYMCHTAJIIBHOI'O OIIPCACIICHUS.
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B pabote [14] Takxke cpaBHMBAJIM BapUaHThl MPOOONOATOTOBKM B COYETAHHH C
MUKPOBOJIHOBBIM HAarpe€BOM U MCIOJIb30BAHUEM PA3IUYHBIX MUHEpadbHbIX KuciaoT (HF
u 3HCI/HNOs3), a Takke METOAMKY BBINICITAYUBAHUS XJIOPOBOJAOPOIHON KHCIOTOM
HABECKH O00pa3sloB B KOHUYECKOH KonOe ¢ obpaTHbIM XxoJomwibHukoM npu 80°C B
teuenre 30 MuHyT. B kauecTBe mpoO MCIONIB30BAIM CTaHAAPTHBIE 00pa3Lbl Pa3InYHBIX
ACTYapHBIX OTJIOKEHUWA W mouyB. Hambonpliee u3BI€UYEHHE 3IEMEHTOB JJIsl BCEX MPOO
MoKasajia mpoOONoAroTOBKa C MCHOJIb30BAHUEM IUIABUKOBOM KHCIOTHI, HAMMEHbBIIIEE —
BBIILIETIAYMBAHUS XJIOPOBOJOPOAHON KHUCIOTOM (¢ m3BieueHuem ot 10% mo 60% mis
OOJBIIMHCTBA 1eMEHTOB). Mcnonbp3yeMas B TaHHON paboTe MUKPOBOIHOBAs CUCTEMA HE
uMerna JaTYUKOB KOHTPOJI TeMIeparypbl M JaBi€HHs, a Takke oOnajaia
(UKCHUPOBAaHHOM MPOU3BOUTENEM 000PYAOBAHUS MOIIIHOCTHIO.

B pa6ore [15] oOpa3ipl TOHHBIX OTIOXKEHHH ¢ OCTpoBa DPUIKKU PACTBOPSIU B
CMECH 11apCKOM BOJKU B COUYETAHWU C MUKPOBOIHOBBIM HarpeBoM. O6paser maccoii 0,25
' IOMEIIAIN BO MOJUTETPadTOPITUIICH-TETPAPTOPMETAHOBBIN COCYl, TOOABISAIU 6 M
koHIl. HCI + 2 mi koui. HNO3 1 moasepraaun MUKPOBOJIHOBOMY HarpeBy B TeueHue 30
MUHYT. 3aTeM NpoObl OTGUIBTPOBBIBANIN, KOJIMUYECTBEHHO MEPEHOCHIIM B KOJIOBI Ha 25
MJI ¥ nonBepranu gansHermeMy anam3y UCIT-ADC. O6iee Bpems MpoOOmoAroTOBKU
cOCTaBUJIO 45 MUHYT, BKJItOYasi 15-TM MUHYTHOE OXJIaXJAEHUE COCYIOB.

B pa6ote [16] ms olleHKH IBYX Pa3IU4YHBIX METOJUK PACTBOPEHHUS C TTOMOIIBIO
MUKPOBOJIHOBOTO HarpeBa HCIOJIb30BaIM MPO0y CTaHIapTHOro oOpasiia MOPCKOIO
ocaagka GBW 07313. B nepBom ciydae HaBecky mpoObl 0,15 r momeranu B TeIOHOBBIH
cocyn, mob0aBsin cMech MuHepanbHbIX KUCaoT (3 M HCI, 1 mur HNOs, 0,15 M HF) u
IoJBEpraal MHUKPOBOJIHOBOMY HarpeBy B Teuenue 50 MunyT npu Temmnepatype 175°C.
Ha Btopom stane go6asnsnu 1,05 mn H3BO3 1 moasepranu MUKpOBOTHOBOMY HArpeBy
B Teuenne 20 MunyT npu Temnepatype 175°C s neliTpanu3anyuy m1aBUKOBO KUCIIOTHL.
[lonyuyeHHbI pacTBOp MEpPEHOCHSIM B KoJOy Ha 15 mul ¥ mojaBepraiu najlbHEUIIEMY
ananmu3y. Bo BTopom ciyuyae HaBecky mpoOsl 0,1 r moMemanu B neppTopaTKOKCUTHBIN
cocyn, nobasisum 2 Mt HNO3 3 mi HF u 3 mut HCIO4 n moiBepraiiu MUKpOBOJTHOBOMY
HarpeBy B TeueHue 24 yacos npu Temneparype 140°C. 3atem m1s yaaneHus ocTaTKOB

IIaBUKOBOM KHCIOTH qob6aBmsmm 1-3 miu HNO3z u BeImapuBanu 10 mepBOHAYAIBHOM
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CYXOCTH, TPOIEAYPY BBIMAPUBAHKS TPOBOIWIM TPWXKABI. [lOTydeHHBI OCTaTOK
nooawin A0 100 mi W monaBeprainu yiabTpa3ByKOBOM 00paboTke st oOJerdeHust
pactBopeHus. [Ipu CpaBHEHHMM IMOJTYYEHHBIX PE3YJIBTaTOB OBLIO BBIABICHO, YTO 00€
MPOLIEYPhl JTalld COMOCTaBUMBIC pE3yJbTaThl, KPOME TOTO HaWJCHHBIC 3HAYCHHUS
XOPOIIIO COTIACOBBIBAIACH C ATTECTOBAHHBIMU.

OpnHako, Kak M TPH KHUCJIOTHOM pAa3jOKCHUH B OTKPBITBIX CHCTEMaX, IPH
WCITOJIb30BAaHUM MHMKPOBOJHOBOTO HAarpeBa HE BCEraa yAaeTcs TOOWTHCS TOJHOTO
nepeBegcHUs MpoObl B pactBop [17]. HepacTBOpeHHBIH 0CaJOK MOXET COJEPKaTh
UHTEPECYIONINE AJIEMEHTBI, IOATOMY OOBIYHO 0CaJ0K OT(PMIBTPOBBIBAIOT U MOJABEPTAIOT
JallbHEHIIIEeMY pa3oKEHUI0 METOAOM IIEIOYHOTO CIUTABJIICHUS C IMOCIEIYIOIINM
BBIIICIAYUBAHUEM XJIOPOBOJOPOAHOM kuciotoi. Tak, B padote [17] mis pasyioxeHus
o0pa3loB KOMAaTUUTAa pacCMaTpUBaIM B KadyeCTBE IPOLEAYphl MPOOOIOATOTOBKU
METOJIMKY KUCJIOTHONH MHHEPATU3alMKA B COYCTAHUM C MUKPOBOJTHOBBIM HAarpeBOM, MPHU
3TOM  JKCIIEPUMEHTAJIbHO  IMOAOHMpAId  COOTHOIICHWE MHUHEPAIBHBIX  KHCIIOT,
TEMIIEpaTypy U Bpemsi HarpeBa. ONTUMU3MpPOBAaHHAS METOJUKA MpeCcTaBisiia coOoi
00paboTKy 00pa3ioB B ABa 3Tara, a odIee BpemMs: IpoOOIOArOTOBKA COCTABUIIO OKOJIO
12 yacos.

Cmnasaenme. s 1npoO, HEpPaCTBOPUMBIX B KUCIOTaX WM JUJISi OCTaTKa,
OCTaBILIETOCS TTOCJI€ KUCIOTHOTO PA3NIOKEHHUsI, UCIIOJIb3YIOT CyXO0# CrOCcO0 — CIIaBIeHUE.
CmiaBnienue sBisieTcs: 3G (GEKTUBHOM MPOIEypol MPpOOOTOArOTOBKH Il pACTBOPEHHS
TYrOTUIaBKUX MHUHEPAJIOB, U 00OECIeuYnBaeT MAKCUMAaJIbHOE HM3BICUYCHHUE JPATOIICHHBIX
METAJIOB (B T.4. TUIATUHOBOM T'PYMIIBI C TTOMOIIBIO TPOOUPHOTO aHATU3a C CYIbPUIOM
HUKEJs1) W3 OOJBIIOr0 KOJWYECTBA CIOKHBIX MATpHIl (TOPHBIX TOPOJ, MHHEPAJIOB,
KOHIIEHTPATOB, TIOYB U pyA). B pe3ynbrate crutaBieHusi ¢ peareHTaMH-TUIaBHIMU TIPU
narpesanun (ot 300°C 1o 1000°C) B MydensHoii neun B GapPopoBhIX, MIATUHOBBIX,
CTEKJIOYTJIEPOIHBIX W Jp. THIJSAX, OOpa3yloTcs IUIaBbI, KOTOPBIC MOABEPTalOTCS
JaNbHEHUIIIEMY BBIIIECIIAYNBAHUIO B BOJIC WM KHUCiIOoTax. [lmaBHUM moapa3mensioT Ha
1IeJI0YHbIE (HampuMep, KapOoHaThl, 0OpaThl, THAPOKCHUBI IIEIOYHBIX METAIIOB U Ap.) U

KHCIIOTHBIC (Hampumep, OucynbdaTtel, mTUpocyabdaTsl, OUPTOPUABI MICTOTHBIX
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METaJJIOB), KOTOPbIE MPOSBIAIOT OKHCIUTEIbHBIE W BOCCTAHOBHUTENIbHBIE CBOMCTBA.
Bb160p mu1aBHS 3aBUCHUT OT LIEIM aHAJIW3a, XapakTepa NpoObl, CBOMCTB IIaBHS.

B 1O *e BpeMs 3TOT BUJ pAa3lOXKEHUs TPeOyeT HCIOJIb30BaHUS OOJIBIIOTO
KOJIMYECTBA PEAKTUBOB, YTO YBEJIIMUMBAECT KOJUYECTBO IPUMECEH, BHOCUMBIX B P00y, U
JanbHEHUIINE uHTephepeHIIN U npu aHanuse MOJIYYEHHOT'O pacTBopa
UHCTPYMEHTAIBHBIMU MeToamH [18].

Cnnaenenue ¢ mempaoopamom nampus. Terpadopatr Hatpusi (NaB4O7, O6ypa)
SIBJISIETCSL OJTHUM U3 caMbIX 3(P(EKTUBHBIX TJIABHEW U OOBIYHO NMPUMEHSETCS B CMECHU C
conoil. bypa pasnaraer takue CTOMKHE MHUHEpasbl, KAK KaCCUTEPUT, XPOMUT, KOPYH[,
UpPKOH, mnuHenu. Hapsaay ¢ terpabopaTom HaTpus NpUMEHEHHE HAIUId U TeTpadopar
mutus (Li2B4O7) u metabopat nautus (LiIBO4). HemoctaTkamu mporeaypsl CriiaBicHUsI
ABJIAIOTCS 0O0Jiee BBICOKME TMPEJAENbl OMpeAeNieHHs AaHAJIMTOB H3-3a OOJIBIIETro
pa30aBieHus] UCXOJHBIX O0OPA3LOB, a TAKXKE 3arpsi3HEHUs] JTUTHEM U OOPOM CHCTEMBI
BBOJIa CIIEKTPOMETPA U DJIEMEHTOB ONTHKH, MO3TOMY CIUIABJICHHE ISl ONpeeieHUs
CJIEIOBBIX KOJMYECTB aHAIIUTOB MPUMEHSIOT PEJIKO.

B pabote [12] o6pa3upl rpaHuTOB U puoauToB HxHON Cubupu CIUTaBIsSIN C
MeTabopaTOM JIMTUS JJIS MTOJTYUYEHUS TBEPIbIX CTEKIITHHBIX PACTBOPOB, IPU PACTBOPEHUU
KOTOPBIX B Aa30THOM KHCIIOTE OOpa30BbIBaJCS O€NbIii 0CaloK, COCTOSAIUN U3
HOJUKPEMHHEBON KHUCIOTHI. [loaromy mmst ymanenust SiO; ObUTO pemieHO 100aBIISATH
m1aBuKoByt0 KuciaoTy: 0,1 r mpoOsl TmiarenbHo mepememuBanu ¢ 0,4 r merabopara
JUTHUS B CTEKJIOYTJIEPOIHBIX TUTIIAX, 3aTEM THUTJIM TOMEIIaau B My(]enbHyto ey Ha 7
munyT npu 1100°C, mepesn pacTBOpeHHMEM NOJTYYEHHOTO paciijiaBa B THIVIM J00aBIISIHN
HECKOJIbKO MUJUITHJIMTPOB KOHIEHTpHpoBaHHOW HF wu BemapuBamm pacTBOpHI 110
ynanenuss kpemuesema. Jlamee moGaBmsmm 40 mn 3,5% HNO3, ordunsTpoBbIBaN
pacTBOpbI B KoJ0bI Ha 100 MII OT yrIepoaHBIX YaCTHIL, OOABIISIIM BHYTPEHHUN CTaHIAPT
(vaauit 1 BUCMYT) 1 qoBoawuH 10 MeTku 3,5% HNOj. CrekinoyrinepoaHbie TUTIIH IS
ATOU MPONEAYPHI TPOOOTIOATOTOBKH MUCIIOJIB30BAIA TOJIBKO 3 pa3a, Tak Kak IIaBUIbHAS
CMECh TIPH BBICOKUX TeMIIEpaTypax BO3ICHCTBOBANIa HA CTEHKU TUTJICH.

B pa6ote [15] oOpasmpl JTOHHBIX OTIOXKEHHH ¢ ocTpoBa DWIKH TOaBEpraiv

CIUIaBJIeHUIO ¢ TeTpabopaTtom nutud. [IpoOy Becom 0,1 T TIIaTENbHO NMEPEMENINBAIIH C



21

0,5 r Terpaboparta nutHsi B rpa)UTOBOM THUTJIE M MOMEIANU B My(DelbHYIO Meub s
crnasnenus npu 1100°C B Teuenue 15 MuHyT. 3aTeM paciiaB OXJIAXKIAIN U IIEPEHOCUIIH
B Te(QJOHOBBIE COCYIbI, cojAepxamue cMecb 4 MJI  KOHUEHTPUPOBAHHOU
XJIOPOBOJIOPOAHOM KUCIOTHI ¥ 46 MJI BOJIbI, U TIOABEPTAJIA TIEPEMEITIUBAHUIO C TTIOMOIIIBIO
MAarHUTHON MemaJIKu B TeueHue 30 MUHYT 11 YCKOPEHHSI pacTBOpeHUs IiaBa. [lepen
aHAJIM30M PacTBOP OTHUIBLTPOBBIBAIIH.

B pa6orte [17] npoBoamiu CIuiaBieHUE ¢ TETPaOOPATOM JIUTUA JUIsl TIEPEBEICHUS
0o0pa3IoB KOMaTHUUTa B TOAXOJAIIYIO ISl TOCJIEAYIOIIEr0 aHaiu3a MeTojgoM PDOA
dbopMy TOMOT€HHBIX CTEKJISSHHBIX IHUCKOB. [IpenBaputenbHO mpoOy MNPOKAIUBAIU B
myQenbHoi neun npu 975°C B Teuenue oaHoro yaca, 3ateM 0,5 T HABECKH CMEIIUBAIIH C
6 r TeTpabopaTa IMTHS U CILIABIISUIA B TedeHHe 5 MUHYT rpu Temmnepartype 1100-1150°C
IIPU TIOMOIIA CUCTEMbI aBTOMATUYECKOTO TUTaBJICHUS.

B pa6ore [19] a1 moayueHus I0CKUX OAHOPOIHBIX CTCKISTHHBIX JUCKOB U3 P00
Pa3HBIX TUIIOB U3BEPKEHHBIX U OCAJ0OUYHBIX TOPHBIX MTOPOJT OMBITHBIM MTyTEM MOA0UPAIH
MaccoBOe COOTHOIIeHHe poOkl U dtoca, r: 1:8, 2:7, 3:6, Tak Kak HeoOxXoMUMas Macca
paciuiaBa, obecrieurBarolias jJyyiiee pacTekanue B (popme-moasoxke, Obuia paBHa 9 T.
ITpo6bI FOPHBIX TIOPOJL TIepe]] CIUIaBIeHHeM MpoKanuBaay npu temnepatype 1000°C B
TeueHue AByX 4acoB. MHrtepBan comepxanus SiO; O0bu1 ot 39,6 mo 78,5%, a FeyOs
(o6mree) ot 1,9 10 20,9%. bputo BBISIBIEHO, UTO TIPU BHICOKOM pa3z0aBieHuu mpobd (1:8)
WHTCHCUBHOCTH JJIs1 OOJBIITMHCTBA OCHOBHBIX 3JIEMEHTOB YMEHBIIAINCH B TPU pas3a Mo
CpPaBHEGHHMIO C MUHHMMAaJIbHBIM pa30aBiiecHHeM TpoObl (3:6), MOATOMY JJIs JOCTHIKCHUS
Oojiee HHU3KOTO Tpenena OOHApY)KEHHs JJIEMEHTOB OBLIM BBIOpaHBI MacCOBBIC
cooTHommeHus mpoba:duroc, 1: 2:7 m 3:6. A mua ocymiecTBiaeHus Oojee JErKOoro
BBUIMBAHUS paciuiaBa M3 TUTJIA, OTACICHUS JUCKA OT (HOPMBI-TIOIJIOKKH U TOIYICHUS
TJIOCKOW BEpXHEH MOBEPXHOCTH NMCKA WCIOJIb30BaiH Jierupytommue nodasku NH4Br,
NHsF u LiF. OGmee BpeMsi MOJATOTOBKH OJHOTO CTEKISTHHOTO JHCKAa COCTaBWIO 22
MUHYTHI.

Takoli MeTroa mpoOOMOATrOTOBKH, BKJIIOUAIONIMN B ceOsl ABa dTama: CIUIaBICHUE
obpasna u popMoBaHue 00pa3iia, XOpOIIo 3apEKOMEHIOBAN CeOs1 HEIIOCPEICTBEHHO IS

ananu3za MmetogoM PDA u JIA-MCII-MC [20], Tak kaKk npu JTaHHOM CII0COOE MOArOTOBKH



22

npo0 CIJIaBJIEHHBbIE CTEKJIA MOJY4YarTcs HACAIbHO TOMOT€HHBIE M HE BO3HUKAIOT
MUHEPAJIOTMYEeCKUN U TpaHyJIOMETpUUECKUil 3PQeKThl, a Takke d3(PPeKT opueHTauuu
gactull. OpHaKo HEOOXOJMMO CTPOTO OTCIEKHUBATH TEMIEPATypy IUIABICHHS IS
MHUHUMH3AIUK HCTIapeHus obpasua u (Iroca, Tak Kak NpH ciuiaBiaeHuu csbime 1050°C
JETy4ue dJIEMEHTBI (cepa, CBUHEI, HATPUH, KWW, MBIIIBIK) MOTYT HCIAPSATHCS B
HEKOHTpOJUpyeMOM  KojudectBe. Kpome  Toro, HeoOXoaMMO B  KaXIOM
WHJMBHUAYabHOM Clly4ae MoJa0upaTh HEOOXOAMMOE COOTHOIICHHE MacC HABECKH U
¢uroca, a TakKe JIETUPYIOIIe T00ABKH, ISl MOJTYUYEHUs MII0CKOHM MOBEPXHOCTU UCKA U
BO M30€KaHHE pacCTPECKMBAHMS TOTOBOTO CTEKIIA.

Cnnagnenue co uienouamu uau NEPEeKUCHLI) Hampus TPUMEHSIOT PEAKO B
CWJIMKaTHOM aHanu3e. TpeOyemasi macca uccieayeMoro oOpasua i CIUIABJICHUS —
HECKOJIbKO IPaMMOB, MpH 3TOM Macca TuiaBHs Oepetcst B 10-40-kpaTHOM HM30BITKE MO
OTHONICHHUIO K Mpo0e, 4To TpeOdyeT CTPOroro KOHTPOJISA 3a YUCTOTOM pPEAreéHTOB BO
n30ekKaHUe 3arps3HEHUs NpoObl. B TO ke BpeMs BBICOKas XMMHYECKas aKTHBHOCTH
IUTaBHEH W JUIMTENbHOCTh CIUIABJICHUS MPU BBICOKUX TEMIIEPATypax CIOCOOCTBYIOT
peakuusM B3aUMOJCHCTBHUS C MaTEpUATIOM THUTJIEH U MOTYT MPUBOJAUTH K 3arps3HEHUIO
poOBI, TOITOMY OOBIYHO MCHOJIB3YIOT TOJIBKO cepeOpsiHbIe, HUKEIEBbIE, INPKOHUEBHIE
WJIN JKeJIe3HbIe TUTJIH,

B pab6ote [21] mpuberanm K mporeaype CIUIABICHHS CHIIMKATHBIX OO0pasloB CO
cmechio NaOH u Na O; B impkoHueBbIX THTIIAX: K 80 Mr mpo6s! qo6asisiu 1 r NaOH u
(1-1,5 r) Na2O; u crnaBnsiin B Tedenne 20 munyT. IlonydeHHBIH M1aB pacTBOPSIH B
BOJIC, & HEPACTBOPEHHBIN 0CaaoK, coaepskamiuii ruapokcuasl P32, pactBopsumm B HCI
Ui mocienyomero pasnenaeHuss P35 B HOHOOOMEHHON KOJOHKE M aHalIM3y METOA0M
HAA. OOpa3oBaBiimecss BO BpeMsi pacTBOPEHHS IUIaBa KoJutoWIHbIC 4yacTHIbl SiO»
3a0UBaIOT KOJIOHKY C HOHOOOMEHHOU CMOJIOH, YTO MPHUBOIUT K YBEITUUYCHUIO BPEMEHU
BBIMBIBAHUS 3JT10aTa, M03ToMy SiO2 yIalsSioT B BUIE 0CAJIKa, BRITAPUBAS ITOIKUCICHHBIH
pactBop. CrtbHbIH TuTaBsmuid areHT NaxO2, HeOOXOIUMBIN JIJIsT Pa3JIOKESHUSI OKCHUIOB 1
METaJJIOB, BHIMBIBACT IMUPKOHUM W3 IHUPKOHUEBOTO THUTIIA, KOTOPHIA B CBOIO OUYepEih
CYIIECTBEHHO BIMSET Ha omnpeaeneHne P33, modToMy mpeanouTeHne OTIaeTcs TUTIISAM

M3 HUKCJIA, OJHAKO HHUKCJICBBIC TUIJIM HEAOCTATOYHO ITPOYHEI JJIA IIPUMCHCHHA C Na202.
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Takum 00pa3oM, K BbIOOpY MaTepuasa TUIJIsl HEOOXOAUMO MOAXOAUTH ¢ 0CO00M
THIATEIbHOCTBIO C YYETOM XMMHYECKOI'O COCTaBa MPOObI, XapaKTEPUCTUKU ILUIABHS U
TEMIIEPATYPHl CIUIABIEHUA. TaK Kak €lle OJHUM HEJOCTATKOM CIUIABJICHUS SIBIISIETCS
OoJbIION coseBOM (POH MMOCHE BBILIEIAUYMBAHUS, TO ISl CHMXKEHMSI COJIEBOTO (hoHa
UCIIOJIB3YIOT KOMOMHUPOBAHHBIA CMOCOO — pa3lioKEHHE B KHUCIOTE U JOIJIaBICHUE
HEpacTBOPHUBILErOCs OCTaTKa, TUOO CIIEKaHHeE.

Munepanuzanus. Eciu ananusupyemas mnpoba COAEPKUT OpraHUYECKUe
BEILECTBA, TO JUIsl YCTPAHEHUS UX MEIIAOIIETO BIUSHUSA HA TAJbHEUIINM X0/ aHaIU3a U
nepeBoda OINpPENEISEMbIX AJIEMEHTOB B YCTOMYMBBIE HEOPraHUYECKUE COCIUHEHMS
OPEABAPUTENBHO MPOBOJAT NPOLEAYPY MHUHEpPAIM3ALMHU: CYXO€ O30JEHHE WIIU
Pa3JIOKEHNE CMECHIO MUHEPAJIBHBIX KHCIIOT.

Cyxoe o0301enue nipoBoJAT B pap(opoBbIX, KBAPIIEBBIX WU IJIATHHOBBIX TUTJISIX
IIPU TIOCTENEHHOM IIOBBIIEHHH Temreparypbl 10 450-550°C. IIpomoimKuTensHOCTS
030JICHUS 3aBUCUT OT MHOTUX (haKTOPOB, HAIIPUMEP, TEMIIEPATypbl HArpeBa, MPUPOJIbI
oOpasia, pa3Mepa 4acTHL, TOJIIIUHBI CI0S U MOXKET JJINTHCSI HECKOJIBKO 4acoB, a HHOTAA
U JHEH. DTOT METOJ MUHEpAJIM3alUU TAaK)KEe MMEET psiJl HEJOCTATKOB, IJIaBHBIMHU M3
KOTOPBIX SBIIIOTCA YJIETYYMBAHUE HEKOTOPBIX METAJUIOB MM HUX COCIVHEHUH B
IIPOLIECCE HArpeBaHUs, a TAK)KE B3aMMOJECUCTBUE OTACIIBHBIX METAUIOB ¢ MATEPHUAIOM
TUTJIEH.

Cragust mpoOONMOATOTOBKM W Pa3joXKEHHUs SBISETCS Hauboyee CIOXKHOW H
JUIUTEJIBHOM, TaK KAaK MHOI'ME OIPEIEsIeMble MHUKPOJIEMEHTBbI KOHLICHTPUPYIOTCS B
TPYAHOPACTBOPUMBIX MHUHEpajiax U TpeOyeTcs HarpeB, 00ecleuMBAIOIIUN BCKPBITHE
9TUX MHUHEpPAJIOB. B TO ke BpeMsA pacTBOPEHHBIC PEIKHE 3€MIM B IPUCYTCTBHUH
IUTABUKOBOM KUCJIOTHI OBICTPO CBSA3BIBAIOTCS B HEPACTBOPUMBIE (PTOPUIBL, a TAKKE MOTYT
COOC@XJAThCSl CO CMEIIAHHBIMH (TOPUAAMH 3JIEMEHTOB MAaTpHUIbl, YTO Tpedyer
IIPOBEJCHUS JIONOJIHUTENBHBIX TPOLELYP, HAOPUMEP, XUMHYECKOTO CBS3bIBAHUSA
dTopugoB ¢ OopHOW KkucioTOW. Takke TpPH ONpPENEICHHH MHUKPOKOMIIOHCHTOB
IIPEANIOYTEHUE OTHAIOT KHUCJIOTHOMY PAa3jOKEHHUIO, a HE CIUIABJICHUIO, ITOCKOJIBKY
BBICOKHI CcOJIeBOl (DOH M coAep:KaHME MHKpPONpPHUMECEH B CaMOM IUIaBHE CO3Jal0T

SHAYUTCIIBHBIC TPYAHOCTH IIPH IIOCICAYIOIIECM MHHCTPYMCHTAJIBHOM OIIPCACICHHU.


https://xumuk.ru/encyklopedia/2624.html
https://xumuk.ru/encyklopedia/2548.html
https://xumuk.ru/encyklopedia/2548.html
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Hcnonb3oBaHne MHUKpPOBOJHOBOTO HAarpeBa TO3BOJIAET CYIIECTBEHHO YCKOPHUTh
TPYJIOEMKYIO TIPOLIeAypy MPOOOMOATOTOBKH, YMEHBIIUTH KOJWYECTBA HCIOJIb3yEMBbIX
PEaKTUBOB U M30€KaTh MOTEPU MHOTHX JIETKOJIETYYUX AJIEMEHTOB, UTO B 3HAUUTEIHHOU
CTEIICHU BIUSAET HA METPOJIOTUUECKHE XapaKTEPUCTUKN METOJI0B aHAJIM3a, OJTHAKO, KaK 1
MPU KHUCIIOTHOM pAa3JIOKEHUU B OTKPBITHIX CHUCTEMaX, HE BCErla yAaeTcs JOOUThCS
MOJIHOTO TiepeBojia MpoOkl B pacTBOp. Huske ommcaHbl mpenmyinecTBa U OrpaHUYCHUS

Ka)XJIOT0 M3 pa3pylIarouX METOIOB aHAN3A.

1.2.1.1 ATOMHO-?MHUCCUOHHBIN CIIEKTPAIBHBIN aHATU3

ATOMHO-PMHUCCHOHHASI CHEKTPOMETPHUSI - XOPOIIO 3apEKOMEHJOBaBIIUN ce0s
AQHAJTUTUYECKUN METOJI, KOTOPBIM HCMOJB3yeTCsl reoaHaauTukamu Oosnee 80 erT.
Ou3nUecKuid MPUHITUIT aTOMHO-’MHUCCHOHHOTO CHEKTPAJIbHOTO aHalin3a OCHOBAaH Ha
PErUCTpaIiy B KAYECTBE aHAJTUTUUYECKOTO CUTHAJIA CIIEKTPOB U3JTYYCHUS BO30 Y KICHHBIX
aTOMOB ¥ MOHOB aHAJIUTOB B ra30pa3psIHON Mia3Me UCTOYHUKA CBETA.

Meronpl aTOMHO-DMHCCHOHHOIO  CIIEKTPAJIbHOTO aHaju3a C HHIYKTUBHO-
CBSI3aHHOM ¥ MHMKPOBOJHOBOM IUIa3MaMU B Ka4€CTBE MCTOUYHMKA BO3OYXKICHHS CIIEKTpa
MIUPOKO MPUMEHSIFOTCS JJI aHAJIM3a MHOTHX 00BEKTOB, B TOM YHCJIE U B T€OJIOTMYECKOM
aHanuse, JJi OINpeAeNIeHUs 3JIEMEHTOB, COJIEpKaHNe KOTOPBIX HAXOJUTCS B CIIETOBBIX
konmyectax [10,11,14-16].

B amomno-amuccuonnom cnekmpanvnom ananuze ¢ uHOYKmMUGHO-C6A3AHHOU
naazmoil  Tia3Ma  TEHEPUPYETCSs  BHEIIHUM  paspsjoM U MOAJIEPKUBACTCS
pPaANoOYacCTOTHBIM MAarHUTHBIM TosieM. OOpaser; oObIYHO BBOJUTCS B BUJE PacTBOPA,
KOTOpBIN CHaudaja pacmbuIsieTCs] 10 OO0pa3oBaHUs MEJIKOAMCIEPCHOTO al’po30is ¢
MIOMOIIbI0 MMHEBMATUYECKOTO WM YJIbTPa3BYKOBOI'O pACHBUIUTENS, 3aTEM a3p030Jib
MOTOKOM aproHa IMEPEeHOCHTCS B IIEHTP IUTa3Mbl, TJ€ OH OBICTPO TOJBEpraeTcs
JecoNbBaTalluk, AUCCOIMALMA JO AaTOMOB, HEKOTOpble M3 HUX CTAHOBSITCA
MOHU3UPOBAHHBIMH, U Jlajiee POUCXOAUT BO30YKIECHUE KaK aTOMOB, TaK U MOHOB.

Jlns nopaepkaHusi cTabMIIbHOM pabOTHI AprOHOBOM IJ1a3Mbl UCIIOIB3YIOT FOPEIIKY,
COCTOSIIIYF0 M3 TpeX KOHIICHTPUYECKUX KBAPIIEBBIX TPYOOK: BHEMIHSAA TpyOka —

«OXJIAKIAIONIMA TIOTOK» aproHa, Tra3 mojaeTcs co ckopocTeio 10-18 n/MuH MO
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KacaTeJbHOM, YTOOBI CO3/1aTh BUXPb, KOTOPBIM CTAOMIN3UPYET MJIa3My B LIEHTPE TOPEIKU
U OXJaXJaeT ee Kpas, TMpenoTBpamias IUIaBICHUE; CpeaHss TpyOka —
«IJ1a3MO000pa3yroNIui MOTOK» aproHa — CKOpoCTh nmojauu raza 0,5-1 1/MuH; BHyTpeHHSIS
TpyOKa — «pacHlbUISIONIUN TTOTOK» aproHa — Ojarojapsi KOTopoMy oOpasel] BBOJUTCS B
IJ1a3My MMOTOKOM aproHa co ckopocThio 0,5-2 j1/MuH.

UCITI-ADC sBnsiercst ObICTpbIM (1-2 MHUHYTBI) MHOTORJIEMEHTHBIM METOAOM C
J0CTATOYHO HHU3KUMH Tpesenamu oOHapyxkenus (0,2-25 ppb), mospomsiomum, B
NPUHIUIIE, ONPEaeaTh coaepykanus nerkux (B, Be, Li, P, S), menounsix (Ba, Ca, Mg,
Sr), mepexoansix (Al, Ti, Zr) u penkozemenbhbix (P32) anemenToB, a Takke SC U Y B
oOpasiax Treojoruyeckoro mpoucxoxiaeHus. OmHaKo TMpenesabl OOHAPY>KEHUs s
MHOTUX P332 CylecTBEeHHO YBEIMYMBAIOTCS U3-3a WHTEPGEPEHIMH CO CTOPOHBI
ocHOBHBIX 37eMeHTOB: Ca, Na, K HaunHaiT OKka3biBaTh BIWSIHUE HAa AHATUTHYECCKHC
muaunu Ce, Er, Eu, Gd, La, Nd, Sm, Tb ¢ xonnenrparuu 1000 ppm; a Ba, Fe, Ti — 100
ppm [10].

Tak B padote [10] ObuTO BhIsIBIEHO, uTo Ca, K, Fe u Ti BHOCAT MUHUMAJIBHYIO
ornOky B 23% mipu onpenenenuu Th; Fe takxke BHOCUT omuoOKy 10 35% B onpenencHun
Gd, a B HEKOTOpBIX ciydasx omuOka MoxkeT mocturath 100%; Ca BHOCHT OMIMOKY OT
17% npu onpenenenun Ce, Er. BausiHue OCHOBHBIX 3JIEMEHTOB Ha ompeneneHue La
menee 10%, 3a uckmouennem Ba, BHocsmero omuoky B 25%, NMpU HUCTHOI30BaHUU
auann La 333,75 um, nostomy mcmonb3oBanu guHuio La 408,67 am. Jlunus Nd 430,358
HM MEHBIIIE TMOJIBEPKEHA BIUSIHUIO OCHOBHBIX AJIEMEHTOB, ueMm JuHus 406,67 HM, a
aHamuTHdeckas JuHusS 11 337,28 HM mOJHOCTHIO MepekpbiBaeT juHuo Er 337.3 Hwm;
aHanutuyeckass JuHus Fe 413,387 HM 1epekpblBaeT 4YacTO HCMOJIb3yEMYIO
ananmutnueckyro nmuauio Ce 413,38 am, mostomy Ce onpenensim mo auHun 418,66 HM ¢
koppekiueii gona. Onpeneneuuto Gd memanu Ca u K ¢ muausamu 336,22 um u 310,05
HM, COOTBETCTBEHHO, TIOATOMY uis1 onpenesncaus Gd ucmonb3oBanu JIMHAO 342,247 HM
¢ koppeknuei ona. Takum o0pa3om N1l YMEHBIIICHUS BIUSHUS MaTPUYHBIX AJIEMEHTOB
3a4acTyr0 MPUOETAT K MpOoIeaype KoppeKuuu (QoHa, TIIATEIHLHOMY BBIOOPY JTUHUHN

OoNIpCACIILICMBIX J3JICMCHTOB W/ M PasaCiICHUIO MaTpulbl C IIOMOIIBIO KAaTHOHHOI'O

obomena [10,11,15,16].
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B pa6ote [10] mocne KUCTOTHOTO Pa3iOKEHHUSI CMEChI0 MUHEPaTbHBIX KUCIOT (5
it HCIO4 70% u 10 mut HF 48%) B IIT®D cocyzne Ha necuaHoi OaHe HaBecku | T poOEkI
WCTIONB30BAIM JOMOJHUTENBHYIO TPOLENAYpPY — KAaTHOHHBIK OOMEH: MaTpU4YHBIC
annemenTsl Al, Ca, Fe, K, Na, Mg u np. yaansau nepBoit nopuueit smoenta (60mr 1,7 M
HCI), Bropyto mopiuto sroenta (45 mut 6M HCI) ucnionb3oBanu s Beiaenenus P30 u3
KOJIOHKH. DmoaT ¢ P39 BelnapuBaiu Ha miauTe A0 o0beMa | M1, IepeHOoCHIH B KOJI0y Ha
10 M 1 moBoauiau pactBop a0 metku 0,2% HCI. ITonydeHHBIH pacTBOP MCIOIB30BAIH
TS IocJienytoiero onpeaenenus 12 P35 B ctangapTHRIX 00pa3iiax moyB U OTJIOKEHUM.
I1O cocrasun ot 0,05 ppm mast Eu, Th, Yb — 10 0,5 ppm mo Er.

ABTOpBI paboThl [11] THIATENBHO OCYIIECTBIISIIA BHIOOP aHATUTHYECKUX JIMHUH,
CBOOOJIHBIX OT CIIEKTPAIbHBIX HAJIOKEHUH MPU OMPEICICHUN CIIEAOBBIX KOMN4YecTB AS,
B, Ba, Be, Cd, Cr, Cu, Hg, Mn, P, Pb, Sb, Se, Sn, Tl, U u Zn B crangaptHoM oOpa3siie
ocanka Mopckux otrioxkeHudd (SD-N-1/2). IIpo6GononaroroBky ocymectisuin no 1SO
11466:1995 (E) (KauectBo mouBbl: 3BiieueHne MHUKpPORJIEMEHTOB, PAaCTBOPUMBIX B
[IapCKOM BOJKE), a aHAIM3Y MMOJBEPrajiv JUIlb HalocaaouHblii pactBop. [1O mpu s3TOoM
cocrasui ot 0,18 ppb a1t Be — 10 282 ppb ms TI.

B paGore [15] mpoBoamiu cpaBHEHHE JABYX BapHAHTOB MPOOOMOATOTOBKHU
(pasnokeHue apcKoi BOAKOW B MUKPOBOJIHOBOM TOJI€ U CIUIABIIEHUE C TeTpabopaToM
JIUTHS ) 00Pa31I0B JJOHHBIX OTJIOKEHHH ¢ ocTpoBa Duku. [{71s1 onipeeneHus coaepKanus
AJIEMEHTOB MCIIOIB30BAJH 10 JBE aHATUTUYECKHUE JIMHUU 3JIEMEHTA, BEIOMpast B KaXKI0M
UHANBUAYATBEHOM CIy4yae CBOOOJIHYIO OT UHTepdepeHunn TuHu0. OTpaboTKy METOIUK
pas3IoKeHMsI MPOBOIWIN Ha CTaAHZAPTHOM 00pasiie ocaaka pexku byddano (RM 8704).
MeToauka KHCIOTHOTO pa3joXeHHsl MO3BOJIMJIA JOCTUYb OoJiee TOYHOIO HU3MEpEeHUs
OTHOCHUTEJIbHO JIETYYHX JJIEMEHTOB, BKIouas AS, yeMm cIuiaBieHue. lcrnonb3oBaHue
aBTOKJIABOB 3aKpbITOro THMna cHu3uio 110 Ha oMH MOPSAAOK — 70 AECATHIX A0JEH ppm.

B pabore [16] mnpoOBl aHTApKTHYECKUX OTIIOKCHUH TPEIBAPHUTEIHHO
BBICYIIMBAJIN, TIPOCEUBAIIN U IIEpEMalIbIBAIM Ha araToBoi MenbHuIe. [IpodonoarotoBky
00pa3IoB OCYUIECTBIISJIM C MOMOIIbIO MHKPOBOJHOBOTO pa3jOKEHHUS B JIBa JTama
CMEChI0 MUHEPAJIBHBIX KHCJIOT, BKJIIOYas IUIaBUKOBYIO. [lomydeHHbIE pacTBOPHI

AHAJIM3UPOBAIN C HCIIOJBb30BaAHUECM YIbTPAa3BYKOBOI'O nu ITHEBMAaTHU4YCCKOI'O
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pacnibuinTeneil. IlpumeHeHne yiabTPa3ByKOBOIO pPACHBUIMTENS TMO3BOJIWIO Ha 1-2
nopsiaka cHu3uTh 110, ogHAKO BHE 3aBUCUMOCTH OT HUCIIOJIB3YEMOI'O PACTBLIUTENS U
TIIATEIPHOTO BBIOOpA aHATMTUYCCKUX JIMHUN ONpeaeauTh coaepxkanus Pr, Th, Ho, Tm
u Lu (B nuama3zone konnentpanuii ot 0,147 ppm g0 19,5 ppm B cTaHIapTHBIX 00pa3ax)
HE YIaJoch WU3-3a CWIBHBIX CHEKTPAJIbHBIX TOMEX W/WIM HEJOCTAaTOYHOU
YyBCTBUTEJIBHOCTH 1K€ MPU UCTIOJIb30BAHUM YIBTPA3BYKOBOT'O PACIIBLTUTENS.

UCII-ADC npennazHaueH [Uisl aHaiM3a SKUAKUX MpoO, YTO NPHUBOIUT K
IPOBEJCHUIO CJIOXKHBIX MPOIEAYp MNPOOONOATOTOBKH, OOECIICUUBAIOIIUX TIOJHOE,
HACKOJIbKO 3TO BO3MOXKHO, TE€PEBEJICHHE TI'EOJIOTHYECKUX O0O0pa3lloB B PacTBOp C
npuMeHenueM Takux kucaor kak HF, HCIOs,, a Taxke compoBoxaaercs
JOTIOJTHUTENIbHBIMUA TIPOIIEAypaMH CILIABJICHUS, BBIIECTAYUBAHUS W/WIM KaTHOHHOTO
oOMeHa, YTO CYIIECTBEHHO YCJIOXHSET aHaliu3, YBEIMYMBACT BPEMS U CHHUXKAET
PaBUIBHOCTh OMpEACICHUsT JJIEMEHTOB. Hanuunme CcrhekTpajabHbIX TMOMEX, T.C.
HAJIO)KEHHE HEKOTOPBIX KOMIIOHEHTOB ()OHOBOTO CIEKTpa HA aHAJTUTHYCCKUE JIMHUH,
Hanpumep, ananutudeckas munus Dy 396,839 uM pacnionoxena BOIU3U IUPOKOM JIMHUU
Bopopoaa H 397,007 um, Bcerga npucyTCTBYIOIIEH B CIIEKTPE MPHU PACTIHIIICHUH BOIHBIX
pacTBOPOB B IUIa3My pa3psiia, WM PACHOJOKEHHE AHATUTHYECKOW JIMHUM BHYTPHU
CJIO’)KHOM CHCTEMBI MOJICKYJISIPHBIX ToJ10¢c, Hanpumep, -NO u -OH-nonoc B o6mactu 200-
260 u 280-340 uM, TpeOyeT TIIATEILHOIO BBHIOOpPA AHAIUTUYECKUX JIUHUN IS
OIPEIEICHUS CIICAOBBIX COMEPKaHNI METAIIOB BOJIM3HU Ipeeia ooHapyskenus. [22,23]
Taxxe cnennduueckoit ocooennocthio MCII-ucrounnka siBisieTcss TOT (HakT, 4TO s
ero cTabmIbHON pabOThI TpeOyeTCs BeCbMa OOJIBIION pacxol aproHa, 4To CyIIEeCTBEHHO
YBEJIMYHUBACT CTOMMOCTD OJIHOTO aHanu3a [24].

AMOMHO-IMUCCUOHHBLIL CREKMPANbHBLI AHAIU3 C MUKDOGOIHOBOIU NIA3MOIL
(MII-A3C). C OTKpbITUSI METOIa MUKPOBOJIHOBOM IJIa3Mbl IPUMEHSIIN Pa3IMYHbIC Ta3bl,
TaKhe Kak, aproH U TeJini B KauecTBe miazmMooOpasywomux. Ho ucnons3oBanue aszora,
TeHEPUPYEMOTO W3 aTMOC(EPHOTO BO3AyXa, TO3BOJMIO 3HAYUTEIHLHO CHU3HUTH
AKCIUTYaTallUOHHBIE PACXO/IBI.

B pabote [14] onpenensiau conepxkanus 23 sanementos (Ag, Al, B, Ba, Bi, Ca, Cd,
Cr, Cu, Fe, Ga, In, K, Li, Mg, Mn, Mn, Mo, Na, Ni, Pb, Sr, Tl, Zn) B HeckoibKux
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HEU3BECTHBIX oOOpa3lax M TpeX CTaHJApPTHBIX 00pa3lax TeoJOTHYECKUX Mpoo.
[IpoGonoaroroBky  oOpa3lioB  OCYHIECTBISUIM € MOMOIIBIO  MHKPOBOJHOBOTO
paznoxenus. [Ipegen o6Hapyxenus mpu 3tom coctasui oT 0,001 ppm mst Sr— 10 0,121

ppm st Na.

1.2.1.2 Macc-crieKTpoMeTpHs ¢ THAYKTUBHO-CBSI3aHHOM T1a3MOMN

CoBpeMeHHasi Macc-CIEKTPOMETpHUs SIBIseTCS HaumOoJiee YYyBCTBUTEIHHBIM U
HAJIEKHBIM METOJIOM HACHTHU(UKAIMKA U KOJUYECTBEHHOTO OMPEICIICHHS JIEMEHTOB B
oOpasiax 11000 ciokHOCTH [25,26] 1 Kak MpaBUI0 MIPUMEHSETCS IS SJIEMEHTHOTO U
M30TOMHOTO aHaju3a XKUJAKUX NpoO. Teepaple mpoObl TakKe MOTYT aHAJTU3UPOBATHCS,
UCIIOJIB3YSl YCTPOMCTBO C JIa3epHOU alJsluel WM TIICIOIIEro paspsiaa sl UCTapeHus
npoObl. [lomydaembie B pe3yibTare BO3JEHCTBHS Ha MpoOy rasoo0pasHas ¢asza u
MEJIKOJIUCTIEPCHBIA a3p030JIb MOJBEPraloTCcs MOHM3AIMU. B pesynbrate BO3ICUCTBUSA
ANIEKTPUYECKOTO WJIM MAarHUTHOTO TIOJIsl OOpasyroliuecss HOHBI pPa3ieistoTcs B
COOTBETCTBHUHM C HMX MAacCOBBIM 4HCIOM M/z. TIperMyIIecTBOM Macc-CIEKTPOMETPHH
ABJIAETCS  BO3MOXKHOCTH  MMOJy4YeHUss UHGOpMaMu O  OOJIBIIOM  KOJUYECTBE
OTIpeJIeNISIEMBIX 3JIEMEHTOB B TPOLECCEe €AMHUYHOTO aHalM3a Pa3IMYHBIX Tpod co
CIIOKHEHIITUMH MaTpullaMu 0e3 TpeBapUTEIIbHOTO pasaenenus [27].

Macc-cnekmpomempusa ¢ UHOYKMUBHO-C8A3AHHOU NIA3MOIl B KadecTBe
ucrounnka Bo3OyxaeHus crektpa (MCII-MC) ¢ To4ykd 3peHHs CKOPOCTH,
YYBCTBUTEJIBHOCTH W TOYHOCTU ABIAETCS Oosiee S(DPEKTUBHBIM METOAOM ISt
OTIpEJICIICHHs] YIbTPACOACPKAHUN MHUKPOIIEMEHTOB B TEOJOTHYECKUX Mpoldax, ueM
NCII-ADC. Oanako, kak u UCIT-ADC, UCII-MC npenna3zHadeHa sl aHaIM3a KUIKUX
po0.

OO6pa3oBaHKE OKCUIHBIX M THIPOKCHI-HOHOB B uctounnke VICII sBnsercs oOmiei
oco0eHHocThi0 Macc-ciekTpoB MCII u MokeT mpuBeCTH K CHEKTPaIbHBIM I[OMEXaM,
TAaKUM KaK TIOJHAaTOMHBIC WHTephepeHnmun W u3o0apuueckue mepekpuitus [25],
Hanpumep, Hanoxenue *°Bal®0* na PEUY, ¥Nd®O* na 9°Gd*, *SmP®0O* na 0°Gd*,

18Nd®0* ma ¥Tb*, ¥1Pri®0* pa ©'Gd*; u 1*Hf na '#Yb*. Jlna npenorspaienus >tux
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MoMeX OOBIYHO WCIIONIB3YIOT HW3MEPCHHE JBYX3apsAHBIX WOHOB, ajreOpanvecKue
MOIIPABKU M MOJIU(UKAIIMIO HHCTPYMEHTAIBHBIX TapameTpoB [16,25].

B pa6ote [12] nns onpenenenus 24 snementos (Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, Th, U) metonom UCII-MC B 40
oOpasuax rpaHuToB W purosutoB IOxHoit Cubupu paccMaTpuBaiv 2 pa3IuvHbIC
METOJMKH TIPOOOMOATOTOBKH: KHCIIOTHOE pa3IOKCHHE B OTKPBITOM CHCTEME
JUTUTENIBHOCTHIO OoJiee 33 yacoB M CIUIaBJIEHHWE C MeTabopaToM JHUTHSA. MeTonuka
CIUTaBJICHUS C METabopaToOM JIMTHS C TOCICIYIOIIUM PACTBOPCHHEM H yIaJCHUEM
KpeMHe3eMa TUIABUKOBOWM KUCIIOTOM MoKa3ajia 00Jiee TOJTHOE BCKPBITHE TOPHBIX TTOPO
COIOCTAaBUMBIC PE3YIIbTaThl C AaTTECTOBAHHBIM 3HAYCHUEM CTaHIAPTHBIX 00pa3IloB, TOTAa
Kak koHieHrparuu Zr, Hf, Lu, Yb Ob11u 3HaunTe1bHO 3aHMKEHBI TIPU TIPOOOIIOITOTOBKE
B [IT®D cocynax otkpeiToro tuna. [Ipenen obnapyxenus xonedancs ot 0,021 go 0,24
ppm ms Y, Pr, Eu, Gd, Th, Dy, Ho, Er, Tm, Yb, Lu, Ta, U, u ot 0,44 ppm 10 2,07 ppm
mis Rb, Sr, Zr, Nb, Ba, La, Ce, Nd, Sm, Hf u Th npu npo6omoaroroBke MeTo1oM
CILJIaBJICHMS.

B pabore [16] mns ompenenenuss P30 B mpoOax MOPCKUX OTJIOKEHUM Y
mrenshoBoro yeanuka Pocca mcmonb3oBanu kBaapymnoiabnyio MCITI-MC (ICP-QMS).
[TpoGoroaroToBKy 00pa3lioB TaKKe OCYIIECTBISUIM C TOMOIIBIO MHUKPOBOJIHOBOTO
paslIoKEHUs B JIBAa OdTala CMEChIO MUHEPaJIbHBIX KHCIOT, BKIIOYas TUIABUKOBYIO.
BonpImMHCTBO  M30TONOB  TaJOJIMHHMS  TIOJBEPTIIMCh  3HAYUTEIBHOMY  BIHSHHUIO
okcupHeiMu woHamu Ba, La, Ce ¢ morpemHocteio 10 37%. Jlpyrue BakHBIC
CIIEKTpajibHblE HAJIOKEHUs OBUIM CBA3aHBl C HanoxkeHumem *Nd*O*/0Gd*,
L8N80 4ErT, 190Gd®O*/0Lut. OnruMusanus oXJIaxaaeMol  pacHbIINTENbHOM
KaMephlI IPUBeEJIa K CHIKECHUIO KOJIMYECTBA 00pa3yIONIUXCsl OKCHIHBIX HOHOB IIPUMEPHO
B JIBa pa3za g OOJBIIMHCTBA ONPEACISIEMBIX 3JIEMEHTOB, M, KaK CIICJICTBHE,
YMEHBIIICHUIO MEIIAOMIEro BIUSHUA. J{JI1 yMCHBIICHHWS BIHUSHHUS ITOJTHATOMHBIX
uHTep)EepCHIMH  HWOHOB  OKCHJIOB WM  THAPOKCHJOB  METaUIOB  TPOBOIWIIHN
JOTIOJTHUTEIIbHBIC JKCIEPUMEHTBI I COCTABJICHHUS TOMPABOYHBIX YPaBHCHHH U
YYUTBIBAIM MPOISHTHBIA BKJIQ/I KaXKI0T0 MOHA B omnpeeasieMble n3otonsl. [10 npu aTom

coctasui ot 0,001 ppb mst Lu 1o 0,234 ppb ms Ce. Taxoke B padote [16] ncmonb3oBancs
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MarHUTHBIN cekTopHbIH Macc-ciekrpoMeTp (ICP-SFMS) ¢ paspemennem 10 000 mos
oOecrieueHUs] pa3lieJieHUs] MEMIAIIMUX OKCHIHBIX HWOHOB JIAHTAHOUJOB  MPHU
onpenenenn P32 B reomornueckux mnpoOax 0€3 NpPUMEHEHHs anredOpandeckoin
koppekiuu. I10 mpu 3tom cocrasui ot 0,005 ppb ms Lu mo 0,016 ppb s Gd.

B pa6ore [17] metonom UCIT-MC onpenensinu conepxanue 17 anementon (Na, P,
K, Ti, V, Cr, Mn, Co, Cu, Ni, Zn, Zr, Pb, Al, Fe, Ca, Mg) B 8 o0Opa3iiax KoMaTHuTa,
COJICPIKAIIUXCS B PA3JIMYHBIX KOHIIEHTPAIIMOHHBIX quana3zoHax (ot 0,056 ppm mo 24300
ppm). IIpoGomoaroroBKy oO0pa3loB OCYUIECTBISUIM C TMOMOIIBIO MHUKPOBOJHOBOTO
Pa3NIOKEHUS CMEChI0 MUHEPAIBHBIX KUCTOT. [Ipeaen oOHapyKeHus IpU ’TOM COCTaBHII
ot 0,3-0,4 ppm mus Ti, Mn, Co, Zr, Pb 1o 4,6-5,7 ppm mst K u Zn.

CpaBHuUTENbHAS XapaKTEPUCTHKAa METOJIOB, YacTO MPUMEHSEMBIX JJIsI aHalu3a
reOJIOTHYECKUX MPoO, TPeOYyroIUX IepeBeAcHue Npod B pacTBOp, NpEJACTaBiIcHA B
Tabnuue 1 Tlpunoxenus.

B nacrosiee Bpemst aHaIN3 CIIOKHBIX MHOT'OKOMITOHEHTHBIX T'€0JIOTHYECKUX TIPOO
IPOBOJIUTCS, KaK IMPaBUII0, KOMIJIEKCOM OJITHOAJIEMEHTHBIX METOJIOB aHAJIN3a: aTOMHO-
aOCOpOIIMOHHBIN aHaJIM3 B COYETAHUU CO CHEKTPOPOTOMEpUEH WIM HECKOJIbKHUMU
MHOTO3JIEMEHTHBIMU METOJaMU aHaju3a, BKIIouas Hanbosee pacnpocTpaneHnbie ADC-
NCII, UCII-MC. Tpebyemble 11l 3TUX METO0B aHAIM3a IIPOLIEAYPHI MPOOOIIOATOTOBKH
SBIIIOTCS IJTUTENBHBIMU U TPYJAOEMKHMH, TaK KaK COCTaB BBOJUMOW TPOOBI JOJIKEH
aJIeKBaTHO  OTpa)kaTb COCTaB HMCXOJHOTO oOpasma. ['eonmormyeckue  mpoObI
MOJIFOTABIMBAIOT JUIsI aHaiM3a C TIOMONIBI0 OTKPBITOM W/WIM  aBTOKJIABHOM
MUHEpaIu3alid CMEChI0 KUCJIOT WIM CIUlaBieHuEeM. lIprMeHeHre MUKpPOBOIHOBOTO
pa3iiokeHus OoO0pa3loB 3HAYMUTENIBHO COKpallaeT BpeMs, 3aTpayuBaeMoe€ Ha
MpoOOMOATOTOBKY, C JIHEW /10 HECKOJBKHMX YacOB, 3aMEHSSI «MOKDPOE» XHUMHUYECKOE
pacTBOpPEHUE B OTKPBITOM COCYAE Ha 3aKPBITBIM COCYJ C KOMIIBIOTEPHOM CHUCTEMOM
MIPOrpaMMUPOBAHUS BBICOKOTO JABJICHUS U BBICOKOW TemrepaTypbl. CIlaBJIeHUE TaKkKe
SIBIIAETCSA YHHUBEPCAJIBHOU METOJIUKOM, oOecreunBaroIen pas3ioxeHue
OPO1000pa3yIOIIUX MUHEPATIOB, BKIIIOYasl BBICOKOYCTOWYMBBIC TTOpoAsl. O0001Ias Bee
METOJIBl MMPOOOTIOITOTOBKH, MOXKHO CJI€JIaTh BBIBOJ O TOM, YTO HET M HE MOXET OBITH

YHUBEPCAIBHOTO cI0c00a BCKPBITUSI TP00. B Kaxk10M OT/ACIBHOM cllydae BRIOOp METOAa
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pas3noxeHuss OyAeT 3aBUCETb OT AHAIUTHYECKON 3aJadM, CBOMCTB aHAJIU3HPYEMOIO
Marepuaia, OT JaJlbHEHIIEero Xoja aHaiu3a M MOXKET BKIIIOYATh JOIMOJHUTEIbHbBIE
NpoLEaypbl, Takue  Kak:  BbIIapUBaHUE,  OKCTPAKLHIO,  MPEIBAPUTEITHLHOE
KOHILIEHTPUPOBAHUE TI0CIIE PACTBOPEHUS, pa3/ICICHHUE.

B cBi3u ¢ 3TUM NpeanodTeHHe OTHAIOT 00Jiee SKCIPECCHBIM METOoJaM
MpOOONOATOTOBKM C MUHUMAJIbHBIM BHECEHHUEM 3arpsA3HEHUN M OTCYTCTBHUEM MOTEPb
AJIEMEHTOB, MHTEPECYIOUIMX AHAJIUTUKA, MPU 3TOM MAKCHUMAJIbHO OCTaBIIAs TPOOY
NPEICTABUTEIBHOM, a TaKkKe HEpa3pylIAONUM METOAAaM aHajliu3a, I103BOJISIOIINM
OIIPE/EIATh 3JIEMEHThl B INMPOKOM JMHAMUYECKOM auanasone — ot 10% mo 100% c

JIOCTaTOYHOM TOYHOCTEIO U HU3KUMH [10.

1.2.2 Hepa3pymarolue MeTo/Ibl aHaIH13a

K Hepaspymaromum MeTonaM aHajin3a reoJornYecKrux npood yaiie BCEro OTHOCAT
pEHTreHo(TyOpECIIEHTHBIN aHaTN3, HEUTPOHHO-aKTUBAIMOHHBIN, MACC-CIIEKTPOMETPHIO
C Ja3epHOM abysuuei U Macc-CIEKTPOMETPUIO C TICIOIUM Pa3psaioM. DTH METOJbI
aHanM3a MPaKTUYECKU HE TpeOyrT MpOoOOMOJArOTOBKH, B pe3yibTaTe KOTOPOM MOTYT
BO3HUKHYTb MTOTEPU U 3arPsI3HEHHMS], a 3a4aCTyI0 TPOOOMOATOTOBKA MPEACTABISIET COOOM
3armavBaHue MPoObl B CTEKIISTHHBIE aMITyJIbl WJIM MPECCOBAHUE HA PA3IMYHbIE TTOIJIOKKH.

BypHoe pa3ButHe MeTona macc-cnekTpoMmeTpuu B Haudaje XXI| Beka mpuBeno K
CO3JaHUI0 HOBBIX METOJOB HOHHU3AIMHU 00pa3ioB. C MOsSBIEHWEM MPUCTABKHU IS
Ja3epHOM a0MSIMM U TICIOMIET0 pas3psja MOsSBUJIACh BO3MOXKHOCTH paboTaTh C

MUHHUMAJIBHOM TIPOOOTIOATOTOBKOM HIIM BOBCE €€ U30eKaTh.

1.2.2.1 PentrenohayopecIieHTHBIN aHaTu3
Meton pentrenoduyopeciieHTHOro aHanm3a (PDA) ocHOBaH Ha perucrpanuu
XapaKTEPUCTUUECKOTO PEHTIEHOBCKOTO H3JIYyUYEHHs, HCIYHIEHHOIO BO30YXICHHBIMU
aTOMaMU BCJICICTBUE BO3JCHCTBUS HAa HMX BHYTPEHHIOIO 3JEKTPOHHYIO OO0O0JIOUKY
MEPBUYHOTO PEHTTEHOBCKOTO U3NMydeHUs ((OTOHOB, SJIEKTPOHOB WJIM HWOHOB). B
pesynbrate 00ydeHHsl aTOMOB 00pasia (OTOHAMHU C BBICOKOW DHEpPrHeil C OTHOU U3

BHYTPEHHHUX AJICKTPOHHBIX 000JIOYEK BHIOMBAETCSI JIEKTPOH U OOpa3zyercs BaKaHCHSA.



32

[Tocnennsisi 3anONHIETCS AJEKTPOHOM BHEIIHEN 000J0UKHU C BHICBOOOKACHUEM SHEPTUU
B BHJIC€ HCIYIIEHHOTO XapaKTePUCTHYECKOTO0 PEHTICHOBCKOTO KBaHTAa — BTOPUYHOIO
(¢oToHA — 3TO sIBIEHME U Ha3bIBaeTcs "(dayopecueHuus". DHeprus BTOPUYHOTO POTOHA
naetT uHGOPMAIUIO JJIsi KAYECTBEHHOTO aHalIn3a, a KOJMYECTBO 3apeTrUCTPUPOBAHHBIX
YaCTHUI[ — KOJIMYECTBEHHOr0 aHaju3a [24].

Metonq P®A TpagullMOHHO TPUMEHSIETCS MPHU aHAIU3€ TBEPABIX 00pasIoB
(OpOIIKOB, CTEKJI000pa3HBIX M METAUIMYECKUX IMpod) ¢ OodpmuM  pazdpocom
KOHIICHTpAINi, pa3HOOOpa3HbIMHU W HEOJHOPOJHBIMHU MATpPUIIAMU U Pa3IUYHBIMU
pa3MepaMu 3epeH U XOpoIlIo ceOs 3apeKOMEHI0BaII IIPU aHAJIU3€ MaTepHUaiOB B T€OJIOTUU
[28].

PDA x0oTh U OTHOCUTCS K HEpa3pylIAIOIMIMM METOJaM aHaiu3a (Ipu aHaIn3e
MOHOJIUTHBIX METAJUTMYECKUX O0Opa3IoB), HO IS KOJMYECTBEHHOI'O OIpeeICHUs
OCHOBHBIX U CJIEIOBBIX AJIEMEHTOB B MOYBAX U F€OJIOTMYECKUX 00pa3liax UCCie10BaTeIu
BCE-TaKu MPUOETAIOT K UCIOJIB30BAHUIO PA3IMYHBIX MPOIEAYP MPOOOMOATOTOBKU IS
roMoreHu3anuu npoObl. Tak Kak T'paHyJIOMETPUYECKUH W MHUHEpPAJbHBIM COCTaB M
3¢ exT HeOTHOPOTHOCTH MPOOBI BIUSIOT HAa pe3yIbTaThl aHANN3A, TO, IPEABAPUTEIHHO
aHAJM3HPYEMbI MaTepuall NMEPEMaIbIBAIOT, MPOCEUBAIOT, MPECCYIOT WIIU CIUIABIISAIOT.
[lonroToBka mpo® METOIOM CIUIABIIEHUS C OOpaTaMHu HATpUs WIM JIUTHUS TO3BOJSET
YCTPAHUTh CTPYKTYPHYIO HEOJHOPOJHOCTh AaHAIM3UPYEMOIO Marepuaia, BIUSHHE
MUHEPAIIOTMYECKOT0 M MAaTPUYHOTO 3(PPEKTOB HA TOYHOCTH M BOCHPOU3BOJIUMOCTH
pPE3yIBTATOB.

Meton P®A xapaktepu3yercsi SKCIPECCHOCTHIO W IIMPOKUM JIHANa30HOM
KOHIIEHTparuii onpenensieMmbix anemeHToB ot 0,01 macc. % mo 100 macc. %, HO s
CBOETO TMPAKTUYECKOTO MPUMEHEHHS] B KOJWYECTBEHHOM aHalIM3e TpeOyeT HaIudus
CTaHJIApTHBIX 00PA3I0B, COOTBETCTBYIOIINX aHATU3UPYEMOU TTPOOE M0 XUMUIECKOMY H
rpaHyJoOMeTpuYecKoMy cocTtaBaM. CylIECTBYIONIUM MPUEMOM KOPPEKUIHUHU MAaTPUUHBIX
3G (}exTOB TpU KOJWYECTBEHHOM aHalW3€ SBISETCS MeToA (yHIaMEHTATbHBIX
MapaMeTpoB, OJHAKO OH YCTYMaeT MO TOYHOCTHU aHalIu3a TPAJAUIHMOHHOMY — METOIY

a0COIOTHOM TPaAyUPOBKH C MPUMEHEHHUEM CTaHJAPTHBIX 00Pa3IIoB.
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B pa6ote [14] metoq POA ucnonb3oBaiu B KauecTBe MeToAa cpaBHeHus ¢ MII-
ADC 1ipu onpeneneHun MacCoOBBIX JT0JEN TOJIBKO HEKOTOPBIX ONPEAEISIEMBIX AJIEMEHTOB
(Al, K, Ca, Mn, Fe) B isiTH reostormueckux oopasnax 0e3 moaroroBku mpo0d. Pe3ynbraTsl,
MOJIyYEeHHbIE HA TIOPTATUBHOM CIIEKTPOMETpPE, PACXOJWIHUCh CO 3HAYCHUSIMH,
nonydyeHHbIMU ¢ moMonipio MII-ADC na 10-12% mno conxepxkaHuiO Maprasia c
uarna3oHoM KoHIeHTparuend 70-158 wMr/kr, mjisi OCTaJdbHBIX JJIEMEHTOB TaKkKe
HaOmonanuck pacxoxaenus ot 4% no 10% Bo Bcex aHANMM3UPYEMBIX MTpobax.

Tak, B pabote [17] PDA npumeHsnu TOABKO 1Jis CpaBHEHUS B 8 oOpasiax
KOMaTHHTa COJIep:KaHui 0ocHOBHBIX 3eMeHTOB (Mg, Fe, Al, Ca). [ToarotoBka 006pasios
Ui aHanu3za merogoM PDA mpencraBisiia coOOM CIUIaBlIeHHE HABECKH oOpasla C
TEeTpabopaToOM JIUTHS JJISl IOJTYYCHHUSI TOMOTE€HHBIX CTEKJITHHBIX TUCKOB. [Ipu cpaBHEeHUM
MacCCOBBIX J0JICH IeBITH OCHOBHBIX 35eMeHToB (Si, Fe, Al, Ca, Mg, Na, Ti, Mn, P) nByx
0a3aJbTOBBIX CTaHAAPTHBIX OOpa3loB, TOJY4YCHHBIX Tipu aHanuze PDA, ¢
cepTUUIIMPOBAHHBIMU 3HAYCHUSMH HAOJII0/1alId 3aBblllieHne pe3ynbTaToB Ha 30% 1o
COJIep’KaHMIO MapraHila BBUY €ro HU3Kou KoHIeHTpanuu (okoio 0,13-0,15 macc. %) B
o0oux o0pasiiax, 4To COOTBETCTBYET Ipejelly oOHapyx eHus: MeTogoM PDOA ¢ naHHBIM
MeToa0M rpodonoarorosku (~0,1 macc. %).

B paGotre [29] wucnonb3oBaiy CTaHAAPTHYIO MPOUEAYPY: aHATU3UPYEMbIN
MaTepHall TepeMalbIBall, MPOCEUBAIA W TIPECcCOBaIU B TabIETKy C 100aBICHHEM
cBs3ymoIero Bockoodpasnoro BemiectBa C1gHzs02N2, Macca koToporo cocrasisiia ot 1%
1o 7% ot maccel oOpasua. s Koppekuuu MaTpuuHbIX 3(G(EKTOB HCMONIB30BAIU
IporpaMMHOE OOecCIieueHre, ITO3BOJIAIONIEee YYHUTHIBATh CIIOCOO MPOOOIOATOTOBKH,
TOJNIIMHY oOpa3lla M KOMIITOHOBCKOE paccesHue. JlJs OCHOBHBIX 3JIEMEHTOB (C
KOHIIEHTparuel Oonee 1%) HeompeaelIeHHOCTh HM3MEpeHHMM cocTtaBuia 2-5%, s
BTOPOCTEMEHHBIX 3JIeMeHTOB (¢ KoHmeHTpamueit 0,1%) — 10-15%, nns smeMeHTOB ¢
koHneHTpamuei 0,01% — 10-20%, a ms amemenToB ¢ koHueHTpanuei 0,001% — okosno
50%.

B pa6ore [30] misa onpenenenus 10 snementoB (Na, Mg, Al, Si, P, K, Ca, Ti, Mn,
Fe) meromom PDA crangapTHbIe 00pa3ibl CIDIABISLIN ¢ MeTabopaToM JUTUsl. OOpa3Ilsl

Maccoii 110 mr, npeaBapuTenbHO NMPOKaJICHHbIE B My(QeIbHOM Ne4r B TeUeHue 4 4acoB
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npu temreparype 950°C, cmemmBanu ¢ 1,1 r Merabopara TUTHS B IIATHHOBOM TUTJIE U
IWIaBMiIM B aBToMaTnueckoi neun npu 1100°C B teuenne 19 munyt. Ilnas BeUMBanyu B
IUIATUHOBYIO M3JIOKHULYY JUIsl OPMUPOBAHUS CTEKISIHHBIX JAMCKOB nuamerpom 10-12
MM. JlJIi KOppeKIMU MAaTPUYHBIX 3()PEKTOB MCHOIB30BAIM METON (YHIAMEHTATIBHBIX
napameTpoB. [Ipenen o6HapyxkeHust OKCHA0B neMeHToB cocTaBuia oT 0,005 mace. % ans
MnO u Fe;03 o 0,6 macc. % mist SiO;. Kak oTMeueHo aBTOpaMu CTaThH, KOHIICHTPAIUH
anemeHToB MeHee 0,01 macc. % He NOANAIOTCA KOJIMYECTBEHHOMY ONPEACIICHUIO
MeTosioM POA.

OTHOCHUTENbHO MpoCTas MpoleAypa MpoOONOATrOTOBKH, BKIIOYaromias B cels
IPECCOBAHMUE TIOPOIIKOBBIX MPOO C M00ABKON CBSI3YIOUIUMX BELIECTB, MPUBOJUT K
pa30aBieHuI0 MpoObl U CHUKEHUIO MHTEHCUBHOCTU curHazia. [Ipouenypa cruiaBieHus
TaKk)Ke MPUBOAUT K pa3z0aBICHUIO MPOOBI M OCIAOJICHUIO MAaTPUYHBIX AP(EKTOB s
MaKpOKOMIIOHEHTOB, YBENWYMBas TMPU OTOM HIDKHHE TMPEACNbl  ONpeeICHHUS
MUKPODJIEMEHTOB, MO3TOMY A3TOT CHOCOO MPOOOMOJATOTOBKM IIMPOKO MPUMEHSIOT B
CWJIMKAaTHOM aHalu3e, KOrja HeoOXOAUMO C BBICOKOH TOYHOCTBIO ONpPEAEIUTh
coJiepyKaHue OCHOBHBIX Opo1oo0pa3yomux snemenTos: Mg, Al, Si, K, Ca. ®axtuuecku
ucnoib3yss meton PDA ynaercs onpenensats He Oonee 10 OCHOBHBIX 3JIEMEHTOB (C
KOHIeHTparuer > 1%) ¢ J10CTaTOYHOH JOCTOBEPHOCTHIO, MOITOMY ISl MONYYCHUS
MOJIHOW MH(GOPMAIIUH O TEOJIOTHYECKUX 00pa3iiax HeoOX0MMO HCIIOIb30BaHUE NPYTHX

METOJIOB.

1.2.2.2 HelATpOHHO-aKTUBAITMOHHBIN aHAJIU3
Helitponno—aktuBanuonubiii aHanu3 (HAA) OTHOCHTCS K OCHOBHBIM SII€PHO-
¢uznueckuM MeTojaM OOHApY>KEHHsI SJIEMEHTOB M OINPEACIICHHUS HMX COJEpKaHUS B
Pa3TUYHBIX TPUPOIAHBIX U TEXHOTCHHBIX MaTepHaIaX U O0BEKTAX OKPYKAIOIIECH CPEIIbI.
Hns  ocymectBnenuss HAA  npoba  moasepraercs — OONy4EHHUIO  MOTOKOM
OoMOapIUpPYIOMIKX YacTUI] (HEHTPOHAMH B SJICPHOM peakTope 1o peakmuH (N, y)), 3aTeM
MIPOUCXOJUT PETUCTPALIM UHIMBUAYAJIBHOTO CIIEKTPAa raMMa U3JIy4eHUs1 BO30 Yy KI€HHBIX

sa/1ep Ui 00pa30BaBIINXCS U30TOIOB.
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l'amma cnektp B HAA CylecTBEHHO TpoOIIE M MEHBIIE IOJBEPKEH
uHTeppeperuusm, yeM cnektpsl B MCII-ADC unu peHTreHoBcKue crieKTpbl. U3mepenus
B HAA ocHoBaHbI Ha (U3HUYECKHX SIBICHHUSX, MPOUCXOMSIIUX B SApPaxX SJICMEHTOB,
MO3TOMY pPE3yJIbTaThl HE 3aBUCAT OT (OPMBI HAXOXKIEHUS DJIEMEHTa B 00pasle.
HNHCTpyMEHTAIBHBIN U PAAUOXUMHUYECKUM HEMTPOHHO-aKTUBALMOHHBIN aHAJIU3 TIOJIYYHII
HMpoKoe pacnpocTpaneHue B /0-e ToAbl MPOLIOro CTONETHS I aHaiau3a Mpoo
re0JIOTNYECKOTO POUCX 0K ICHHUS.

Hucmpymenmanvnwtii neumponno-axkmueayuonnotit ananusz (MHAA) siBnsiercs
BBICOKOYYBCTBUTEIIHHBIM METOJIOM, TIO3BOJISIONIMM OIPEACTSATh COASPIKAHUS TIKEIbIX
METAJNIOB M PEIKO3EMENbHBIX 3JIEMEHTOB B MPUPOAHBIX oOpasuax [31], xoTs
OJIHOBPEMEHHO MOKET OBITh OIpPEAesIEHO TOJbKO OrpaHMYeHHOE KoynyecTBO P33
(06b1uHO OT 5 10 10 3;1eMeHTOB B 6a3ajdbTOBBIX MOPOAAX W aHAJIOTHYHBIX 00pa3lax) B
CBSI3M C TPYAHOCTHIO MX PA3CICHUS U OINpPECTICHHUs] OCOOCHHO Ha CJIEIOBBIX YPOBHSIX
[21].

ABropamu pa6otel [32] Obuto oTOOpaHo 20 00pa3loB TPAaHUTHBIX IIOPOJI B
Apasuiickoii mycteiHM okoino Karapa. Ilepen anamuzoM oOpasibl MpeaBapUTENbHO
pasMaJibIBajIM 10 pa3MepoB 3epeH (63-125) mxm. st onpeneneuus P35 ucnob3oBaiu
pas3IUyHbIe UKL OOJydeHHUs] MPOOBI/OXJIaXaeHus oOpaslia/u3MepeHns CUTHajda U B
CpeaHeM LHUKII cocTaBisut 6 yacos mius Dy, Pr, Gd, Er; 2 qus ans La, Ho, Tm, Yb, Lu, Tb
u 6onee 14 aueit qiis Ce, Nd, Sm, Eu. ITO cocraun 0,01 ppm mis Th u Lu go 8 ppm s
Gd u Er.

B pa6ore [33] nBa cranmapTHbeIX 0Opasna (Boctounbie Tabaunblie TUCThI — CTA-
OTL-1 u menkas nerydas 3o1a — CTA-FFA-1) o0iy4anu TEIUIOBBIMH HEHTpOHAMH B
teuenre 10 munyt. s onpeaenenus coaep:xanuii anementos La, Ce, Nd, Sm, Eu, Gd,
Th, Yb u Lu 00pa3ibl aHanu3upoBain 4Yepe3 pa3indHble BpeMEHHBIC TIPOMEKYTKH ITOCITE
oxnaxnenus: 9-11, 33-35, 110-111 u 154-157 nueii. [lonyueHHbIN pe3ynbTatT 1Is IEpUs,
MMEIOIIEro Beero oauH u3oton — 4 Ce (145 k3B), cOrnacoBbIBaNCS ¢ aTTECTOBAHHBIM
COJICp)KaHMEM TIPH HM3MEPEHHH TOJBKO Ha 157 1eHb Tociie OXJaXXJASHUS IPOOEHIL.
[TpuuKHOl 3TOMYy MOIIM OBITH BO3MOKHBIE MHTephepeHuu ¢ mukoMm PFe (142 k3B).

[Tpenensr ooHapyxenus B UHAA 115 3TUX JTaHTaHOWAOB OOJIBIIIE Y€M Ha OJUH MOPSI0K
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npesbimaror [10 B PHAA, nmostomy ompeneneHue MHOTHX JJEMEHTOB C HU3KUMHU
KOHIIEHTparusiMu ¢ noMoisio MHAA BO3MOXKHO TOJIBKO MOCIIE UX PAAMOXUMUUYECKOTO
pazzeneHusl.

Paouoxumuueckuii neitmponno-axmueayuonnwtii ananu3 (PHAA) ncnonab3yior
B KadecTBe AomnojHUTeNbHOro Metona Kk MHAA s MOBBIICHUS 4yBCTBUTEIBHOCTH.
Panuoxumuueckoe paszieneHue MPUMEHSIOT TMPU  ONPEEICHUU KOHIEHTpaIlUi
AJIEMEHTOB, HaXOSAIIUXCS Ha YPOBHE npesenoB ooHapykenuss B UHAA, takux kak: Sn,
Rb, Sr, Nb 1 P33. Tak kak HEKOTOpbIE IIEMEHThI HE UCITYCKAIOT raMMa-J1y4u, TAKHe KakK
BUCMYT U TaJUTUH, TO JJII UX OMPENENICHUs] UCTIONIB3YIOT MOJACYET OeTTa-nyueid. Takum
o0pazoMm, AeHTUPUITUPOBATH OJUHOYHBIN PATUOHYKIN B CMEIIAHHOW TOPHOU TOpO/Ie
B KOTOPOW COJCPXKUTCS MHOXECTBO OeTTa-u3jiydyatesied He MpeICTaBISETCS
BO3MOKHBIM, TTIO3TOMY HEOOXOAMMO HCIIOIB30BaTh MPEIBAPUTEIIHHOE PATUOXUMHUIECKOE
pa3lielicHre: OKCTPAKIMI0 PACTBOPUTEIEM, HWOHHBIH OOMEH, JKCTPAKIMOHHYIO
xpomarorpaduto, ocaxaenue [21,31]. Pasgenenue mocie oOdy4eHHsS OCYIIECTBHUTH
HEJIETKO, €CJIM MHTEPECYIOIINA PaJuOHYKIUA UMEET KOPOTKUHM Mepuoj rnoiypacnaja,
Hanpumep, °2V ¢ NepuoaoM nojiypacnanga 3,8 MUHYTEL

B pabote [21] oTpabarhiBagy METOAUKY PaTuOXMMUYECKOro paszneicHus P30 c
MOMOIIBI0 DKCTPAKIIMOHHOW XpomaTorpaduu Ha Tpex CTaHAApTHHIX oOpaslax.
Meronuka cocTosiia U3 HECKOJIBKUX CTaui: 00pa3Iibl 3aManBalid B KBAPIEBHIC aMITyJIbI
1 00JIyJaJIi B TeUeHHE 6 4acoB; IOCJIe O0TydeHHS 00pa3Iibl OXJIaXIaau, BeIaepkuBas 1
HEJICIII0; aMITyJIbl BCKPBIBAJIA M TIEPEHOCUIIN B ITUPKOHUEBBIC TUTIIU IS CILJIABJICHHS CO
cmeceio NaOH (1 r) m Na;O; (1-1,5 r) B Teuenune 20 MUHYT; IUIaB PacTBOPSUIA B BOJC,
HEPaCTBOPEHHBIN 0CaOK B BUJIE THAPOKCUA0B P30 nentpudyruposanu u pacTBOpsiIN B
XJIOPOBOJIOPOAHOM KHCTOTe; Id mnepeBeaeHue P30 Bo  ¢dropuabl  moGaBisuin
TUIABUKOBYIO KHUCJOTY; 3ateM ¢ropuasl pactBopsuin B cMecu HBO3 u HNOz; u P33
MTOBTOPHO OCaXKJajdu B BHUJC THIPOKCHJIOB, 100aBIsAs n30bITouHOe KoaumdectBo NaOH;
ocanok TteHTpudyrupoBamu u pactBopsuit B HCl mns nmanpHelmeit 3arpy3km Ha
aHMOHOOOMEHHYI0 cMoiy; P3D amtonposanu tpemst oosemamu HCI. Tlocne pasnencaus
P33 sneMeHTOB M3MepeHHe paJuOHYKIUI0B MIPOBOAWINA YEPE3 Pa3IMUHbIE BPEMEHHbIE

IPOMEKYTKH MOcie oXnaxkaenus: yepes 1 Henemo 114 *4°La u 1°3Sm; uepes 10 aneit pus
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147Nd, 1™YDb u 7Lu u gepes 1 mecan mna *1Ce, 12Eu, *°Tb u 1°Yb. Usorons Pr, Dy,

Ho u Er me ompenemnsii, Tak Kak MEPHOIBI MOITypacmaaa 3aXBadeHHBIX HEUTPOHAMU
HYKJIMIOB 3TUX YETHIPEX JIEMEHTOB CIIMIIIKOM MaJTbl, YTOOBI UX MTPAKTUYECKHA BO3ZMOXKHO
ObUT0 00HAPYX)UTh. [Ipu 00ydyeHnr 0Opa3IlOB TOPHBIX MOPOJ HEUTPOHAMHU OCHOBHOM
BKJIaJ B PaJUOAKTHBHOCTE BHOCAT m3oromsl: ° Cr, #8Sc, Fe u ®Co. %S¢ ¢ nepuomom
nosypacrajia 83 nHs siBiIseTcs Hanbosee MemarnuM HykianaoM B PHAA cunmkaTHbIx
00pa3IoB TOPHBIX IMOPOJA IpPH ONpeACICHUH clieoBbiX Koaudects P33, U u Th.
Pagunonykmuasl °'Cr, ¥Fe u ®Co orgensnmu or P3D u pasmensnu mexay coboil ¢
IOMOIIBI0 HOHOOOMEHHOM CMOJIBI, B KoTopol “®Sc momnocteio ynepxusancs [21].
[penen oOHapyKEHUST HAXOIUIICS HA YPOBHE PPD MpakTUYECKH /ISl BCEX ONMPEIeIsIeMbIX
HIIEMEHTOB.

B pa6ote [33] mepen oOiyueHneMm ABYX CTaHAAPTHBIX 00pas3IoB (BOCTOYHBIC
tabaunbie gucThst — CTA-OTL-1 u menkas neryuas 3osma — CTA-FFA-1) uttpuit u
JAHTAHOWJIBI OTMACIISIIN OT JAPYTHX 3JEMEHTOB MHOT'OCTYIIEHYATHIM DJIFOMPOBAHHEM B
MOHOOOMEHHOW KOJIOHKE U3 PacTBOPOB, MOJTOTOBICHHBIX C TOMOIIBI0 MUKPOBOJIHOBOM
muHepaiauzauu cmechio Kucimor HNOz+HF+H;0; / HNO3+HF+HCI. Tlomyuennsrit
ANI0AT, COAEPKALTUN UTTPUN W JTAaHTAHOUBI, BRIIAPUBAIM Jocyxa U obmydanu. [locie
00JTy4eHHUs HUCIOJIb30BAIM AaHHMOHOOOMEHHYIO XpomaTtorpaduto s pasznenenus P33
MEXTy coOOM Ha JBE TPYNIbl, IPH OTOM CYXOM OCTaTOK pacTBOPSIIA B
ATWJICHIMAMUHTETPAYKCYCHOU KHCIIOTe. M3MepeHuss mpoBOIWIM TPUKABI: 4depe3 3-5
qyacoB, 2-7 CyTOK W 4 HeIeNnu MOCJe OXJaXKIEHHUSA, KOPPEKTHPYS COOTBETCTBYIOIIUM
oOpazom Bpemsi mojcuera. JlomomHuTensHas cragusi BbyaeneHus P30 mo3Bomumia
cHu3UTh [1O B HECKOIBKO pa3 OTHOCUTENBHO Kinaccuyeckoro MHAA.

B HAA cymecTByIOT pa3iHuHbIE AIEPHBIC PEaKIMH, MEMIAIONINE OMPeIEICHUIO
P33, Takue kak: HyKJIHIbI, 0OOpa3yroIuecs B pe3yiabTaTe peakiuit (N,p) u (n,a) 6omee
TSDKEJTBIX 3JIEMEHTOB, YaCTO COBITAJIAIOT C HYKJIHIOM, oOpa3yromuMcs B peakuuu (N,Y);
MPOIYKTHI JIETICHUS ypaHAa TakXKe SBISIOTCS PATUOHYKIUIAMU JUISl OMPEICICHUS
HEeKOTOpbIX P30, mupkoHws, pyTeHUS W MONHMOJEHA; JOYECPHUE HYKIHJBI, KOTOPHIC
obOpasyrorcss B pesynbTare peakiuu  (N,y), MOTYT SBISTBCS  MEIIAOIIMMHU

PaaAuOHYKIIMAAMU OJIA OIIPCACIIAACMBIX 3JICMCHTOB. I[JIH y4uc€Ta 3Tux BIIUSTHUM HCIIOJIB3YIOT
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MOTIPaBOYHBIE KOI(PDUIIMEHTHI, OMNPEACICHHBIE AKCICPUMEHTAIBLHO 10 aHaJIUu3y
CTaHJAPTHBIX 00pa3OB MPUPOTHOTO YpaHAa B aHAJOTHYHBIX YCIOBUSAX aHanm3a [21].
[ToBTOpHOE 00NTydeHNE CTaHIAPTHBRIX 00pa3IoB B OrKaiIee BpeMsl He MPeICTaBIsIeTCS
BO3MOXHBIM H3-3a HABEJACHHOW AaKTUBHOCTH JOJTOXUBYIIMX PaAHMOHYKIUIOB,
00pa3yIOIMXCS U3 DIEMEHTOB, KOTOphle BXxoAaT B coctas I'CO, nanpumep, *°Mn, 2*Na,
®As. Tlocne 06mydeHHs MpOOBI CTAHOBATCA PaJAMALMOHHO-0E30MACHBIMHM B CpPEIHEM
yepe3 1aBa Mmecsia. TouHOCTh U mnpenen oOHapyxkeHuss P30 cuibHO 3aBUCHUT OT TUMa
aHAIIM3UPYEMOTO MaTepHalia, COACpKaHMs MEMIAIONINX JJIEMEHTOB, 00€CIIeYHBAIOIINX
BBICOKMH (OH M OONIyl0 aKTHBHOCTh, WHTEHCHUBHOCTH OOJIYYCHHS W BpPEMCHHU
oxJaxkaeHust oopasios [32,33].

[Ipenensl oOHApPYXKEHHUS JJII MHOTHUX 3JIEMEHTOB B IOPOJAX, MOJYYCHHBIC C
nomonisio HAA HaxoasTcsl Ha ypoBHE PPM, HO MPU UCTIOJIb30BAHUH PATHOXHMHYECKOTO
pasjiclieHns BO3MOXKHO JOCTHYh ypoBHeH pPpb, ogHako wucmoib3yemble MpPOICTYpPbhI
paszeicHUs] BEChbMa CJIOXHBI, BPEMA3aTPaTHBI U TPEOYIOT HAJIWYHS JIOMOJHUTEIHLHOTO
o0opyznoBanusi. B HacTosIiee Bpemsi umerotcs 6oliee J0CTyMHbIE U Oosee paarnalioHHO-
O0e3omacHble HUCTOYHUKHM U3IYYCHHs, YEM SICPHbIE PEAKTOPBI, MO3BOJISIONINE

CYIICCTBCHHO COKPATUTDb BPCMA OAHOT'O aHAJIN3a.

1.2.2.3 Macc-crieKTpoMeTpHs C JJa3epHOM adsiuen

JlazepHas aOmusiiusi — Mpolecc yAaleHHs BEIECTBA MO BO3IEHCTBUEM JIa3€PHOTO
U3Ty4eHus: (POKyCHpPOBKA JTA3epHOT0 M3ITYUYEHUSI BHICOKOM MOIIHOCTH Ha TOBEPXHOCTH
TBEPI0M MUIIICHH MIPUBOJUT K OBICTPOMY MOTJIONIEHUIO BEIIECTBOM DHEPTUH U3ITYUCHUS,
HarpeBy M B3PHIBOOOPA3HOMY UCIIAPEHUIO BEIIECTBA C MOBEPXHOCTH MHIIICHU. MaTtepua
abupoBaHHOTO 00pa3Iia TPAaHCIOPTHPYETCS MOTOKOM Ta3a (aprona wiu renus) B VCII,
r7Ie MPOUCXOAUT ero noHu3anus. OOpa3oBaBIIKeCs UOHBI JIETEKTUPYIOTCS C MTOMOIIBIO
Macc-crekTpomerpur. lcnonb3oBaHuE CHEHUAIBbHOW JIa3€pHOM  YCTAHOBKHM  JUIS
nazepHoit abnamuu B codyetanun ¢ HMCII wmacc-cnexktpomerpoMm (JIA-UCII-MC)
MO3BOJIIET BBINOJIHATh MPSAMOW aHAIU3 TBEPABIX O0OpPa3LUOB C JIOKAIBHOCTHIO

ompeneneanst a0 10-20 mxM, mostomy o00baHO JIA-UCII-MC wucnons3yror s
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JOKaNbHOTO  aHanu3a (KapTUPOBaHMsS) MOHOMMHEpAJIbHBIX  (PpakUui, OJIHAKO
BOCIIPOM3BOJIMMOCTH 3TOTO METO/a HEBBICOKa [26].

Ha Bocmpou3BOAMMOCTh CHUTHAlla MOXET BIHUATH OOJBIIOE YHUCIO (HhaKTOPOB
(Temmepatypa 11a3Mbl, apaMeTPbl JA3ePHOTO JIyda, SJHEPrus Jiazepa, HEOAHOPOIHOCTh
U MaTepuaa npoobl), MOITOMY JJIsl YIAYUIIEHUS] BOCIIPOU3BOJIUMOCTH U MPaBUILHOCTU
BapbUPYIOT XapaKTePUCTHKH JIa3€PHOTO H3IydeHHUs (IJIMHY BOJIHBI, JUIUTCIBHOCTD
JIa3epHOr0 UMITYJIbCca ¥ AHEPruI0). Tak B mociaeaHee BpemMsi yCOBEPILIEHCTBOBAHUE METO1a
IPOUCXOIUT 32 CUET UCTOIb30BaHUS BMECTO HH(PPAKPACHBIX JIA3€POB KOPOTKOBOJIHOBBIX
Y @- nazepos (266, 213 u 193 um), a TakKe NMpU NEPeXo/ie C HAHOCEKYHIHBIX JIa3epOB K
6osee 10poruM (PeMTOCEKYHIHBIM JIazepam, MO3BOJISIOIIUM MOJy4aTh MPU PACTIbUICHUU
YaCTHUIIbl MEHBIIIETO pa3Mepa, CHU3UTHh (PaKIMOHUPOBAHUE PA3IMYHBIX IJIEMEHTOB B
npoiiecce a0IsIIUU ¥ MOBBICUTH MPABUIBLHOCTh aHanmm3a [34].

Kpome Toro, nans yaydmieHUss BOCIPOU3BOJUMOCTH PE3YJIbTAaTOB aHalU3a
UCIIOJIb3YIOT MPOIEAYyphl MPEBAPUTEIBHON MPOOOMOATOTOBKM 00pa3loB, HANpUMED,
npobda MOXeT OBbITh IMepeBefieHa B MOAXOAsIyo ¢opMy — OOpaTHOTO CTeKIa,
HPUTOTOBJICHHOTO JIJIsl PEHTTCHO-(DIIyOpeCIIeHTHOTO aHain3a myTeM criiaBieHus [20,35]
WM rpanyaupoBanus [36].

B pabote [20] ucnons3oBanu jgaszep NA:YAG (mauHa BOdHBI 266 HM, YacTOTa
umiysibcoB 20 I'ir) s aHaim3a 00paTHBIX CTEKOJI, IPUTOTOBJICHHBIX MyTEM CIUIABICHUS
CTaHJAPTHBIX 00PA3I0B claHIeB 1 0a3anbToB ¢ durrocoM (75% Li,B4O7/25% LiBOy) npu
MOHIKEHHOW TeMIlepaType, YTO MO3BOJIUIIO CHU3UTH OTEPH JIETKOJIETYYUX JIEMEHTOB.
PactBop uHIusa 100aBisaM mepes MpOIEAYpOil CIUIABICHUS B KA4€CTBE BHYTPEHHETO
crangapta. st mocTpoeHus rpalyupoOBOYHON 3aBUCUMOCTH UCIIOJIb30BAJIA BHEUIHIOIO
TpagyrpoOBKYy TIO CTaHAapTHBIM oOpa3laM, TMOATOTOBICHHBIM TIO0 aHAJIOTHYHOU
npouenype. s BeIOOpa ONTUMaIbHBIX YCIOBUHM aHAIW3a CPABHUBAIM MHTEHCUBHOCTH
23 anemenroB (Cr, Mn, Co, Zn, Ga, Sr, Y, Zr, Nb, In, La, Ce, Pr, Nd, Sm, Eu, Gd, Ho,
Er, Lu, Ta, Th, U), ucrionb3ys pa3nudHbie pa3psaHbie Ta3bl (YUCTBIA aproH, YHACTBINA
TeJIniA, CMEeCh aproH/a3oT). Mcroip3oBaHue B Ka4e€CTBE Pa3psATHOTO ra3a YUCTOTO TeIus
BBI3BAJIO YBEIMYCHUE MHTEHCHBHOCTEH BCeX 23 2JIEMEHTOB B 2,4 pasa 10 CPaBHEHHUIO C

YUCTBIM  aprOHOM, 4YTO OOBSCHSIETCS  YJAY4IIEHHEM TPAHCIOPTHBIX CBOWMCTB
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(yMeHbIIEHUEM  pa3MepoB  yacTuil)  oOpasyromierocst — asposoisis.  Ilpegen
KOJIMYECTBEHHOT'0 onpeaencHus coctaBmi ot 0,28% mis Si no 0,02 ppm mis P33, Th u
U.

ABtopbl pabotsl [35] Merogom JIA-UCII-MC ananu3upoBaiu MOBEPXHOCTh
OOpaTHBIX CTEKOJI CEMH CTaHAAPTHBIX 00pa3lOB, MOATOTOBICHHBIX MYTEM CIUIABICHUS
poOsl ¢ drocoM (66,67% TeTrpaboparta nutus; 32,83% meraboparta nutus; 0,5% mutus
Opomuctoro) B cooTHomeHun 1:9. B ycranoBke mna JIA  wucnosb3oBanu
yabTpaduoneroBsiii gazep Nd:YAG (nanunHa BoiHbI 213 HM, IIMTEIBHOCTh UMITYJIbCA 5
HC, yacTtoTa UMnyabcoB 20 ', nnametp myuka 80 MKM, INIOTHOCTh MOIIHOCTH JIA3€PHOTO
usnydenus 2-108 Br/cm?) u paspsgublii ra3 cMech reiamii:aproH B COOTHOIIEHUM 1:4.
Onpenenenue Benu no 2-3 u3oronaM JUIsl y4eTa BO3MOXKHBIX HaJO)KEHUH, KOTOpBIE
COCTOSIT B OCHOBHOM M3 MaKpOKOMITOHEHTOB ILJIa3Mbl — aproHa, KKCIOpoa, BOJOPOa,
a30Ta U OCHOBHBIX KOMIIOHEHTOB MPOOBI, a TAKXKE B PA3IMYHBIX Pa3pEeIICHUSIX: HU3ZKOE,
cpenHee, Bbicokoe. [Ipu pacuere KOHIIEHTpALMi UCTIOJIb30BANIM YCPETHEHHBIE 3HAUCHHUS,
MOJIYYEHHBIE MO Pa3HBIM HM30TONAM M TpPHU Pa3HOM paspelieHuu. ['paaynpoBOUHYIO
3aBUCUMOCTh CTPOWJIM M0 cTaHgaptHomy o6Opasny BHVO-2 ¢ arrecroBaHHBIM
3HaUYEHHWEM KOHIIEHTpAllMU eje3a B KauecTBe BHyTpeHHero cranjapta. [10 npu satom
coctabmi oT 0,01 ppm mo 1 ppmMm mjis TSKEIBIX 3JIEMEHTOB M yBEJIUYMBACTCS M3-32
«@pdexTa mamMaTH» 1715 SJIEMEHTOB, KOHIICHTPAIIMH KOTOPBIX B T€0JIOTHYECKUX 00pa3iax
senku (Na, Mg, Al, Si, K, Ca, Fe). OnHako OTHOCHTEIbHOE CTaHAAPTHOE OTKIOHEHHE
pE3YyIABTATOB COCTABIIET B CpPEOHEM [JIsl BCeX 31eMEHTOB 0Koio 20%. OTKIOHEHHE
OCOOCHHO BEJMKO JJIsi DJEMEHTOB, COJEpP)KAaHME KOTOPBIX OJIM3KO K Tpeaesam
obHapyxenus, Hanpumep, Cs, Mg, V, Ni, Ba, P, Cu, uro orpannuuBaet npumenenue JIA-
NCII-MC panst onpeieieHus 3TUX JIEMEHTOB.

B pabGore [36] mius rTpaHyauMpOBaHWS W TIPECCOBAHHS TOPOIIKOOOPA3HBIX
CTaHJAPTHBIX 00pa3llOB MCMOIb30BAIM TETPAOOpAT HATPHUS KaK CBA3YIOIIEE BELIECTBO,
KO(EeHHYI0 KIUCIOTY B KAUECTBE ONTUYECKOTO MOTJIOTUTENS U OKCUJ] cepedpa B KauecTBe
BHYTPEHHETO cTaHaapra. JlJisi HaHOCeKYHIHOU Ja3epHOM aOJIIMU HCTOJb30BaIH Jla3ep
Nd:YAG (mmmra BomHbl 213 HM, dyactora wmMmiyinbcoB 10 I'm, nmamerp mydka

BapbupoBaiu oT 100 MxM g0 200 MkMm). OTHOCUTENBHOE CTAHAAPTHOE OTKIOHEHUE
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coctaBisio ~10% anst OCHOBHBIX 3J€MEHTOB UM ~20% il 3JEMEHTOB C HU3KUMU
KOHUEeHTpausiMu. Mcnone3oBanue okcuja cepeOpa MO3BOJMIO COKPAaTUTh OLIMOKY
ananusa 10 ~8%. Mcnonbs3oBanne KOPEHHOW KUCIOTHI AJIs YIYUIIEHHUsS] CTAOUIBHOCTH
CUTHAJIa HE MPUBENO K 3HAYUTEIHLHOMY YIJIYUILIECHUIO PE3YJIbTATOB aHAIM3a: Pa3ivyuMs
MEXy CepTU(DUIIMPOBAHHBIM U U3MEPEHHBIM COJEpPKaHUEM OCTABAIKUCH B MIpeAeiax OT
39% no 177% nist Tpex cTaHAapTHBIX 00pasIoB, a JJis OJHOTO CTaHJIapTHOTO 0Opasia
nocturano 267%. IlomyueHHbIE pacXOXJICHUS OOBSCHSIN CHEKTPAIbHBIMU MTOMEXaMH,
xopomro u3BectHbMU U3 MCII-MC ananu3a pacTBOpOB: Hepas/esieHue MOJIUaTOMHBIX
MOHOB (TOJYYEHHBIX B3aMMOJEHCTBHMEM IJIa3MOOOPA3yIOIIEro ra3a ¢ TerpadbopaTom
HATPHsI U OKCUJIOM cepedpa) co 3HAYCHUSMU M/Z 1eNeBbIX aHATUTOB. /s ycTpaHeHMsI
0100HBIX UHTEP(PEPEHITUN UCTIONB30BAIM KOMOMHUPOBAHHBIN MTOIXO0/1: UCIIOJIb30BaHUE
CTOJIKHOBUTENILHON SYEMKM C Ta30BOM CMeChlO (TeJIMii/BOIOPOJ]) C OJHOBPEMEHHBIM
IPUMEHEHUEM IOAX0/1a AMCKPUMHUHAIIMU KuHeTHYecKoi anepruu. I10 coctasun 1,7 ppb
s Ni, 9,5 ppb as Cu, 9,8 ppb ans Zn, 0,3 ppb ans Cd.

CoctaB Marpuubl CHJIBHO BIUSIET Ha B3aMMOJCHCTBUE MEXAY JIa3€pHbBIM
U3Ty4eHUEM U TMpoOOH, Ha KOJUYECTBO/pa3sMep T'e€HEPUPYEMBIX YACTHUIY/a’dpo30Js U
paznuunii B uX 3((PEKTUBHOCTH TepeHoca (OcCakIeHUs W/Uiau pekoMOuHanuu). s
HUBeIMpoBaHus d(dekra QpaKIMOHUPOBAHUS BJIEMEHTOB, BO3HHUKAIOIIETO TpHU
reHepaluu a’po30Jisl, €ro aTOMU3allud U MOHU3ALMK B IJIa3M€E, KPOME HCIOJIb30BaHUS
(eMTOCEeKYHIHBIX J1a3epOB, HEOOXOUMO MCTOIB30BATh I'PAyHPOBOYHBIC CTAHAAPTHI C
UJICHTUYHOM MATPULIEM W BHYTPEHHHUM CTAaHIAPT — DHJIEMEHT, BXOMSIIMN B COCTaB
aHANMM3UpyeMoro obpasia, a Takke MpOoIeAyp NTPOOONOATrOTOBKH, MO3BOJSIOMINX
JOCTUYb BCKPBITHUS TPYAHOPACTBOPUMBIX MUHEPAJIOB K TOMOT€HU3UPOBaTh 0Opasel. Bee
ATO CYIIECTBEHHO BJIMSET HA MPOJOIKUTEIBHOCTD, CI0KHOCTh U CTOMMOCTh aHaJIN3a.
Taxxe ocTpo cToMT mpobiiema mMOAOOpa CTaHAAPTHBIX OOPa3loOB C Pa3TUIHBIM
MaTPUYHBIM U MHKPODJIEMEHTHBIM COCTaBOM, OJM3KHM K MPUPOJHBIM T'€OJIOTHYESCKUM
oobekTam. [Ipemensr 0OHApYKEHUST 3TOTO METOJla HaXOJSTCS Ha YPOBHE JEcITKOB Ppb

JJIS1 TSKEIBIX 1 HECKOJIBKUX PPM AT JICTKUX 3JIEMEHTOB.
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1.2.2.4 Macc-creKTpoMeTpHsl C TICIOIIUM pa3psioM

Macc-cniekrpomeTtpus ¢ Tieromum paspsaom (Glow Discharge Mass Spectrometry
— GD-MS) umeeT 10CTaTOYHO OOJIBIIOE KOJUYSCTBO MOAM(DHKAIMN M XOpOIIO ceOs
3apeKOMEHJI0Baja JJIs aHaJlM3a MPOoBOASIIMX pob. B mocneanee Bpems 3TOT METOJ BCe
qarie NpUMEHSETCs sl aHAIU3a MOJYIPOBOIHUKOBBIX U TUAJIEKTPUUECKUX 00pa3IoB.

TrneronuM Ha3bIBAIOT SJCKTPUUECKUM paspsiyi MEXAY IBYMS SJEKTPOJaMHU B
sYeiike, 3alOJIHEHHOWM WHEPTHBIM Tra3oM (HampuMmep, aproHoM) B  KauyecTBe
wiasmMooOpasytoriero, npu mnoHwkeHHoM (10-1500 TIla) paemenun. OpHuM U3
AIEKTPOAOB (KaTOJ0M) sIBIIsSIETCsl cama aHanu3upyemas npoda. Hampsixenue (ot 100 B
710 HECKOJIbKMX KB) Ha 35eKTpoaax BbI3bIBACT MPOOOH ra3a U GOPMHUPOBAHUE TIA3MBI
TJICIOIIETO pa3psa.

B Trneromem paspsiie MpoTeKaeT MHOXKECTBO MPOLECCOB M MX HCCIEJOBAHUIO
MOCBAIICHO MHOXeCTBO paboT [37-41]. BbUI0 YCTaHOBJIEHO, YTO TIICKOLIUHN pa3ps
NOJIICP)KUBACTCSI COYETAHHMEM HOH-3JIEKTPOHHOM AMHUCCUU C TMOBEPXHOCTH KaToja U
MOHM3AIUY B TJIa3Me. DMUTHPOBAHHBIE U YCKOPEHHBIE B DJIEKTPUUYECKOM I0JIE pa3psiaa
AJIEKTPOHBI BBI3BIBAIOT YIIPYTHE U HEYNIPYTHUE CTOJIKHOBEHHS C aTOMaMu paboyero rasza —
aprosHa, a Tak)ke MOHU3AIMIO TPOOBI SJIEKTPOHHBIM YAapOM:

e +Ar— Ar+e”  (Ymopyroe CTOJKHOBEHHE)
e +Ar— Ar“+e” (YaapHoe Bo30yXk/JeHHE)
e +Ar— Ar*+2¢” (DaeKTpOHHBIH yaap)

e +Ar"— Ar*+2e- (KackanHas MOHHM3AINS)
e tM > M +2e” (DnekTpoHHBIN yaap)

[TonmoXUTENbHO 3apsOKEHHBIE WOHBI  aproHa, IMOJA  JICWCTBHEM  Pa3HOCTH
MOTEHIINAJIOB BHOBb YCKOPSIOTCS K KaTOMy U OOMOapIUpYIOT €ro, BhI3bIBAsl HE TOJIBKO
MOHHO-IJICKTPOHHYIO SMHCCHIO, HO W BHIOMBAIOT aTOMBbI Marepuana kKatoma — M;
MIPOUCXOIUT KATOJHOE PACIIBUICHHE W aTOMU3AIIHS TIPOOBI:

Ar "+ Karonq — e~ (MoH-3/1eKTpOHHAS SMHUCCHSI)
Ar "+ Karon — M (PacmblicHue)
B pa6otax [37-39] ObLIO yCTaHOBIICHO, YTO PACIBIICHHE MTPOOBI BHI3BIBACTCS HE

TOJILKO 00MOapAMPOBKOIl OBICTPHIMU aTOMaMu aproHa — Arf , CO3JaHHBIMU YIPYTUMHU
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CTOJIKHOBCHHSIMHM (TIPOIIECCOM CHMMETPUYHOM MepeIaduu 3apsi/ia MOJI0KHUTEIbHBIX HOHOB
M aroMOB Ta3a), HO M OBICTPBIMH HOHAMHM MaTepuana Karona (Mporeccom
caMopacIbUICHHUS):
Ar*+ Ar — Ar¢+ Ar*  (CuMmMmeTpudHas mepeaaya 3apsia)
M * + Karom — M (CamopacmblIeHue)

Kpome Toro, B padortax [38,40] ObUIO BBISBICHO, YTO OCHOBHBIMH IPOICCCAMM
HMOHM3AIINN aTOMOB TIPOOKI sBsieTcsl [[eHHMHTOBCKas HOHU3aus (MPOIECC COYIapPCHUS
C MeTacTaOWIbHBIMA aTOMaMH aproHa) W IMPOIeCC aCCUMETPUYHOIO TEpeHoca 3apsaa
NP CTOJIKHOBEHUHW MEXIY aTOMOM MPOOBI 1 HOHOM aproHa:

M+Ar"—-M*"+Ar+e- (IleHHUHIOBCKas HOHU3ALMSA)
M+Ar*— M7*Ar (AccuMeTpudHbIi IEPEHOC 3apsiia)

AcCCUMETPUYHBIN MTePEHOC 3apsaa MPOUCXOIUT €CIIU Pa3HOCTh B SHEPTUIX MEKIY
OCHOBHBIM  COCTOSSHHEM HMOHA aproHa WIM METacTaOWIbHBIM  YPOBHEM U
OHEPreTUYCCKUMH YPOBHSIMHU 00pa3yIOIMIErocs WOHA JIOCTATOYHO Mallbl. BeposTHOCTH
ATOr0 MPOIECCa 3HAYUTEIHLHO YMEHBIIAETCS, NMPU YBEIMUYEHUHM PA3HOCTU B DHEPIrUSX
[40]. Takum oOpa3oMm, acCCHUMETPUYHBIA TEPEHOC 3apsia SBISIETCS JOCTATOYHO
CEJICKTUBHBIM TIPOIIECCOM.

[leHHUHTOBCKass HWOHU3aLMsI B CBOIO OdYepelb SBISETCS HECEIEKTUBHBIM
IIPOIIECCOM, TaK KaK aproH HMEET MeTacTaOMIbHBIC COCTOSTHUS ¢ dHeprueit 11,55 u 11,72
5B, 4TO HaXOAUTCA MEXy TEPBHIM M BTOPHIM MOTEHIIMAIAMU MOHU3ALMU TTOYTH BCEX
aneMeHTOB. CumTaercs, 4Yro HOHM3anusa [leHHMHra sBISEeTCS MPeo0IaaaroIINM
IpoIECCOM B TICIOMIEM paspsAne (OTHOCUTENBHBIM BKJIAJ KOTOpPOM B ciydae
HEIPEPBIBHBIX Pa3psaoB coriacHo pacueraM [40] u skcnepuMeHTaIbHBIM JaHHBIM [41]
cocrapisier ~ 40 — 85%, a B mociecBEYCHUH HUMITYJILCHOTO pa3psiia OTHOCHUTEIbHBIN
BKJ1aJ [IeHHUHTOBCKOM MoHM3aruu nocturaet pakrtuuecku 100% [38,40]), B pe3ynbtate
94ero Macc-CIEKTPhI COCTOSAT, B OCHOBHOM, M3 OJTHO3aPSTHBIX aTOMHBIX HOHOB [43].

Takum oOpazoM, TICIOIIHIA pa3psij] UCTIOIB3YIOT B KAYECTBE HOHHOTO UCTOYHHKA B
Macc-CIIEKTPOMETPUM Il aHalu3a TBEPABIX Mpo0 Onaromapst €ro OTHOCHTEIHHOUN
npocToTe ¥ 3PHEKTUBHON aTOMHU3AIINH, TOJYYEHHUIO TOBOJILHO BHICOKOM CTAOUIBHOCTH

HMOHHBIX ITyYKOB, BRICOKOM YYBCTBUTCIIBHOCTH M HU3KHUX MpeaeIoB oOHapykeHus — ppb
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[26]. B Ttoxe Bpems GD-MS sBnsercss omHuM u3 camblX JPQPEKTHBHBIX |
BBICOKOUYBCTBUTENBHBIX METOJOB IPSAMOTO ONPEAEICHUS JJIEMEHTOB B PA3IUYHBIX
TBEPJOTENBHBIX TMpo0ax (MeTailaXx | TMOJYNPOBOJHUKAX) ©0€3 He0O0XOJUMOCTU
pacTBOpeHHUs U paz0aBiIeHus MPOObI, YTO MO3BOJIAET U30EKATH BOZMOMXKHOTO 3arpsi3HEHUS
B IIpoIiecce mpoOomnoAroToBku [42].

B 6onpmuncTtBe cucteM GD-MS wucnonb3yercs 4 BapuaHTa NMUTaHUS pa3psjia:
TJICIOIIUI pa3psi IOCTOSTHHOIO TOKA, paIMOYaCTOTHBIN TIICIOIIUIN pa3psil, UMITYJIbCHBIN
paspsia ¢ TOKOM CMEIICHHUSI M UMITYJICHBIN painoyacToTHbIN pa3psn [34,44]. B otinuuue
OT UCTOYHHMKOB IOCTOSSHHOTO TOKA, PaJUOYACTOTHBIE U UMITYJIbCHBIE PAJHUOYACTOTHBIE
UCTOYHUKH UMEIOT OoJiee MUPOKUNA TUANa30H IPUMEHEHUI U MOT'YT UCTIOIb30BaThCA KaK
JUISL aHaJik3a METAJUIOB, TaK W JUIsl HEDJIEKTPONPOBOAHBIX M CMELIAHHBIX 00pa3loB
[34,44].

Haubonee pacnpocTpaHeHHBIM BapUaHTOM Pa3psIHON SYCHKM SIBIISICTCS siuehka
I'pumma ¢ 1mIockod mNpoOOM, MNPWKATOM K TEPMETUIUPYIOIIEMY KOJBIIEBOMY
YIUTIOTHEHUIO, B IIEHTPE KOTOPOro Ha HEOOJBIIOM PACCTOSHUU OT MPOObI HAXOAUTCS
NoJIbl aHoJ. B Takom ciiydae kK MOBEPXHOCTH MPOOBI MPEABIBISIOTCS CYIIECTBEHHBIE
TpeOOBaHUs — OHA JIOJDKHA O0ecreynBaTh BaKyyMHYIO IUIOTHOCTH U OBITH Tiagkoil. B
aueiike ['puMma 0Ge3 JOMOTHUTENBHBIX MPUEMOB HEBO3MOKHO OpPraHU30BATh pa3psif
INOCTOSIHHOTO TOKa JUIsl JAWRJIEKTPUYECKHX MATEpUANIOB, IOATOMY [UJIs AaHaIHU3a
HEMPOBOSIINX TBEPAOTENBHBIX MPOO (CTEKIA U KEPAMHKH) HCIOJB3YIOT SUEHKY CO
BTOPUYHBIM KaTOAOM, a TMIpU aHaju3e T[OPOIIKOB — pPa3jMYHbIE CIIOCOOBI
NpOOOMOATOTOBKH: CMEIIMBaHHE O0pa3lia ¢ METALTUMYECKUM IOPOIIKOM BBICOKOMH
CTETICHU YUCTOTHI, HAHECEHHE HA TIOBEPXHOCTH MPOOKI MPOBOIAIIETO MOKPBITUS, & TAKKE
MIPECCOBAHKME TOPOIIKOBOM TPOOBI HA MOBEPXHOCTh YHCTOM JIIEKTPOIPOBOIAIICH
OCHOBBI (MHAMS Wun rayuus ) [45,46,47]. [Ipu ucnop30BaHUN BTOPUIHOTO KaTOIa aTOMBI
MeTajljia, paclbUIsIEMbIE C IOBEPXHOCTH BTOPUYHOTO KAaTOAa, IOBTOPHO OCAXKIAIOTCS Ha
MOBEPXHOCTH HEMPOBOJALIETO 00pa3ia, 00pa3ys MEKTPUUECKH MPOBOJAAIIYIO TOHKYIO
IUIEHKY, [IO3BOJISISI aHAJIM3MPOBATH JMAJICKTPUUECKHE MATEepUalibl, OJIHAKO BBUAY
HEJIOCTATOYHOW YHCTOTHl MaTepuajga BTOPUYHOTO KaToJa BO3MOXHO 3arpsi3HEHUE

npoObl. Ilpy cmemmBaHMM W TMPECCOBAHUU MPOOBI C YHUCTHIM TOKOIMPOBOASIIUM
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MaTepraIoM BO3MOXKHO UpEe3MEpHOE TMOTJIOMICHHWE BOJbI U BO3AyXa, YTO MPHUBOIUT K
pa3pyiieHno o0pasiia Bo BpeMs aHAJIN3a, a TAKXKE YBEIHMUCHUIO MPEEIIOB OOHAPYKEHUS
W3-32 HAJIW4YUS TMPUMECEl B CBSI3yIOIIEM Mopolike. Vcrnonp30BaHue MHANSA B Ka4eCTBE
AIIEKTPONPOBOAIICH OCHOBBI MPUBOAWT K TOSBICHUIO KIACTEPHBIX HOHOB MEXIY
MATPUYHBIMH DIIEMEHTAMH AHAJIU3MPYEMBIX NMPo0 M MHAMeM (Hampumep, PIn**Mg u
139 a, 1°In®®Mg u 1%°Ce), uro He mo3BONsAET ONMpENENATh KOHLEHTPALUU OOIBIIMHCTBA
pPEeIKO3eMEeIbHBIX dJIeMeHTOB [44,46,47].

Hcnonp3oBanue siueiiku ¢ KoMOMHUpOBaHHBIM OIBIM KaToqoM (KIIK) mo3Bonser
aHAJIM3UPOBATH MPOOBI C HEBBICOKMM Ka4€CTBOM MTOBEPXHOCTH U MPOOKI, HE 001 Jat0II1e
BakyyMHOUM mioTHOCThO. fueiika ¢ KIIK cocrouT u3 minockoil mpoObl, KoTopas
OPWKUMAeTCss K  BCIIOMOTATEIbHOMY — TOJOMY  KAaTOAy W3  BBICOKOYHCTOTO
MOHOU30TOMTHOTO MeTayla (aJIOMUHUS WM HHOOuMs), a paspsan B siueiike ¢ KIIK
CYIIECTBYET HE3aBUCHMO OT THIa camoil nmpoOsI [34,47].

KonuuectBennas onenka pesynbratoB B GD-MS okaseiBaeTcst TpynHa mnpu
OTCYTCTBUU MOAXOASAIINX CTAHJAPTHBIX MATEPUAIIOB VISl TOCTPOCHUS TPaTyHPOBOYHBIX
3aBUCUMOCTEH, MO3TOMY JJii pacuera KOHIEHTpAIMil OIpeaensaeMbIX 3JIEMEHTOB
IPHUMEHSIOT METOJ OTHOCHTENIBbHBIX uyBcTBUTEIbHOCTEH (Relative Sensitivity Factor —
RSF) [45,48]. Koadduimentsl RSF, momydeHHbIe Ha pa3HBIX MacC-CIIEKTPOMETpax ¢
MOCTOSIHHO-TOKOBBIM M PaJMOYaCTOTHBIM TICIONIUMHU pa3psiaMu B JOCTATOYHOU Mepe
COOTBETCTBYIOT JIPYT APYTY, KOTJa B UMITYJILCHOM TJICIOIIEM pa3psiie CpeaHuit pazopoc
3HaueHnit RSF oxazancs B nBa pasa MeHbIlle, 4TO JeiaeT ATOT BHUJ pa3psaa Ooiee
yaIOOHBIM B OTHOIIEHHH TpaayupoBku [49]. BosmoxHo wucmons3oBanue RSF,
ONpe/eNiCHHbIE JJIi OJHOM MaTpHIbl, IS aHaliu3a Jpyroil, a Takke yCpeIHEHUe
3HaueHnt kodpdumrenToB RSF mo HeckonmpkuM matpuram. O6paboTka pe3yabTaToB
aHallu3a W pacueT COJEpKaHUS AaHAIU3UPYEMbIX OJEMEHTOB C  IOMOIIbIO
ko3 puimeHToB RSF — qocraTouHo mMpoko mpuMeHsiemas mporeaypa [34,45].

B pabGore [46] anamm3upoBamM BOCEMb CHHTETHYECKHUX  KpPHUCTAILIOB,
npenocraBieHHbIX [IIaHXalCKUM HHCTUTYTOM KepaMuky KuTtalickon akageMuu HayK, Ha
BO3MOXKHOCTh OMpEAeICHUs Jerupyronmx npumeceit P39, MccieqoBanus mpoBOIUINCH

Ha Macc-CIEKTPOMETpe C TICIOUUM pa3psAoM IOCTOSHHOIO TOKa M pa3psAHOM
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UTOJIbYATOM SIYEMKOM, MpeaHa3sHAYEHHOW Jii CTEP)KHEBBIX 00pasnoB. Hcmomb3ys
BTOPHYHBIN KaTOJ TpPH aHaIu3e¢ KPUCTAIOB, HE YIAJIOCh IOIYYUTh CTAOMIBHBIX
CUTHAJIOB, IIOATOMY JIJIS TIOJIYICHHSI CTA0OMIILHOTO pa3psiaa CPaBHUBAIM METOJ IIOKPHITHUS
MMOBEPXHOCTH TPOOBI PACIUIaBOM METAUTMYECKOTO HHIUS W METOJA C TAHTAJIOBBIM
KaToJOM B KadecTBe Jaepkarenss mpoObl. [Ipu HMCMOIR30BaHMM aproHa B KayecTBE
pa3psIHOTO Ta3a W MOKPBITUS MPOOBI MHIWEM BO3MOKHO BO3HMKHOBEHHUE KIIACTEPHBIX
MOHOB, KOTOPHIE OKa3bIBAIOT MEMIAIOIIEEe BIUSHUE TP OMPEACICHUH HEKOTOPBhIX P30,
takux kak PIN®Ar ma PEu, PInPAr ma °Gd, PIn¥’Al na *2Nd, korna B ciyuae
MCIIOJIb30BaHMS TAHTAIOBOTO KaTona m3oTombl 18°Ta u ¥1Ta He cozmaror momexu s
onpeznenenuss OonbmmHCcTBA P33D. [l HEKOTOPBIX KPUCTAUIOB CTAOMIIBHBIA pa3psij
MOJKHO OBLJIO HAOJIFOIaTh MTOCIIC HEMTPEPBIBHOTO PAacTbIICHUS B TeueHrne 40 MUHYT, TOT1a
KaK JiJIsl TPYAHOPACHBbLUIIEMBIX — TOJIBKO depe3 1,5 yaca. OTHOCUTEIbHBIC KOHIICHTPAITUU
AJIEMEHTOB OMPEICISIM M0 KO3 HUIIMEHTAM OTHOCHTEIIBHOW YYBCTBUTEIBHOCTH
(Relative Sensitivity Factor — RSF), paccuutannbiM 1o aBym kpuctamiam YAG
(Y3Al15012). OgHako O JOCTUTHYTBIX MpejeiiaX OOHapyXeHHS He ObLIO COOOIIEHO.
Meton GD-MS nocTostHHOro TOKa ¢ MCMOJIb30BAHUEM TaHTajla B KayecTBE Aep KaTems
poObI MoKa3zan 6osee cCTabMIbHOE paclbUIeHUE IPOOBI 1aXKe IS TPYIHOPACTIBIIIEMbIX
KPUCTAIJIOB, YEM METOJ| TIOKPBITUSI MPOObl METAUNIMYECKUM UHJIUEM, OJHAKO YCTyHaeT
110 () PEKTUBHOCTH MACC-CIEKTPOMETPUH C UMITYJILCHBIM TIICIOIIUM Pa3psIOM.
Macc-CeKTpoMeTp ¢ MMITYJIBCHBIM TICIOMIUM Pa3psAioM ¢ KOMOMHUPOBAHHBIM
TIOJIBIM KaTOJIOM HCIOJIb30BaI B pabote [50] aist onpesiesieH st U30TOMHBIX OTHOLICHHMA
ypaHa ¥ TOpHUs B pPa3IUYHBIX NPUPOAHBIX MuHepanax. OOpas3ipl MHHEPAIOB
nepeMabiBaji B MOPOIIOK W 3aMPECCOBBIBAIM HA TA0JIETKY MOPOIIKOBOTO HUKeNsd. B
Ka4eCTBE BCIIOMOTaTEIbHOI0 KaTOAa UCIOJIb30BAIN AIFOMUHUN BBICOKOW YMCTOTHI. [
pacuera  KOI(PPUIMEHTOB  OTHOCUTEIBHOM  YYBCTBHUTEIBHOCTH  HCIIOJIB30BAIIA
MOJICITbHBIN 00pa3ell: OKCU IMPKOHUS C PA3TMYHBIMU COOTHOIICHHUSIMU T00aBOK ypaHa,
TOpUS, TAJOJMHHUS W CBUHIA. PaccuWTaHHBIE OTHOCHUTEIBHBIE YYBCTBUTEIHLHOCTH
TaJIOJMHUS U CBUHIIA TIO3BOJIMJIN UCIIOJIB30BaTh UX B KA4€CTBE BHYTPEHHETO CTaH/IAPTA,
MO3TOMY PACTBOPHI ATUX AJIEMEHTOB J0OABISIIIN K MOPOITKOOOPa3HBIM 00pa3iaM nepen

AHAJI30M JUIsl ONIPENEIICHNS] KOHLIEHTpauuil ypana u topusi. Kpome Toro, noiaydyeHHbie
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CIIEKTPbl MUHEpaJIa JOBYOPPUTA MOKA3AJIA BO3MOKHOCTH JETEKTUPOBAHUSA HEKOTOPBIX
penkozemenbHbIX 35eMenToB: La, Ce, Nd, Sm. [Ipenen ooHapyxenus cocrasui 0,3 ppm
s ypana u 0,5 ppm aiig Topust.

[TogBoAs UTOT, MOXKHO CHIENIATh BBIBOJ, YTO IIPU PELICHUM I'€OJOTMYECKUX 3aaad
TOpPHBIE IOPO/IBI ABIISIIOTCS HAUOO0JIEE YaCTO aHATTM3UPYEMBIMHU U B TO K€ BpeMsl HauboJiee
CJIOHBIMHM JIJISl aHAIKM3a Tpo0aMu, Jake METObl C MUHUMAJIbHOM MpOoOOMOArOTOBKON —
JUISL  TOCTMDKEHHMsI TpeOyemMol TOYHOCTHM aHaiau3a TpeOyercs MpeAaBapUTeNIbHOE
pazzieseHue 3JIEMEHTOB UM TOMOTeHu3alus oopasia. MeToibl aHaau3a ¢ MUHUMaJIbHON
npoOoNnoAroToBKOM npeactasiensl B Tabnuue 2 [punoxenus.

Heo0xonumMo oTMETHTH, YTO HOBBIM M OTHOCUTENIbHO KOMIAKTHBIN Bapuant GD-
MS — BpemsimposieTHass MacC-CIIEKTPOMETPUH C UMITYJIBCHBIM TIICHOIIUM paspsiaom [47]
— MOXeT ObITh 3(P(HEKTUBHO HCMIOIB30BAH JIJISl PEIICHUS paccMaTpUBaeMOW 3aJadydl U
NO3BOJISIET M30€kaTh MPOOJIeM pacTBOPEHUs, pa30aBICHHs U 3arpsi3HEHUs, KOTOpbIE
MOTYT BO3HUKHYTH JJII METOJOB, TpeOyIOIIMX MepeBelieHne 00pas3lioB B PacTBOP.
OpHako METOIWYECKHe TMOAXOABl JUIsl OBICTPOrO OMpPENENCHUs PEeIaKO3eMETbHBIX

QJICMCHTOB B I'OPHBIX IMOpOAaxX € IIOMOIIbIO GD-MS A0 CHUX ITIOP HEC ObLIH PC€aIM30BAHBI.

1.3 Ypau B npupogHbIX cperax

["opHBIEe TOPOBI COAEPKAT MHOKECTBO PJIEMEHTOB B CBOEM COCTaBE, B TOM YHCIIE
ypaH U TPAHCYPAHOBBIE JIEMEHThI, KOTOPhIE OKa3bIBAIOT HAMOOJIEE TOKCUYHOE BIUSHUE
Ha OPTaHM3M YeJIOBEKa U OKPYKAIOUIYIO Cpely. YpaH COJEPKUTCS B PA3TUYHBIX TOPHBIX
Nopo/Iax W MPUPOJHBIX cpefax. B pe3ynbrare BBIBETPUBAHUS W BBIIICIAYMBAHUS
MOJIBIKHBIX (JOPM ypaHa U3 TOPHBIX MOPOJ] B TEUCHUE MPOIOJDKATEIBLHOTO MPOMEKYTKA
BPEMEHH MOBEPXHOCTHBIMU U IPYHTOBBIMU BOJAaMU, pacliajia ypaHWIOBBIX KOMIUIEKCOB,
U3MEHEHHUS  OKHCIUTEIbHO-BOCCTAHOBUTEIHFHOTO  IMOTEHIMANA  PYyI000pa3yIonux
CUCTEM, YpaH MOXKET MEPEHOCUTHCS C BOJOW HA 3HAYUTEIIBHOE PACCTOSTHUE OT O00JIaCTH
€ro UCTOYHHKA JIO TIOBTOPHOTO OCAXKJCHHsI B HOBOM MecTHOCTH [51-53]. KoHmeHTpamust

ypaHa B pa3IUYHBIX TPUPOIHBIX CpPelax mpeacTabieHa B Tadnwuie 2.
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Tabnuna 2. KoHueHTpanus ypaHa B pa3JIMyHbIX TPUPOAHBIX Cpeax

IIpupoanbie cpeabl Konuenrpauus, ppm Jluteparypa
boratsie pynbi (Kananma) 200000 [54]
Cpenuue pyabl 20000 [54]
bennblie pybl 1000 [54]
Mopckue otnoxenust GochopuTos 10-700 [55]
Mopckue yepHbie cinannbl (for 1IBerun) 200 [55]
Ouens Oenublie pyabl (Hamubus) 100 [54]
Mopckue YepHbIe CIIAHI[bI 10-80 [55]
I'panuTONIBI 0,1-30 [54]
['panuThI (panakuBm) 4-5 [54]
KonTrHeHTaIbHBIC PA3JIOMBI 2,8 [54]
CKaJIbHBIE TIOPOJIBI 2 [54]
CpeaHee KOJIMYECTBO B 3EMHOM KOpE 1,4 [54]
Boger FOxu0#1 Ouninisaaun 7,8 [54]
I'pyHTOBBIEC BOIBI 0,1-500 ppb [56]
IToBepXHOCTHBIC BOIBI 0,01-5 ppb [56]
ITJIK BO3 (ITutheBas Bojia) 0,003 [57]

Kpome ecTecTBEHHOTO MPOUCXOXK/ICHUS ypaH TaKXKe IMONagacT B OKPYXKAIOIIYIO
Cpelly B pe3yibTare IeATEIbHOCTH TMPEANPHUATHI SIECPHO-TOILUIMBHOTO IUKIA; C
BBIOPOCAMU MPOMBIIIIICHHBIX TPEINPUITHIA TI0 TTPOU3BOACTBY (POChHOPHBIX YI0OpECHHUIA;
NPEINPUATHN IO TPOU3BOJICTBY WJIM HCIBITAHHUIO SIICPHOTO OPYXKUS, DIIEKTPOCTAHIUI
WM TETUIOEHTpaJIel Ha KaAMEHHOM yTJie. Bce 3To MPUBOIUT K JIOKaTbHBIM TEXHOTCHHBIM
npeoOpa3oBaHUAM TEPPUTOPHIA, K HAKOIUICHHIO YpaHa B MPOMBIIIJICHHBIX CTOKaX THX
NPEeINpPUATAA W YBEIWYCHHUIO KOHIICHTpAIlMM YypaHa B OJIM3JIKAIIUX BOJTHBIX
noBepxHocTsX [58-60], uTo oOKa3pIBaeT 3HAYMTEIBHBIA YIIEPO 3M0POBBIO YeIOBEKA
[61,62]. Bce »T0 nuKTYyeT HEOOXOIMMOCTH CHIDKEHUS KOHIICHTpAIlMM YpaHa B
MPUPOAHBIX BOJIAX JI0 IOMYCTUMBIX MPEIETIOB JJIsl CTAOUIBLHOCTH SKOCUCTEM U 37]0POBbS
HaceJIeHUS.

VYpoBeHb MOCTYIJICHUS! YpaHa B OPTaHU3M UYEJIOBEKa, KaK MPaBUIIO, YPE3BBIYANHO
HU30K, OJIHAKO B CIIy4ae, €CJIM ypaH MPUCYTCTBYET B MUTHEBOU BOJE, OHA MOXKET CTaTh
OCHOBHBIM HCTOYHHKOM €ro moctyruieHus. [Ipy momamanwmm B OpraHu3M OH
BO3JICHCTBYET HA BCE OpPraHbl M TKAaHU, SBISASCH OOIIEKICTOYHBIM SITOM, BBI3BIBACT
mpoOJIeMBbI CO 30POBBEM, TAKHE KaK TMOPAKEHHE TOYEK U IKEITYJOYHO-KHUIIEUHOTO

TpakTa, a TakKXe OHKOJIOTHYeCcKHe 3a0oisieBaHus. Boimenmuii B KpOBOTOK YypaH
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OMOAKKYMYJIUPYETCS U MHOTO JIET OCTAaETCs B KOCTAX (M3-3a CKIIOHHOCTH OOPa30BBIBATH
docdarsl), cene3eHke, MEYEHU, MO3Te U BOJIOCAX, 4 TAKXKE OKAa3bIBA€T F€HOTOKCUYHEIE,
MyTareHHbIC ¥ KaHIIepOTreHHbIe YPeKThI [63,64].

N3-3a cwIbHOM TOKCMYHOCTM M PaJMOAKTUBHOCTM ypaHa B Bojae BcemupHas
Opranuzanus 3apaBooxpanenus B 2011 rogy yctaHoBuia 10MMyCTUMOE OTPAaHUYEHUE €TO
KOHIICHTpAIMK B UTheBOU Bojie — 30 mkr/a [57]. Kak npaBuiio, ypana B BojJie ropasio
Menblie: B CIIIA B cpegnem 6,7 mxr/n, B Kutae u ®@paniuu — 2,2 Mxr/in. Ho ObIBatoT u
CUJIbHBIE OTKJIOHECHHMS, TaK B OTJIEJbHBIX paiioHax KamudopHuu ero B cTo pa3 Ooibliie,
YeM 0 HOpMaTuBY, — 2,5 mr/i, a B KOxxHOM OUHASHIUN TOXOIUT 10 7,8 MI/II, TIO3TOMY
MOCTOSIHHBIN KOHTPOJIb 32 COJIEPKaHUEM YpaHa U OUMCTKA BOJAHBIX PACTBOPOB SIBIISIOTCS

Ba)KHOU 38[[8‘16171 JIJISL DKOJIOTUYECKOM 0e30MacHOCTH U 3A0pPOBbiA HACCIICHUA.

1.3.1 Onpenenenue ypana B BOJHBIX PacTBOpax
XOTsl ypaH B MPUPOAHBIX BOJAAX HAXOIAUTCS B JIOBOJBHO BBICOKHUX COJICPIKAHUSIX,
JOCTATOYHBIX JIJISl TOTO, YTOOBI OKa3bIBATh TOKCUYHOE BIUSHUE Ha OPTaHU3M YeJIOBEKa U
OKPYXAaIOIIYIO Cpelly, KaK MPaBUIIO, 3TU KOHLEHTPAIIUU HIDKE MPEesioB 0OOHAPYKEHUS
OOJBIIMHCTBA WHCTPYMEHTAJIBHBIX METOJOB aHalH3a, MO3TOMY TaKue COAEp>KaHus
MOKHO KOJUYECTBEHHO OINPEICIUTh TOJBKO TMOCJIEe MpOLEeayp MpeIBapUTEeIbHOTO

KOHLICHTPUPOBAHUS.

1.3.1.1 [IpeaBapuTenbHOE KOHIICHTPUPOBAHUE ypaHa

B kauectBe SKOHOMHYHOTO W 3(PPEKTUBHOTO METOAA IS KOHIICHTPHUPOBAHUS
ypaHa W3 BOJHBIX PAaCTBOPOB IIMPOKO MPUMEHSETCS COPOIHS, MO3BOJISIONIAS PEIIUTh
po0JIeMbl KOHCEPBAIllMH, TPAHCTIOPTHPOBKA M XpaHeHHUsS. IS ero H3BJICUCHHS U3
BOJIHBIX PAacTBOPOB UCCIICJOBATEIHM UCIOJIB3YIOT Pa3InIHble COPOCHTHI MUHEPAIHHOTO,
OPraHWYECKOTO WJIM OWOJIOTMYECKOTO MPOUCXOXKICHUS: TIIMHO3eM [65,66], amopdHbIii
KpeMHe3eM [66], arranyaerut [67], neonut [68], MoaTMopumtionut [66], rérut [69],
nepoBckut [70], mryrrur [71] u xampout [72]. OgHAako Takue MPUPOIHBIC COPOCHTHI
94acTO TPOSBISIOT JIMOO HHU3KYIO COPOIIMOHHYIO €MKOCTh, JIMOO cllaboe CPOJCTBO K

copbaTy B YCIOBHSAX OKPYXXAIOIIEH Cpeabl, IMOITOMY HCCIEAOBaTEId MpUIaraioT
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OOJBIIME yCWINS JJIS UCCIICIOBAHUS HOBBIX COPOCHTOB C BBICOKOHM ajCOPOITMOHHOM
crocoOHOCThIO U A dexTuBHOCTRIO. OaHuM ©3 Hauboliee BOCTPEOOBAHHBIX
a7IcCOpOCHTOB, MO3BOJISIIOIIUM COpPOUPOBATH MHOTHE TSKENbIE 3JEMEHTHI, TaKhe Kak
kaamuit [73], uuHK [/4], HUKens [/5], XpoMm [/6] U3 BOAHBIX PACTBOPOB SIBJISIIOTCS
pa3Ho0Opa3HbIe YIICPOAHbIC MaTepuaisl [77], a UMEHHO - HaOHMparoIUue Bce OOJIBIIYIO
MOMYJSIPHOCTh B TIOCJICTHEE BpeMs YIVIEPOAHBIC HAHOTPYOKH, BIICPBBIC OIMCAHHBIC

Wumxumoit B 1991 roay [78].

1.3.1.2 KoHnieHTpupOoBaHUe ypaHa Ha YIJIepOAHBIX HAHOTPYOKax

Yrnepoausie HaHOTPYOKH (YHT) — 5T0 MIMHHBIC HWJIMHIPUYECKUE YTIIECPOIHBIC
CTPYKTYPBI, COCTOAIINE U3 TPa(EHOBBIX MIOCKOCTEN, CBEPHYTHIX B JIJTMHHBIE TPYOKU U
3aKaHYMBaIoIecss OOBIYHO modycepol, KoTopas MOXET pacCMaTpuBaThCs Kak
MOJIOBUHA MOJICKYJIBI QyJIIEpEeHa, TMaMETPOM OT 1 J10 HECKOJIBKUX JIECSITKOB HAHOMETPOB
U JUIMHOW JI0 COTHU MUKPOMETPOB. IlepBbie OTKpBITHIE TPYOKH OBIIM MHOTOCIOWHBIMU
(MCVYHT), Tt.e. mnpencrtaBmsuii Cco0OM KOHIEHTPUYECKUE IMJIMHAPHI CXOJTHOMN
rpaduTOBOM CTPYKTYPHI, KOTOpBIE YAEPKUBAKOTCS BMECTE cnabbIMu
MEXMOJIEKYIIpHbIMU cuiiamMu. B 1993 rony He3aBUCHMO ApYyT OT Apyra ObUTA OTKPBITHI
Numxumont m uccienoBarensiMu U3 kKoprnopauuu IBM omgHOCIONHBIE YTIiIepOaHBIE
HanoTpyOku (OCYHT) ¢ auamerpom okosio 1 um [79,80]. B 2014 romy poccuiickumu
yuensiMu B kommanmu OCSIAl  (HoBocubupck, Poccust) Obuta paspaborana
OpUTHHAJIbHAS POMBIIILICHHAS TEXHOJIOTHS ITPOU3BOICTBA I'paeHOBBIX (O THOCTONHBIX )
HaHOTPYOOK « TUBALLY» ¢ BO3MOXXHOCTBIO MacIITAOMPOBAaHKS CUHTE3a 10 4 TOHH B TOJT
M0 CHM)KEHHOM IIEHE 3a CMHTE3UPYEMbIM MAaTEpHal, YTO MO3BOJISIET UCIOJIB30BATh 3TH
OJHOCJIOWHBIE YIJIEPOHBIC HAaHOTPYOKHU B Ka4yeCTBE MPEKPACHOTO
UMITOpTO3aMeInamiero marepuaina [81]. Bua OIHOCIOWHBIX M MHOTOCIIOHHBIX
YIJIEPOJIHBIX HAaHOTPYOOK mpenctaBieH Ha Pucynke 1. YaensHas nmoBepxHocth YHT

MOKeT BapbHpoBaThes oT 150 1o 1500 mM2/r.
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Pucynok 1. Yrinepoanbie HAHOTPYOKH: a) OTHOCIOWHBIE; 0) MHOTOCJIOMHbBIE

3amadeil OOJIBIIMHCTBA MCCIICIOBAaHUN NpH ucnoiab3oBaHuu YHT B kadecTBe
copOeHTa METaJIJIOB U3 BOJIHBIX PACTBOPOB SIBISICTCS YBEIUUCHUE COPOIIMOHHON €MKOCTH
U CTENCHM W3BJICUCHMS aHanuTa. [[7s ompeieneHuss dTUX MapaMeTpPOB HCMOIB3YIOT
JIOCTATOYHO KOHIICHTPUPOBAHHBIC PACTBOPHI YpaHa — JIECSITKU, a TIOPOM U COTHU MI/JI.
[locne copbuuu ypaH DSIIOUPYIOT C COPOEHTOB pa30aBIECHHBIMH PACTBOPAMU
a30THOW/XJIOPOBOIOPOJTHON ~ KHUCIOTHl €  JAJbHEMIIMM  €ro  JIeTEeKTUPOBAHUEM
pa3IMYHBIMA HHCTPYMEHTAIbHBIMHU MeTogaMu [82,83].

OpnHako oHUM U3 HauboJee yA00HBIX CIIOCOOO0B OMpEIEIeHHs COIepKAaHUs ypaHa
B BOJHBIX pacTBOpaXx SBJISICTCS MPSIMO aHau3 copOeHTa mocie copOlnyu Ha HEM ypaHa.
Takoil monxon TMO3BOJSIET MPOM3BECTH KOHIEHTPUpPOBAHWE MPOOBI W HE TpeOyeT B
JanbHEHIIeM repeBe/ieHne COpOMPOBAaHHOTO ypaHa B pacTBOP.

Jnst peanuzanuu MOAOOHOTO TOAXO0Aa COPOCHT MOIDKEH YAOBICTBOPSTH PANY
BOXHBIX TpeOOBaHMIA, a WMEHHO: WMETh BBICOKYIO 3(P(HEKTUBHOCTH, OBITH
ANIEKTPONPOBOIHBIM,  CTAOWJIBHBIM.  YTJEPOJHBIE  HAHOTPYOKHM  TOJHOCTHIO
YIOBIETBOPSIOT 3TUM TpeboBanusM. Ho B To ke Bpems, ruapodoOHas U XUMUYECKU
uHepTHas npupoga YHT 3aTpyaHser ux npuMmeHeHue. PemerremM mpoOieMbl siBIsIETCS
XUMHUYECKOe OKHcieHue mnoBepxHocTd YHT, cmocoOcTByromiee AUCIEPTUPOBAHUIO U
aKTUBAIMU WX TOBepXHOCTH [84-87]. CwiibHOE B3aMMOJCHCTBUE MEXKIY MOJICKYJIaMHU
KHCIIOTHI ¥ TIOBEPXHOCTHIO YTIIEPOJIHBIX HAHOTPYOOK BO BpeMsi 0OpaOOTKU MPUBOIUT K

CO3/IaHUIO JIePEKTHBIX YYACTKOB B IpauTOBOM ceTH. ['eHepalus 3TuX OKUCIUTEIbHBIX
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ne(dEeKTOB BKJIIOYAET 3aMEHY OJHOTO aroMa yriepoaa u3 pemetkd YHT onnum umm
HECKOJBKMMM aTOMaMHu KHUCJIOpoJa ¢ oOpa3oBaHMEM (YHKUMOHAIbHBIX TPYII Ha
noBepxHocT YHT, Takux kak: kapOokcuibHble (-COOH), xap6onmibnabie (-C=0) u
rugpokcwibHbie (-OH) rpymnmbsl, cooTHOIIEHHE KOTOPBIX Onu3ko k 4:2:1 [88,89]. DOtu
(GyHKIMOHANIBHBIC TPYMIBI CIOCOOCTBYIOT XuMH4eckoi aktuBHocTH YHT, uTto B cBOIO
odepenpb, nosblmacT aucrneprupyeMocts YHT B BOIHBIX pacTBOpax, OPraHUYECKHX
pacTBOpPUTENAX. A HAJIMYUE AKTUBHBIX LIEHTPOB IMPEAIOJIAraeT UX HCIOJIb30BAaHUE B
KayecTBE XOPOIIUX aJCOPOCHTOB MOHOB METAJJIOB, TaK KaK CHJIbHOE MOBEPXHOCTHOE
KOMIUIEKCOOOpa30BaHUE MEXKIYy HOHAMU METAUIOB U (DYHKIMOHAJIBHBIMHU TpyHIaMu
CUMTAETCS OCHOBHBIM MEXaHU3MOM aJICOPOIMM Ha YrIepOoAHBIX HaHOTpYOkax. Takum
o0pa3oM, MOTEHLIMAIBbHO OoJblIas COpOLMOHHAS €MKOCTb YIJIEPOJHBIX HAHOTPYOOK
00yCJIOBJIEHA CTPYKTYpOH HX MOp, IUIOIIAJbI0 MOBEPXHOCTH W HATUYUEM LIUPOKOTO
CIEKTpa MOBEPXHOCTHBIX () YHKIIMOHATBHBIX TPYIIM, YTO MO3BOJIAET paccMarpuBath YHT
B KayecTBe MEPCHEKTUBHOIO COpOEHTa METauIOB, B TOM YHCJIE€ ypaHa M3 BOJHBIX

pPacTBOpOB.

1.3.2 Crioco6s! PyHKITMOHATU3AIMH TTOBEPXHOCTH YTIIEPOIHBIX HAHOTPYOOK

Hna  Momudukammu  moBepxHocth  YHT — ucmonb3yroT — pasinyHbIe
KHCJIOPOACOACPIKAIIME KUCIOThI M cMecH Ha ux ocuHose: HCI1 [90,92], H,SO4 + H20-
[93,94], HNO3/H2SO4 (3:1) [93-97], HNOj3 [93,94,97-101]. DT e OKHUCIHMTEIbHBIC
00pabOTKH TaKKe MCIOJIB3YIOT I YAaJIeHUsT aMOp(HOTro yriiepoja U MeTaUTMIeCKUX
npumeceit u3 YHT [102-104].

OnHako HE CYIIECTBYET €IMHCTBEHHOTO Toaxoaa Kk Moaudukanuu YHT, Tak kak
JUTSL pa3HBIX 3a/1a4 HEOOXOIUMBI pa3InuHbIe (PYHKITMOHAIBHBIE TPYIIITHI HA TTOBEPXHOCTH
YHT u, cooTBeTCTBEHHO, TpeOyeTCsl MPUOETaTh K Pa3IMYHbIM YCIOBUSM UX OKUCIICHHUS.
Temneparypa, Bpemss W TapameTpbl MEpPEMENIMBAHUS MOTYT BapbUPOBATHCS, YTO
CYIIECTBEHHO BIMSCT Ha KOHIEHTPAIMIO aTOMOB KHCIOpOAa W Ha pacrpeesieHue
KHCIIOPOACOepKAMUX (YHKIIMOHATHHBIX IEHTPOB, a TAK)KE CBOWCTBA MOJYYCHHBIX
YHT. Msrkue ycinoBus MOTYT HE BHOCHUTH JOCTATOYHYHO (YHKIIMOHAIHHOCTH B

noBepxHocTh YHT naxke mocie JiuTeabHbIX IEpUoJ0B 00padoTKu, B TO BpeMs kak YHT
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MOXKET MEPEHECTH CEPhE3HYI0 CTPYKTYPHYIO AETrpajaliio Ha CaMblX PAaHHUX CTagUsIX
arpecCMBHOM KHCIOTHOM 00paboTku. OnTuManbHbli MeTox 00pabOTKH IOJMKEH
o0ecreynBaTh  MakCUMalbHYlO  (QyHKOMOHambHOCT,  moBepxHocth YHT ¢
HE3HAYUTENbHOU CTPYKTYpPHOM Nerpanauueid u norepeit Beca [87]. Kpome toro, npouecc
HE JIOJDKEH OBITh TPYJIOEMKUM, SHEPTOEMKHUM U JIOPOTOCTOSIITUM.

Ananu3 nmutepatypsl mokasbiBaeT, uto HNO3 u cmecb HpSO4/HNO;3 mmpoxo
ucnonb3yrores mig okucieHus YHT. OngHako wMcnmonp30BaHUE arpecCUBHONM CMECH
HSO4/HNO; dacTto mnpuBOAMT K TOTEpe MEIOCTHOCTH CTpykTypel YHT u mx
BO3MOXXHOMY TMOJHOMY pasznoxenuto [85]. Takum oOpasom, ucnonb3oBanrne HNO3 B
KaueCTBE MATKOTO OKHCIIUTEINS SBJSIETCS ONTHUMAIbHBIM criocoOoMm st ipuaanus YHT
rUAPOPMIHHBIX CBOUCTB.

Tem He MeHee, caMbIM MPOCTHIM M HAJIEKHBIM CIIOCOOOM, TIO3BOJISIOIIUM BIIUSThH
Ha crerneHb okucieHuss MCYHT, sBiseTcss BapbUpOBaHHE KOHIIEHTPALIUM KHUCJIOTHI.
KonrnenTpaius aToMmapHOro KHCJIOPO1a U KOJU4ecTBO pyHKIMOHAIBbHBIX rpynn COOH
JIMHEHO BO3pacTaroT ¢ yBenudeHuem koHireHtpauuu HNO3z, Ho rpynnel C-OH u C=0
OCTalOTCSI OTHOCHUTENbHO MaJIOUMCIEHHBIMU U TocTossHHbIMU [105]. Onnako B pabote
[106] ykaswiBasmoch Ha TO, urto mpu okucieHud OCYHT KoHIEHTpalluu BCeX Tpex
(GYHKIIMOHAIBHBIX TPYII YBEIUYMBATACH PABHOMEPHO MPOTIOPIIMOHAIBHO YBETUYEHUIO
KOHIIEHTPAIIMH KUCIOTHI.

HezaBucumbie  wucciemoBanust  [107,108] oOmapyxwmin, dro o0paboTka
onHocnoiHbIX YHT ropsiueld a30THOH KHUCIOTOM MPUBOIUT K Oonee 3(PpheKTUBHOMY
yIAJCHUI0 METAJUTMYECKUX TMpUMece U aMOpQHBIX YIIEPOIHBIX BKIIOYEHUH IO
CpaBHEGHHMIO C wucHojib3oBaHueM xonogHo HNOs;. B pabGorax [93,97] Takke
CPaBHUBAIHUCH Pa3TUYHbIC CTIOCOOBI XuMmudeckoro okuciaeHuss Y HT, O6b110 m10Ka3aHo, 4To
00paboTKa ropsiauM PacCTBOPOM a30THOM KUCIOTHI IPUBOJIUT K 0OPA30BaHUIO OOJIBIIETO
YKCJIa KUCJIOPOIHBIX IIEHTPOB U JOTOTHUTENBHBIX Je(PeKTOB Ha moBepxHocTH YHT mis
MpUBUTHUS (QYHKIIMOHATBHBIX TPYIIT.

BpeMsi BO3aeiCTBUSL KHCIIOTHI TakKe BIHUSET Ha creneHb okucienus YHT. B
paborax [97,101] uccnemoBanach MPOMOKUTEIBHOCTh KHCIOTHOW 0o0pabotku. Ilpum

JIOBOJIbHO Jtoiron o0padotke (oT 24 no 48 yacoB) mpoucxoauT pazioxenue YHT u
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notepst B Bece BIIIOTh 10 90%. OnHako MuUHUMAaIbHas oOpabotka (~1 yac) MOXKeT He
JlaBaTh HUKAKUX PE3YJIbTaTOB.

Takum oOpa3oMm, HUCXOIs W3 JUTEPATYpPHBIX JaHHBIX, 00paboTka Topsuei
KOHIICHTpUpPOBaHHOW (65%) a30THOM KHCJIOTOM B TEYeHHE 6 4YacoB SIBISETCS
MOAXOISAIIUM MSTKUM CITIOCOOOM OKHCIICHUSI YTIEPOIHBIX HAHOTPYOOK ISl yBEIUYCHUS
WX TUIOIIAQJA TOBEPXHOCTH, TPUBUTUS HA TOBEPXHOCTH KHUCIOPOJCOAEPKAIIUX
(GYHKIIMOHAIBHBIX TPYIIl C COXpPaHEHHWEM HaudallbHOM CTPYKTYpbl W JaJIbHEHIIETro
ucnonb3oBanuss YHT B kauecTBe mpeBOCXOAHOro copOeHTa jisi COpOIMU ypaHa W3
BOJHBIX PACTBOPOB.

[ToMUMO WHAMBUAYAIBHBIX YIJIEPOAHBIX HAHOTPYOOK, OOJIBIION HHTEpeC
PEACTaBISIOT HAHOTPYOKU C MOJUPUIMPOBAHHONW MOBEPXHOCTHIO U KOMIIO3UTHI Ha
OCHOBE HAHOTPYOOK, TBepaoro Hocutesns wid wMoaudukatopa [109]. Tlpum wux
dbopMupoBaHUY B KauecTBe MOAU(MHUKATOPA MOTYT HUCIOJb30BaThCSI MHOTHE BEIIECTBA,
HaIpuMep, OKCHUJIBI METAJIJIOB U MaTepHUasbl, B TOM YHUCIIC KPEMHE3EMBI.

KpeMHeszem — Tuokcu KpeMHHsI, CYIIECTBYIOIINUN B KPUCTAIUTMUECKOM, aMmop(hHOM
WIH TUAPATUPOBAHHON opMax — TakxKe SBISETCA MPUPOIHBIM copOeHTOM. CopOEeHTHI
Ha OCHOBE aMOpP(HBIX KPEMHE3EMOB MPEBOCXOIAT APYTrre COPOSHTHI HA OCHOBE OKCHJIOB
Oaromapsi CBOMM TPEBOCXOJHBIM COPOIMOHHBIM CBOMCTBaM, JOCTYMHOCTH H
OTHOCHUTEJIbHOW JemieBu3He. YacTHbI BUI aMOpPGHOIO KpeMHe3eMa — a’pOCHJl WIIH
IMUPOTCHHBIA KpPEeMHE3eM — 00J1aJaeT BBICOKONH XMMHUYECKOW aKTHMBHOCTBHIO. APPOCHII,
pearupysi C BOJOH, 0O0pa3yeT TUAPOrellb, KOTOPBIA TMpPH TMPOKATUBAHUM MOXKET
00pa3oBBIBaTh MEXAaHMYECKHM MPOYHBIM Kapkac W3 KpeMmHe3eMHbIX rio0yn. YHT,
MOAU(PUIIMPOBAHHBIE KPEMHE3eMOM, MOTYT OBITh 3alpeccoBaHbl B HamOolee
noaxonamy Gopmy st copOIMHM 3JIEMEHTOB W3 BOJHBIX PAcTBOPOB, HAIMPHUMED,
Ta0JICTKY.

Bce uccnenoBatenu mis pacuera 3¢G(HEKTUBHOCTH COPOCHTa OCHOBBIBAIOTCS HA
pa3HUIE UCXOJHOM M PaBHOBECHOW KOHIIEHTPALM. DTO XOPOIIO ISl TEOPETUUYECKUX
BBIKJIa0K. OTHAKO TSl MPAKTUYECKOTO TPUMEHEHUSI COPOSCHTOB — OTPEICICHIS HU3KIX

KOHIIEHTPALlMM ypaHa B BOJHBIX PacTBOpPAaX, OCYIIECTBIEHHE TAKOTO MOAXO0Ja MOXKET
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COIIPOBOXIATHCS HEKMMHU TPYAHOCTSIMH, a MMEHHO HeAOCTaToyHo Hm3kuM [1O s
OTIpe/IeTICHNs] PAaBHOBECHOW KOHIICHTPAIUH.

Haubonee ynoOHBIM M OBICTPBIM CIIOCOOOM OIpPEAENICHUS COAEpPKAHUS ypaHa B
BOAHBIX pAacTBOpax SBIseTCA MNpsAMON aHanu3 copbenra. Bapuant GD-MS -
BPEMSMPOJIETHON MacC-CIIEKTPOMETPHH C UMITYJIbCHBIM TICIOIINM Pa3psIoM IO3BOJISIET
peann3oBaTh MPsSMOI aHann3 copOeHTa IJs OmMpeleleHHs KOHICHTpAaIlMH ypaHa B
BOJIHBIX PacTBOPaxX C HU3KUMHU KOHIEHTpAIUsIMU. CTOUT OTMETUTH, YTO TAKOH MOAXOJ —
OpsIMOE pacHbUICHHE COpOeHTa ¢ COPOMPOBAHHBIM HAa HEM YpPaHOM — HCIIOJIB3YETCS

BIIEPBBIE.

BbIBOIBI M3 TUTEpaTypHOTO 0030pa

['opHBIC TIOPOMBI SIBISIFOTCS CIIOKHBIM OOBEKTOM aHaM3a W JJIS OINpPEACIICHUS
IIKPOKOTO Kpyra 3JEMEHTOB TpeOyeTcs MPOBEICHUE 3HAYHMTEIHLHOTO KOMILICKCA
aHAJIM30B, BKITFOYAIONTUX B CCOSI JOTIOJTHUTEIIBHBIC MTPOIICAYPHI IPOOOIIOATOTOBKH, TAKHE
KaK, TPaHyJIMPOBaHUE, CILIABJICHUE WIIM PACTBOPEHUE CMECHIO KUCIIOT, UTO CYIIIECTBEHHO
YCIIOKHSCT aHaju3, YBEJIUYMBACT BPEMsI W IOTPEHIHOCTHh ONPEICICHHUS 3JICMEHTOB.
Heo0x01uMo OTMETUTE, YTO OJIMH U3 PACCMOTPEHHBIX BBIIIIE METOJI0B — BPEMSIIPOJICTHAS
MacC-CIEKTPOMETPUHN C UMITYJIbCHBIM TJICIOIIMM Pa3psaoM — MOXET ObITh 3 (HEKTUBHO
MCII0JIb30BaHa IS PEIICHUS pacCMaTpUBAEMOM 3a/1a4d M ITO3BOJISET M30€KaTh MPOOJIeM,
BO3HHMKAIOIIUX IIPU PACTBOPEHUH, pa30aBIeHUN U 3arps3HeHnr. OJTHAKO METOINYECKUE
TOJIXOJIBI JUIsI OBICTPOTO OIPEACIICHUS PEIKO3EMEIIbHBIX JIECMEHTOB B TOPHBIX MTOPOAaX
¢ momortpio GD-MS 1o cux nop He ObITH peaTu30BaHBbI.

Tak Kak ropHBIE TOPOIBI COACPIKAT MHOXKECTBO 3JIEMEHTOB B CBOEM COCTaBE, B TOM
JuCJIe ypaH, COJEp)KaHHE KOTOPOr0 YBEIWYUBACTCA B OJM3JICKAIIUX BOJHBIX
MTOBEPXHOCTAX KaK B PE3yJIbTaTe PA3INUYHBIX IPUPOIHBIX MPOIIECCOB, TaK U B PE3YJIbTATE
AHTPOIIOTEHHBIX (PAKTOPOB, UYTO MPUBOJUT K TOKCHUYSCKOMY BO3JICHCTBHIO Ha OPTaHU3M
YeIoBeKa M OKPYXKAIOMIYI0 Cpeay, TO 3TO JTUKTYeT HEOOXOJIUMOCTBH OIpEeaSICHHUS
KOHIICHTPAIIMM YpaHa B BOJAX IS KOHTPOJS CTAOMIIBHOCTH JKOCHCTEM H 3JI0POBBS
HacelleHus. BpeMsamnposieTHas Macc-CIEKTPOMETPUS C  HMITYJIBCHBIM — TJICFOIITUM

paspsaa0oM, IO3BOJIAIOMIAA aHAJIM3HUPOBATH PA3JIMYHBIC BUABI MATCPHAJIOB, MOXKCT OBITH
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paccMOTpeHa B KadyecTBE MMOAXOIAIIETO MeToAa Ui pa3paboTKH METOAMYECKOTO
MO/IX0/1a VISl OTIPEJICIICHHSI COJEPIKaHUs YpaHa B BOJHBIX PAacTBOpaXx, MPEABAPUTEIHHO
COpOUPOBAHHOIO Ha COPOEHTE, PACTIbLISS HETIOCPECTBEHHO CaM COPOEHT.

Takum  oOpazom, pa3paboTKa OSKCIPECCHOTO METOAUYECKOro  TOXO0ja,
MTO3BOJISIFOIIETO OJHOBPEMEHHO M C MHHHMAJIBHOH TPOOOTOATOTOBKOW OMPEIEsITh
ITUPOKHUIA KPYT IJIEMEHTOB B MPUPOIHBIX 00pasmax, BKIOYas MOPOJIbI, PY/bl, TTOYBHI, a
TaKK€ — ypaH B BOJHBIX PacTBOPaxX C €ro MUHUMAJIBHBIM COJCPKAHUEM SIBIISCTCS

aKTyaJbHOM 3aJjauei.
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I'naBa 2. Pa3paGoTka npsiMoro moaxoja JUisl onpe/ejieHus peaKo3eMeabHbIX
3J1eMEeHTOB B re0J10rH4ecKuX npodax ¢ noMouIb0 BpeMsinpoJIeTHOH Macc-
CIIEKTPOMETPHUH ¢ UMIYJIbCHBIM TJIEIOMIUM Pa3psaIoM

2.1 DkcnepuMeHTaIbHas YacTh

Macc-crekTpoMeTpHs ¢ UMITYJIECHBIM TJICIOIIUM Pa3psIOM MO3BOJISIET IPOBOIUTH
OpsIMON aHAIHM3 PA3NUYHBIX TBEPAOTEIBHBIX P00, BKIIOYAsi TOPHBIE TOPOALL. B aTOoM
METOJIE WJIU OTCYTCTBYIOT, MJIM MHHHMH3HUPOBAHBI CIOKHBIE W YaCTO OTHHMAIOIIUE
MHOTO BPEMEHH MPOIEAYPHI TPOOOMOATOTOBKH, a TAK)KE CBA3aHHBIC C HUMU MPOOJIEMBI,
Takhe Kak MOTepU aHAIM3MPYEMOro BEIEeCTBA WM 3arpsi3HEHHs oOpaslia BO BpeMs
MpeaBapuTeIbHON 00paboTKH MPOOHI.

Bpemsmnponetnslii macc-criektpomeTp «Jltomac-30» ¢ UMITYJIbCHBIM TJICIOLINM
pa3psAI0OM TO3BOJIIET UCIOJIB30BATh TOKOIPOBOSIIYI0 OCHOBY B KAa4eCTBE IMOJIONKKHU
IJISL aHaJIM3a Te0JIOTUYECKHUX MPo0: I 3TOro mpoly 3arpeccoBBIBAIOT HA TOMJIOKKY U
MOMEIIAIOT B PA3pAAHYI0 SYEWKYy Macc-CIIEKTpOMeTpa B KadyecTBE KaToJa.
[TocnenoBaTenbHOCTh AEUCTBUIN IPOAEMOHCTPUPOBAHA HA PUCYHKE 2.

IIpeccoBanue

HN3meabuenne v
ToxonpoBoasimast
OCHOBA

100 l
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60
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Rel. Intensity

" G | GD-MS | G ==

0.0 — l ol Cymka

t
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m/z

Pucynok 2. Cxema aHanm3a mpu UCMOJIB30BAHUN BPEMSIIPOJIETHOTO MaCC-
CIIEKTPOMETPA C UMITYJIbCHBIM TJICIOLINM pa3psaom «JIromacc-30»
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2.1.1 KoHcTpyKIusi BpEMSIIPOJIETHOTO MacC-CIIEKTPOMETPA

C UMITYJIbCHBIM TJICIOUIUM paspsiioM «Jlromac-30»

Macc-cneKTpoMeTp  COCTOMT M3  Pa3psiAHOM  AYEHMKU Uil MOHU3ALMUHU

TBEPIOTENIBHBIX MPOO B UMITYJIbCHOM TiewiieM paspsae (PGD), BpemsmposieTHOTo

Macc-aHaJIM3aTopa C OPTOTOHANBHOW TeOMETpHeld ¢  Macc-pedIIeKTpOHOM |

MUKpokaHaibHOro aerekropa [37,110,111]. OOmias cxema BpeMSIIPOJIETHOTO Macc-

CHEKTPOMETPA C UMITYJIbCHBIM TJICIOIIUM Pa3psiIoM MpeICTaBlIeHa Ha pUCYHKE 3.

PecnexTpoH [eTekTop
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Pucynok 3. O0mias cxema BpeMsIIPOIETHOT'O MacC-CIIEKTPOMETpa C UMITYJIbCHOMN
WOHU3AIMEH TBEPAOTEIBHBIX P00 B T0JIOM KaToae «JIromac-30»

Pazpsgnas sdeiika mpeacTaBisieT cOO0OM SUYEHKy KOMOMHHPOBAHHOTO ITOJIOTO
karoga (KIIK), cocrosimero w3 aHanu3upyemod mpoObl B BHJE IUIOCKOTO JHCKa
muamerpoM 10 MM M BCIOMOTaTelbHOIO METAJNIMYECKOr0 Karoja B BHJE IOJIOTO
UMJUMHIpAa C BHYTPEHHUM JAUMAaMETpoM 6 MM, H3TOTOBJIEHHOIO U3 BBICOKOYHCTOTO

TaHTaJlla, HUOOUS WM amoMuHus. Takas KOHCTPYKIHA STYCHKU noaAxXoduT AJIs aHaldn3a

MOJYIIPOBOAHUKOBBIX W JHMIJIEKTpuueckux  1mpod  [46,47,112], oOweguHseT

MPEUMYIIECTBA SYEEK MOJOr0 KaToJa M BTOPUYHOTO KAaToja U MPEBOCXOAHUT Hauboee
pacIpoCTpaHEHHYIO B HAcToslIEee BpeMs siueiiky ['pumma ¢ paino4acTOTHBIM pa3psioM

10 MHTEHCUBHOCTHU CUTHAMNA. DTO AOCTHUTacTCsA 3a CUCT TOIr'0, 4YTO HUJIMHAPHUYICCKAA (1)0pMa
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AYEeHKH TIpU OIpPEACNICHHBIX pa3Mepax o0ecrneynBaeT NepeKpbiBaHUe oOJacTei
OTPULIATEIBHOTO CBEYECHMSI, CO3/1aBasi TEM CaMbIM JIOBYIIKY JJIsi OBICTPBIX 3JIEKTPOHOB, a
o0pa3oBaHUE MOBEPXHOCTHOW MPOBOJAMMOCTH — H30€XKaTh MaJEHUS WHTEHCUBHOCTU
CUTHAJIa C YBEJIMYEHHEM TOJIIMHBI MPOObI (IS OUANEKTPUUYECKUX O0Opa3loB Mpu
UCIIOJIb30BAaHUU  PAJUOYacCTOTHOro pazpsga). KoHCTpykuus pa3psaaHoil  suehKu
KOMOMHUPOBAHHOIO MOJIOr0 KaTo/1a U300pakeHa Ha pUCYHKE 4.

AproH
1 2 3 4 1

TOF MS (s

OTkauka

Uy

Uy

Pucynox 4. Cxema paspsIHOil siueiKM C KOMOWHHUPOBAHHBIM TOJIBIM KaTOIOM
(«JTromac-30»). 1 — Ckummep. CKUMMEp CIYXHT Uil «BBIPE3aHHUS» Y3KOT'O
HAIPaBJICHHOTO MMyYKa U3 PACXOAIICHCS Ta30BOM CTpyH, CHOPMHUPOBAHHOMN CEMILIIEPOM.
2 — Cemmuiep. Cemiuiep mpeaHazHayeH Uil (OPMUPOBAHUS HAMPABICHHOTO TOTOKA
MOHOB W HEUTPAJIBbHBIX aTOMOB, OOpPa30BaBIIMXCS B IUIa3Me paspsAna, B Macc-
cnexktpometp. 3 — Kepamuka. 4 — Kapu. 5 — Bcnomorarensnsiit katon. 6 — [Ipoba. 7 —
Katon. 8 — IlpoBopsias mieHka.

O6paBOBaBHH/IeC$I B HCTOYHHMKEC HMOHBI BMCCTC C HeﬁTpaHBHBIMH aToOMaMH 110
I[GﬁCTBPIGM HEOOIBIIOTO BBITATMBAOIICTO IIOTCHIHAJIA KW  PA3HHUIBI I[aBJ'IeHPIﬁ

TPAHCIIOPTUPYIOTCS B JTU(EepeHIIMaNbHYIO 30HY (30Ha MEXIAY CEMIUIEPOM U CKUMMEPOM



60

¢ nasnenueM ~0,133 Tla wim ~10° top). B Hell GONBIIMHCTBO HEHNTPANbHBIX YACTHI]
yaanseTcs BaKyyMHOM OTKAuKOM, a MOHBI, MPOIIEAIINE Yepe3 OTBEPCTUE CKUMMEPA,
MOMNaJal0T B 30HY (DOKYCHUPOBKH U C MOMOILBIO HUIUHAPUYECKUX JIMH3 COOUPAIOTCS Ha
11esIeBOr AruadparMe BhITAIKMBAIOLIEH 30Hbl. B BRITAIKMBAIOIIYIO 30HY MONAAAET Y3KHM
JICHTOYHBIA MYy4YOK MOHOB, NMAapaJUICIbHbIA BBITAIKUBAIOLIEMY 3JEKTpoay. [anee, mon
JEHCTBUEM BBITAJKMBAIOUIEIO MMIYJbCa MOHBI BBOASTCS B IPOJETHYIO Kamepy, Ile
napiaenue cocraBnsgeT ~10° Top, uTO MO3BONSET TPAKTHYECKH HUCKIIOYHMTH
CTOJIKHOBUTEIbHBIE MPOLECCHl. B KaMepe nmpoucxoauT uX NpoCTPaHCTBEHHO-BPEMEHHOE
paszieseHue o BpeMEHU IpoJieTa B 3aBUCUMOCTH OT cooTHomieHus m/z. [locne storo
HMOHbl TOCTYNAlOT B MAacc-pe(uIeKTPOH, C TOMOUIbI0 KOTOPOro (QopMUPYETCS
NpPOCTPAaHCTBEHHO-BpeMeHHass  ¢okycupoBka. B sHeprernueckom  ¢QunbTpe
3a/1epKUBAIOTCS HU3KOIHEPTEeTUUECKUE UOHBI, T.€. OTCEKAIOTCA «XBOCTHI» IMMKOB B Macc-
cnekrpe. [locne npoxoxnenust GUIbTpa HOHBI JETEKTUPYIOTCS IIEBPOHHOU COOPKO U3
JIByX MHKPOKAHAIBHBIX MUIACTHH C 00muM Kod(pduuuentoMm ymHoxkeHus ~10°,
ITosrydeHHBIE MacC-CIIEKTPBI MPEABAPUTENBHO CYMMHpPYIOT B nakersl 1o 4000 macc-
CHEKTPOB. 3areM, [UIsl [OJY4YeHUs OKOHYATEJIBHOIO CIEKTpa, OTH IMaKEeThI
JIOTIOTHUTENBHO CyMMUPYIOT. O6bIYHO ncnonb3ytoT 2x 108 ciextpos (500 nakeTos 4000
CIEKTPOB), 001Iee BpeMsl HAKOIUIEHHUs IpH 3ToM cocTasiseT 10,5 MuH. mpu yactore

CJIEIOBAHUS Pa3psAHBIX UMITYIbCOB 3,2 KI 1.

2.1.2 TlonroToBKa mpoOBI M pa3psAHON SYCHKH K aHATTU3Y

Ha camoili ananu3upyemoit nmpoOe u Ha TMOBEPXHOCTH PA3psAIHON SYCHKU TOCIE
CMEHBI MPOOBI COPOUPYIOTCS aTMOC(epHBIC Ta3bl U BoAa. OHU CYIIISCTBEHHO BIMSAIOT Ha
MPOLIECCHI pa3psia U yXyAIIal0T TAKUE XapaKTEepPUCTUKN METO/1a KaK, YyBCTBUTEIIbHOCTb,
CEJICKTUBHOCTH U TIpeJie OOHAPYKEHHUS.

J71st HUBETMPOBAaHUS BIUSHUS, COPOMPOBAHHBIX HA TIOBEPXHOCTH U B TTOPAX, BOIBI
U KHCIIOPOJia, KOTOPBIE MOMAIA0T B PA3PSIHYIO SUYEUKY IIPU CMEHE MPOOBI, TPOBOIUIIN
MPEeIBAPUTETBHBIN TPOTPEB aHATMZUPYEMOU TPOOBI CTPYEH rOpsiIero BO3IyXxa B TCUCHUE
2-3 wmwmHyT. Ilocme »Toro oOpaser MoOMemaid B Tra30pa3psAaHy0 sSUYEHKy Macc-

CIIEKTPOMETPA, 3aTEM STYEHUKY IPOAYBAJIM Pa3psAHBIM ra3oM B CIeAyOUEM pexume: 20-



61

30 cek HammycKaJiv Ta3 (aproH), 3aTeM B TeueHre | MUHYTBI OTKaunBajiu. L{uki mpoayBku
nosTopsiu 40-60 pas. J[lo6aBneHue B pa3psaHblil ra3 HEOOIBIIOTO KOJIUYECTBA BOJOPO/Ia
(0,3%) mMO3BOMMIIO CHHU3WTh MHTEHCHUBHOCTH Ta30BBIX KOMIIOHEHT, 3a CYET
BO3HUKHOBEHHUS PsiJia PEaKinii, MepeBOAIINX 3PSl OT HEKOTOPHIX Ia30BbIX KOMIIOHEHT

B OCHOBHOM K H3+, B TO BPpECMs KaK HHTCHCUBHOCTHU KOMIIOHCHTOB HpO6BI YBCIINYHNBAIOTCA

B 1,5-2 paza [113,114].

2.1.3 Ucnonb3zyemoe o00pynoBaHuE
Bpemsmponetnsiii  Macc-cnektpomerp «Jlromacc-30» (OOO Jlromdke, CaHKT-
[TerepOypr, Poccust) ¢ UMIyIbCHBIM TJICIOIITUM PA3PsI0M B COUETAHHUH C TMTOJBIM KaTOJI0M
UCIOJIb30BAJIN ISl ONIPEEIICHUSI JIEMEHTOB B T€0JIOTHYECKUX MPoodax.

ATOMHO-PMUCCHOHHBIA aHAJIM3 BBITIOIHSAIN Ha CIEKTPOMETPE C HHIYKTHUBHO
cBa3aHHOM mmasmoit «Optima 7300 DV» (Perkin Elmer Instruments, CIIIA)
UCITIOJIH30BANIA KaK pepepeHTHBIN METOI.

MuxkpoBosHoByio cucteMy SpeedWave® Four (Berghof Products + Instruments,
Eningen, I'epmanus), ocHamennyro 4detbipbMs 100 mi [ITDS cocymamu JIAK-100,
nataukoM nasieHus, MK-pgatyukoMm Ttemmepatypbl W TaHEIbI0 JIUCTAHIUOHHOTO
ynpasienuss Power PC 5200, ucrionbs3oBaiiu i mMpoOOMOAr0OTOBKH 00pa3IloB.

Ananmutnyeckue Becbl HR-60 (AnD, SImonust) MCmonb30Baad Ui H3MEPEHUS
MacChl HABECOK aHAIU3UPYEMBIX MPOO.

Cymumneaeii  mkagp LF-25/350-GG1  (LOIP, Poccus) wucmonb3oBanmud s
IIpeIBapUTEILHON NpoCyIIKU 06pas3Los npu Temnepatype 105°C 1o noctosHHOM MacchL.

IunpaBnuueckuit  pyunoit mpecc III'P-10 (OO0  «JIa6Tync», Poccus)

HCIIOJIB30BAJIN OJIA IIPECCOBAHUA Hp06.

2.1.4 Vicnonp3yemblie 00bEKThI UCCIICI0OBAHMS, CTAHIaApTHBIE 00pas3Ihl,
MaTepHajbl ¥ PEaKTHBBI
OOBEKTHI UCCIIENOBAHUS

O6pasusl reonornueckux nmpodb GTK-REE 7-J1-1-2005, 65-1B-ATK-97, TAHS$-

2015-1.1 obum upenmoctraBieHsl GTK  Kuopio (®unnsHaus) —  KpynHOU
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HCCJIE0BATEIIbCKON OpraHu3aluend, 3aHUMAIOLIEHCS HUCCIEIOBAHUEM TI€O0JIOTUYECKUX

po0 1 MOUCKOM MECTOPOKICHUM MOJE3HBIX NCKOTIAEMBbIX.

CranpapTHble 00pa3ibl
s pacueta KOI(D(PUIMEHTOB OTHOCHTEIbHOW 9yBcTBHTEIbHOCTH (RSF)
HCIIOIB30BAIM CIICIYIONINE CTaHAApTHBIE 00pa3lbl: cranmapTHbii obpazer; (CI'I-1A)
ropuoit moponabl «rabopo sccexcuroBoe» (UI'X CO PAH, Hpkyrck; Poccus);
cTanaapTHbIi oopaser (SRM 2782) mpomeiiiennoro miama (NIST, Gaithersburg, MD,
CHIA). Copepkanue »5JeMeHTOB cTaHaapTHeIXx oOpasnoB CI'J-1A u SRM 2782

npejacTaBieHbl B Tabnuiax 3 u 4 COOTBETCTBEHHO.

Tabmuma 3. Coxepskanue snmemeHToB ctangapra CI'J[-1A

YcTraHoBJieHHOE YcTraHoBJIeHHOE
JIeMeHT o J1IeMeHT
coaep:xanue, macc. %0 cojep:xkanmue, macc. %0
Al 7,87+0,04 Be 0,00020-+0,00004
Ca 7,84+0,06 C kap0. 0,035+0,003
Fe ok. 2,70+0,11 C o6m. 0,063+0,011
Fe 3ak. 5,33+0,05 Ce 0,015+0,001
K 2,46+0,04 Cl 0,0222
Mg 4,22+0,06 Co 0,0040+0,0005
Mn 0,13+0,01 Cr 0,0052+0,0006
Na 2,09+0,04 Cs 0,00040+0,00006
P 0,44+0,01 Cu 0,0068+0,0007
Si 21,69+0,05 Dy 0,00042
Ti 1,03+0,02 Er 0,00028?
B 0,0016+0,0002 Eu 0,0006=+0,0001
Ba 0,13+0,02 F 0,12+0,01
Ge 0,00015+0,00002 Ga 0,0019+0,0002
Ho 0,00005* Sc 0,0027+0,0003
La 0,0078+0,0018 Sm 0,0017+0,0001
Li 0,0014-+0,0003 Sn 0,00037+0,00006
Mo 0,00015+0,00005 Sr 0,23+0,02
Nb 0,0008+0,0001 Ta 0,00011+0,00004
Nd 0,0066 Th 0,0009+0,0001
Ni 0,0050+0,0005 U 0,00042
Pb 0,0018+0,0003 Vv 0,024+0,002
Pr 0,001? Y 0,0030+0,0008
Rb 0,0073+0,0004 Yb 0,00029+0,00005
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S 0,020+0,003 Zn 0,012+0,001
Sb 0,0001? Zr 0,024+0,002
d-pH(pOpMaILMOHHOE 3HAUYECHUE
Tabnuua 4. Conepxanue 351eMeHTOB ctanaapra SRM 2782
JIeMeHT YcraHoBJiieHHOE JIeMeHT YcraHoBJIeHHOE
coaep:xanmue, macc. %0 coJep:xkanmue, macc. %0
Al 1,37+0,09° Mn 0,0300°
Ag 0,00306+0,000472 Mo 0,001007+0,0000202
Au 0,00022® Na 1,30+0,05°
As 0,0166+0,00202 Ni 0,0154140,00031?
Ba 0,025440,0024° P 0,50+0,06°
C 2,1° Pb 0,0574+0,0011?
Ca 0,67+0,06° Rb 0,0023"
Cd 0,000417+0,000009? S 0,2°
Ce 0,1240+0,0110° Sh 0,0002°
Co 0,00663+0,00048° Sc 0,00034"
Cr 0,0109+0,0006* Se 0,000044+0,000011°
Cu 0,2594+0,00522 Si 20,3"
Eu 0,000034* Sm 0,00013®
Fe 26,9+0,7° Ta 0,000073"
Gd 0,0035+0,0010° Th 0,000048"
Hf 0,000077® Th 0,00024"
Hg 0,000110+0,000019% Ti 0,0880+0,0090°
In 0,0238+0,0070° U 0,00083®
K 0,32+0,01° Vv 0,0080+0,0010°
La 0,00581+0,00024° Y 0,0010°
Li 0,0005" Yb 0,000074"
Mg 0,26+0,02° Zn 0,1254+0,0196°

A-cepTuUITUPOBAHHOE 3HAUCHUE
®-KOHTPONILHOE 3HAYECHHE
*-nH(popMaIMOHHOE 3HAYCHUE

JIist  OLlEHKW TMPaBUIBHOCTU OIPEJCICHUS] MAacCOBBIX JIOJIEH SJIEMEHTOB B
UCCIEeTYEMBbIX
cTaHmaptHeii obpaszer; (SRM 2709a) nmoussl okpyra Can-XoakuH mtat KamudopHus
(NIST, Gaithersburg, MD, CIIIA); cranmaptabii oopaszen (CT-1A) ropHOW MOPOIBI

«rpanm» (UI'X CO PAH, Upkyrtck; Poccus). Conepxanue 3I€MEHTOB CTaHIAAPTHBIX

00BEKTAX

HCIIOJIb30BaJIN

CIEeAYIOIINE

CTaHdapPTHBIC

obpasnoB SRM 2709a u CT-1A npencrapiens B Tabmmmax 5 u 6.

00pasIsI.



Tabnuna 5. Conepxanue 3eMeHToB ctangapra SRM 2709a
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JJIeMeHT YcraHoBJeHHOE JJIeMeHT YcraHoBjieHHOe
cojep:kanue, macc. %0 cojep:kanue, macc. %0
Al 7,37+0,16% Na 1,22+0,032
As 0,00105+0,00003° Nd 0,0017¢
B 0,0074°¢ Ni 0,0085+0,0002°
Ba 0,0979+0,00282 P 0,0688+0,0013?
Ca 1,91+0,09? Pb 0,00173+0,0001
Cd 0,0000371+0,00000022 Rb 0,0099+0,0003°
Ce 0,0042+0,0001° Sh 0,000155-+0,0000062
Co 0,00128+0,0002? Sc 0,00111+0,00001°
Cr 0,0130+0,0009? Se 0,00015°¢
Cs 0,00050+0,00001° Si 30,3+0,4°
Cu 0,00339+0,00005° Sm 0,0004°¢
Dy 0,0003¢ Sr 0,0239+0,00062
Eu 0,000083+0,000002° Ta 0,00007¢
Fe 3,36+0,072 Th 0,00005°¢
Gd 0,00030+0,00001° Th 0,00109+0,00002°
Hf 0,0004¢ Ti 0,336+0,0072
Hg 0,00009+0,00002° TI 0,000058+0,000001°
K 2,11£0,062 U 0,000315+0,000005°
La 0,00217+0,00004° Vv 0,0110+0,0011°
Lu 0,00003¢ Yb 0,0002°¢
Mg 1,46+0,02° Zn 0,0103+0,0004°
Mn 0,0529+0,0018? Zr 0,0195+0,0046°
A-cepTuUITUPOBAHHOE 3HAUCHUE
®-KOHTPONILHOE 3HAYECHHE
E-uH(pOpMAITMOHHOE 3HAUYCHHE
Ta6muma 6. Coneprxanne 35emeHToB ctangapra CT-1A
j1eMeHT YcraHoBeHHOE j1eMeHT YcraHoBjieHHOe
coJep:kanue, macc. %0 cojep:kanue, macc. %0
Al 7,53+0,05 Be 0,00010+0,00002
Ca 7,29+0,08 C kap0. 0,027+0,003
Fe oxk. 2,74+0,14 C o0m. 0,063+0,008
Fe 3axk. 7,96+0,09 Ce 0,0022*
K 0,577+0,012 Cl 0,0432
Mg 3,46+0,04 Co 0,0046+0,0005
Mn 0,166+0,005 Cr 0,014+0,001
Na 1,85+0,02 Cs 0,00009+0,00001
P 0,090+0,003 Cu 0,022+0,002
Si 22,96+0,06 Dy 0,00042
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Ti 1,09+0,05 Er 0,0002*
B 0,0015+0,0002 Eu 0,0003+0,0001
Ba 0,029+0,006 F 0,032%
Ge 0,00016+0,00004 Ga 0,0016+0,0002
Ho 0,00008* Sc 0,0043+0,0005
La 0,0014+0,0002 Sm 0,00040+0,00002
Li 0,0014+0,0002 Sn 0,00035+0,00009
Mo 0,00018+0,00005 Sr 0,027+0,003
Nb 0,0008+0,0001 Ta 0,00012+0,00004
Nd 0,0009* Th 0,0003*
Ni 0,0090-+0,0006 U 0,0001*
Pb 0,0006+0,00002 \Y 0,032+0,002
Pr 0,0002¢ Y 0,003*
Rb 0,0016+0,0002 Yb 0,00040+0,00004
S 0,068+0,006 Zn 0,015+0,001
Sh 0,00010+0,00008 Zr 0,013+0,001

A-pH(pOpMaIIMOHHOE 3HAUYCHUE

HCHOJ’IB?;yeMBIe MaTcpualibl
XapaKTepI/ICTI/IKI/I HCIIOJIB3YCMBIX MaTCpUaIOB: KaTo/Ja, IIOJIOKKH Hu

PaCIbUINTCIIBHOTO I'a3a IIPCACTABJICHLI B Ta6JII/IIl€ 1.

Tabnuna 7. XapakTepuCTUKH HCTIOIb3YEMbBIX MATEPUAIIOB

XapakTepuCTHKA HCIOJIB3YEMOro MaTepuasia
Marepuan Yucrora, %
CocraB IIpousBoaureb
(He MeHee)
Tartan 99,9 Sigma-Aldrich, St. Louis, Muccypu,
Karon CHIA
. Sigma-Aldrich, St. Louis, Muccypwu,
ATrOMUHUI 99,999 CIIIA
Al-timacTunsl 99,999 00O «I'upmeT», Mocksa, Poccus
[Tommoxka Ni-riopormox 99,99 Sigma-Aldrich, St. Louis, Muccypu,
CIIA
Pazpsiinblii 99,7% apron +
a3 Apron 0.3% BoI0pOIL AO «JIunpge I'az Pycy», Poccus

Hcnonbs3yeMble peaKTUBbI
s paznoxkeHus nOpoO, MPUTOTOBJIEHUS XOJOCTOM MpOoObI JJIs aHaliu3a C
nomoisio MCIT-ADC ucnons3oBanu a3oTHyto kucioty (p=1,41 r/mi) (oc.4., «Peaxum»,

Poccus) mo I'OCT 11125, xnopoBogopoanyto kuciaory (p =1,19 r/mia) (oc.u., OO0
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«Curma Tek», Poccust) mo 'OCT 14261, ¢TopuctoBogopoanyto kuciaoty (p =1,15 r/mun)

(oc.u., Sigma-Aldrich, St. Louis, 'epmanus), a TakKe CMECH MMEPEUNUCICHHBIX KHCIIOT;
oopuyto kucioty (99,9%) (oc.u., «Peaxumy», Poccus) mo TOCT 9656.

JInst TOCTPOEHUST TPaTyHPOBOYHON 3aBHCHMOCTU OIPEICIIIEMBIX 3JIEMEHTOB
UCTIOJIb30BaIM CEPHI0 CHHTETHYECKMX CTAHIAPTHBIX PACTBOPOB, KOTOPHIC TOTOBWIIH
METOZIOM  TOCJIEIOBATEIBHOTO  pa30aBICHUS  CICHYIONUX PEAKTHBOB:  HaOOP
CTaHIApPTHBIX MHOTORJIeMeHTHBIX pacTBopoB ICP-MS 68-Element Standard (High-Purity
Standards, Yapascton, CIIIA) ¢ koHteHTpanusmu 3memMeHToB 100 mr/i (pacTBopsl A 1
B); cranmapTHBIN OIHORJIEMEHTHBIH pacTBOp MOHOB S B KoHueHTparmu 1000 mr/n
(Sigma-Aldrich, St. Louis, Muccypu, CIIIA).

PacTBOp BHYTpeHHEro cTaHaapTa TOTOBWJIM IyTeM pPa30aBJiCHHUsS CTaHIAPTHOTO
OJTHOZJICMEHTHOTO pacTBopa MOHOB Y koHieHtparuu 1000 mr/a (Sigma-Aldrich, St.
Louis, Muccypu, CIIA). Milli-Q® Bona Oblia monydeHa ¢ MCIOIb30BAHUEM CHUCTEMEI

Milli-Q® Advantage A10 (Merck Millipore, Molsheim, ®pamrius).

2.1.5 IlpoGomnoaroroBka
Jlis aHanm3a cTaHAapTHBIC 00paslbl M MPOOBI 3alPECCOBBIBAIU C ITOMOIIBIO
rUApaBIndeckoro py4ynoro mpecca [II'P-10 B TaGieTku u3 amrOMHUHUEBON (POJIbrU
auametpoM 10 mm. TIpoOsl, 3ampeccoBaHHbIC B aTIOMUHHUEBYIO (DOJIBIY, TIPEICTABICHBI

Ha PUCYHKE O.

Pucynoxk 5. [Ipo0Osl1, 3anpeccoBaHHBIC B ATFOMUHUEBYIO (DOITBTY:
a) mepej aHanu3oM, 0) mociie aHanu3a

TonmuHa 3aMpecCOBAaHHOTO CJIOS cocTapisiia npubausurenbHo 0,05 — 0,10 mm.

Manas TOJIIIMHA 3TOr'0 CJI0A CYIICCTBCHHO YBCINMYHBAJIda MHTCHCUBHOCTD OIIPCACIACMBIX
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KOMIIOHEHTOB, MO CpaBHEHUIO ¢ Ooiiee TouCThIMU ciosimu (6osee 0,2 — 0,3 Mm). Do
CBs13aHO ¢ Oosiee (P PEKTUBHBIM CTEKAaHUEM 3apsJia C YACTUYEK TOHKO 3alpPeCCOBAHHOTO
ciost o0pasiia Ha MPOBOJISIIYI0 ATFOMUHHUEBYIO OCHOBY, 10 CPAaBHCHHIO CO CTEKAHHEM
paspsga ¢ Oosiee TOJCTBIX 3alPECCOBAHHBIX CIIOEB, B KOTOPBIX YACTHIBI IMPOOBI

KOHTaKTUPYIOT YK€ JIPYT C APYTrOM, TO €CTh 00pa3yloT JUANEKTPUUECKUH CIIOH.

2.1.6 Boibop onTUMalIbHBIX pabOYHUX NapaMETPOB
Just  ynydmieHus — aHAIUTUYECKUX — XapaKTepUCTUK  MOXKHO  BapbUpPOBaTh
HECKOJBKUMH TapamMeTpaMu: 3aJep>KKOM MEXAY BBITAJIKUBAIOIIMM HMIIYJIbCOM U
MMITYJIbCHBIM Pa3psoM U pabouee AaBieHHE.
3a7iepKKy MEXKIY BBITAJIKHBAIOIIAM HMITYJIbCOM U MMITYJIbCHBIM pa3psiioM (7)
u3MeHsuin B nuamnasone 1-300 mxc. Ha pucynke 6 mnpencraBieHa 3aBUCUMOCTH
MHTEHCUBHOCTEH 3JEMEHTOB OT 3aJCP>KKM MEXKIY BBITAIKMBAIOIIMM HMITYJIbCOM U

HMITYJIbCHBIM pa3psaa0M.

107

Ig |, oTH. ep.
;

1 50 100 150 200 250 300
t;, MKc

Pucynok 6. 3aBucuMocCTh jorapugma aOCOTOTHBIX HHTCHCUBHOCTEH MHUKOB
AJIEMEHTOB OT BEJIMYHUHBI 33JIEPKKH BBITATKUBAIONIETO UMITYJIbCA 7]
115 crangapTHoro oopasina CT1-A
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Kaxk BHUJIHO H3 PHUCYHKA 6, MaKCHUMAaJIbHbIC HMHTCHCHUBHOCTH OIIPCACIISACMBIX

KOMIIOHEHTOB PETUCTPUPOBAIA TpHU 3anepxkke 7 = 250 Mmkc. OTy 3aIepKKy H

HCIIOJIb30BaJIM B SKCIICPUMCHTC.

Pabouee nasnenuie BappupoBanu B nuana3one 36 - 43 [1a. [1pu naBnenun 6osbiieM

36 Ila 3apsn ABiseTCS HEYCTOMYMBBIM, a NpU JaBiieHUM Hwxke 36 Ila 3apsg mor He

3akeubcs. Ha pucyHke 7 mpeacraBieHa 3aBUCUMOCTh MHTEHCUBHOCTEHN OMPeIesieMbIX

QJICMCHTOB OT MCITIOJIB3YyCMOI'O pa6oqer0 JaBJICHUS.

90
80
70
60
50
40
30
20
10

MHTEeHCUBHOCTb, OTH. ef.

0

—o—Fe/10000
——Si/100000
—-—U/100
——Th

36 37 38 39 40 41 42 43
P, Na

Pucynok 7. 3aBucuMOCTb jorapugma abCOMOTHBIX HHTEHCUBHOCTEH MHUKOB
AJIEMEHTOB OT BEJIMYUHBI paboyero AaBieHus npu 7 = 250 MKC

Tu1s cTangapTHoro oopasma CT1-A

Kax BugHO M3 pucyHKa 7, MaKCUMaJIbHYI0 WHTEHCUBHOCTh KOMIIOHEHTOB MPOOBI

peructpupoBanii npu nasinenun 37 Ila, koTtopoe M ObUIO BBIOpAHO B KadeCTBE

OIITUMAJIBHOI'O.

OcHoBHBIE yCIIOBHSI pab0o4NX mapamMeTpoB MpuBeaeHbl B Tabmuie 8.

Tabnuna 8. GD-MS ontumansHbie paboune mapaMeTpsbl

Ilapamertpsl pa3psina 3HaveHne
3aepKKa BBITAIKMBAIOIIETO UMITYJIbCA 250 Mxkc
JlaBneHnue 37 11a
JIMMTEenbHOCTD Pa3psiIAHOTO UMITYJIbCA S MKC
YacTota 3,2 k[’
Hanpsixenue pazpsiga 1200 B
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2.1.7 Bbibop MaTepuasia BCHOMOIaTeJIbHOI'O KaToa

[Ipy wncnonb30BaHWKM KOMOMHUPOBAHHOTO IMOJIOTO KaroAa [JIsl aHalu3a
HEMpOBOJAUIMX Npo0 HEoOXoauMo  yuuThIBaTh 3p@ext mnamsatd — 3PdexT
NepeHanbIeHUus aTOMOB IIPOOBI HA TOBEPXHOCTh BCIIOMOTaTEIbHOTO KAaToJa, MO3TOMY
JUIs  WU3TOTOBJIGHHUS ~ BCIIOMOTATEIBHOTO  Karoja  HEOOXOAMMO  HCIOJIb30BaTh
BBICOKOUHCTbIE MeTaJUlbl. B  KadecTBe Marepuana BCIOMOTaTENbHOIO —KaToja
MCIIOJI30BAJIM BBICOKOYMCTHIE MOHOU30TOITHBIE METAIbl C HU3KUM KO3()PUIHUEHTOM
pacnbutenus: Al, Ta. Karoasl usrorasnusanu 8 OO0 «JIroMIKC» U3 CTEPKHEH METaIJIOB

BBICOKOM YMCTOTHI. KaTOI[BI " UX Pa3MCPHI ITPCACTABIICHBI HAd PUCYHKE 8.

Pucynox 8. Katozsl, usrorosinennsie u3 Al, Ta

Kaxxaplii 13 371eMEHTOB MaTepualia KaToja COo3/1aeT CBOM (POHOBBIM CIIEKTp, YTO
HEO0OXOMMO YYHUTHIBATh IIPU BEIOOpE KATOA.

[Tpu rcoaB30BaHUK BTOPUYHOTO KaTO/a, U3TOTOBIEHHOTO U3 TaHTaIa BO3MOXKHO
00pa3oBaHue KJIAaCTEPHBIX KOMIIOHEHT TakuX Kak, 21 Tal®0*, BITa*Arl%0" u pan npyrux,
KOTOpbIE MOTYT MOMEMIaTh OMPENETICHUIO COJEPKaHUs Psiia TsHKENbIX 3JeMeHTOoB. Ha
pucyHnke 9 mpencraBieH Macc-CIEKTP, MOTyUYESHHBIN TP HCTOIB30BAHUH TAHTAJIOBOTO

KaTtoga u aJIFOMHUHHEBOM IO AJIOKKH.
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2.00x10%

181'|'a +

1.60x10°

181Talso+
1.20x10%

8.00x103

MUHTEeHCMBHOCTD, OTH. ef,.

4.00x10°

166.86 189.57 213.72 239.32

PI/IcyHOK 9. IHTEHCHUBHOCTH DJIEMEHTOB U UX OKCHJIHBIX KOMIIOHCHT B Hp06€ C
TaHTAaJIOBBIM KaTOJAOM U AJIIOMHUHUEBOM HOI[J'IO)KKOﬁ

Haubonee npocToii ciekTp HaOIoAalICA Yy KaTo/1a, COCTOSIIET0 U3 BBICOKOYHCTOTO
(99,999%) amomMuHMS, TaK KaK CKOPOCThH PACTIBUICHUS AIFOMUHUS 3HAYUTEIILHO MEHbIIIE
CKOPOCTH paCHbUICHUS APYTUX METAUIOB, YTO MPUBOJUT K YMEHBIICHUIO BIUSHUA
pUMeceil, MPUCYTCTBYIOMIUX BO BCIIOMOTATEIILHOM KaTo/ie, Ha pe3ysIbTaThl aHanu3a. Ha
pucynke 10 nmpeacTaBieH Macc-CIEKTp, TMOJYYEHHBIM TP KCIOJb30BAHUU
ATFOMUHHUEBOT0 KaToja 1 aTlOMUHHEBOM MOI0KKHA. Ha HEM MPUCYTCTBYET TOJIBKO OJHA

KOMIIOHEHTA, CBA3aHHAsA C MaTepuagoM CTeHOK KaTtosa — 2Al.
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4.00x10*

2TAL*

3.50x10% /

40 1
3.00x10° Ar’H*

2.50x10*%

2.00x10*%

MHTeHC"BHOCTb, OTH. ef.

1.50x10*

40Ar+
1.00x10% ~a

5.00x10%

T
10.67 29 57 93 139 193 257 292
m/z

Pucynok 10. UHTeHCHBHOCTH 371eMEHTOB B (DOHOBOH Mpode
U3 QJIIOMUHUEBOT0 KaTOJa U AJIFOMUHUEBOM ITOJI0KKON

2.1.8 Be1bop Matepuana moioKKe

B kadecTBe moOaXomsIiero maTepuana TOJJIONKKH pacCMATPUBAIHM pa3IHYHBIC
MaTepuanbl. Ho Hambonee ymayHbIM pElICHHEM C TOYKH 3pEHUS MHTEpPEpeHIUd H
qyBCTBUTEIHHOCTH OBUIO HCIOJBb30BaHWE HHUKEIEBOTO TIOPONIKA W BBICOKOYHCTOTO
amomuHUsA. OHAKO MTPH MCITOJIB30BaHUN B KAYECTBE MOJIOKKH HUKEIIEBOTO IMTOPOIIIKA B
CIIEKTpe MPHUCYTCTBOBaIM Kiactepubie kommoneHtsl (H3Of, H,O", OHY, MO" (mus
PEAKO3EMENBHBIX 2JIEMEHTOB, MIPUCYTCTBYIOIINX B MTPOOE) HATUYHE KOTOPHIX CBS3aHO C
copOrueit BoJbl M aTMOC(EpHBIX Ta30B B MOpaxX HUKEIEBOM TabneTku. THTEeHCUBHOCTH
AJIEMEHTOB ¥ UX OKCHJIHBIX KOMITIOHEHT B MTP00€ C HUKEJIEBOW TOIJTOKKOM MTPEICTaBICHbI

Ha pucyHke 11.



72

208Pb+
207Pb+/
6.00x10" | 206pp+ \
- i e
Q
T
5 4.50x10 238160
.nn 238U+
[
Q
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(&)
> o)
= I
= 1.50x10'4 % | . 282Th+
E

|
198.59 213.23 228.39 244.07
m/z

Pucynok 11. MIHTEHCUBHOCTH 3JIEMEHTOB U MX OKCHIHBIX KOMITIOHCHT
B mpobe GTK-REE 7-J1-1-2005 ¢ HukeneBo Mo I0KKOM

Ilepexon K anrOMHUHMEBOW NOJIOKKE CHU3WI Ha IMOPSAKHM WHTEHCUBHOCTHU
OKCUJHBIX KOMIIOHEHT, B YAaCTHOCTH ypaHa W TOpPHs, YTO MO3BOJUIO 3PGHEKTHUBHO
ONPEAEATh ITU DJIEMEHTHI, a TAKXE PEIKO3EMEJbHBIC JJIEMEHTHI, OKCHUJIHBIE HOHBI
KOTOPBIX B CIEKTpPE HAaKIAJbIBalOTCA APYr Ha JApyra, Memas HX ONpPEACIICHUIO.
NHTEHCMBHOCTH SJEMEHTOB M WX OKCHIHBIX KOMIIOHEHT B Mpo0Oe C alrOMUHUEBOMN

MIO/IJTO’KKOM TPeICTaBICHBI HAa pUCyHKe 12.
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+ o)) 232 +
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° ] {,‘\,\ \ J 2327160+ 28U'6O*
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Pucynok 12. IHTEHCUBHOCTH DJICMEHTOB M X OKCUIHBIX KOMITOHCHTOB
B mpobe GTK-REE 7-J1-1-2005 ¢ aiiroMuHHEBOM TOIJT0KKON

[Tpu UCTIOIB30BaHUHN ATIOMHUHUEBOM MOMIOKKH Pa3psii ¢ MEKPOYACTUYEK MPOOBI
XOpOIIIO0 CTEKaeT Ha METAJUIMYSCKYIO0 IMOBEPXHOCTh AalIOMHHHS M HE BO3HHKAET
npoOjieMbl € MOSBJACHHEM IMOBEPXHOCTHOIO 3apsia, T.e. Impoda paclbUIIeTCs
IPAaKTUYCCKU TaK K€, KaK METaJLIL.

@DOHOBBIN CIIEKTP CTAaHAAPTHOrO o00Opasma ObLT IMOJyYeH C HCIOJb30BAHHUEM
TabaeTKu quamMeTpoM 10 MM H3roTOBIEHHOM U3 BRICOKOYMCTOIO alfoMuHuA. B poHoBOM
CIIEKTpE MPUCYTCTBOBAIHM ciieayromue kommoneHTsl: Art, ArH*, Al*, Ar,", ArpHY, AlArT,
a MHTEHCHUBHOCTH OIPEAEIAEMBIX KOMIIOHCHTOB B ()OHOBOM CIIEKTPE ObLIN 3HAYUTEIHHO
HIOKE, YEM HHTEHCHBHOCTH 3THX KOMITOHEHTOB B CTaHAApTHBIX 00pasiax. Y 4acToK Macc-
crekTpa (OHOBOM MPOOBI, H3TOTOBICHHOM M3 BHICOKOYKMCTOTO aIFOMHUHHUS IIPEICTABICH
Ha pucyHke 13.

Bce 310 mo3BOMMIO HE Yy4YHTHIBATH (DOHOBBIM CIIEKTp IIPH ONPEACICHHUN

OTHOCHUTCIBbHBIX I—I}’BCTBI/ITGJ'II)HOCTeI‘/'I OIIPCACIIACMBIX 9JICMCHTOB.
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Pucynok 13. YyacTok Macc-ciektpa (hOHOBOM MPOOBI, U3TOTOBIEHHON 13
BBICOKOYHUCTOTO aJTFOMUHUS

2.1.9 PacueT k03 PUIIMEHTOB OTHOCUTEIbHOM YYBCTBUTEILHOCTH

Meton GD-MS sBnsieTcss OTHOCHTENBHBIM, JUISI KOJHMYECTBEHHOTO HM3MEpPEHUS
KOHIICHTpAIIMK 3JIEMEHTOB B 00pa3ile HEO0OXOAMMO IOCTPOCHHE TPaayHpPOBOYHOTO
rpadka, MPEICTaBISIFONIET0 COOOH 3aBHCHMOCTh AHAJUTHYECKOTO CHUTHajga OT
KOHIICHTPAIIMH OTPEJISIIIEMOTO dJIEMEHTA.

Hcnonp3oBaHue UMITYJIBCHOTO pa3psga ¢ KOMOMHHPOBAHHBIM IOJIBIM KaTOJIOM
XOTh W TIO3BOJIIET PACHBUISATH AUAJIEKTPUUECKHE Matepuanbl, HO 3((PEKTUBHOCTH
aTOMM3AIlMU B 3HAYUTEIIBHOW CTENEHW 3aBUCUT OT (DOPMUPOBAHHS TMOBEPXHOCTHOTO
MIPOBOJISAIICTO CJIOS M MOJXKET 3HAYHUTEIHLHO BapbHPOBATHCS ISl PA3IMYHBIX THIIOB
oOpasznoB [46]. B sTom ciydae, mOCTpo€HHE TPAAyWPOBOYHON 3aBUCUMOCTH HMEET
MEPBOCTETICHHOE 3HAYCHUE.

[TockoMbKY MUPOKUN CHEKTP TEOJOTUISCKUX MATPHUIl MPUBOAUT K TOMY, UYTO HE

BCCraa €CTb BO3MOKHOCTD HOI[O6paTL CTaHJapTHBIC 06pa3u1>1 C COCTaBOM, aACKBAaTHBIM
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COCTaBYy aHAIM3UPYEMBIX O0OpasloB, IS TMOCTPOCHHS TPaTyHPOBOYHOTO Tpaduka BO
BCEM [IMAlla30HE WCCIACAYEMbIX KOHIIGHTpAIlMi, a COOTBETCTBYIOIINE JTAJIOHHBIC
MaTepuallbl C MAaTpUIled, HMICHTUIHOW COCTaBy AaHAIM3UPYEMBIX TEOJIOTHYCCKHUX
0o0pasIoB, Kak MPaBUIO, HEAOCTYIHBI, ObUT MCIOIL30BaH JPYrod MOAXOA IS OICHKU
YyBCTBUTEIBHOCTH — METOJ] OTHOCUTEIIbHBIX 4yBcTBUTENbHOCTEH (Relative Sensitivity
Factor, RSF).

Cytb noaxona RSF 3akmtouaercst B crnenyromeM. Ecnu B ananusupyemoit npooe
anpPHOPHO M3BECTHO WJIM M3MEPEHO HE3aBUCHMBIM METOJIOM COJCpKaHUE KaKOro-JIu00
MaTPHYHOTO KOMIIOHEHTA, TO, OMNpPEACIss OTHOIICHHUE WHTEHCUBHOCTEH H3MEPSEMBIX
IPUMECEH K MHTCHCUBHOCTH 3TOTO KOMITOHEHTA NIPH YCJIIOBUH HAJIMYUS WHMOPMAITUU 00
OTHOCUTEJIBbHBIX YYBCTBUTEIBHOCTSX JJII BCEX OITHX 3JIEMEHTOB M OTCYTCTBUS WIIH
c1ab0CTH MaTPUIHBIX 3P (HEKTOB, BIUSIONINX HA UX OTHOCUTEIBHBIC UYBCTBUTEIHLHOCTH,
MOJKHO OMPEICIIUTD WIIH XOTs OBl OILICHUTh KOHIICHTPAI[MK 3TUX deMeHToB [49,111].

Pacuer Kk03(p(HUIMEHTOB OTHOCUTEIBHONW YYBCTBUTCIBHOCTH MPOBOJAT IO
dopmyie (1):

RSF = 22 (1)

x ot
rae Iy, Cx, |y, Csx — COOTBETCTBEHHO W3MEPEHHBIE WHTEHCHUBHOCTH U KOHIIEHTPAIlUH
OTIPENIeNIIEMOT0 3JIEMEHTa U BHYTPEHHETO CTaHJapTa, KOTOPBIM YaIlle BCETO SIBIISACTCS
OCHOBHOM WJIM OJIMH M3 OCHOBHBIX KOMIIOHCHTOB MaTPHIIbI.

BBuny oTCyTCTBHS CTaHAapTHOrO 00paslia, MO3BOJISIONIETO IEPEKPHITh BECH
nepevYeHb MHTEPECYIONINX aHATUTHKA 3JIEMEHTOB B IIIMPOKOM JHAIla30HE KOHIICHTPAIIUH,
JUIL  pacdeTa OTHOCHUTEIBHBIX UYBCTBHUTCIBHOCTEH  HCIIOJIB30BAIM  HECKOIBKO
crangapTHeIX 00pa3ios: CI'/I-1A u SRM 2782.

B Ta6mume 9 mpexncraBineHbl paccunTanHble RSF s kaxaoro sjaeMeHTa H
BBIOpaHHBIC CTaHIAAPTHBIC OOpa3lbl, OTHOCUTEIHLHO KOTOPBIX IPOM3BOJUJICS pacyer.
Cpennee 3nauenne RSF u cpenHekBagpatndHOe OTKIOHEHUE (Sx) paCCYMTHIBAIUCH 110 6

mapauiCJIIbHbBIM U3MCPCHUAM.



Tabnuua 9. RSF, Sy u cranmaptHeie 00pa3ibl, OTHOCUTENBHO KOTOPBIX MPOU3BOAMIICS
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acuetr RSF
daemenT | RSF+ S, | CranpaprHblii | DjeMeHT RSF+£Sy CranaapTHbIi
o0pasen odpasen
As 0,40+ 0,02 SRM 2782 Nb 0,40+ 0,02 CIrl-1A
B 0,40+ 0,02 Crj-1A Nd 0,41+ 0,02 CIrl-1A
Ce 0,41+0,02 Crj-1A P 0,70+ 0,05 CIrl-1A
Co 1,00+0,10 SRM 2782 Pr 1,00+0,10 CIrl-1A
Dy! 1,00+0,10 Crj-1A Rb 1,20+ 0,12 CIrl-1A
Fe* 1,00+ 0,00 Crj-1A S 0,25+ 0,01 CIrl-1A
K 1,50+0,15 Crj-1A Sb 0,50+ 0,03 SRM 2782
La 0,90+ 0,09 Crj-1A Si 0,58+ 0,04 CIrJl-1A
Lu? 1,00+0,10 - Sm 0,41+ 0,02 CIrJl-1A
Mg 0,70+ 0,05 Crj-1A Th 0,67+ 0,05 CIrJl-1A
Mn 1,10+0,11 Crj-1A Ti 0,62+ 0,04 CIrJl-1A
Na 1,10+0,11 CIrI-1A U 0,88+ 0,07 CIr'Jl-1A

lnockonbky LU B cTanmapre He npucyTcTBYeT, To RSF morenus onpenensics xak RSF
Dy, BBHIY HX CXOXHX CBOWCTB W DdHepruili wuonuzamuu, 5,32 3B u 5,88 9B
COOTBETCTBEHHO.

2.1.10 O6paboTKa pe3yabTaTOB U3MEPEHUN M OLIEHKA UX TOTPEITHOCTH
MeTtposiorudeckyro 00padoTKy pe3yabTaTOB aHAIN3a MPOBOIUIN B COOTBETCTBUU
C IpaBHJIaMU MaTeMaTHuecKoi ctaTucTuku [115,116,117] o cieayrommM mokas3aTessiMm:

Ciy4aliHyO MOTPEIIHOCTh aHaju3a (€x) OLEHUBAIH 110 Gopmye (2):

g =+ t(p\,/nﬁ)Sx @)

rae t (p, n) — TabauuHoe 3HaYeHKE KO3 duirenTa CThIOACHTA JJIs JOBEPUTEIBHOM
BeposTHOCTH P = 0,95 u uncna uamMepeHuit N, Sy — cpeIHEKBAIPATUIHOE OTKIOHEHHUE
M3MEPEHHOM BEJIMYMHBI B CEPUHN U3MEPEHUM.

Pacder cpenHekBaipaTHYHOTO OTKIOHEHUS IPOBOIMIH 110 opmyie (3):

)2
5, = o ©

rAe Xj — pe3yiabTaThl U3MEPEHUN, X — cpeaHee apupMeTHyecKoe 3HauYCHUe
pEe3yJIbTaTOB U3MEPEHUN, N — YUCIIO U3MEPEHHUI.
[Ipenen oonapyxkeuus (I10) paccunThiBaiu ¢ UCHOJIBb30BAHUEM 3S-KpPUTEPHUS IS

10 mapamienbHbIX H3MEPEHUN.
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IIpenen oOHapyXeHMs ONPENENIAETCS YPOBHEM PACCESHHBIX B MACC-CIIEKTPOMETPE
MOHOB, KOTOPBIA B MEPBYIO OYEPEAb 3aBUCUT OT HauOOJ€€ NHTEHCUBHBIX KOMIIOHEHT, K
koTopeiM oTHOCsTCs Ar' u ArH'. Hcnonb3oBaHWe MOIOKKH, HU3TOTOBICHHOW U3
BBICOKOYHCTOTO QJTIOMUHUSA U JOOABKU BOJOPOJA B pa3psAHbIN a3 (aproH) Mo3BOIHIO
3HAYUTEIBHO CHU3UTh HMHTEHCHUBHOCTb A3THUX KOMIIOHEHTOB, YTO B CBOIO O4Yepe.lb
CYILIECTBEHHO CHU3UJIO HMHTEHCUBHOCTb (QOHOBBIX HOHOB.

Ecnu npu u3smepeHun (QOHOBOro CHUrHajia KOJMWYECTBO 3apPErHMCTPUPOBAHHBIX

MOHOB ObUIO MeHble 10, To peaen 0OHapyKeHHUs olleHUuBaIU 10 hopmysie (4):
Crnin = 3 X = 4)

1€ So — 9TO pacy€THOC CTAHAAPTHOC OTKJIOHCHHEC 10 CANHHUYHBIX PC3YJIbTATOB

IPU/WIIA OKOJIO HYJIEBOW KOHIIEHTPAIUH.

2.2 O0cyx1eHue pe3ysibTaToOB
2.2.1 PesynsraTel GD-MS ananuza reonornyeckux npo6

Kak wu3BecTHO, B Macc-CIIEKTPOMETPUH OJIHA W3 OCHOBHBIX MPOOJIEM — 3TO
pasznu4Hble MHTEpPEPEeHIIMN U HaJOKEHHE CIEKTPOB ApYyr Ha apyra. Hcmonb3zoBaHue
ATIOMUHUEBON TOMJIOKKA C  aFOMHUHUEBBIM  KAaTOJOM 3HAYUTENBHO CHHU3UJIIO
MHTEHCUBHOCTH MEIIAIOIINX KOMITIOHEHT, YTO MO3BOJIAJIO MOJYYUTh BHICOKYIO YUCTOTY
CIEKTpa WU TPAaBWIBHO ompenenuth coaepxkanus P33. Ha Pucynmkax 14, 15, 16
IpeACTaBICHBI MOJTYyYeHHBIE Macc-crieKTphl mpoo 65-1B-ATK-97, GTK-REE 7-J1-1-
2005, TAH$-2015-1.1, cOOTBETCTBEHHO.
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Pucynoxk 146. Ydactok Macc-criekTpa reojioruaeckoi mpoosr 65-1B-ATK-97:
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Pucynok 14B. YuacTok Macc-criekTpa reojoruueckoi nmpoost 65-1B-ATK-97:

Ba, La, Ce, Pr, Nd, Sm, Gd, Dy, Yb
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Pucynok 14r. Yuactok macc

Hg, Pb, TI, Th, U
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Pucynok 15a. Yyactok Macc-cnekrpa reosiorundeckoit npoost GTK-REE 7-J1-1-2005:
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Pucynok 156. Yaactok macc-criektpa reosorudeckoit mpoost GTK-REE 7-J1-1-2005:

Ba, La, Ce, Pr, Nd, Sm, Gd
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Pucynok 16a. Yuactok macc-criekTpa reosorundeckoit mpoosr TAH$-2015-1.1:
Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, Ge
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Pucynok 166. Yyactok Macc-criekTpa reojoruueckoi mpoosr TAH$-2015-1.1:
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Ha nony4eHHbIX CIIEKTpax MOKHO BUAETh OTCYTCTBHE OKCUIHBIX KOMIIOHEHT, YTO
3HAYUTEIBHO YMEHBIIAET HMHTEP(PEPEHLHIO SJIEMEHTOB W TO3BOJISIET ONPEACNATH
OTHOCUTEIBHO HU3KUE COACPIKAHUS.

[Tocne ananu3za nmpo6, GTK-KuUopio ObutH mpeicTaBiIeHbI COACPIKAHUS JIEMEHTOB
B 1ipo0e 65-1B-ATK-97 usmepennsie paznuunbiMu Metogamu: POA, AAC, UCIT-ADC,
NCITI-MC. Tak 4t0 3Ty poOy MOKHO CUATATh CBOEOOPA3HBIM CTAHIAPTHBIM 00PA3LOM.

Pesynbrarel ananmsa [118], momydeHHble B X01e onpejesicHus 24 3JIeMEHTOB B
npobax 65-1B-ATK-97, GTK-REE 7-J1-1-2005, TAH$-2015-1.1, 3anpeccoBaHHBIX B
ATIOMUHHUEBYIO MOJJIOKKY, ¢ Tomotibio GD-MS, npeacrasnens: B Tabnuie 10.

Pe3ynbpTaThl psiMoro ananusa, noxydeHHsle ¢ nomouisio GD-MS, u u3zBectHoro
«MacCTOPTHOT0» 3HAa4YeHUsi reosiorudyecko mpodel 65-1B-ATK-97 B Ttabmuue 10
HAXOJATCS B MpeJiesiax MOTrPEeIIHOCTU onpeaesieHus. Mcnonb3ys npeaioxkeHHbI METO,
MO3KHO OTPEJEIUTh C XOPOIled TOYHOCThIO KaK HU3KHE COJECPXKAHUS HMIMPOKOTrO Kpyra
AJIEMEHTOB, TaK U KOHIIEHTPAIIMM MATPUYHBIX KOMIOHEHTOB. DTO TOBOPUT O OOJBIINX
Bo3MOkHOCTAX GD-MS g npsiMoro anannsa reojoruuyeckux npod ¢ MUHUMaIbHON
nporenypoil MpoOONOATOTOBKM W ONPEJENICHUs UIMPOKOro Kpyra »3JIEMEHTOB C
pa3IMYHBIMU AMana3oHaMu KOHUEHTpanuil. [loquepkHéM, 4TO MpeasioKEeHHBIN MeTox
MOJKET 3aMEHMTbh Cpa3y HECKOJBKMX METO/OB aHalln3a CJIOXHBIX I'€0JOTHYECKUX IPoo,

YTO PE3KO YMPOIIAET U YCKOPSIET aHAIIU3.
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2.2.2 IlpoBepka NpaBUIIBHOCTU pa3pabOTaHHOTO MOAX01A
OneHKy NpaBUIBHOCTU PE3YJBTATOB aHAIM3a, IPOBOAMIM C ITOMOLIBIO aHAIM3a
CTaHAAPTHBIX 00pa3lOB C aTTECTOBAHHBIM COJEPKAHUEM OIPENEIAEMbIX SJIEMEHTOB, a
TaKXe CPaBHEHHEM PE3YJIbTAaTOB ONPEIEIICHUS 3JIEMEHTOB 10 Pa3pabOTaHHOMY MOAXOLY

C pe3yJbTaTaMu, NOJYyYeHHBIMU peEPEHTHBIM METOJOM aHAJIN3a.

2.2.2.1 AHanu3 cTaHJapTHBIX 00pa3IoB
JIist OLIEHKH MpaBMIIBHOCTH PE3YyJbTaTOB aHalM3a HMCIOJb30BAJIM CTAHJAPTHbBIE
oOpazubl SRM 2709a u CT-1A. PacueT koHUEHTpaluil ocyiecTBiasuM no metoay RSF.
Pe3ynpTaThl aHanu3a, MOIyYEHHbIE B XOJ€ onpeneneHus 24 3JeMEHTOB B CTaHIAAPTHBIX
oOpasmax, 3alpecCOBaHHBIX B aTIOMHUHUEBYIO TOMIOKKY, ¢ mnomomipio GD-MS,

npeacTanieHbl B Tabmmie 11.

Tabnuua 11. PesynbpraThl ananmusa ctaHaapTHeix oOpa3uoB SRM 2709a u CT-1A,
noayueHssie ¢ momompio GD-MS (n=5, P=0,95)

= KonuenTpauus, macc. %

S SRM 2709a CT-1A

= HN3mepennoe ATTecTOBaHHOE N3mepennoe ATTEeCTOBaHHOE
2 GD-MS coJiep:KkaHmne GD-MS coJiep:KaHue
As 0,0011+0,0001 0,00105+0,00003 0,0018+0,0002 | He aTTecToBaHO
B 0,0074+0,0006 0,0074 0,0094+0,0009 | He aTTecToBaHO
Ce 0,0040+0,0003 0,0042-+0,0001 0,0021+0,0002 0,0022
Co 0,0013+0,0001 0,00128+0,00002 0,0047+0,0008 0,0046+0,0005
Dy 0,0003+0,0001 0,0003 0,0004+0,0001 0,0004

Fe 3,35+0,13 3,36+0,07 7,85+0,25 7,96+0,09

K 2,13+0,09 2,11+0,06 0,580+0,016 0,577+0,012
La 0,0022+0,0004 0,00217+0,00004 0,0013+0,0003 0,0014+0,0002
Lu |0,000034+0,00001 0,00003 0,00034+0,0001 | He aTTecToBaHO
Mg 1,44+0,06 1,46+0,02 3,45+0,12 3,46+0,04
Mn 0,052+0,002 0,0529+0,0018 0,170+0,011 0,166+0,005
Na 1,24+0,05 1,22+0,03 1,82+0,06 1,85+0,02
Nb | 0,00060+0,00010 | He aTrecroBaHO 0,0009+0,0002 0,0008+0,0001
Nd 0,0016+0,0002 0,0017 0,0009+0,0002 0,0009

P 0,068+0,005 0,0688+0,0013 0,086+0,009 0,090+0,003
Pr 10,00068+0,00010 | He arrecToBaHO 0,0002+0,0001 0,0002
Rb 0,0097+0,0005 0,0099+0,0003 0,0015+0,0003 0,0016+0,0002
S 0,0017 £+ 0,0002 He arrectoBano 0,071+ 0,008 0,068+0,006
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Sb10,000154+0,00001 | 0,000155+0,000006 | 0,00009+0,00007 | 0,00010+0,00008
Si 30,09+0,52 30,3+0,4 22,87+0,26 22,96+0,06
Sm 0,0004+0,0001 0,0004 0,00043+0,00011 | 0,00040+0,00002
Th 10,00110+0,00004 | 0,00109+0,00002 0,0003+0,0001 0,0003

Ti 0,330+0,010 0,336+0,007 1,12+0,08 1,09+0,05

U 0,0003+0,0001 | 0,000315+0,000005 | 0,0002+0,0001 0,0001

Kak Bunno w3 Tabmuubl 11, pesynbraTel, mnomyudenHole GD-MS, xopormio
COrJIacyloTcsl C aTTECTOBAHHBIMU 3HAUYEHHUSAMH MPAKTHUYECKH IO BCEM OIpEIENsieMbIM

QJICMCHTaM.

2.2.2.2 llpumenenue pedepeHTHOro METo/1a aHau3a
B kauectBe pedepeHTHOro MeTofa MCIOIB30BAIM aATOMHO-IMUCCHOHHBIN
CHEKTPaIbHBIA aHATN3 C UHAYKTHUBHO-CBSI3aHHOMU T1azMoi. OnpeneneHue coepKaHus
AJIEMEHTOB B TIEOJIOTMYECKUX 00pa3lax MpOBOJAMIM HAa aTOMHO-3MHUCCHOHHOM

CIIEKTPOMETPE C MHIYKTUBHO-CBSI3aHHO# ma3moii «Optima 7300 DV».

[IpoGonoaroroBka

Beenenune npo6 B UCII TpaguiinoHHO OCYIIECTBIIAIOT U3 PACTBOPA, MOITYYEHHOTO
pacTBOpPEHHEM TBEPJBIX OOpa3lOB B MHUHEPAIbHBIX KucIoTaX. JlJis yMEHbIIECHUs
BpPEMEHH, 3aTPAuMBAEMOr0 Ha MPOIEAYPYy MPOOOMOATOTOBKH, a TAKKE MaKCUMAaIbHOTO
NEpPEBEJICHNUS] TPYAHOBCKPBIBAEMBIX MUHEPAJIOB B PACTBOP, MCIOJIB30BaJIU METOIAUKY
ABTOKJIABHOTO pAa3JOK€HHUsT TPOO0 B COYETAHHMH C MHUKPOBOJHOBBIM HAarpeBOM,
MO3BOJISIIONIYIO 3HAYUTEIBHO YCKOPHUTH PA3JIOKEHUE TPOO CIOKHOTO COCTaBa, a TaKkKe
n30eKaTh OTEPh JETKOJETYIUX DIIEMEHTOB.

[IpoGomOATOTOBKY TEOJOTHYECKUX TMpoO TPOBOAWIM C  HCIOIH30BAHHUEM
naboparopHoil MHKpOBONIHOBOH cucteMbl «SpeedWave FOUR» ¢ maramerpoHoMm Ha
gactore 2450 MI1m m wmakcuMainbHOM MONIHOCTBIO 10 1450 Bt, ocHamenHou
aBrokiaBamu tuna DAK-100/4 (ITT®3-crakansl ¢ BHyTpeHHHUM oObeMoMm 100 mu u
pabounm nasnenueM Ao 100 atm) u DAP-60+ (ITT®D-crakaHbl ¢ BHyTPEHHUM 00bEMOM
10 60 M1 1 pabounm naBienueM 110 40 aT™), KOHTPOJIb AaBICHUS U TEMIEPATYPhl BHYTPU

ABTOKJIaBa OCYIICCTBILAIN JUCTAHIIMOHHO. OHepaHI/IOHHBIe mapaMeTpbl pCKHUMa HAarpcBa
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Y TEPMOCTAaTUPOBAHMS KOHTPOJIMPOBAIH C TOMOILBIO KOHTpoiepa cucteMbl «Power PC
5200».

YKCTOTY MCNOIB3YEMbIX ABTOKJIABOB KOHTPOJIMPOBAIN MYTEM MpPEIBAPUTEIbHON
KHCIIOTHOW 00pabOTKH: Te(JIOHOBBIE COCYIbl MPOMBIBAIM BOJONPOBOAHOW U
JEUOHU30BAHHOM BOJOM; IIOMENIAIH B YIbTPAa3BYKOBYIO BAHHY C IEMOHU30BAaHHOU BOJIOM
Ha 10 MuHYT; HarpeBaju B MHUKPOBOJHOBOW CHCTEME CO CMEChIO KUCJIOT U BOJBI B
coornomennn 3HNO3:3HCI:4H,0 B teuenne 30 munyt (ot 0°C no 150°C B Teuenue 10
MUHYT, Bbiaepxkupanue npu 150°C B Teyenme 20 MMHYT); TPHXKABI IIPOMBIBAIH
J€MOHU30BAaHHOM BOJIOM M BHICYIIMBAIM MPU KOMHATHON TeMIeparype.

[lepen npoOOMOATrOTOBKOM  00paslbl  MPEABAPUTENBHO MPOCYHIMBAIM B
CyIIMIBHOM IKady 10 IOCTOSHHOM Macchl mpu Temneparype 105°C um xpanunu B

CTCPUJIBHBIX ITOJIHUITPOITNIICHOBBIX q)HaKOHaX C KPbIIIKaMH.

Br160p MeTOIMKY MUKPOBOJIHOBOTO Pa3I0KEHUS

Jlns  pasnokeHWsT TPYIHOPACTBOPHUMBIX  COCAMHEHUN, COACpKAIMXCA B
re0JIOTHYECKUX TpoOax, HEOOXOAUMO TIIATEIBHO TMOJONTH K BBIOOPY KOMIIOHEHTOB
PEaKIMOHHON CMecu JUIs OOecredeHus IIOJIHOTO Iepexojia BCEeX OMNpeIesIIeMbIX
KOMITOHEHTOB B pacTBOp. BBUly OTCYTCTBHH HH(DOPMALIHH O TPUHAJICKHOCTH 00pa3Il0B
K TOW WJIM MHOM IpyTIe MHHEPAJIOB, a TAKKE OTCYTCTBHUS 33/1aul BEIOOpA M ONTUMHU3AIIAN
YCIIOBUM MHKPOBOJIHOBOTO Pa3JIONKEHUs, ONTUMAJIbHYIO METOIUKY aBTOKJIABHOM
MUHEpaJu3allid  TOoJAOUpaad, CpaBHUBAsS  HECKOJIBKMX METOAUK  Pa3lIOKCHUS
I'COJIOTHYECKUX TIPO0, TMPEIIOKCHHBIX IPOU3BOIUTEIIEM MHKPOBOJIHOBOW CHCTEMBI
[119,120]. Jlms npocTOoThl BeACHUS 3amucell BBHIOpAHHBIM MeToaukaMm, «Bauxitey,
«Sediments-1», «Zeolites», «Sediments-3» u «Silicium aluminium zirconium oxide» ¢
pa3Tu4HBIMU Kcoib3yeMbiMu cMecsiMu kuciaor HF/HNOs/HCI/H3PO4, ux o0beMHBIMU
COOTHOIIICHUSMH, YCIOBUSIMU M BpEMEHEM MHUKPOBOJHOBOT'O HarpeBa, ObLIM MPUCBOEHBI
mudper «b», «ll», «ll», «IV» u «V» coorBeTrcTBeHHO. MCcmombp3yemMbie METOIUKU
MHKPOBOJIHOBOT'O Pa3JI0KCHHS IIPEeACTaBIeHBI B Tabauiie 3 mpHIoKeH s .

Jlns BeIOOpa paboyeli METOAWKH, ITO3BOJIAIONICH IIOJHOCTBHIO IIEPEBOIUTH

reojiorudeckue mnpoObl B pacTBop, cranmaptHeie o6Opasubl CIZI-1A, CT-1A wu
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npenocrasnenasie oopasubl GTK-Kuopio GTK-REE 7-J1-1-2005, TAH$-2015-1.1, 65-

1B-ATK-97 ¢ pa3au4HbiM MHHEpPAJOTMYECKUM COCTABOM, OBUIM MOJABEPTHYTHI
MUKpPOBOJIHOBOMY PAa3JI0KEHUI0O B COOTBETCTBUM C YCIOBUAMM MPOBEIACHUS KaKIOU
Mertonuku. MccnenoBaHuss MNpOBOAMIM Ha Tpex HaBeckax. Jlns  cBs3bIBaHUsA
oOpa3oBaBIIKUXCS (PTOPUAOB, IPHU HCIOJIb30BAHUH IJIABUKOBOW KHCJIOTHI, MPOBOJUIIU
JOTIOHUTENbHBIN ATaM: MOCI€ OCHOBHOI'O MHMKPOBOJIHOBOTO Pa3JIOKEHHS, aBTOKJIABBI
OXJIAXKJIaJIi 10 KOMHATHOM TeMIlepaTypbl, OCTOPOKHO BCKPBIBAIH, K IOJYYEHHOMY
pactBopy n06aBisui 20 MJI HACBHIIIEHHOTO PAacTBOpa OOPHOW KHUCIIOTHI U TOABEPTaH
JOTIOJTHUTENIbBHOMY MHUKPOBOJIHOMY HarpeBy. Ilociie MHUKPOBOJTHOBOTO pa3iiokKeHUS,
PEaKLMOHHBIE COCY/Abl OXJIAXKIAIMU 10 KOMHATHON TemmepaTypsl B TeueHue 20 MUHYT,
OCTOPOYKHO BCKPBIBAJIM aBTOKJIABBI U KOHTPOJIUPOBAINA BU3YAJIBHO MOJTHOTY Pa3OKEHUS

npo0. Pe3ynpTraThl BU3yaabHOTO KOHTPOJIS Mpe/cTaBieHbl B Tabmuie 12.

Tabnuna 12. Pe3ynbTaThl BU3yaJIbHOT'O KOHTPOJIS

OGpasen Homepa MeTOIMK MUKPOBOJHOBOI0 PAa3JI0sKEeHUSA
«I» «l1» «l1» «IV» «\V»

CIra-1A — — +/— _ +

CT-1A — — +/— _ +
GTK-REE 7-J1-1-2005 - — — — +/—
TAH$-2015-1.1 — — — _ +/—
65-1B-ATK-97 - — +/— — +/—

VcnoBHBIE 0003HAUEHUS
«+» — OTCYTCTBHE HEPACTBOPEHHOT'O OCTaTKa U MPO3PAYHBIN PaCTBOP
«+/—» — OTCYTCTBHE HEPACTBOPEHHOT'O OCTaTKa, HO MYTHBIN pacTBOP CO B3BECHIO
«—» — HAJINYUE HEPACTBOPEHHOT'O OCTATKA
Ha ocHoBaHuUM BU3yaIbHOTO KOHTPOJIS, METOAUKH 1o HoOMepaMu «I», «l», «ll1»,

«lV» ObUIM UCKITIOYEHBI W3 PACCMOTPEHHUS, TaK KaK IMOCIE BCKPBHITHS aBTOKJIABOB —
oOHapy>KUBaJICA HEPACTBOPEHHBIN OCTAaTOK W/wim Oenas B3Bech. B kadectBe paboueit
METOJMKU PACTBOPEHHUS, TMO3BOJSAIONICH MAaKCHMAJIBbHO TOJHO TMEPEBOAUTH MPOOBI B
pacTBop, Obla BeIOpaHa MeToanka «\V».

[Ipo3paunbie pacTBOpPHI MOCJIE MHKPOBOJHOBOIO PAa3liOKeHUs O3 HaIudus
HEPACTBOPEHHBIX BKIIOYCHUN KOJMYECTBEHHO TepeHOoCwIn B KoimOy Ha 50 mMi u
noBoguin 10 Metku 2% pactBopom HNO3 mis mociemyromiero onpeaeaeHus aTOMHO-

9MHUCCHOHHBIM CIICKTPAaJIbHBIM MCTOJOM C HHI[YKTHBHO-CBHSaHHOﬁ TJIa3MOM.
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VYcn0oBHsSI aTOMHO-3MUCCUOHHOTO CIIEKTPAJIbHOTO aHAIM3a C UHAYKTHBHO-
CBS3aHHOU IIJIa3MOI

Jist  ompeneneHuss 3JEMEHTOB Ha AaTOMHO-DMUCCHOHHOM CHEKTPOMETpPE C
MHIYKTUBHO-CBsI3aHHOM Tu1azMoil «Optima 7300 DV» Obutn BeIOpaHbl CTaHAAPTHBIE
yCIIOBUSL aTOMHU3AIMM U M3MEPEHUs aHAIUTUYECKMX CHUTHAJIOB: MOIIHOCTH IJIa3Mbl —
1300 Bt; yactora muasmenHoro reaepatopa — 40,68 MI'1; mna3zmoo0pa3yromuii moToK
aprota — 15 n/MuH; BcrioMoraTeabHblid MOTOK aproxa — 0,2 JI/MHUH; pacHbUISIOIIHUNA TOTOK
aprosa — 0,8 J1/MMH; CKOPOCTb pacxo/a pacTBOpa MpoObl Ha MEPUCTAIBTUIECKOM HACOCE
— 1,5 mu/mMuH; HaOMOIeHUE MUIA3Mbl — aKCHAIbHOE; BpPEeMsl paclbUICHUs MpPOObI JJis
CTaOMIIM3aIMK TUIA3MEHHOM cucTeMBI — 15 ¢; BpeMsi MHTErpalli CUTHAJIA — aBTOPEKUM
(ot 0,1 mo 20 c); KOJIUYECTBO MOBTOPEHUN CUUTBHIBAHUS — 5; METOJ ONpEACICHUS
MHTEHCUBHOCTH CHEKTPAJIbHON JUHUM — IUIOIIA/b MTOKA MO TPEM TOUYKaM; BHYTPEHHHM
cranaapt — Y (360,073 um). Ucnonb3oBanu pacnbuinTeNbHy0 kKamepy Thna CkoTTa u3
NOJIMMEPHOT0 MaTepuaia, yCTOHYMBOro K Bo3aeicteuio HF, B coueTanuu ¢ nomnepevyHo-
MOTOKOBBIM ~ pacmbututesnieM Tuma GemTips™.  Texnuueckwe XapaKTepPUCTHKH

CIEKTpoMeTpa mpenactasiensl B Tabnuie 13.

Tabauma 13. Texuudyeckue xapakTepucTuku crekrpomerpa «Optima 7300 DV

biok TexHUYeCKHE XapaAKTEePUCTUKH

ATOMM3aTOD:
I'enepatop UCII: | CtabuinbHOCTH BBIXOHON MontHOCTH <0,1 %
Karymika gByxBuUTKOBas, MeiHas1, tuameTp 3/16 mrorimMa

I'openka UCII: KBapueBas ropenka konctpykiuu PerkinElmer ¢ umxkextopowm,
BHYTPEHHUM JHAMETPOM 2 MM, W3 IJIABJICHOW OKUCHU aJTIOMHHHUS
(amyHz12)

Cucrema BBosia | PacneututenpHas kamepa CKOTTa, CAENaHHAs W3 TOJIMMEPHOTO

mpo6 B UCII: MaTepHraia yCTOMYUBOTO K BO3JCHCTBHIO KHCIIOT (B ToM umcie HF)

U TIONEPEYHO-TIOTOKOBBIA MHEBMATHUECKUN PpACTBUIMTENb C
cormaMmu  u3  kopyHaa (dopcynku GemTip) KOHCTPYKIHH
PerkinElmer

CnextpomeTp:
[Tonuxpomartop: | M3rOTOBIICH Ha OCHOBE JIIEIIIC-PEIICTKH, CO cBeTocuioi (/6.7),
paspemienue cucremsl 0,006 aM pu 200 HM.

Dmremie-pemrerka pazmepom 80 Ha 160 MM mMeeT IIIOTHOCTH 79
INTPUXOB Ha MM, yron 6necka 63,4°. PemeTka kpocc-aucnepcop
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s YO criektpa ¢ koppekuuen LlImuara mo moBepXHOCTH UMEET
IUIOTHOCTH 374 mITpHUXa HA MM.

Kpocc-nucniepcopom  miie BUOAMMOIO  CHEKTpa  CIYKHUT
(mroopuToBas npusma ¢ yriaom mpenomiuenus 60°,

Bcsa  onTumueckas cucrema IOMENIEHa B NPOAYBAEMYKO U
TEPMOCTATUPYEMYIO OITUYECKYIO KAMEDY.

CrnektpomeTtp TepmocTaTupyercs npu 38°C.

Jlerexrop: CerMeHTUPOBAHHBIN MAaTPUYHBIA JETEKTOpP CO CBA3BIO 3apsAna
(Segmented-array Charged-coupled device Detector (SCD))
OJTHOBPEMEHHO PETUCTPUPYET YMHUCCUOHHBIE JUHUN
AHAJM3UPYEMBIX 3JIEMEHTOB M OKPYKAIOUIMNA MX CHEKTPAJIbHBIN
doH.

JIBa nerexropa: Y® nerekrop NOKpBIBAET pacliMpeHHbId YO
nuarna3zoH or 165 nmo 403 HM, JETEKTOp BUIAMMOIO CIIEKTpa
NOKPBIBAET BUAMMBIN 1rana3oH oT 404 1o 782 Hwm.

VYrpaBieHue CHEKTPOMETPOM OCYIISCTBISUIA C TIOMOIIBI KOMIIBIOTEpAa U
nporpammHoro  obecrneuenuss  WinLab32, koropoe MO3BOJsSET 3aaaBaTh U
KOHTPOJIMPOBATh yCJIOBHUS MPOBEICHUS aHalM3a, IMOCTPOCHHUE TIPaayHdPOBOUYHBIX
3aBUCUMOCTEH, yueT (poHa, aBTOMAaTHUECKYI0 00pabOTKy pe3yIbTaTOB aHAJIM3A.

AHanUTHYECKUE JIMHMM OIPEICIIeMbIX 3JIEMCHTOB, BBIOpaHHBIC HA OCHOBE
JIMTEPATYPHBIX JaHHBIX [22] 1 6a3bl JaHHBIX IPOTPAMMHOT0 00ECIICUCHHUS CIICKTPOMETpa

C YUETOM CIIEKTPAIBLHBIX HAJIOXKEHUH, MpescraBieHsl B Tabmuie 14,

Tabmuma 14. YcnoBus ananmza reosiorudeckux npod meromgom MCIT-ADC

JInnHa BOJIHBI

OnpeaesiseMblil 3JIEMEHT | aHAJTMTUYECKOH JIMHUM, Ko>puuuent

. KOppeJsinuu, I
As 188,979 0,999989
B 249,677 0,999997
Ce 418,660 0,999899
Co 228,616 0,999955
Dy 394,400 0,999858
Fe 259,939 0,999706
K 404,721 0,999865
La 408,672 0,999879
Lu 291,140 0,999935
Mg 279,077 0,999881
Mn 259,372 0,999889
Na 330,237 0,999937




90

Nb 309,418 0,999992
Nd 406,109 0,999830
P 214,914 0,999878
Pr 414,311 0,999841
Rb* 420,185/421,556 Her nuka
S 180,669 0,999897
Sh 206,836 0,999952
Si 251,611 0,998944
Sm 359,260 0,999945
Th 401,913 0,999973
Ti 334,940 0,999968
U 385,958 0,999895

*TIpennokeHHBIE MPOTPaMMHBIM OO€clieueHHeM HanOoliee WHTCHCHUBHBIC JMHUU
pyoumus 420,185 um u 421,556 HM HaxonATcs Ha rpaHulle pabo4yero CIeKTPaTbHOTO
auana3zoHa mnepBoro jgertekropa, jauHus (80,027 HM — Ha rpanune pabouero
CHEKTPAJIBHOrO JIMara3oHa BTOPOro JeTeKTopa, a nuHus 794,760 uM — 3a nmepenenamu
pabouero quanazoHa BTOPOTO JETEKTOPA.

OmnpeneneHne Ccomep)KaHUs dJIEMEHTOB MPOBOAWIM 1O  MPEIBapUTEIHHO
NOCTPOCHHBIM T'PAJYUPOBOYHBIM 3aBUCHUMOCTSM. /[l TIOJIydeHHs TpaayHpPOBOYHBIX
XapaKTepUCTUK HW3MEPSJIM MHTEHCUBHOCTHU JIMHUN OIpPEAENSIeMbIX 3J€MEHTOB B 4-5
CTaHJApTHBIX PACTBOPaX, KOTOPbIE TOTOBUIIM MYTEM MOCIEI0BATEILHOTO pa30aBiIeHUs
CTaHJAPTHBIX MHOTO’JeMEHTHBIX pactBopoB ICP-MS 68-Element Standard ¢
KOHIIGHTpanusiMu  3jeMeHToB 100 wmr/m  (pactBopel A uw B) u cranmapTHOTO

OJIHORJIEMEHTHOT'0 pacTBOopa HOHOB S B KoHIeHTparuu 1000 mr/.

Pe3ynbTaThl, MoaydeHHBIE ¢ TOMOIIBIO pe)epPEHTHOT'O0 METO 1A
Pe3ynbTaThl, OyYeHHbIE B XOJ€ omnpenesieHus 24 31eMeHToB B mnpobde 65-1B-
ATK-97, B cranmaptabix oopasmax SRM 2709a u CT-1A ¢ momomisto MCIT-ADC ¢
IpeaBapuTeIbHON TpobonoaroToBkoi mo Meroguke «V» u GD-MS npencraBieHsl B

Taommmax 15, 16 u 17, cOOTBETCTBEHHO.

Tabmuua 15. Pe3ynbraThl ananuza npoObl 65-1B-ATK-97, nonydeHHble ¢ TOMOIIBIO
NCIT-ADC u GD-MS (n=5, P=0,95)

KonuenTpauus, macc. %
HNCII-A2C GD-MS 3nauenne GTK-Kuopio
As <0,001 0,0117+0,0011 0,0108+0,0007

JIeMeHT
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B He uzmepeno 0,00049+0,00006 <0,0005

Ce 0,069+0,009 0,0044+0,0004 0,0044+0,0002
Co <0,01 0,025+0,003 0,0234+0,0015
Dy <0,01 0,00077+0,00012 0,00057+0,00006
Fe 9,5+0,5 10,0+0,4 10,0+0,3

K 3,3+0,9 5,2+0,3 4,70+0,15

La <0,003 0,0029+0,0004 0,00281+0,00025
Lu <0,01 0,000045+0,000012 0,000048+0,000009
Mg 1,93+0,33 1,26+0,06 1,26+0,05
Mn 0,33+0,06 0,244+0,017 0,257+0,012
Na 3,5+0,9 2,65+0,11 2,57+0,13

Nb <0,001 0,00078+0,00011 0,00078+0,00007
Nd <0,001 0,0027+0,0003 0,00287+0,00025
P He uzmepeno 0,176+0,013 0,17+0,02

Pr <0,01 0,00071=+0,00009 0,00072+0,00007
Rb He u3mepeno 0,0120+0,0012 0,0127+0,0008
S 6,2+1,5 7,7+0,4 8,0+0,4

Sb <0,01 0,00021+0,00003 0,000202+0,000023
Si 27,1£1,3 23,10+0,95 23,0£1,0
Sm <0,01 0,00046+0,00011 He onpeneneno
Th <0,01 0,00029+0,00004 0,00050+0,00005
Ti 0,52+0,12 0,359+0,025 0,348+0,010

U <0,01 0,00144+0,00019 0,00141+0,00010

Ta6muma 16. PesynsraThl ananuza npodsl SRM 2709a, moyuennsie ¢ momoibio MCII-

ADC u GD-MS (n=5, P=0,95)

KonuenTpauus, macc. %

JJ1eMeHT HCTI-ADC GD-MS ATTeCTOBaHHOE
3HAYEeHHE
As <0,001 0,001140,0001 0,00105+0,00003
B He n3mepeno 0,0074+0,0006 0,0074
Ce 0,075+0,010 0,0040+0,0003 0,0042+0,0001
Co <0,01 0,001340,0001 0,00128+0,00002
Dy <0,01 0,0003+0,0001 0,0003
Fe 3,00+0,45 3,35+0,13 3,36+0,07
K 1,77+0,27 2,13+0,09 2,11£0,06
La <0,003 0,0022+0,0004 0,00217+0,00004
Lu <0,01 0,00003+0,00001 0,00003
Mg 0,87+0,11 1,44+0,06 1,46+0,02
Mn <0,01 0,052+0,002 0,0529+0,0018
Na 1,88+0,20 1,2440,05 1,224+0,03
Nb <0,001 0,00060+0,00010 He aTTrecToBano
Nd <0,001 0,0016+0,0002 0,0017
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P He uzmepeno 0,068+0,005 0,0688+0,0013
Pr <0,01 0,00068+0,00010 He arrectoBaHo
Rb He u3mepeno 0,0097+0,0005 0,0099+0,0003

S <0,01 0,0017+0,0002 He aTrecToBaHo
Sb <0,01 0,00015+0,00001 0,000155+0,000006
Si 25,4+0,7 30,09+0,52 30,3+£0,4
Sm <0,01 0,0004+0,0001 0,0004

Th <0,01 0,00110+0,00004 0,00109+0,00002
Ti 0,39+0,08 0,330+0,010 0,336+0,007

U <0,01 0,0003+0,0001 0,000315+0,000005

Tabnuua 17. Pezynbratsl ananusa rnpo0sl CT-1A, nonydennsie ¢ nomotbo UCIT-ADC
u GD-MS (n=5, P=0,95)

Konnentpanus, macc. %
JJ1eMeHT HCTI-ADC GD-MS ATTeCTOBaHHOE
3HAYEeHHE
As <0,001 0,0018+0,0002 He arrecToBano
B He u3mepeno 0,0094+0,0009 He aTTecToBaHO
Ce <0,001 0,0021+0,0002 0,002
Co <0,01 0,00474+0,0008 0,0046 + 0,0005
Dy <0,01 0,0004+0,0001 0,0004
Fe 8,9+0,9 7,85+0,25 7,96+0,09
K 1,92+0,08 0,580+0,016 0,577%+0,012
La <0,003 0,0013+0,0003 0,0014 £+ 0,0002
Lu <0,01 0,0003+0,0001 He arrecToBano
Mg 2,4+0,2 3,45+0,12 3,46 = 0,004
Mn 0,120+ 0,001 0,170+0,011 0,166 = 0,005
Na 20x+1,.2 1,82+0,06 1,85+ 0,02
Nb <0,001 0,0009+0,0002 0,0008 = 0,0001
Nd <0,001 0,0009+0,0002 0,0009
P He n3mepeno 0,086+0,009 0,090+ 0,003
Pr <0,01 0,0002+0,0001 0,0002
Rb He n3mepeno 0,0015+0,0003 0,0016 + 0,0002
S <0,01 0,071+0,008 0,068 = 0,006
Sb <0,01 0,00009+0,00007 0,00010 % 0,00008
Si 20,78+0,83 22,87+0,26 22,96+ 0,06
Sm <0,01 0,00043+0,00011 0,00040 £ 0,00002
Th <0,01 0,0003+0,0001 0,0003
Ti 1,13+0,27 1,12+0,08 1,09+ 0,05
U <0,01 0,0002+0,0001 0,0001
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Kaxk Bugno 3 Tabaui 15, 16 u 17 cxoaquMocCTh 3HaYE€HU OCHOBHBIX MaTPUYHBIX
KOMIIOHEHTOB, omnpeaeneHHbix ¢ noMouipio MCII-ADC ynoBieTBopUTesibHA, OHAKO
MOJIYYCHHBIE KOHIICHTparuu P30 He SBIAIOTCS NPaBWIBHBIMHA. BeposiTHO, TMPUYUHOM
ATOMY MOXET OBITh TOTEPSI HEKOTOPHIX OMPEIECIIEMBIX JIEMEHTOB BO BpEeMsI MPOLIECYPHI
MPOOOTIOTOTOBKY, B3aMMHBIC WHTEpPEPEHIMKM, MATPUYHOE BIUSHHUE OCHOBHBIX
AJIEMEHTOB U HEJIOCTATOYHO HU3KUU Mpeies oOHapy)eHus. B To BpeMst Kak pe3yJibTaThl
GD-MS xopo1iio cornacyrTcsi ¢ aTTeCTOBAaHHBIMU 3HAYEHUSMH MPAKTUUECKHU MO BCEM

ONIpCACIISICMBIM 3JICMCHTAM.

3aKJIrO4YeHue K riaBse 2
OTcyTCTBHE CHEKTPAJbHBIX TIOMEX M HHU3KUE TIpefiesibl  OOHApY>KEHUS
BPEMSTPOJIETHON MAaCC-CIIEKTPOMETPUU C HUMITYJIBCHBIM TJCIOIMIMM  Pa3psjioM B
COYETaHUHM C TOJBIM KAaTOJOM IIO3BOJIUIM C JOCTATOYHOHW TOYHOCTHIO OIPEICTUTh
IIUPOKUN KPYT AJIEMEHTOB B TIe0JOTHYECKUX Mpobax, He oO0JagarlunX BaKyyMHOU

IINTIOTHOCTBIO, C MUHUMaJIbHOM Hpe}IBapI/ITGJILHOﬁ HpO6OHOHFOTOBKOﬁ.
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I'masa 3. Pa3pa6orka npsimoro moaxojaa aJjs onpenejeHusi U B BOAHBIX pacTBOpax
¢ MOMOIIbI0 BPEMSITIPOJIETHOIH MAaCC-CIEKTPOMETPUH ¢ UMITYJIbCHBIM TJIEH UM
pa3psjaomM

3.1 DxkcnepuMeHTanbHas 4YacTh

Kak Obu10 mokaszaHo B TJiaBe 2, MacC-CIEKTPOMETPUS ¢ UMIYJIbCHBIM TIICIOIUM
pa3psoM TO3BOJSET MCIOJIB30BATh TOKOIMPOBOSIIYI0 OCHOBY B Kaue€CTBE MOMJIOXKKHU
JUTSL IPSIMOTO aHaAJIN3a TOPHBIX Mopo. [ljis onpeeneHuss HU3KUX KOHIICHTPAIMi ypaHa B
BOJHBIX  pacTBOpax ObUIO  MPEIIOKEHO  HUCCIEeNOBaTh  BO3MOXHOCTH  €T0
KOHIICHTPUPOBAHUS Ha BEICOKOA()(PEKTUBHBIX TPOBOISIIIINX COPOSHTAX, C TTOCJICTYIOIINM
pacrmbuUleHUEeM caMoro copOeHTta, B kadecTBe A((PEKTUBHOTO U yAOOHOTrO crocoda
KOHCEpBAIINU, XPaHEHHUS U TPAHCTIOPTUPOBKH JIJISI ONIPEACIICHUS ypaHa, COPOUPOBAHHOTO
U3 BOJIHBIX PACTBOPOB.

3.1.1 CriocoObl KOHIIEHTPUPOBAHUS YpaHa HA COPOCHTE

JIist ocyiecTBiIeHUs KOHIEHTPUPOBAaHUS yYpaHa Ha cOPOEHTE ObUIO MPEIOKEHO
Tpu cniocoba. Crioco6 Ne 1 mpencrasisieT coO0 MCIONIb30BaAaHUE TAOJIETKH HA OCHOBE
KpemHe3zema u okuciaeHHbIXx YHT, u mpokadku 60Jb10oro o0beMa KUIAKOCTH Yepes Hee,
T.€. B AMHaAMu4eckoM pexxume. Criocod Ne 2 — ucrosib30BaHUE TOJIBKO OKucieHHbIX YHT
B cTtatdeckoM pexume. Crnocod Ne3 moapazymeBaeT coOON MCIOJIb30BAHUE TaOIETKH
Ha OCHOBE KpeMHe3ema U okucieHHbXx YHT B ctatudyeckom pexxume. Ciocoost Nel, 2 u

3 npexacraiieHsl Ha Pucynke 17.

Cnocob MpeccoBanue Cyuwra_
T
Copb6uus

dunerpauus
Cnocob lf;‘yuma
eccoBaHue
N2 il — K = —— | GD-MS
Al ponbra
Cop6uwms
Cnoco6 MpeccoBanue Cyuwka
Ne3 —— — T -
Copbuus

Pucynoxk 17. Crioco6sl copOunu ypaHa Ha COpOeHTe
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Ocymectenenue crnocoda Nel okazanoch O4€Hb TPYIOEMKHM, TaK KaK XOpolias
MPOYHOCTh TAOJIETKH MNPEMsTCTBOBaNA JIETKOMY NPOHUKHOBEHUIO XUIKOCTH BIIIyOb
TabneTku. boyee neTrarbHOMY pacCMOTPEHHUIO MOABEPINIUCH CrmocoObl No2 u Ne3,

OITMCAaHHBIC HUKC.

3.1.2 Vcnonb3yemblie MaTepuaibl, 000pYJ0OBaHUE U PEAKTUBbI
Hcnonszyemoe o0opyoBaHue

Bpemsmnponetnsiii Macc-cnektpometp «Jlromacc-30» (OOO Jlromdke, CaHKT-
[TeTepOypr, Poccust) ¢ UMy TbCHBIM TICIOIINM Pa3psIOM B COUETAHHUH C TIOJIBIM KaTO0M
UCIOJIb30BAJIA JUIsl MPSAMOIO aHaju3a copOeHTa AJisi OmNpeleeHus ypaHa B BOIHBIX
pacTBopax.

Jliss aHanmu3a IJIOMAJW TIOBEPXHOCTH M HWCCIEIOBAHHS TOPUCTOH CTPYKTYPHI
JUCTIEPCHBIX MaTEPHUAJIOB MCIIOJIB30BAIM aBTOMATH3UpOBaHHYO cucremy ASAP-2020
(Micromeritics, CIIIA). [Ipu uccnenoBanuu cOpOLIMOHHBIX XapaKTEPUCTUK B KaueCTBE
ancopOaTa MCIonb30Banca a3oT npu Temmeparype -195°C. Mzorepmsl agcopOuun u
pacnpeeneHus mop mno pasmepam ObuH moydeHsl Metogom BJIH.

CkaHMpYIOIIHN 3JIeKTPOHHBIN MuKpockon Zeiss Supra 40VP (Carl Zeiss Group,
['epmanusi) WCMONB30BANM [JIs1 ONPEACNICHUS COCTaBa, CTPYKTYphl U TOJIYYECHHS
M300paKE€HUs TOBEPXHOCTH  YIJIEPOAHBIX HAHOTPYOOK. MeTon OCHOBaH Ha
B3aMMOJICHCTBUM TIydyKa OJEKTPOHOB C TMOBEPXHOCTHIO oOpaslia, KOTOpBIA Mpu
B3aMMOJICHCTBUM T'€HEPUPYET OTKIUK B BUJIE BTOPUUHBIX, 0OpPaTHO OTpaKeHHBIX U Oxe
AJIIEKTPOHOB, KOTOPBIA PETHCTPUPYETCA U TpeoOpa3yeTcss B MHPOPMAIIMOHHBIN CUTHAT,
KOTOPBIN TpU UHTEPIPETALNH 1aeT HH(popMmaIuio 06 uccieayeMoM odpasiie.

JUis cMelmuBaHUST M TOMOICHHM3allMM CMECH Ha OCHOBE KpeMHe3eMa M
YIJIEPOAHBIX HAaHOTPYOOK HMCIOJIB30BalH IUIAHETAPHYIO IIApoBYIO MenbHUly PM 100
CM (RETSCH, T'epmanus), paboTamoimiyio B peXUME HEHTPU(PYTH, YTO TO3BOJSIET
MPOBOJUTH TOMOTCHHM3AIIMIO C MEHBIIUM H3HOCOM TapHUTYpPHI. Pa3MOJbHBIN cTakaH
pa3MeIieH BHE IIEHTpa IUTAHETAPHOTO JWCKa IIapOBOW MEJBHUIIBI, HaIpPaBICHUE
BpallleHUus KOTOPOTO TPOTHUBOIOJIOKHO BpALICHHIO Pa3MOJILHOTO CTakaHa C

COOTHOIIEHUEM ckopocter [:1. Mentomue mapsl NOABEPrarOTCS ACHUCTBUIO CHII
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Koprnonuca. Pazanna ckopocTeil My mapaMy U pa3MOJIbHBIM CTAKaHOM IPHUBOJMT K
B3aMMOJICUCTBUIO CWJI TPEHUS U yJapa, UYTO MNPUBOAUT K BBICOKOW CTENEHH
FOMOI'€HU3AalUM B IUIAHETAPHOU LIAPOBOM MesbHULIE. Bappupys BpeMs BO3ACHCTBUS,
CKOPOCTb BpAILEHUS, AUAMETp IIapOB, MOXKHO IMOJy4YaThb T'OMOT€HHYIO cMech 0e3
paspyleHus CTPYKTYpbl HCXOAHBIX MaTEePUAIIOB.

Ta6nerounsit mpecc PP-40 (RETSCH, I'epmanust) ncnoib30Bamy ISl OTyYSHHSI
Ta0JIETOK C IIaJKOM MOBEPXHOCThIO HA OCHOBE KPEMHE3EMa U YTIIE€POIHBIX HAHOTPYOOK.
JlaBieHue B mpecce MOXKHO PEryJIupoBaTh TAKMM 00pa3oM, UTOOBI BO3/1yX BHYTPHU ITyCTOT
UCXOAHOTO TOPOLIKAa BBIAABIMBAJICS, 4YTO IMOBBIMIAET CTAOMJIBHOCTH TAaOJETKH.
MakcumalibHOE JaBJI€HUE [OJDKHO BBIAEPKUBATHCS OMNPECICHHBIA MPOMEKYTOK
BpeMeHU JUisi 00ecreueHus: MOJHOTO PAa3BUTHUS CWII aAre€3uH MEXAy YacTHIaMH, 4TO
rapaHTUpyeT MaKCHUMAaJIbHYIO CTaOWJIBHOCTh TabneTku. g mpeccoBaHusl TaOIEeTOK
pUMeHsIIOCh naBienue B 10 T., auamerp TabieTku coctaBui 11 mm.

ATOMHO-PMHUCCHOHHBIN CIIEKTPOMETP C UHAYKTHUBHO-CBSI3aHHOU mia3moii Optima
7300 DV (PerkinElmer Inc., Shelton, CT, CIIIA) ucnoas30Bajid s ONpPEACICHUS

UCXOAHOM U PaBHOBECHOM KOHIIEHTPAIIMI ypaHa B IPOMEKYTOYHBIX OTBITAX.

Hcnonszyembie MaTepHuabl
Onnocnoiiaple  yriiepognbie HaHoTpyOku «TUBALL» aguamerpom 1,5 HM,
comepxkanueM 75%, mmHoi 5 mkMm, mpenoctasineHbie ¢upmoit OCSIAl (Poccus,
HoBocnOupck) UCToIbp30BaIM B Ka4eCTBE COPOCHTA I U3BJICUCHUSI YpaHa U3 BOJHBIX
pacTBOPOB.
[Tuporennsrit kpemaesem Aspocuit A-380 «XU» ot Silicone Engineering (Axrms)
WCTIONB30BAJICS JIJISl YKPETUICHHS IIOBEPXHOCTH TA0JIETOK JJIsI KOHIICHTPUPOBAHUS ypaHa

13 BOJAHBIX PACTBOPOB.

Hcnonp3yemble peakTHBBI
UO,(CH3COO0),-2H,O  (Sigma-Aldrich) wucnonps3oBanmm uiss  NPUTOTOBJICHHS

TOJIOBHOTO pacTBopa roHa ypana 1000 mr/m.
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AzotHyro kucinoty 65% (Merck) wucmonp3oBanmu NS OKHCICHUS U
(GyHKIMOHAIM3AUNA  YTJIEPOAHBIX HAHOTPYOOK. XJIOPOBOAOPOAHYIO KuCTOTYy 37%
(Merck) ucmonb3oBanu s ounctkun YHT oT MeTammmyeckux npumeceid 1 aMOpQHBIX
YIJIEPOJAHBIX BKIIFOUCHUN.

PactBoper 0,1 NaOH u 0,1 M HCI| wucnons3oBanmu mnst perynupoBku pH

UCCIIETyeMOTO PacTBOPA.

3.1.3 OyHKIMOHATU3AIUs TOBEPXHOCTH YIJIEPOIHBIX HAHOTPYOOK

OYHKIMOHAIU3AIMIO TMOBEPXHOCTH YIJIEPOAHBIX HAHOTPYOOK MPOBOAUIU C
NOMOLIBI0 00paboTKH 65% a30THOM KUCIOTOM B TeUeHHE 6 4acOB B KPYTJI0IOHHOM KO10€e
Ha BOJISAHOM OaHE ¢ 0OPaTHBIM XOJIOJMILHUKOM HpH IIOCTOsHHOM TemmepaType 100°C B
cootnomenuu 0,1 T copdbenta / 100 M pactBopa kuciotsl [121].

OTMBIBKY OT METaJUIMYECKUX MpUMeceld U aMOP(HBIX YIIEPOIHBIX BKIIOUCHUN
OCYIIECTBIISUIA C TIOMOIIBIO pacTBOPA XJIOPOBOAOPOAHOM KUCIOTHI (1:1). 3arem copOeHT
IPOMBIBAJIM JIEMOHU30BAHHOM BOJIOM 710 HENTpansHOTO pH M BBICYIIMBAIIK B CYIIHJIBHOM

mxady mpu 200°C B TeueHue 2 yacos.

3.1.4 dopmupoBaHue TaOJIETKH C KPEMHE3EMOM

CwmelMBaHue ¥ TOMOTEHHU3AIMIO CMECH Ha OcHOBE kpemHe3ema u YHT npoBoaunu
Ha IU1aHeTapHo# mapoBoi MmenbHUlle PM 100 CM. B pesynbrate mpeaBapUTEIbHBIX
AKCIIEPUMEHTOB OBLIIO0 BBIOpaHO cooTHOIIeHUEe kKpemMuesem/YHT kak 70%/30%, koTopoe
MO3BOJIUJIO JIOCTUYh HEOOXOIMMOW MpoyHOCTH TaOneTku. [IpeccoBanme copOeHTa B
TabneTku auameTpoM 11 MM ocymiecTBisiim Ha TabietouHoMm mpecce PP-40. Tlpu
CMa4yMBaHUM TaOJIETKU BOJIOW, MPOUCXOIUIIO B3auMojencTre aspocuiia A-380 ¢ Bomou
¥ 00pa3oBaHMe Tuaporens. 3ateM Bbicymupanu Tabnerky npu 200°C nns ypaneHus
(usnuecky cBa3aHHO Boabl. ITpokamuBanu Tabnetrky npu 600°C B atMocdepe azora B
TEUYCHHE 2 4acoB il (OPMHUPOBAHUS MEXAaHUYECKU MPOYHON CTPYKTYPHI MUHEPAIBHO-
VIIEPOJHOTO COpOEHTa B pe3yibTaTe 00pa3oBaHMs KapKaca U3 COCAMHEHHBIX MEXIY
co0oit KpemHe3eMHbIX T00yn. JlanbHeWmas (QyHKIMOHATU3aUsg TOBEPXHOCTH

Ta0JIETKU OCYIIECTRISAIACH M0 PaHEe OMUCAHHOMY CIIOCO0Y () YHKIIMOHAIN3ALUHN YUCTHIX
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VYHT: okucnenue koHueHtpupoBanHoii HNO3z; B TeueHne 6 4yacoB Ha BOAsSHOW OaHe C
o6patHeM XonoauwibHukoM mpu 100°C; OTMBIBKA OT METAIMYECKHMX BKIIOYEHHH C
nomomeo HCI (1:1); ormbiBKa Bomoii 1o HelitpansHoro pH u cymka npu 200°C B

CYIIUJIBHOM HIKady.

3.2 O0cyxaeHue pe3yabTaToB
3.2.1 UccnenoBanue XxapakTepUCTUK YTIEPOAHBIX HAHOTPYOOK

I HaHOCTPYKTYPUPOBAHHBIX TMOPUCTHIX MaTEpPUATIOB, B YAaCTHOCTH JJIA
COpOCHTOB, a TaKXKe JPYTrUX MOPUCTHIX M MEJIKOJIUCIEPCHBIX BEIIECTB, BAXXHO 3HATh
TaKHe XapaKTEPUCTUKH, KaK YIEIbHYIO IUIONIaJbh MOBEPXHOCTH M pasMep mop. OTH
napamMeTpbl MOTYT OBITh MOJYYEHBI B DKCIIEPUMEHTE 10 COPOIINU Ta3a, T.€. IOCTPOCHUEM
nu3oTepmbl ancopOuuu. Haunbonee pacnpocTpaHEHHBIM METOJOM IS ONpEeaeiIeHUS
yIEJIbHOM IUTONIaAu OBEPXHOCTH fBIIsIETCS MeTo bpyHayspa-Ommera-Temnepa (bOT).
Jliist monmyuyeHus pacrpeielieHrds Me30Mop Mo pazMepaM ucrolb3yetcs meton bappera —
Jxoitaepa - Xaneuasl (BJ1X), mukponop — meroa Xopsara-Kasasoe (JIP) [122].

OpHako B TeX ciydasX, Korja KJIaCCUYECKUe TEOPUH HE MO3BOJSIOT MOTHOCTHIO
OMKCATh 3alOJIHEHHE MHUKPOIMOp MU Y3KHMX ME30MOp, YTO NPHUBOJIUT K 3aHUKEHUIO
UCTUHHBIX pa3MepoB U OIMMOKaM B pacy€rax, UCMOIb3YIOTCA METObI MOJEKYJISIPHOTO
moxaenupoBanus — metoa Monre-Kapno (MK) unu teopust ¢yHKIMOHaNA TIOTHOCTH
(DFT) [122].

DFT merom — coBpeMeHHBIM TOAXOJ K OINHCAHUIO HM30TEPM aACOpOIUU H
pacmpeneneHuss Mop MO pa3MepaM JUisi MHUKPOIOPHUCTBIX MaTepuaoB, KOTOPBIN
O0asupyercs Ha KBaHTOBO-MeXaHHuYecKnX pacuyérax. CyTh TOJIXO0/a 3aKII0YaeTCs B
MOCTPOCHUU TEOPETHUECKUX U30TEPM JIJISl PA3IUYHBIX MMap MUKPOIIOPUCTHIA afCOPOEHT
— ancopbar. 3aTeM IKCIIEPUMEHTAIBHBIC TAHHBIE OMMHUCHIBAIOT HA0OPOM TEOPETHUECKUX
M30TEpM, MO3BOJISIS OJIYYUTh pacipe/iesieHUe Mop Mo pa3Mepam.

UccnenoBanre COpOLIMOHHBIX XapaKTEPUCTUK YIJIEPOAHBIX HAHOTPYOOK C
nomoipio ananuzaropa ASAP-2020 mokasasio, 9To TIONIaAb YACIbHONW MOBEPXHOCTH,
paccuntanHas MetogoM DFT, coctaBuna 625 M2r mis HCXOAHBIX YIJIEPOIHBIX

HAaHOTPYOOK M 2418 M?/T 1718 OKMCIIEHHBIX HAaHOTPYOOK. TakuM 0Opa3oM BBHIOPAHHBII
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croco0 OKucieHus yBenuuuia Iuiomans moBepxHoctd YHT moutu B 4 pasa, 3To

O0OBSICHSIETCS TEM, UTO UCXOHbIE HAHOTPYOKH aJICOPOUPYIOT MOJIEKYJIbI a30Ta, B IEPBYIO

ouepeib, B MOJOCTAX MEXAY YNaKOBaHHBIMU B IyYKH HAHOTPYOKaMH, B TO BPEMs Kak

okucinenHble YHT — Bo BHyTpeHHME KaHabl camMmux HaHOTpyOok. Ha Pucynkax 18 u 19

MPECTaBICHbl HM30TEPMBI aJCOPOIMU a30Ta MJii HCXOJHBIX M OKHCIeHHbIX YHT

COOTBCTCTBCHHO.

—+— MWcxopaHble HaHOTPYOKK - Aacopbuns
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Pucynok 18. U3otepma ancopbumm a3ora

AJII HCXOAHBIX YITICPOAHBIX HaHOTp}I6OK
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Pucynox 19. U3orepma agcopbuuu azora
JUTSI OKMCJIGHHBIX YTJIEPOIHBIX HAHOTPYOOK

IIpencraBieHHble U30TepMbI a30ta mpu t= - 195°C coorserctsytor | 1 IV THHam
mo kimaccubukanuu bpyHayepa. B o0nacTé HH3KUX OTHOCHTENIBHBIX JaBICHUUN
HaOJIIOMaeTCsl PE3KHUil MOAbEM BETMYMHBI aJ]COPOIIMU, YTO CBUJIETEIBCTBYET O HATUYNU
MHUKPOTIOP (pa3Mep mop <2 HM) | SIBJISETCSA XapaKTEPHOH 0COOEHHOCTRIO n3oTepM | poja.
B Toxe BpeMsi Ha u30T€pME NPUCYTCTBYET METIs THCTEpE3Uca, KOTOpasi SABISIETCS
XapaKTEepPHBIM MPU3HAKOM U30TepMbl |V THIIA, UTO CBUAETENBCTBYET O HATUYHHU ME30OIOP
(pa3mep mop 2-50 HM) U ancopOIMU B MEXTPYOHOM MPOCTPAHCTBE, T.€. Ha BHEITHEH
MOBEPXHOCTH COINPHUKACAIOIMKUXCA HAHOTPYOOK. CreayeT OTMETHTh, YTO OKHCIICHUE
noBepxHoctd YHT mpakTruecku He W3MEHSET BUJ M30TEPMbI aJCOPOIMH, TIPH STOM
BEJIMUMHA TIPEJICITBHOTO COPOIMOHHOT0 00beMa yBenuumiach ¢ 0,46 cm/t 1o 0,77 cm/r.

BbIBOZIBI 0 MPUHAIICKHOCTH TIOP COPOCHTa K MHKPOIIOPAM TOATBEPIKIAFOTCS

pacmnpeneneHrueM Top Mo pa3Mepam, IpecTaBiIeHHbIM Ha Pucynke 20.
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Pa3mep nop, HM
Pucynok 20. Pacnipeenenue mop mno pazmepam yriepoaHbIX HAHOTPYOOK
o metony I'opBadgT-Kopazoe

HM yKa3bIBaeT Ha npuHamiexxkHocts YHT k

ITux xpuBoit B paiione 1,05+0,05

MHUKPOIIOPUCTHIM COpOCHTaM.

3.2.2 UccnenoBanune Mop(hOIOTUHU yriAepOAHBIX HAHOTPYOOK

Uccnenosanne mopdonorun YHT ocyiecTBisgoch ¢ MOMOIIBIO CKaHUPYIOMIEH

(COM). Ha Pucynkax 21 u 22 npuBeaensl caumku COM

3JIEKTPOHHOU MHUKPOCKOIHUU

UCXOIHBIX U OKHcJIeHHBIX YHT.
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Pucynok 21. Caumok COM HCXOIHBIX YTIIEPOAHBIX HAHOTPYOOK

200 nm

EHT =21.00 k¥  {Probe= 2.0 nA Signal A = SE2 Noise Reduction = Line Avg Date :11 Apr 2019 Time :T.
WD = 10.0 mm Mode = Analytic ESBGrid=0V System Vacuum = 4.32e-007 mbar http;//nano_ sp.

Mag = 98.83KX

Pucynok 22. Caumoxk COM OKHCIIEHHBIX YTIIEPOIHBIX HAHOTPYOOK

[Tpu cpaBHEHUU CHUMKOB MOKHO CJI€TIaTh BBIBOJ O TOM, YTO BBIOPAHHBIN CIIOCOO

OKHCJICHHUA HC HAPpYHINII HCIIOCTHOCTD CTPYKTYPHEI.
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3.2.3 Uccnenoanue BnusiHus pH

N3BecTHO, yTO 3HaueHue pH pacTBopa 3HAUMTENBHO BIMSET Ha aJCOPOLIMOHHBIE
npouecchl. B cTaHAapTHBIX YCIOBUAX OKPY’KaIOILIEH Cpeibl ypaH OOBIYHO BCTPEYAETCS B
1IECTUBAJICHTHOMN MOJABMKHOM BogHOM Gopme ypanuna UO,?". Beut uccnenosas 3G pexT
siusiaus pH pactBopa Ha copbuuro ypana (UO2?*) Ha ucxomubix u okuciaeHHbx YHT ¢
nuanazoHoMm pH ot 1 go 11. Ha Pucynke 23 npeacraBnena 3aBUCUMOCTb 3 (PEKTUBHOCTH
copouuu ot pH pactBopa.

DddextuBHoCcTh (E) paccuntsiBaercs mo ypaBHeHHUoO (5):

_ (Co=Cp)

0

E -100% (5)

rae Co (mr/m) m Cp, (Mr/a) — HauajnbHas M paBHOBECHAs KOHLIEHTpAllMW ypaHa B
pacTBope.

HauanpHass ® paBHOBeCHass KOHIIGHTpAIMH ONPEICISUIUCH Ha  aTOMHO-
AMHUCCUOHHOM CIIEKTPOMETPE C MHAYKTUBHO-CBsI3aHHOM T1azmoit Optima 7300 DV no

nuHUM ypaHa 385,958 Hwm.
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Pucynok 23. 3aBucumocTts 3¢ hexkTuBHOCTH copOeHTa oT pH pactBopa.
Co (U) =1 mr/n, m = 0,050+0,002 1, V =5 M, T = 25°C, t = 120 mun
Ha Pucynke MOXHO BUIETH, YTO MUHUMAJIbHAS 3 (DEKTUBHOCTH HAOIIOAACTCS TIPH
pH menbpme 3. [Ipn Hu3kux 3HaveHusx pH ypan B pacTBope mpHCYTCTBYET B (popme

ypanuna UO,?". Tlosepxnocts YHT HONOKXUTENBHO 3apsyKeHa 33 CUET IPOTOHUPOBAHUS
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MOBEPXHOCTH MOHAMM BOJAOPOJAA U KaK CJIEACTBHUE MPOUCXOAUT KOHKYPEHIIUM HOHOB
ypanmia ¢ woHamu H' 3a copOumonnsie nentpst YHT. Hauunas ¢ pH 4 no pH 7
MPOUCXOUT PE3KUH CKadyoK pocTta SPPEeKTUBHOCTH COpOEHTA, CBSI3aHHBIA C
MMOBEPXHOCTHBIM KOMILJIEKCOOOpa30BaHUEM W/WJIM MOHHBIM OOMEHOM HOHOB ypaHUJA,
OpUCYTCTBYIOMUX B pactBope B (opme ruapokcokomiuiekcoB (UO2)3(OH)s" wu
(UO2)4(OH);". A mnpu pH Oompme 8 HaOmMOOAIOTCS MaKCHMAJbHBIE 3HAYCHUS
s pextuBHOCTH 95% U 90% 1151 OKUCHEHHBIX U UcXOAHBIX YHT cOOTBETCTBEHHO, UTO
MOXKHO 00BsicHUTH ocakaeHrueM UQO2(OH),. Takum 00pa3oM MOXKHO cliejaTh BBIBOI, YTO
ONTUMAaJIbHBIM auanazoHoM pH nist copOuuu ypaHa U3 BOJHBIX PACTBOPOB SIBIISIFOTCS
3HaueHus ot 4 no 7, a okucineHHele YHT mnoxasbiBatoT 60JbIIyI0 3P GEKTUBHOCTD
OTHOCHUTEJIbHO UCXOJHBIX. B panpHEHIuMx ombITax KauecTtBe pabouero 3Hauenus pH

ycnoJib30Bajioch pH=S.

3.2.4 Pesynbratel GD-MS ananuza copOeHTa 1mocjie KOHIICHTPUPOBAHUS ypaHa

B cniocobe Ne2 ucnonb3oBanu okuciaeHHsie YHT B cootHomenuu 1 r copbenra
100 M pactBopa ypaHa. CTaTHYECKYIO COPOIMIO MPOBOAIIM HA IICHKEpPE B TCUCHHUE 2
gacoB 0e3 mojorpeBa. 3aTeM COpOEHT OTPUIBTPOBBIBAIM C TOMOIIBIO (PUIIBTPA CHUHSS
JIeHTa, BHICYHIMBAIN B CYIIMIBHOM InKady B TedeHue 2 yacoB nmpu TemnepaType 100°C
¥ 3aMpeCCOBBIBAIIN YaCTh COPOEHTA B BHJI€ TOHKOTO CJIOS B IMOJIOKKY U3 BHICOKOYHCTOTO
amomuHus. JlanpHeiiee omnpeneneHue KOHIEHTPAlMM YpaHa OCYIIECTBIISIIA C
IIOMOIIIBIO MACC-CIIEKTPOMETPUHU C HMMITYJIBCHBIM TieromuM paspsaom [123]. Ipoba,

3ampeccoBaHHas B aIFOMUHHUEBYIO TIOJIJIOKKY, MpeACcTaBieHa Ha Pucynke 24.

Pucynok 24. [1po6a, 3anpeccoBanHasi B aTIOMUHUEBYIO MOTOKKY. Cioco6 No2
Ha Pucynke 25 mpejcraBiieHa 4acTh CIIeKTpa MpoObI C HAYAIBbHON KOHIICHTpAIIUEH

ypana Co (U) = 1 mMr/n u 00beMoM pacTBopa 5 M.
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Pucynok 25. Yacth ciekTpa npoosi.
Co (U) = 1 mr/n, V =5 ma, BpeMsl HAaKOIUICHUS CUTHAJIA 2 MUHYTBI

BpeMs HakoIieHUs CUTHaJIa B 2 MUHYTHI TIO3BOJISET 3apeTrUCTPUPOBATH SBHBIC
UKW ypaHa W €ro OKCHJIHOW KOMIIOHGHTBI, YTO CBHJICTCILCTBYET O COpPOIMU ypaHa
COpOCHTOM.

Ha Pucynke 26 mnpencraBieHa 3aBUCUMOCTb HWHTEHCHBHOCTH MAaTpPUYHBIX
KOMIIOHEHT OT BPEMEHU HAKOIUICHHMs] CcHUTHaja. Takas 3aBHCHMOCTb YKa3blBaeT Ha
CTaOMIILHOE PACTIBIICHHE TPOOHI.

2.00x10°
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Bpems, cek

PI/ICYHOK 26. 3aBUCUMOCTb MHTEHCHUBHOCTH MAaTPHUYHBIX KOMIIOHCHT
OT BPCMCHHU PACIIBLIICHUA
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Hcnonw3ys cepuio rpaayupoBoUHbIX pactBopoB ypaHa Co (U) = (0,01 + 100) mr/m,
ObLIa MOCTPOCHA TPaynPOBOYHAS 3aBUCUMOCTh CO BPEMEHEM HAKOIUICHHUS CHTHaia — 2

MUHYTHI, ipejicTaBieHHas Ha Pucynke 27. T10 npu aToMm coctaBui — 8 ppb.

Ig |, oTH. e,

lgC,r/n

Pucynok 27. I'pagyupoBoYHasi 3aBUCUMOCTb IS OTIpe/IeNICHUs COAepKaHUs
ypana B copoente YHT 3anpeccoBannoro B Al TabneTky.
Bpems HakorieHus CUTHaJIa 2 MUHYTHI

[Tpu ocymectBnenuu crnocodba Ne3 ucHonap30Badu CHpPEeCCOBAHHYIO TAOJIETKY Ha
ocHoBe KpemHezema u okucieHHbix YHT. Craruueckyro copOuuio mpoBOAWIMA Ha
nieikepe B TeueHue 2 4acoB 0€3 moorpeBa. 3aTeM Tal0JIeTKy BbICYIIMBAIU B CYIIMJIBHOM
mkady B TeueHue 2 uyacoB npu Temmeparype 100°C. JlanbHeiimee ompeneneHue
KOHIIEHTpAI[MN ypaHa OCYIIECTBIISIM C MTOMOIIBIO MPSMOTO aHajan3a TaOJIeTKH B Macc-
CHEKTPOMETPE C HMMIYJIbCHBIM TICIONIMM pa3psaoM. 3alpeccoBaHHas TaOieTka Ha

ocHoBe kpemHe3ema u YHT npencraBnena na Pucynke 28.
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Pucynok 28. 3anpeccoBanHas TabneTka Ha oOcHOBe KpeMHe3ema u YHT.
Cnoco0 Ne3
Ha Pucynke 29 npeicraBieH 4acTh CIIEKTpa MPOOkI ¢ HAYAJIbHON KOHIIGHTpaIuen
ypana Co (U) = 0,1 mr/n u o6bemMoM pactBopa 5 mul. Bpemsi HakoIUIeHHsT CUTHAIA B 2
MUHYTBI TIO3BOJISIET 3apErUCTPUPOBATH SBHBIE MUKH ypaHa U €r0 OKCHIHOW KOMIIOHEHTHI,

YTO CBUJIETEIBCTBYET O COPOIIMU ypaHa COPOECHTOM.
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Pucynok 29. Yacts criektpa mipoost (M/z >200). Co (U) = 0,1 mr/m.
Bpewms HakoruieHus: curaana 2 MAHYTBI

Ha Pucynke 30 nmpencraBieH 0030pHBINA BHJT CTIEKTPA.
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Pucynok 30. Yactp cnektpa npodsl. Co (U) = 0,1 mr/m.
Bpemst HakoruieHHs: cCUrHaaa 2 MUHYTHI

XKene3o mnpuCyTCTBYeT B CHEKTpE, TaK KaK €ro HCMOJb3YIOT B KadyecTBE
KaTaJu3aTopa JJIsl CHHTE3a OJHOCIONHBIX YIIepoaHbIX HaHOTPYOOK [81]. Kak BumHO,
CIIEKTP JOCTAaTOYHO YHCTBIM, YTO IMO3BOJIAET MCIOJB30BATh MATPUUYHBIE KOMIIOHEHTHI,
takue kak C, Si, Fe B kadecTBe BHYTpEHHEro CTaHIapTa IS YJIYUIICHUS
BOCIIPOM3BOJMMOCTH U MPABUIBHOCTH  OmNpeAeneHuss  ypaHa.  Hawryumryro
BOCITPOM3BOJIUMOCTb MOJYUYWIH IPU HOPMUPOBKE HA YTIIEPOI.

Ha Pucynke 31 mnpencraBieHa 3aBUCHMOCTh HWHTECHCUBHOCTH MATPUYHBIX
KOMIIOHEHT OT BPEMEHM HAKOIUJICHWS CHUTHana. Takas 3aBUCUMOCTBh YKa3bIBa€T Ha

CTaOWIIbHOE PACTIBUICHHUE MPOOHI.
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Bpems, cek

PI/IcyHOK 31. 3aBUCUMOCTb HHTEHCUBHOCTH MAaTPHUYHBIX KOMIIOHCHT
OT BPCMCHU PACIIBIJIICHUA

Hcnoas3ys cepuio rpaaynpoBodHbIx pacTBopoB ypana Co (U) = (0,01 + 100) mr/xa
ObLJ1a MOCTPOEHA IPAYUPOBOYHAS 3aBUCUMOCTh CO BPEMEHEM HAKOILUIEHUSI CUTHaja — 2
MUHYTBHI, TMpeAcTaBieHHass Ha Pucynke 32 B CpaBHEHUM C TpaaydpOBOYHOM

3aBUCUMOCTBIO, MOJIyueHHOH 110 crioco0y Ne2. TTO npu a3Tom coctaBui — 2 ppb.

0
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2
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(]
L
5 -4 —o Cxema Ne2 IO 8*10(-6) r/n —
-~ 8 ppb
D .5 Cxema Ne3 MO 2*10(-6) r/n —
- 2 ppb
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Ig C, rin

Pucynok 32. I'pagynpoBodHast 3aBUCUMOCTb JJISI ONIPEACIICHUS COACPIKAHMUS
ypana no cnoco6am Ne 2 u Ne3. Bpemsi HakoIUIeHUS! CUTHAJa 2 MUHYThI
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Kax BuaHo u3 Pucynka 32, npenen ompeneneHusi yke JAOCTaTOYHO HHU3KHUM, HO
JOTOJTHUTENBHO YMEHBLIUTh €r0 MOKHO, YBEJIHMYMBAash BpPEMs HAKOIUICHUS CHUTHaja.
OpnHako yBeIMYMBATH €0 10 0ECKOHEYHOCTH HEBO3MOKHO BBUAY OIPAHUYEHU SI-TIOJTHOT O
pacnbUIEHHs CJIOST COpOEHTa, B KOTOPOM copOupoBaiica ypaH. s onpeneneHus
MaKCHMaJbHOI'O BPEMEHU HAKOIUIEHMs CHUTHaja UCCIEIOBAIN TOJIIMHY CIOS
MPOHUKHOBEHUS ypaHa B TaOJETKY, paclblIsAs TaOJETKy ¢ COPOMPOBAHHBIM YpPaHOM [0
TEX MOp, MOKa MHTEHCUBHOCTh CHrHaja He yMmeHbliuiach B 20 pa3. Ilpu 3tom Bpems
pacnbUieHus: MpoObl cOCTaBUJIO MpuUMEpHO 20 MHUHYT. 3aBHCHUMOCTb WHTEHCHUBHOCTHU

CUTHaJIa ypaHa OT BpEMCHU PACIIBIIICHUS HpO6BI mpeacTaBJICHA HA PUCYHKC 31.
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Pucynok 33. 3aBUCMMOCTh HHTEHCHBHOCTH CUTHAJIa ypaHa, OTHOPMUPOBAHHAS HA
KPEMHUH, OT BPEMEHHU PaCIbUICHUS MTPOOHI

C nomonipto mpodunomerpa moxaenu 130 wu3mepunu kpatep TaONETKH, OH
coctaBui — 45 MkMm. PaccuntanHas CKOpOCTh pacmbUIeHUs TMPOOBI cocTaBuia 6 HM B
CEeKyHIYy, 4YTO COOTBETCTBYET OOBIYHBIM CKOPOCTSM pACTBUICHHS MpoO B Macc-
CIIEKTPOMETPUHN C UMITYJIbCHBIM TICIOMUM pa3psaoM. Kparep tabneTku mocie aHanm3a

npeacrasieH Ha Pucynke 34.
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Pucynok 34. Kpatep TabneTku mocie aHaau3a

IIpn yBenuueHWH BPEMEHHM HAKOIUJIEHUs CUTrHaia ¢ 2 MUHYT 10 20 ynanock
YMEHBIIIUTS Mpejien ooOHapyxenus ypana o 0,2 ppb. I'paxynpoBouHas 3aBUCUMOCTD JIJISI

onpcaACICHUusA COACPKAHUA YpdaHa CO BPCMCHCM HAKOIUICHHA CHI'HAJIa 20 MUHYT

npencrapieHa Ha Pucynke 35.
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Ig C, rin

Pucynok 35. I'pagynpoBodHasi 3aBUCUMOCTb TSI ONIPEACIICHUS COACPIKAHMUS
ypaHa cO Bp€MEHEM HaKOIUIEHUs curHajia 20 MUHYT
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3.2.5 OneHka npaBUILHOCTH pa3pabOTaHHOIO MOJIX0/1a
JIJist OLIEHKM MPaBUIIBHOCTH PE3yJbTAaTOB Pa3pabOTAHHOIO MOAX0/1a ONpeaeIeHuUs
HU3KUX KOHLEHTpaluil ypaHa B BOAHBIX pacTBOpax MCIOJb30BAJIA CHOCOO «BBEIECHO-
HalJIeHO» JIJIsl BpeMEeHM HakoruieHus: curnana 20 munyt. B Tabnuue 18 npencraBieHbl
pesynbTatel GD-MS ompenenenuss ypana Ha copOeHTax CO BpEeMEHEM HaKOIUICHUS

curHana 20 MUHYT.

Tabnuua 18. Pesynbrater GD-MS onpenenenusi ypana Ha copOeHTax cO BpEeMEHEM
HakorieHus curnana 20 munyt (pH=5,n=5,P =0,95, t = 2,78)

OTHOCHUTEIbHASA

Cnoco6 | Bseneno, mr/in | Halineno, mr/n | Sy, % t
IIOIPEIIHOCTD, %0

0,0100 0,0093+0,0027 23 0,72 7,0

1 0,100 0,106+0,008 6,1 2,09 6,0
1,00 1,03+0,06 4,7 1,39 3,0

10,00 10,25+0,27 2,1 2,57 2,5

0,0100 0,0108+0,0019 14 1,17 8,0

2 0,100 0,092+0,010 8,7 2,22 8,0
1,00 1,02+0,04 3,2 1,39 2,0

10,00 9,78+0,25 2,1 2,45 2,2

N3 Tabmumer 18 BHUIHO, YTO MPENSIOKEHHBIM TOAXOJ TO3BOJWI IPaBUIBHO
ONpPEACIUTh COJCP)KaHUE ypaHa B MOJICJIBHBIX PAacTBOpax, MPU ITOM OTHOCHUTEJIbHAS
NOTPEIIHOCTh (pa3HUIlAa MEXJYy BBEICHHOW U HAWJCHHOM KOHUEHTPAIUAMHU IO

OTHOIIIEHUIO K BBEJICHHOM KOHIIEHTpaIlMK) He npesbimaia 8,0 %.

3akiroueHue K riiase 3

PaccMmoTpeHa BO3MOXHOCTH MPUMEHEHUS OJTHOCTIOWHBIX YIIIEPOAHBIX HAHOTPYOOK
«TUBALL» ¢upmer OCSiAl B kadecTBe copOeHTa ypaHa U3 BOJHBIX PaCTBOPOB.
BriepBrie peanin3oBaH MOAXO0J MPSMOTO OMpPENeNieHUs YpaHa ¢ MOBEPXHOCTH COPOCHTA
MPU  HCIONB30BAHUHA MACC-CIIEKTPOMETPUH C HWMITYJIbCHBIM TJICIOIIUM  Pa3psioM:
MPEIBAPUTEILHO TOJATOTOBICHHBIE TaOJETKH C OCAKICHHBIM ypPaHOM BBOJIWIH B
paspsAIHYIO SYEHKY Macc-CIIEKTPOMETpA, TJIe MPOUCXOAWIN PACTBUICHUE W MOHHU3AIUS
AJIEMEHTOB, BXOSIINX B COCTaB copOeHTa. J[71s1 KOHIIEHTpUpPOBaHMs ypaHa Ha COpOeHTe

paccMOTpeHO JiBa crioco0a: MCMOJIb30BaHNUE TONBKO OKuUCIeHHbIX YHT u Tabnetok Ha
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ocHoBe KpeMHe3ema u okucieHHblx YHT. Ilokazano, uro Haubonee 3¢peKTUBHBIM
MOJIXOJIOM OIIpe/eNICeHUsl ypaHa B BOJHBIX pPACTBOpax SBISETCA COpOLMS ypaHa Ha
Ta0JIETKY, COCTOALLYIO U3 OKUCIIEHHBIX YIIEPOIHBIX HAHOTPYOOK, MOIU(PUIIMPOBAHHY IO
KpeMHe3eMoM. [lonmyyeHsl Hu3Kue npeiensl 0OHapy KEHUs! ypaHa B BOAHBIX pacTBOpax —

0,2 ppb.
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OcHOBHBIE Pe3yJbTAThI U BHIBO/BI

1. PazpaboTtaH mOAXOM IS TPSIMOTO MHOTOXJIEMEHTHOTO aHaiu3a CIOXKHBIX
TCOJIOTUYECKUX TPOO C MCIOJIB30BAHMEM BPEMSIIPOJECTHOW MAacC-CIEKTPOMETPUU C
HUMITYJIBCHBIM TJICIOIITM Pa3psIIOM.

2. IToxazaHa BO3MOXKHOCTb HCITOJIb30BAHUS BPEMSIIPOJIETHON MACC-CIIEKTPOMETPUHU
C MMITYJIbCHBIM TJICIOIIUM Pa3PsI0OM JUIS MPSMOTO OMPECIICHUs IIIUPOKOro Kpyra (24)
AJIEMEHTOB (B TOM YHCIIE PEJIKO3EMEJIbHBIX), B T€OJOTMUECKUX MpoOax B JHanazoHe
koHueHtparuii or 10 ppb mo 100%. Iloutm ams BceX ompeaenseMbIX 3JCMEHTOB
HAOJIFO/TaeTCS XOpoIlas CXOJUMOCTh (B Tpeeiax ASKCIePUMEHTAIbHOW OIIMOKH) ¢
M3BECTHBIMU KOHIICHTPAITUSMHU.

3. Pazpabotan croco0® ompeneneHuss ypaHa B BOJHBIX pacTBOpax € IMOMOIIbIO
KOHIICHTPHPOBAHUS €Tr0 Ha HAHOYIJICPOIAHBIX COPOCHTaX C MOCICAYIONIUM MPSMBIM
OTIPEJICIICHUEM TPU KCIOIb30BAHUNM MAcCC-CIEKTPOMETpPa C HMITYJIbCHBIM TJICIOIIIHM
paspsIoM.

4. TlokazaHo, uyTto HambOosee d(PGEeKTUBHBIM IMOIXOO0M [IJIsl ONpPEACIICHUS ypaHa B
BOJHBIX PacTBOpax SIBISETCS KOHIICHTPUPOBAHWE ypaHa Ha TaOJETKY, COCTOSIIYIO M3
OKHCJIEHHBIX  OJHOCIIOWHBIX  YIJEPOJHBIX  HAHOTPYOOK, MOAUDUIIMPOBAHHYIO
KPEMHE3EMOM.

5. [Tonydensl HU3KHUE MpeIeNbl 0OHAPYKEHUS PEIKO3EMETbHBIX JJIEMEHTOB M ypaHa
B reosiorumueckux mpobax — 10 u 20 ppb.

6. [TonyueHsl HU3KHE MPEIebl OOHAPYKEHUS ypaHa B BOJHBIX pacTBopax — 0,2 ppb.
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Cnmcok COKpaleHnid ¥ yCJI0BHBIX 0003HAYECHUH

NHAA — uHCTpyMEHTaIBHBIN HEUTPOHHO-AKTUBALMOHHBIE aHAIU3

NCII-ADC — aTOMHO-3)MUCCHOHHAsI CIEKTPOMETPHUS C MHAYKTUBHO-CBSI3AHHOM IIa3MOU
NCII-MC — macc-CrieKTpOMEeTpuUsl ¢ HHAYKTUBHO-CBSI3AHHOM TUIa3MOM

KIIK — koMOMHMPOBAaHHBIHN MOJBIA KaTO

JIA-UCII-MC — macc-CIIeKTpOMETpHUsl ¢ UHAYKTUBHO-CBA3aHHOM TIA3MOM C MPUCTABKOU
JUISL Ta3epHOM a0isuu

MCVYHT — MHOrocnoiHble yriepoaHble HAHOTPYOKH

HAA — HEWTpOHHO-aKTUBALlMOHHbBIEC aHAJIN3

OCVYHT — onHOCnONHBIE YIIIEpOIHbIE HAHOTPYOKH

[IT®S — monurerpad TOPITUICH

P®A — peHTreHO(IyOpeCIeHTHBIN aHAIHU3

PHAA — pannoxuMHu4ecKuii HEUTPOHHO-aKTUBALIMOHHbBIE aHAJIN3

COM — ckaHupyroas 3JIEKTPOHHAS MUKPOCKOIIUS

YHT — yrneponHbie HAHOTPYOKHU

GD-MS — Glow Discharge Mass Spectrometry

RSF (Relative Sensitivity Factor) — MmeTo OTHOCHTEIBHBIX YyBCTBUTCIIBHOCTEH
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Introduction

In recent years, studies in the field of ecology, biology, geology have pulled
together to create a unified research framework for assessing the role of chemical
elements in biological processes, in functioning of living organisms and ecosystems under
the anthropogenic impact on nature often leading to irreversible environmental changes
and to human health effects.

According to the IAEA, among the toxic substances the most harmful to human
health are: 1) natural toxins; 2) organic pollutants; 3) radionuclides; and 4) toxic inorganic
chemical elements, of which, first and foremost, concern heavy metals and their
compounds. Control over concentration of heavy metals and other toxic elements in the
atmosphere, soil, vegetation and geological rocks, monitoring and forecasting the level
of pollution is necessary to assess the environmental situation.

Information on the elemental and chemical composition of geological samples is
used in many fields of science, for example, in biology, geography; it contains data on
rock-forming geological processes, this data is used in geochemical studies to determine
the chemical elements migration in nature, to predict the behavior of rocks (displacement
and deformation thereof), as well as to assess the geotechnical conditions of the related
territories for design and construction of significant facilities (for example, nuclear power
plants and other facilities of national importance).

Geological rocks are characterized by complex chemical composition and uneven
distribution of components in the sample. Therefore, complete information regarding a
sample composition cannot be obtained without simultaneous determination of a wide
range of elements in different concentration ranges, including ultra-low contents.
Analysis of geological samples in modern laboratories is based on the use of a significant
set of methods. However, most of these methods require a preliminary sample
preparation: granulation, fusion, or dissolution in a mixture of acids. This fact
significantly complicates the analysis, increases the time and error in determining the
elements. Of particular interest are the methods permitting the analysis to be carried out
directly in solid samples with minimal or no sample preparation. One of these methods is

time-of-flight mass spectrometry with a pulsed glow discharge, which makes it possible
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to determine a wide range of elements in a wide concentration range from 10 ppb to 100%
with a minimal sample preparation procedure.

Rocks contain also uranium and transuranium elements that display toxic effects
on human body and the environment. As a result of weathering and leaching,
concentration of these elements in nearby water surfaces increases. The use of
conventional methods of water samples conservation and their subsequent transportation
and determination of uranium by inductively coupled plasma atomic emission
spectrometry and inductively coupled plasma mass spectrometry may result in significant
errors associated with instability of these samples. Glow-discharge time-of-flight mass
spectrometry is a convenient and highly sensitive method of analysis that makes it
possible to determine the content of uranium in aqueous solutions in a wide range of
concentrations, following a preliminary sorption on a highly efficient conductive sorbent
by direct spraying the sorbent itself.

In view of the foregoing, the relevance of the work lays in the development of an
express method permitting simultaneously and with minimal sample preparation to
determine a wide range of elements in natural samples, including rocks, ores, soils, as
well as uranium in aqueous solutions when its content is minimum.

The relevance of the work is confirmed by the fact that a part of the research was
supported by the Russian Science Foundation grant Ne 17-73-20089.

The aim of the work was the development of methodological approaches that
enable direct and rapid analysis of composition of geological samples and determination
of uranium in aqueous solutions concentrated on a sorbent using a new highly sensitive
technique for determination of elemental composition, namely, the time-of-flight mass
spectrometry with a pulsed glow discharge.

To achieve this goal, it was necessary to solve the following tasks:

- select a cathode material that reduces the effect of water and oxygen on analytical
characteristics;

- determine the relative sensitivities of analytes in order to use the relative
sensitivity method (RSF) to calibrate a mass spectral system for the analysis of geological

samples;
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- evaluate the metrological characteristics of time-of-flight mass spectrometry with
a pulsed glow discharge in the analysis of geological samples of complex composition
(correctness, random error, detection limit, determination limit);

- develop effective carbon sorbents for creation of a convenient conservation and
transportation system;

- study the processes of concentration on carbon sorbents;

- evaluate the metrological characteristics of time-of-flight mass spectrometry with
a pulsed glow discharge in determination of uranium preliminarily sorbed from aqueous
solutions on modified carbon nanotubes by direct spraying of the sorbent itself.

Scientific novelty of the work lies in the fact that:

1. Methodological approaches have been developed and tested for multi-
element analysis of complex geological samples with minimal sample preparation and
the use of time-of-flight mass spectrometry with a pulsed glow discharge.

2. A method for uranium preconcentration from aqueous solutions on modified
pressed carbon nanotubes with subsequent sputtering of the sorbent in a pulsed glow
discharge has been proposed and implemented.

Practical significance of the work lies in the fact that on the basis of time-of-flight
mass spectrometry with a pulsed glow discharge, methodological approaches have been
developed for simultaneous determination of a wide range of elements, including rare
earths, in geological samples in a concentration range from 10 ppb to 100%; an effective
and convenient method for conservation, storage, transportation and determination of
uranium sorbed from aqueous solutions was proposed and implemented.

Statements submitted for the thesis defense

1. Methodical approaches to direct multielement analysis of complex
geological samples using time-of-flight mass spectrometry with pulsed glow discharge.

2. Ability to simultaneously determine a wide range of elements, including rare
earths, in geological samples in a concentration range from 10 ppb to 100%.

3. Methodical approaches to concentrating uranium from aqueous solutions on
modified pressed carbon nanotubes with subsequent sputtering of the sorbent in pulsed

glow discharge with detection limits of 0.2 ppb.
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Methodology and research methods

The validity of the developed approach was assessed by analyzing standard
samples with a certified content of the elements to be determined, as well as by comparing
the results of elements determination performed by the developed technique with the
results obtained by independent methods. Time-of-flight mass spectrometry with a pulsed
glow discharge was used as a research method.

The research reliability and approbation

The research was performed on modern analytical equipment included in the state
register of measuring instruments - a time-of-flight mass spectrometer with a pulsed glow
discharge Lumas-30. The reliability of the obtained results for determining a wide range
of elements in geological samples is the reliability of the results confirmed by the analysis
of certified standard samples of the same composition; the reliability of the results
obtained for the determination of uranium sorbed on the sorbent was confirmed by the
"introduced-found™ method.

The main research results were reported and discussed at the following
conferences: X International Conference on Chemistry for Young Scientists "Mendeleev
2017" (St. Petersburg, 2017), Xl International Conference on Chemistry for Young
Scientists "Mendeleev 2019" (St. Petersburg, 2019).

Publications. Based on the dissertation studies, 4 articles were published in peer-
reviewed international journals indexed by Scopus and Web Of Science:

1. Ganeev A.A., Gubal A.R., Korotetski B., Bogdanova O., Burakov B., Titova
A.D., Solovyev N.D., Ivanenko N.B., Drobyshev E., Iakovleva E., Silanpdd M. Direct
isotope analysis of Chernobyl microparticles using time-of-flight mass spectrometry with
pulsed glow discharge (2017) Microchemical Journal, 132, pp. 286-292. DOI:
10.1016/j.microc.2017.02.015.

2. Ganeev A.A., Titova A.D., Korotetski B., Gubal A.R., Solovyev N.D.,

Vyacheslavov A.V., lakovleva E., Sillanpaa M. Direct quantification of major and trace
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Chapter 1. Literature review

1.1 Elemental composition of geological samples

Elemental composition of geological samples plays a significant role in

fundamental research conducted in Earth sciences. This role is based on growing interest

in comprehending basic laws, principles, Earth formation factors and its geochemical

evolution, as well as in understanding mineral deposits formation and distribution patterns

[1,2]

The most common rock-forming minerals are feldspars (plagioclase, potassium

feldspar), quartz, amphiboles, pyroxenes, biotite, magnetite/ilmenite, olivine, and apatite

[2]. Concentration of the most common rock-forming minerals in the earth's crust is

presented in Table 1.

Table 1. Concentration of the most common rock-forming minerals in the Earth's crust

Concentration,

Group % Class General formula
. Framework . .
Plagioclase 42 alumosilicates (Ca,Na)(Al,Si) AlSi,Og
Potassium - .
feldspar 22 Silicates KAISi3Og
Quartz 18 Silicates SiO;
A0-1X2Y528022(OH, F, C|)2
A=Na,K;
Amphiboles 5 Metailicates X=Ca, Na, Fe?*, Mg, Mn, Li;
Y=Al, Cr, Fe*", Fe?*, Mg, Mn, Ti;
Z=Si, Al, Cr, Fe**, Ti
AX[Si206]
PVIOXENeS 4 Alcaline A=Mg, Fe?*, Na, Ca, Li;
y silicates X=Mg, Fe?", Fe3*, Al, Mn?*, Ni?*,
Ti, Cr3*, v3*
Biotite 4 TEMOMAgNesian | i (Mg, Fe)s[SisAIOw][OH, Fl,
Magnetite, : Fes04
IImenite 2 Oxides FeTiOs
. Ferromagnesian .
Olivine 15 silicates (Mg, Fe)2[SiO4]
Apatite 0.5 Phosphates Cas[PO4]s(F,CI,OH)
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Main mass of plagioclases is formed during magma crystallization process, and
makes part of igneous rocks; under the influence of weathering and hydrothermal impacts
plagioclases easily transform into hydromicas and clay minerals — kaolinite and
montmorillonite. Micas often contain various rare elements (Be, B, Sn, Nb, Ta, Ti, Mo,
W, U, Th, Y) occurring as submicroscopic trace minerals. Pyroxene is one of the major
minerals present in the lunar regolith which is a residual soil formed as a space weathering
product. IImenite is a valuable ore used for obtaining Ti and its derivatives (titanium
oxide, ferrotitanium, etc.); ilmenite is used to produce high-quality paint applied to
military equipment, in particular warships; it also has strong presence in lunar soil.
Olivine is present in many types of meteorites, as well as in the mantle and igneous rocks.
Nepheline, obtained as a waste produced by apatite extraction, is used as a raw material
in aluminium, potassium and cement production; it is also used in glass and leather
industries. The processes occurring within the Earth's crust at medium and shallow depths
with participation of hot aqueous solutions at high pressures can contribute to the minerals
transformation and to formation of mixed-type deposits. These hydrothermal deposits are
the most important sources of such metals as Cu, Pb, Ag, Au, Hg, Ge, Ti, Mo, W, Zn, Cd,
Co, etc. [1,2].

Chemical composition of rocks and materials is highly diverse both in terms of
combination of oxides and of relative content thereof. As can be seen from Table 1,
silicates make up to 75% of the earth's crust total mass, therefore the rock analysis is
usually divided into "silicate analysis", "trace impurities (microelements)" analysis, and
"target elements" analysis. Silicate analysis in terms of labor intensity accounts for 40%
of the total labor effort spent in the analyses performed in geology and geochemistry. The
currently used scheme of silicate analysis is a combination of classical chemical and
physicochemical analysis methods, e.g., these of atomic absorption spectrometry and
spectrophotometry, and is sometimes limited only by X-ray fluorescence spectrometry.
Therefore, in the silicate analysis techniques, concentrations of oxides are usually
determined only for rock-forming elements: Na, Mg, Al, Si, P, K, Ca, Ti, Mn and Fe with

a lower limit of quantitation of 0.02 wt.%. And in trace microelements impurity
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determination the lower LOD makes 5 ppm for Nb, Mo, Rb, Sr, Th, Y, Zr, Se, U; and 10
ppm for As, Co, Cu, Pb, Ni, Zn [1,3].

The analysis usually requires from 4 to 8 g of the analyte. In case of a lack of
material (for example, in mineral analysis), the amount can be reduced by combining
determinations made for individual samples. In this case, the analysis accuracy is usually
somewhat reduced due to the errors made at measuring and decreasing the samples
intended for individual determinations. The silicate rock composition is defined as the
sum of oxides of its constituent elements, it usually contains the following components:
SiOy, TiOy, Zr0O,, Al,03, Fe,03, Cr,03, V203, FeO, Mn0O, Ca0, NiO, CoO, MgO, SrO,
BaO, ZnO, Cu0O, K;0, Nay0, Li,0, H,0, P,0s, S, SO3, C, F, Cl, N, B203, BeO, SnO,,
(Ta, Nb),Os, Pb, Mo, W, and a group of rare earth elements [4].

The designation “rare earth” was originally applied to describe almost all natural
oxides until 1920. Then this term began to be used to name the elements themselves, and
not their oxides, it was used also to designate a group of elements that could not be easily
identified as differing from one another [5].

The rare earth elements include lanthanides (atomic numbers 57 to 71) and Y which
has chemical affinity for heavier lanthanides. REEs are generally divided into two groups:
"cerium” or "light earths™ (from La to Sm), and "yttrium" or "heavy earths" (from Eu to
Lu). At present, 14 elements from Ce to Lu are commonly referred to as rare earth
elements, usually they also include La, and sometimes even Sc and Y. They have similar
chemical and physical properties, including low solubility and low mobility in the earth's
crust [6]. It is to be noted that with the exception of Pm, rare earth elements are not
actually rare. In particular, Ce is the 26th most abundant element, and Tm is more
abundant than | in the Earth's crust.

Rare earth elements are rarely determined in soils and deposits due to the presumed
absence of toxicological effects, while in rocks and ores these are rarely determined due
to the difficulty of determination thereof. However, in the last 40 years, industrial and
technological application of REEs has grown significantly, hence the interest in
determining the REEs concentration in geological samples when searching for new

deposits [7]. More than 100 minerals containing REEs are known, some of them being of
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industrial importance. The most important raw material for Ce and La, as well as for their
compounds, is the monazite sand (Ce,La)POy, for Y salts production — bastnaesite (REE
fluorocarbonate) and euxenite, as well as monazite (mixed REE phosphate) and euxenite-
type minerals: polycrase , aeschinite, allanite silicate, and cerite; these minerals ensure
the world production of REEs, La, and Th [6,8]. High-purity rare-earth oxides serve as
raw materials for the production of high-purity fluorides used for preparation of optical
single crystals and optical fibers. At the same time, rare earth fluorides serve as raw
materials for the production of rare earth elements themselves [8].

Thus, determination of REEs with minimum concentrations in geological materials
for the purpose of mineralogical and petrographic research should be carried out with
increased accuracy, which makes the task of analyzing geological samples one of the
most complicated problems of analytical chemistry.

When analyzing geological samples of complex chemical composition, it is
advisable to use a direct highly sensitive method that allows to simultaneously determine
all the elements of the researcher’s interest in various concentration ranges. However,
almost all methods are optimized only for determination of a limited range of elements,
and their number varies greatly depending on the sample type, and on the sample
preparation procedures. Each method has a number of peculiarities regarding sample
preparation, sensitivity and rapidity of determination of the complex and diverse

composition of most geological objects.

1.2 Main methods of analysis of geological samples
Elemental composition of geological samples can be determined not only by
classical analytical chemistry methods, but also by such techniques as inductively coupled
plasma atomic emission spectrometry (ICP-AES), microwave plasma atomic emission
spectrometry (MP-AES), inductively coupled plasma mass spectrometry (ICP-MS), X-
ray fluorescence analysis (XRF), neutron activation analysis (NAA), laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS), and glow discharge mass

spectrometry (Glow Discharge Mass Spectrometry — GD-MS)
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All currently known instrumental methods of analysis are divided into destructive

and non-destructive techniques.

1.2.1 Destructive analysis methods
In such common methods of analysis as ICP-AES, MP-AES, ICP-MS, the sample
Is introduced in the form of a solution, it is therefore essential to apply a procedure of
preliminary decomposition of solid samples. The fundamental possibility of simultaneous
determination of different groups of elements from one sample largely depends on the
choice of the sample preparation method and on taking into consideration the analyte

composition diversity. Main sample preparation methods are described below.

Main methods of geological samples preparation

The choice of sample digestion method depends on the purpose of the analysis, on
the nature of elements to be determined, on the form of presence thereof in the sample,
on matrix composition, and on the method chosen for the final determination. The most
common methods used for geological samples digestion are fusion, sintering, and
decomposition in a mixture of acids [4,9].

Acid digestion. Decomposition in a mixture of mineral acids is widely used for
preparation of samples of various origins for their subsequent analysis performed by
instrumental methods that require the dissolved form of the analyte. The acids used for
decomposition can be either individual: hydrochloric HCI, hydrofluoric HF, nitric HNO3
sulfuric H2SO4, chlorine HCIO4, phosphoric H3PO., etc., or be a mixture of acids. If
necessary, some additives can be used, and namely. Various reagents of oxidation and
reduction nature, reagents suppressing volatility of reaction products, complexing agents
[9].

Acid digestion is used both for direct decomposition of geological samples
themselves, and for dissolution of co-products after fire assay and sintering. There are
several types of digestion in acid mixture: acid digestion in open systems and autoclave

digestion in combination with microwave heating.
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Acid digestion in open systems is rarely used as an independent method for
digestion of complex samples, since complete dissolution cannot be always reached. Most
silicate minerals and rocks do not decompose in acids or decompose incompletely. In
practice, decomposition of silicates in hydrochloric or nitric acid is rarely used, it is
performed only for analysis of some minerals (for example, nepheline, the sodalite
group), i.e. those that can be completely decomposed by these acids, as well as in cases
where it is necessary to separate minerals decomposed by acids from non-decomposable
ones. Sulfuric acid is used even less often in view of low solubility of some sulfates. A
mixture of hydrofluoric and sulfuric acids decomposes almost all silicates and removes
silicon in the form of SiF4, with the exception of topaz, spodumene, silimanite group
(AlSi0s) minerals and some tourmalines [4].

In [10], standard samples of soils and bottom sediments were placed in PTFE
vessels, then a mixture of acids (5 ml of 70% HCIO,4 and 10 ml of 48% HF) was added,
and the mixture was evaporated to dryness on a sand bath. The acid treatment procedure
was carried out three times until the silicate matrix was completely decomposed. Then
the solutions were transferred into 50 ml flasks and filled with 0.2% HCI up to the mark.

In [11], sample preparation was carried out according to 1SO 11466:1995 (E) (Soil
quality: Extraction of trace elements soluble in aqua regia): 1 g of a standard sample of
marine sediments (SD-N-1/2) was placed in a reaction vessel, then a mixture of acids (0.5
ml H,0, 9 ml 30% HCI, 3 ml 65% HNO3) was added, after that a reflux condenser was
connected to the vessel, and the substance was kept for 16 hours to reduce the post-heating
time. Further heating of the reaction flask was carried out until the mixture began to boil,
the heating continued for 2 hours, then the flask and its contents were cooled to room
temperature, and the solution was filled with dilute nitric acid up to the mark. The only
analyzed substance was that of supernatant liquid.

In [12], 0.05 g samples of granites and rhyolites of Southern Siberia were placed
in PTFE vessels, then a mixture of acids (5 ml HF + 2 ml HNO3 + 1 ml HCIO,4) was
added, the vessels were gently shaken and left for 24 hours to ensure thorough mixing of
the samples and reagents. The mixture was then heated stepwise for 9 hours: 3 hours at
110°C, 3 hours at 140°C and 3 hours at 180°C. After evaporation of the solutions, the
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procedure was repeated. The decomposed samples were treated with 2 ml HNO; (1:1),
and boiled out again. Next, 10 ml of HNO3 was added, and the substance was heated for
several minutes until the solutions became transparent. The resulting solutions were
transferred into a 50 ml flask, a solution of indium and bismuth was added as an internal
standard, and the mixture was filled with distilled water up to the mark.

Acid digestion in open systems implies long reaction times (from many hours to
several days), and the use of a large number of acid reagents, which entails a strict
reagents purity control. In such a case, and where possible, autoclave digestion is used in
combination with microwave heating, which accelerates the wet ashing process, requires
fewer reagent acids, and also minimizes eventual loss of volatile analytes.

Autoclave digestion combined with microwave heating. Until recently, dry ashing
and sample fusion in traditional muffle furnaces was considered the most effective
approach in preparing samples for elemental analysis. Today, the sample preparation
stage is subject to such requirements as rapidity of the testing technique, no loss and no
contamination of samples, minimal influence of human factor, methods reproducibility,
process automation and safety, as well as reduced reagent consumption.

The use of modern microwave decomposition systems can significantly reduce
sample digestion time due to the process intensification in the reaction volume. This can
be managed by increasing the pressure in hermetically sealed vessels (autoclaves), as well
as by ensuring the ability of setting and to controlling the temperature-time mode of
mixture heating. Also, microwave decomposition systems make it possible to minimize
the chance of losing some elements during formation of volatile compounds or during
splashing of a boiling reaction mixture [13].

The techniques involving microwave digestion are used to analyze various
materials applied in metallurgic engineering, glass production, ceramics industry and
geology. The use of autoclaves allows safe decomposition when using many volatile and
aggressive reagents such as HNOs, HCI, HF, HCIO4. In this case, the procedure usually
takes no more than one hour, since an increase in temperature in autoclaves by 10°C

accelerates acid decomposition by two to three times.
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When preparing samples in autoclaves with microwave heating, not only the
decomposition temperature and holdup time at a given temperature are important, the
right choice of temperature-time mode is equally critical. Thus, monotone slow heating
often affects rapidity of the process increasing the time needed for the entire sample
preparation procedure, while continuous rapid heating can lead to the development of
uncontrolled reactions that result in emergency depressurization of the vessel and in the
loss of volatile components, as well as of a part of the sample.

Modern microwave sample preparation systems are supplied together with
digestion techniques (for example, ASTM or those developed by the manufacturer). The
techniques specify the sample weight, composition of the reaction mixture, as well as an
optimal temperature-time program. According to equipment vendors, these techniques
guarantee complete mineralization of most samples for subsequent instrumental
determination.

The authors of [14] also compared various sample preparation options in
combination with microwave heating and the use of different mineral acids (HF and
3HCI/ HNO:s), as well as the method of leaching the sample by hydrochloric acid in a
conical flask with a reflux condenser at 80°C for 30 minutes. Standard test portions of
various estuary sediments and soils were used as samples. In all samples the highest
number of decomposed elements was shown by sample preparation with the use of
hydrofluoric acid, the smallest number was shown by leaching with hydrochloric acid
(with the result between 10% and 60% for most elements). The microwave system used
in this research was not equipped with temperature and pressure sensors, and also had a
fixed power specified by the equipment manufacturer.

In [15], samples of bottom sediments from Fiji Islands were dissolved in a mixture
of aqua regia and subjected to microwave heating. A sample weighing 0.25 g was placed
in a polytetrafluoroethylene-tetrafluoromethane vessel, then 6 ml of conc. HCI + 2 ml
conc. HNO3 were added to the mixture, and the substance was heated in a microwave
oven for 30 minutes. The samples were then filtered, quantitatively transferred to 25 mi
flasks and subjected to further ICP-AES analysis. The total sample preparation time was

45 minutes including the 15 minutes vessel cooling time.
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In [16], in order to evaluate two different dissolution methods based on microwave
heating, the researchers took a standard sample of marine sediment GBW 07313. In the
first case, a 0.15 g sample was placed in a teflon vessel, a mixture of mineral acids (3 mli
HCI, 1 ml HNOg, 0.15 ml HF) was added to this sample, and the resulting substance was
subjected to microwave heating for 50 minutes at a temperature of 175°C. At the second
stage, 1,05 ml of H3BO3 was added, and the mixture was heated in a microwave oven for
20 minutes at 175°C with the aim to neutralize hydrofluoric acid. The resulting solution
was transferred to a 15 ml flask and subjected to further analysis. In the second case, a
0.1 g sample was placed in a perfluoroalkoxide vessel, 2 ml of HNO3, 3 ml of HF, and 3
ml of HCIO, were added, and the resulting substance was subjected to microwave heating
for 24 hours at a temperature of 140°C. Then, in order to remove hydrofluoric acid
residues, 1-3 ml of HNO3; were added, and evaporated to the initial dry content; the
evaporation procedure was carried out three times. The resulting residue was filled up to
100 ml, and sonicated thus facilitating the dissolution process. The results obtained were
compared, and it was found that both procedures gave comparable results, and
furthermore, the obtained values were in good agreement with the reference ones.

However, in the same way as in the case of acid digestion in open systems, the
microwave heating does not always result in a complete transfer of the sample into
solution [17]. The undissolved precipitate may contain elements of interest, so it is usually
filtered off and subjected to further decomposition by alkaline fusion followed by
leaching with hydrochloric acid. Thus, in [17], the sample preparation procedure
proposed for decomposition of komatiite samples, is acid mineralization in combination
with microwave heating; in doing so, the ratio of mineral acids, temperature, and heating
time were experimentally selected. The optimized technique consisted of processing
samples in two stages, and the total sample preparation time was about 12 hours.

Fusion. The samples insoluble in acids as well as the residue remained after acid
digestion, are processed with dry method, i.e. by fusion. Fusion is an effective sample
preparation procedure for dissolving refractory minerals; it ensures maximum recovery
of precious metals (including the platinum group where it is performed with nickel sulfide

fire assay analysis) from a large number of complex matrices (rocks, minerals,
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concentrates, soils and ores). The result of fusion with fluxes when heated (from 300°C
to 1000°C) in a muffle furnace in porcelain, platinum, glassy carbon and other crucibles,
Is formation of melts which are further leached in water or acids. The fluxes are divided
into the alkaline group (for example, carbonates, borates, alkali metal hydroxides, etc.)
and the acidic group (for example, bisulfates, pyrosulfates, alkali metal bifluorides),
which exhibit oxidizing and reducing properties. The choice of fluxes depends on the
purpose of the analysis, on nature of the sample, and on fluxes properties.

At the same time, this type of decomposition requires the use of a large number of
reagents, which increases the amount of impurities introduced into the sample, as well as
further interference when analyzing the resulting solution by instrumental methods [18].

Fusion with sodium tetraborate. Sodium tetraborate (Na;B4O+, borax) is one of
the most effective fluxes, and is usually used in a mixture with soda. Borax decomposes
such resistant minerals as cassiterite, chromite, corundum, zircon, spinels. Along with
sodium tetraborate, also lithium tetraborate (Li.B4O7) and lithium metaborate (LiBO4
found their application. The fusion procedure shortcomings are higher limits for the
determination of analytes due to the greater dilution of initial samples, as well as lithium
and boron contamination of the spectrometer input system and optical elements,
therefore, fusion is rarely used to determine trace amounts of analytes.

In [12], samples of granites and rhyolites from Southern Siberia were fused with
lithium metaborate to obtain solid glass solutions; dissolution thereof in nitric acid formed
a white precipitate consisting of polysilicic acid. Therefore, in order to remove SiOg, it
was decided to add hydrofluoric acid: 0.1 g of the sample was thoroughly mixed with 0.4
g of lithium metaborate in glassy carbon crucibles; then the crucibles were placed in a
muffle furnace for 7 minutes at 1100°C. Prior to dissolving the resulting melt, several
milliliters of concentrated HF were added to the crucibles, and the solutions were
evaporated until the silica was removed. Next, 40 ml of 3.5% HNO3; were added to the
substance, the solutions were filtered into 100 ml flasks to remove carbon particles, then
an internal standard (indium and bismuth) was added, and the solutions were filled with

3.5% HNO3 up to the mark. In this sample preparation procedure glassy carbon crucibles
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were used only 3 times, as the melting mixture at high temperatures affected the walls of
the crucibles.

In [15], samples of bottom sediments of the Fiji island were fused with lithium
tetraborate. A sample weighing 0.1 g was thoroughly mixed with 0.5 g of lithium
tetraborate in a graphite crucible, and located in a muffle furnace to fuse at 1100°C for 15
minutes. Then the melt was cooled and transferred to Teflon vessels containing a mixture
of 4 ml of concentrated hydrochloric acid and 46 ml of water, and stirred with a magnetic
stirrer for 30 minutes in order to accelerate the melt dissolution process. Prior to analysis,
the solution was filtered.

In [17], fusion with lithium tetraborate was carried out to transform komatiite
samples into homogeneous glass disks suitable for subsequent XRD analysis. The sample
was preliminarily calcined in a muffle furnace at 975°C for one hour, then a 0.5 g sample
was mixed with 6 g of lithium tetraborate, and melted for 5 minutes at a temperature of
1100-1150°C using an automatic melting system.

In [19], in order to obtain flat homogeneous glass disks, the sample-to-flux mass
ratio, g: 1:8, 2:7, 3:6, was experimentally selected from samples of various types of
igneous and sedimentary rocks, since the required mass of the melt ensuring the best
spreading over the mould was equal to 9 g. Prior to fusion, the rock samples were calcined
for two hours at 1000°C. The SiO; content ranged from 39.6 to 78.5% while that of Fe,O3
(total) was between 1.9 to 20.9%. It was found that at a high sample dilution (1:8), for
most of the main elements the intensities decreased by a factor of three as compared to
the minimum sample dilution (3:6); therefore, in order to achieve a lower detection limit,
the sample-to-flux mass ratios were chosen as g 2:7 and 3:6. And to make it easier to pour
the melt out from the crucible, to separate the disk from the mould and obtain a flat upper
surface of the disk, doping additives NHsBr, NHsF and LiF were used. The total
preparation time for one glass disc was 22 minutes.

This sample preparation method including the two stages: sample fusion and
sample molding, has worked well for XPA and LA-ICP-MS analysis [20], since this
sample preparation method results in ideally homogeneous fused glasses, and averts

mineralogical and granulometric effects, as well as the particle orientation effect.
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However, it is necessary to strictly control the melting temperature to minimize sample
and flux evaporation, since with melting performed above 1050°C, volatile elements
(sulfur, lead, sodium, potassium, arsenic) can evaporate in an uncontrolled manner. In
addition, in order to obtain a flat disk surface and to avoid the finished glass cracking it
IS necessary to select the required sample-to-flux mass ratios, as well as the doping
element in each individual case.

Sodium peroxide alkali fusion is rarely used in silicate analysis. The required mass
of the test sample for fusion is several grams, while the mass of the flux is taken ina 10-
40-fold excess relative to the sample; this will require strict control over the purity of the
reagents in order to avoid sample contamination. At the same time, high chemical activity
of the fluxes, and prolonged fusion at high temperatures promote interactions with the
crucible material thus leading to sample contamination; therefore, the commonly used
crucibles are only those made from silver, nickel, zirconium, or iron.

The paper [21] presents the procedure of silicate samples fusion with a mixture of
NaOH and Na;O- in zirconium crucibles: 1 g of NaOH and (1-1.5 g) of Na,O, were added
to 80 mg of the sample and fused for 20 minutes. The resulting melt was dissolved in
water, and the undissolved precipitate containing REE hydroxides was dissolved in HCI
for subsequent REE separation in ion exchange column and for the NAA analysis.
Colloidal particles of SiO;, formed during the melt dissolution, clog the column by ion
exchange resin, which results in the increase in the eluate washout time, therefore SiO; is
removed as a precipitate by evaporating the acidified solution. The powerful melting
agent Na,O,, necessary for decomposition of oxides and metals, leaches zirconium out
from the zirconium crucible, which in turn significantly affects the REE determination,
therefore preference is given to nickel crucibles; however, nickel crucibles are not strong
enough to be used with Na,O,.

Thus, the choice of crucible material must be approached with the utmost care,
taking into account chemical composition of samples, flux properties and melting
temperature. In order to address yet another drawback of fusion i.e. high salinity

remaining after leaching, a combined method is proposed which decreases the salinity,
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and namely, acid digestion and additional melting of the undissolved residue, or else
sintering.

Mineralization. If the analyzed sample contains organic substances, then in order
to eliminate interfering effect thereof on the further analysis, and to convert the analytes
into stable inorganic compounds, a mineralization procedure is preliminarily carried out:
dry ashing or digestion in a mixture of mineral acids.

Dry ashing is carried out in porcelain, quartz or platinum crucibles gradually
increasing the temperature up to 450-550°C. The ashing duration depends on many
factors, such as heating temperature, the sample nature, particle size, layer thickness, and
can last several hours and sometimes even days. This mineralization method also has a
number of disadvantages, chief among them are volatilization of some metals or their
compounds during heating, as well as interaction of some metals with the crucible
material.

The stage of sample preparation and decomposition is long and most challenging,
since many trace elements are concentrated in sparingly soluble minerals, and in order to
be digested, these minerals must be heated. At the same time, in the presence of
hydrofluoric acid, the dissolved rare earth elements quickly bind to insoluble fluorides,
and can also coprecipitate with mixed fluorides of matrix elements, which requires
additional procedures to be carried out, for example, chemical binding of fluorides with
boric acid. Also, in determination of microcomponents, preference is given to acid
decomposition rather than fusion, since high salinity and microimpurities concentration
in the melt itself create significant difficulties in the subsequent instrumental
determination. The use of microwave heating can significantly speed up the time-
consuming sample preparation procedure, reduce the amount of the reagents, and avoid
the loss of many volatile elements, which greatly affects the metrological characteristics
of the analysis techniques; however, just like in acid decomposition in open systems, it is
not always possible to achieve complete sample conversion into solution. Advantages and

limitations of each of the destructive analysis methods are described below.
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1.2.1.1 Atomic emission spectrometry

Atomic emission spectrometry is a well-established analytical technique that has
been used by geoanalysts for well over 80 years. The atomic emission spectral analysis
physical background is based on recording the emission spectra of excited atoms and ions
of analytes treated as analytical signals, in a gas-discharge plasma of the light source.

Methods of atomic emission spectrometry with inductively coupled and microwave
plasma as a spectrum excitation source are widely used to analyze many objects,
including those to be subjected to geological analysis. These methods allow to determine
the elements present in trace amounts [10,11,14-16].

In inductively coupled plasma atomic emission spectrometry, the plasma is
generated by an external discharge, and maintained by RF magnetic field. The sample is
usually introduced in the form of a solution, which is first atomized by pneumatic or
ultrasonic atomizer to form a fine aerosol; then the aerosol is transferred by an argon flow
to the center of the plasma, where it quickly undergoes desolvation, dissociation to atoms;
some of the atoms become ionized, and then both atoms and ions are excited.

Stable operation of the argon plasma is maintained by a burner consisting of three
concentric quartz tubes: the outer tube is the argon “cooling flow", the gas is supplied at
a speed of 10-18 I/min tangentially to create vortex stabilization of plasma in the center
of the torch, and cools its edges thus preventing melting; the middle tube - "plasma-
forming flow" of argon - gas supply rate 0.5-1 I/min; the inner tube - "spraying flow" of
argon - due to which the sample is introduced into the plasma by the argon flow at a speed
of 0.5-2 I/min.

ICP-AES is a fast (1-2 minutes) multi-element method with fairly low detection
limits (0.2-25 ppb), enabling, in principle, to determine the contents of light (B, Be, Li,
P, S), alkaline (Ba, Ca, Mg, Sr), transitional (Al, Ti, Zr) and rare earth (REE) elements,
as well as Sc and Y in samples of geological origin. However, the detection limits for
many rare earth elements increase significantly due to interference from the main
elements: Ca, Na, K begin to affect the analytical lines of Ce, Er, Eu, Gd, La, Nd, Sm, Tb
from a concentration of 1000 ppm; and those of Ba, Fe, Ti — from 100 ppm [10].
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Thus, in [10], it was found that Ca, K, Fe, and Ti introduce a minimum error of
23% in determining Tb; Fe also introduces an error of up to 35% in the Gd determination,
and in some cases the error can reach 100%; Ca introduces an error of 17% in Ce, Er
determination. The influence of major elements on the La determination is less than 10%,
except for Ba introducing an error of 25% when using the La 333.75 nm line, so the line
used was that of La 408.67. The Nd 430.358 nm line is less affected by major elements
than the 406.67 nm line, and the analytical Ti 337.28 nm line completely overlaps the Er
337.3 nm line; The Fe 413.387 nm analytical line overlaps the frequently used Ce 413.38
nm analytical line, so Ce was determined from the 418.66 nm line with the background
correction. Gd detection was interfered with by Ca and K with lines at 336.22 nm and
310.05 nm respectively, so the 342.247 nm line with background correction was used for
Gd detection. Thus, in order to reduce the matrix elements effect, the following
procedures are often used: background correction, careful selection of the determined
elements lines, and/or matrix separation using cation exchange [10,11,15,16].

In [10], after acid decomposition of a 1g sample with a mixture of mineral acids (5
ml of HCIO4 70% and 10 ml of HF 48%) in a PTFE vessel on a sand bath, an additional
procedure was used, and namely, the cation exchange process: matrix elements Al, Ca,
Fe, K, Na, Mg, etc. were removed by the first portion of an eluent (60 ml of 1.7 M HCI),
the second portion of eluent (45 ml of 6 M HCI) was used to extract REE from the column.
The eluate containing REE was evaporated on a plate to a volume of 1 ml, then transferred
to a 10 ml flask, and the solution was filled up to the mark with 0.2% HCI. The resulting
solution was used for the subsequent determination of 12 rare earth elements in standard
soil and sediment samples. The LOD ranged from 0.05 ppm for Eu, Th, Yb, up to 0.5
ppm for Er.

In [11] the authors carefully selected analytical lines free from spectral overlaps
when determining trace amounts of As, B, Ba, Be, Cd, Cr, Cu, Hg, Mn, P, Pb, Sh, Se, Sn,
Tl, U and Zn in a marine sediment standard sample (SD-N-1/2). Sample preparation was
carried out according to 1SO 11466:1995 (E) (Soil quality: Extraction of trace elements
soluble in aqua regia), the only analyzed substance was that of supernatant liquid. In this
case, the LOD ranged from 0.18 ppb for Be, and to 282 ppb for TI.
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In [15], two sample preparation techniques were compared (digestion with aqua
regia in a microwave field, and lithium tetraborate fusion) using bottom sediment samples
from the Fiji Island. The content of elements was determined basing on two analytical
lines of the element, choosing an interference-free line in each individual case.
Decomposition techniques were tested on a standard sample of the Buffalo River
sediment (RM 8704). The acid digestion technique enabled to achieve a more accurate
measurement of volatile elements, including As, than fusion. The use of closed-type
autoclaves reduced the LOD by one order of magnitude, up to tenths of ppm.

In [16], samples of Antarctic deposits were preliminarily dried, sieved, and crushed
inan agate mill. Sample preparation was carried out by microwave digestion in two stages
with a mixture of mineral acids, including hydrofluoric acid. The resulting solutions were
sonicated and nebulated. The use of an ultrasonic nebulizer made it possible to reduce the
LOD by 1-2 orders of magnitude, however, regardless of the use of nebulizer and a careful
choice of analytical lines, determination of Pr, Tb, Ho, Tm and Lu contents (in the
concentration range from 0.147 ppmto 19.5 ppm in standard samples) failed due to severe
spectral interference and/or lack of sensitivity even when using an ultrasonic nebulizer.

The ICP-AES is designed to analyze liquid samples, which means the use of
complex sample preparation procedures that ensure the fullest possible transfer of
geological samples into solution using the acids such as HF, HCIO4. The method is
accompanied by additional procedures of fusion, leaching and/or cationic exchange, thus
significantly complicating the analysis, increasing the time and reducing correct
determination of elements. Spectral interference, i.e. superposition of some background
spectrum components on the analytical lines, e.g. the analytical line Dy 396.839 nm is
located near the broad hydrogen line H 397.007 nm, which is always present in the
spectrum when aqueous solutions are sprayed into the discharge plasma, or location of
the analytical line inside the complex system of molecular bands, for example, - NO and
-OH bands in the range of 200-260 and 280-340 nm, require careful selection of analytical
lines for determination of trace metal concentrations near the detection limit [22,23].

Another specific feature of the ICP source is the fact that its stable operation requires a
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very large consumption of argon, which significantly increases the cost of a single
analysis [24].

Microwave plasma atomic emission spectrometry (MP-AES). Since the moment
when microwave plasma method was proposed, various gases such as argon and helium
have been used as plasma-forming gases. But the use of nitrogen generated from
atmospheric air has significantly reduced operating costs.

The paper [14] deals with determining the content of 23 elements (Ag, Al, B, Ba,
Bi, Ca, Cd, Cr, Cu, Fe, Ga, In, K, Li, Mg, Mn, Mn, Mo, Na, Ni, Pb, Sr, Tl, Zn) in several
unknown samples and in three standard geological samples. Sample preparation was
performed using microwave decomposition. The detection limit in this case ranged from

0.001 ppm for Sr —up to 0.121 ppm for Na.

1.2.1.2 Inductively coupled plasma mass spectrometry

Modern mass spectrometry is the most sensitive and reliable method for the
identification and quantification of elements in samples of any complexity [25,26], and
is usually used for elemental and isotopic analysis of liquid samples. Solid samples can
also be analyzed using a laser ablation or glow discharge system to vaporize the sample.
The gaseous phase and fine aerosol obtained through exposure of the sample, are ionized.
As a result of an electric or magnetic field action, the obtained ions are separated
according to their mass number m/z. The advantage of mass spectrometry is the
possibility of getting information about a large number of determined elements in the
process of a single analysis of various samples with most complex matrices without
preliminary separation [27].

Inductively coupled plasma mass spectrometry as a spectrum excitation source
(ICP-MS), in terms of speed, sensitivity and accuracy is a more efficient method for
determining ultra-trace microelements in geological samples than the ICP-AES.
However, like the ICP-AES, the ICP-MS is designed for the analysis of liquid samples.

Formation of oxide and hydroxide ions in an ICP source is a common feature of
ICP mass spectra, and can lead to spectral interferences such as polyatomic ions and

isobaric overlaps [25], for example, the superposition of 1*Ba®0* on *1Eu*, #Nd*O*
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on 16OGd+, 1445160+ on 16OGd+, 143N 180+ on 159Tb+, 141p(160)* on 157Gd+; and 74Hf on
17%yh*. A way to prevent these interferences is the measurement of doubly charged ions,
algebraic corrections, and modification of instrumental parameters [16,25].

In [12], to determine 24 elements (Rb, Sr, Y, Zr, Nb, Ba, La, Ce, Pr, Nd, Sm, Eu,
Gd, Th, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, Th, U) using the ICP-MS method in 40 samples
of granites and rigolites of Southern Siberia, 2 different methods of sample preparation
were considered: acid digestion in an open system for more than 33 hours, and lithium
metaborate fusion. The lithium metaborate fusion technique followed by dissolution and
removal of silica with hydrofluoric acid showed a more complete rock decomposition and
the results comparable with standard certified values, while the Zr, Hf, Lu, Yb
concentrations were significantly lower when the samples were prepared in open-type
PTFE vessels. The detection limit ranged from 0.021 to 0.24 ppm for Y, Pr, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu, Ta, U, and from 0.44 ppm to 2.07 ppm for Rb, Sr, Zr, Nb, Ba,
La, Ce, Nd, Sm, Hf and Th at sample preparation by fusion.

In [16] the researches used quadrupole ICP-MS (ICP-QMS) to determine REES in
marine sediment samples near the Ross Ice Shelf. Sample preparation was also carried
out by microwave decomposition in two stages with a mixture of mineral acids, including
hydrofluoric acid. Most gadolinium isotopes were considerably affected by Ba, La, and
Ce oxide ions with an error of 37%. Other important spectral overlaps were related to the
144N 18O 100G d*, 18N dO*/14Er*, 9GO/ Lu* overlap. Optimization of the cooled
spray chamber led to a decrease in the amount of oxide ions by about a factor of two for
most analytes, and as a result, to a decrease in the interfering effect. To reduce the effect
of polyatomic interferences of metal oxide and hydroxide ions, additional experiments
were carried out to compile correction equations; and the percentage contribution of each
ion to the determined isotopes was taken into account. In this case, the LOD ranged from
0.001 ppb for Lu, and to 0.234 ppb for Ce. In [16], also a magnetic sector mass
spectrometer (ICP-SFMS) with a resolution of 10 000 was used to ensure the separation
of interfering lanthanide oxide ions when determining REEs in geological samples
without applying algebraic correction. In this case, the LOD ranged from 0.005 ppb for
Lu, and to 0.016 ppb for Gd.
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The paper [17] focuses on determination of the content of 17 elements (Na, P, K,
Ti, V, Cr, Mn, Co, Cu, Ni, Zn, Zr, Pb, Al, Fe, Ca, Mg) in 8 komatiite samples contained
in various concentration ranges (from 0.056 ppm to 24300 ppm). Sample preparation was
carried out using microwave decomposition with a mixture of mineral acids. The
detection limit in this case ranged from 0.3-0.4 ppm for Ti, Mn, Co, Zr, Pb up to 4.6-5.7
ppm for K and Zn.

A comparative description of the methods often used in the analysis of geological
samples that require the transfer thereof into solution, is presented in Table 1 of the
Appendix.

Currently, the analysis of complex multicomponent geological samples is usually
performed by a complex of single-element analysis methods: atomic absorption analysis
in combination with spectrophotometry or several multi-element analysis methods
including the most common AES-ICP, ICP-MS. The sample preparation procedures
required for these methods are time-consuming and painstaking processes, as the
composition of the introduced test sample must adequately reflect the composition of the
original sample. Geological samples are prepared for analysis by open and/or autoclave
mineralization with a mixture of acids or by fusion. Microwave digestion of samples
significantly reduces the sample preparation time decreasing it from days to several hours,
replacing the "wet" chemical dissolution in an open vessel with a closed vessel equipped
with high pressure-high temperature software package. Fusion is also a universal
technique ensuring decomposition of rock-forming minerals including highly resistant
rocks. Summarizing all sample preparation methods, it may be concluded that there is not
and cannot be a universal sample digestion method. In every single case, the choice of
the digestion method will depend on the analytical task, on the analyzed material
properties, on further course of the analysis, and may include additional procedures, such
as: evaporation, extraction, preconcentration after dissolution, separation.

Thereby, preference is given to more rapid sample preparation techniques
recognized for minimal contamination and no loss of the elements relevant for the analyst,

while maintaining the sample representativeness to the greatest extent possible, as well
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as to non-destructive methods of analysis that allow to determine elements in a wide

dynamic range — from 102 1o 100% with sufficient accuracy and low detection limit.

1.2.2 Non-destructive analysis methods

Non-destructive methods for analyzing geological samples most often include X-
ray fluorescence analysis, neutron activation, laser ablation mass spectrometry, and glow
discharge mass spectrometry. These techniques virtually do not require any sample
preparation, i.e. those that can result in losses and contamination; the sample preparation
often consists of sealing the sample in glass ampoules or pressing it on various molds.

Rapid development of mass spectrometry occurred in the beginning of the XXIst
century led to creation of new sample ionization methods. With the advent of the laser
ablation and glow discharge, it became possible to reduce sample preparation process to

a minimum or even to avoid it completely.

1.2.2.1 X-ray fluorescence analysis

The X-ray fluorescence (XRF) analysis is based on registration of the characteristic
X-rays emitted by excited atoms with their inner electron shell affected by primary X-ray
radiation (photons, electrons or ions). Irradiation of the sample atoms with high-energy
photons ejects an electron from one of the inner electron shell thus producing a vacancy.
The latter is filled with an electron from the outer shell with the release of energy in the
form of an emitted characteristic X-ray quantum, i.e. a secondary photon; this
phenomenon is called "fluorescence”. The energy of the secondary photon provides
information for qualitative analysis, and the number of registered particles provides data
to be used in quantitative analysis [24].

The XRF method is traditionally used in the analysis of solid samples (powders,
glassy and metal samples) with a wide range of concentrations, various and
iInhomogeneous matrices, and various grain sizes; this method has proven itself well in
the analysis of geological materials [28].

Even though XRF relates to non-destructive methods of analysis (when analyzing

monolithic metal samples), researchers still resort to various sample preparation
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procedures aimed at sample homogenization for quantification of major and trace
elements in soils and geological samples. Since the analysis results are affected by
granulometric and mineral composition and by the sample heterogeneity, prior to analysis
the analyzed material is ground, screened, pressed or alloyed. Sample preparation by
fusion with sodium or lithium borates eliminates structural heterogeneity of the analyzed
material, the influence of mineralogical and matrix effects on accuracy and
reproducibility of the results.

The XRF method is distinguished for rapidity and a wide range of concentrations of
the elements to be determined: from 0.01 wt.% to 100 wt.%, but its practical application
in quantitative analysis requires standard samples that would correspond to the analyte in
terms of chemical and granulometric composition. The technique currently used for
correcting the matrix effects in quantitative analysis is the method of fundamental
parameters, but in terms of accuracy it is inferior to the traditional method of absolute
calibration based on the use of standard samples.

In [14], the XRF method was applied as a method to be compared with that of the
MP-AES in the task of determining the mass fractions of only some of the analyzed
elements (Al, K, Ca, Mn, Fe) in five geological samples without sample preparation. The
results obtained on a portable spectrometer diverged from the values obtained using MP-
AES by 10-12% for manganese content with a concentration range of 70-158 mg/kg; as
regards other elements, these also showed discrepancies from 4% to 10% in all analyzed
samples.

Thus, in [17], the XRF technique was used only to compare the contents of major
elements (Mg, Fe, Al, Ca) in 8 samples of komatiite. The tested samples were prepared
by a sample fusion with lithium tetraborate in order to obtain homogeneous glass disks.
When the mass fractions of nine major elements (Si, Fe, Al, Ca, Mg, Na, Ti, Mn, P) of
two basalt standard samples obtained by XRF analysis were compared with certified
(reference) values, the manganese content results appeared 30% higher because of its low
concentration (about 0.13-0.15 wt.%) in both samples, which corresponds to XRF limit

of detection with the above sample preparation method (~0.1 wt.%).
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In [29], a standard procedure was used: the analyzed material was ground, sieved,
and pressed into a tablet adding a waxy substance Ci1sHzs02N2 with the mass making from
1% to 7% of that of the sample. Matrix effects were corrected using software that allows
to take into account the sample preparation method, the sample thickness, and the
compton scattering. For major elements (in a concentration exceeding 1%), the
measurement uncertainty was 2-5%, for minor elements (in a concentration 0.1%) it was
10-15%, for elements in a concentration 0.01% it was equal to 10-20%, and for elements
in a concentration 0.001% it was about 50%.

In [30], in order to determine the 10 elements (Na, Mg, Al, Si, P, K, Ca, Ti, Mn,
Fe) by XRF technique, standard samples were fused with lithium metaborate. Samples
weighing 110 mg, preliminary calcined in a muffle furnace for 4 hours at a temperature
of 950°C, were mixed with 1.1 g of lithium metaborate in a platinum crucible, and melted
in an automatic furnace at 1100°C for 19 minutes. The melt was poured into a platinum
mold to form glass disks of diameter 10-12 mm. The fundamental parameters method was
used to correct matrix effects. Detection limit for oxides of the elements ranged from
0.005 wt.% for MnO and Fe,O3 up to 0.6 wt.% for SiO,. As noted by the authors of the
article, element concentrations of less than 0.01 wt.% are not quantifiable by the XRF
technique.

A relatively simple sample preparation procedure which includes pressing powder
samples with the addition of binders, results in sample dilution and in decreased signal
intensity. The fusion procedure also leads to sample dilution and to reduced matrix effects
for macrocomponents, while increasing the lower limits of determination of trace
elements, therefore this sample preparation method is widely used in silicate analysis,
when it Is necessary to determine the content of major rock-forming elements: Mg, Al,
Si, K, Ca with high accuracy. In fact, using the XRF method, it is possible to determine
no more than 10 major elements (in a concentration>1%) with sufficient reliability,
therefore, in order to obtain complete information about geological samples, it is

necessary to resort to other methods.
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1.2.2.2 Neutron-activation analysis

Neutron activation analysis (NAA) is classed as one of the main nuclear-physical
methods applied for detection of elements and for determination of contents thereof in
various natural and man-made materials and environmental objects. In order to perform
the NAA, the sample is irradiated with a stream of bombarding particles (neutrons in a
nuclear reactor according to the (n, y) reaction) followed by registration of individual
gamma radiation spectrum of excited nuclei or formed isotopes.

The NAA gamma ray spectrum is much simpler and less prone to interference than
the spectra in ICP-AES or X-ray spectra. NAA measurements are based on physical
phenomena occurring in the nuclei of elements, so the results do not depend on the form
in which the element exists in the sample. Instrumental and radiochemical neutron
activation analysis became widespread in the 70s of the last century as a technique used
for analyzing samples of geological origin.

Instrumental neutron activation analysis (INAA) is a highly sensitive method that
allows to determine the content of heavy metals and rare earth elements in natural samples
[31], although only a limited amount of REE can be determined simultaneously (usually
from 5 to 10 elements in basalt rocks and similar samples) due to the difficulty of their
separation and determination, especially at trace levels [21].

The authors of [32] selected 20 samples of granitic rocks in the Arabian Desert near
Qatar. Before testing, the samples were ground to grain sizes (63-125) um. For REE
determination various cycles of sample irradiation/sample cooling/signal measurement
were used; average cycle duration was 6 hours for Dy, Pr, Gd, Er; 2 days for La, Ho, Tm,
Yb, Lu, Tb, and more than 14 days for Ce, Nd, Sm, Eu. The LOD ranged from 0.01 ppm
for Th and Lu, up to 8 ppm for Gd and Er.

In [33], two standard samples (oriental tobacco leaves CTA-OTL-1, and fine fly
ash CTA-FFA-1) were irradiated by thermal neutrons for 10 minutes. To determine the
contents of the elements La, Ce, Nd, Sm, Eu, Gd, Th, Yb, and Lu, the samples were
analyzed at different time intervals after cooling: 9-11, 33-35, 110-111, and 154-157 days.
The result obtained for cerium, which has only one isotope, i.e. 1*'Ce (145 keV), was

consistent with the certified content when measured only on the 157th day after the
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sample was cooled. This might be explained by a possible interference with the *°Fe peak
(142 keV). The limits of detection in INAA for these lanthanides exceed the RNAA LOD
by more than one order of magnitude; therefore, determination of many elements with
low concentrations using INAA is possible only after radiochemical separation thereof.

Radiochemical neutron activation analysis (RNAA) is used as a complementary
to INAA with the aim to increase the sensitivity. Radiochemical separation technique is
used to determine concentrations of the elements that are at the limit of detection in
INAA, such as: Sn, Rb, Sr, Nb and REE. Since some elements, such as bismuth and
thallium, do not emit gamma rays, they are determined by beta-ray count. Thereby, it is
not possible to identify a single radionuclide in a mixed rock containing many beta
emitters, therefore it is necessary to use preliminary radiochemical separation: solvent
extraction, ion exchange, extraction chromatography, precipitation [21,31]. Post-
irradiation separation is not easy to achieve if the radionuclide of interest has a short half-
life, e.g. °2V with a half-life of 3.8 minutes.

In [21], rare earths radiochemical separation procedure was practiced using
extraction chromatography on three standard samples. The technique consisted of several
stages: samples were sealed in quartz ampoules and irradiated for 6 hours; after
irradiation, the samples were cooled for 1 week; then the ampoules were opened and
transferred to zirconium crucibles for fusion with a mixture of NaOH (1 g) and Na;O- (1-
1.5 g) for 20 minutes; the melt was dissolved in water, the undissolved precipitate in the
form of REE hydroxides was centrifuged and dissolved in hydrochloric acid; hydrofluoric
acid was added to convert REE to fluorides; then the fluorides were dissolved in a mixture
of HBO3 and HNO3 and the REE were reprecipitated as hydroxides adding an excess of
NaOH; the precipitate was centrifuged and dissolved in HCI for further loading onto an
anion exchange resin; REE were eluted with three HCL volumes. After separation of the
REE elements, radionuclides were measured at different time intervals after cooling: after
1 week for 14%La and '%3Sm; after 10 days for *4’Nd, 1>Yb, and 1’Lu, and after 1 month
for 141Ce, 152Eu, 1%°Tb and °YDb. The Pr, Dy, Ho, and Er isotopes were not determined
because the half-lives of neutron-captured nuclides of these four elements are too short to

be virtually detectable. When rock samples are irradiated with neutrons, the main
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contribution to radioactivity is made by the isotopes °'Cr, #Sc, *°Fe and %°Co. The #°Sc
having a half-life period of 83 days is the most interfering nuclide in the RNAA of silicate
rock samples in determination of REE, U, and Th trace amounts. Radionuclides >Cr, *Fe
u %°Co were separated from REE and divided from each other using ion exchange resin,
where the 6Sc was completely retained [21]. The limit of detection was at the ppb level
for almost all the elements being determined.

In [33], prior to irradiation of two standard samples (oriental tobacco leaves, CTA-
OTL-1 and fine fly ash, CTA-FFA-1), yttrium and lanthanides were separated from other
elements by multistage elution in an ion-exchange column from solutions prepared using
the microwave mineralization with a mixture of acids HNOs;+HF+H,O, /
HNO3z+HF+HCI. The resulting eluate containing yttrium and lanthanides was evaporated
to dryness and irradiated. After irradiation, anion exchange chromatography was used to
separate the rare earth elements into two groups, while the dry residue was dissolved in
ethylenediaminetetraacetic acid. The measurements were carried out three times: after 3-
5 hours, 2-7 days and 4 weeks after cooling, adjusting the counting time accordingly. The
additional stage of REE isolation made it possible to reduce the LOD by several times
relative to the classical INAA.

In NAA, there are various nuclear reactions that interfere with the REEs
determination, such as: nuclides formed as a result of the (n,p) and (n,a) reactions of
heavier elements often coincide with the nuclide produced in the reaction (n,y); uranium
fission products are also radionuclides for determination of some rare earth elements,
zirconium, ruthenium and molybdenum; daughter nuclides produced in the reaction (n,y),
may occur as interference radionuclides for the elements being determined. To account
for these effects, correction factors are used that are determined experimentally by
analyzing standard samples of natural uranium under similar analysis conditions [21]. Re-
irradiation of standard samples in the near future is not possible due to the induced activity
of long-lived radionuclides formed from the elements contained in GRM, such as *Mn,
24Na, "®As. After irradiation, the samples become radiation-safe on average within two
months. Rare earth elements determination accuracy and detection limit strongly depend

on the type of the analyzed material, on the content of interfering elements that provide a
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high background and overall activity, on irradiation intensity, and on the samples cooling
time [32,33].

Detection limits as obtained by NAA for many elements in rocks are at the ppm
level, but with the use of radiochemical separation, it is possible to achieve ppb levels;
however, the separation procedures followed are very complex, time consuming and
require additional equipment. At present, there are more accessible and more radiation-
safe sources than nuclear reactors, these sources can significantly reduce the time needed

for a single analysis.

1.2.2.3 Laser ablation mass spectrometry

Laser ablation is the process of removing a substance by the influence of laser
radiation: focusing high-power laser radiation on the surface of a solid target results in
rapid absorption of radiation energy by the substance and in heating and burst evaporation
of the substance from the target surface. The ablated sample material is transported by a
gas flow (argon or helium) to the ICP, where it is ionized. The resulting ions are detected
using mass spectrometry. The use of a special laser installation for laser ablation in
combination with an ICP mass spectrometer (LA-ICP-MS) allows to perform direct
analysis of solid samples with a detection locality of up to 10-20 um, therefore, the LA-
ICP-MS is usually used for local analysis (mapping) of monomineral fractions, however,
reproducibility of this method is low [26].

Signal reproducibility can be affected by a large number of factors (plasma
temperature, laser beam parameters, laser energy, inhomogeneity and the sample
material), therefore, to improve reproducibility and accuracy, laser radiation
characteristics (wavelength, laser pulse duration and energy) are to be varied. Thus, the
method has been recently improved by using short-wavelength UV lasers (266, 213 and
193 nm) instead of infrared lasers, as well as by shifting from nanosecond lasers to more
expensive femtosecond lasers in order to obtain smaller particles generated by sputtering,
decrease fractionation of various elements in the ablation process, and improve the

analysis accuracy [34].
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In addition, to improve the reproducibility of the analysis results, sample
preparation procedures are used; for example, the sample can be transferred to a suitable
form, e.g. borate glass prepared for X-ray fluorescence analysis by fusion [20,35] or
granulation [36].

In [20], an Nd:YAG laser (wavelength 266 nm, pulse frequency 20 Hz) was used
to analyze borate glasses prepared by fusion of schists and basalts standard samples with
flux (75% Li,B4O7/25% LiBO,) at a low temperature; this allowed to reduce the loss of
volatile elements. Prior to fusion procedure, indium solution was added as an internal
standard. Calibration dependence was constructed with the use of an external calibration
made on standard samples prepared according to a similar procedure. Optimal analysis
conditions were selected by comparison of intensities of the 23 elements (Cr, Mn, Co, Zn,
Ga, Sr, Y, Zr, Nb, In, La, Ce, Pr, Nd, Sm, Eu, Gd, Ho, Er, Lu, Ta, Th, U) with the use of
various discharge gases (pure argon, pure helium, argon/nitrogen mixture). The use of
pure helium as a discharge gas increased the intensities of all 23 elements by a factor of
2.4 compared to pure argon; this is explained by the improvement of transport properties
(reduction in particle size) of the resulting aerosol. The limit of quantification ranged
from 0.28% for Si to 0.02 ppm for REE, Th and U.

The authors of [35] used the LA-ICP-MS method to analyze the surface of borate
glasses of seven standard samples prepared by fusing a sample with a flux (66.67%
lithium tetraborate; 32.83% lithium metaborate; 0.5% lithium bromide) in a ratio of 1:9.
In the laser ablation installation, an Nd:Y AG ultraviolet laser was used (wavelength 213
nm, pulse duration 5 ns, pulse frequency 20 Hz, beam diameter 80 pum, laser radiation
power density) 2-108 W/cm2) and a discharge gas mixture of helium:argon in ratio 1:4.
The determination was carried out for 2-3 isotopes in order to fix possible overlaps
consisting mainly of plasma macrocomponents, i.e. argon, oxygen, hydrogen, nitrogen
and major components of the sample, as well as in various resolutions: low, medium,
high. The concentrations were calculated using averaged values obtained for different
iIsotopes and at different resolution settings. The calibration dependence was built
according to the BHVO-2 standard sample with the iron concentration certified value as

an internal standard. In this case, the LOD ranged from 0.01 ppm to 1 ppm for heavy
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elements, and increased due to the “memory effect” for the elements whose
concentrations in geological samples are high (Na, Mg, Al, Si, K, Ca, Fe). However, the
relative standard deviation of the results averages about 20% for all elements. The
deviation is especially large for the elements whose content is close to detection limits,
e.g., Cs, Mg, V, Ni, Ba, P, Cu, which limits the use of LA-ICP-MS for determination of
these elements.

In [36] standard powdery samples were granulated and pressed with sodium
tetraborate used as a bonding agent, caffeic acid as an optical absorber, and silver oxide
as the internal standard. Nanosecond laser ablation was performed with a Nd:YAG laser
(wavelength 213 nm, pulse frequency 10 Hz, beam diameter varied from 100 pm to 200
um). The relative standard deviation was ~10% for major elements and ~20% for low
concentration elements. The use of silver oxide made it possible to reduce the analysis
error to ~8%. The use of caffeic acid aimed to improve the signal stability did not
significantly improve the analysis results: the differences between certified and measured
contents remained within the range 39%-177% for three standard samples, and for one
standard sample it reached 267%. The obtained divergencies were explained by spectral
interferences well known from the ICP-MS analysis of solutions: non separation of
polyatomic ions (obtained by plasma-forming gas interaction with sodium tetraborate and
silver oxide) with the m/z values of the target analytes. To eliminate such interferences,
a combined approach was applied: the use of a collision cell with a gas mixture
(helium/hydrogen) and simultaneous application of Kkinetic energy discrimination
approach. LOD was 1.7 ppb for Ni, 9.5 ppb for Cu, 9.8 ppb for Zn, 0.3 ppb for Cd.

Matrix composition strongly affects the interaction between laser irradiation and
the sample, the number/size of generated particles/aerosol, as well as differences in
transfer efficiency thereof (precipitation and/or recombination). To level the elements
fractionation effect occurring at aerosol generation, at its atomization and ionization in
plasma, in addition to the use of femtosecond lasers, it is necessary to apply calibration
standards with an identical matrix, and an internal standard, i.e. an element contained in
the analyzed sample; there is also the need for sample preparation procedures that allow

to decompose sparingly soluble minerals, and homogenize the sample. All this
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significantly affects the analysis duration, complexity and cost. An equally serious
problem is selection of standard samples with different matrix and microelement
composition close to natural geological objects. The method detection limits are at the

level of tens of ppb for heavy elements and of several ppm for light elements.

1.2.2.4 Glow Discharge Mass Spectrometry

Glow Discharge Mass Spectrometry (GD-MS) is presented in a fairly large number
of modifications, and has proven itself well for the analysis of conductive samples.
Recently, this method has been increasingly applied in the analysis of semiconductor and
dielectric samples.

Glow discharge is an electrical discharge occurring between two electrodes in a
cell filled with an inert gas (for example, argon) being a plasma-forming one, at a reduced
(10-1500 Pa) pressure. The role of one of the electrodes (the cathode) is played by the
analyzed sample itself. Electron voltage (from 100 V to several kV) causes a gas
breakdown and formation of a glow discharge plasma.

There are many processes occurring in a glow discharge, and many studies are
focused to exploration thereof [37-41]. It was found that the glow discharge is maintained
by a combination of ion-electron emission from the cathode surface and ionization
occurring in the plasma. Electrons emitted and accelerated in the discharge electric field
cause elastic and inelastic collisions with atoms of the working gas, i.e. argon, as well as
produce ionization of the sample by electron impact:

¢ +Ar— Ar+e¢- (Elastic collision)
e +Ar— Ar +e”  (Impact excitation)
e +Ar— Ar*+2¢” (Electron impact)
e +Ar” — Ar*+2e”- (Cascade ionization)
e +tM —>M"*+2e- (Electron impact)

Positively charged argon ions under the action of a potential difference again
accelerate towards the cathode and bombard it, not only causing ion-electron emission,
but also knocking atoms out of the cathode material: M; cathode sputtering and the sample

atomization take place:
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Ar ¥+ Cathode — e~ (lon induced electron emission)

In [37-39], it was found that sample sputtering is caused not only by bombardment
with fast argon atoms, i.e. Ary, created by elastic collisions (the process of symmetrical
charge transfer of positive ions and gas atoms), but also by fast ions of the cathode
material (the self-sputtering process):

Ar*+ Ar— Ar¢+ Ar™ (symmetric charge transfer)
M * + Cathode — M (self sputtering)
M * + Cathode — M (self sputtering)

In addition, in the research [38, 40] it was found that the main processes of
ionization of sample atoms are Penning ionization (the process of collision with
metastable argon atoms), and the process of asymmetric charge transfer in a collision
between a sample atom and an argon ion.

M+Ar"—M"*+Ar+e- (Penning ionization)
M+Ar*—M7*Ar (Asymmetric charge transfer)

Asymmetric charge transfer occurs if the energy difference between the ground
state of the argon ion or the metastable level and energy levels of the resulting ion is small
enough. Probability of this process decreases significantly with the increase of energy
difference [40]. Thus, asymmetric charge transfer is a fairly selective process.

Penning ionization, in turn, is a non-selective process, since argon metastable states
energies are 11.55 and 11.72 eV, that is between first and second ionization potentials of
almost all elements. It is believed that Penning ionization is the predominant glow
discharge process (according to calculations [40] and experimental data [41], relative
contribution of Penning ionization in the case of continuous discharges is ~ 40-85%, and
in the afterglow of a pulsed discharge the relative contribution of Penning ionization
actually reaches 100% [38,40]), as a result of which the mass spectra consist mainly of
singly charged atomic ions [43].

Thus, the glow discharge in mass spectrometry is used as an ion source for analysis
of solid samples due to its relative simplicity and efficient atomization, a fairly high
stability of ion beams, high sensitivity, and low detection limits — ppb [26]. At the same

time, GD-MS is one of the most efficient and highly sensitive methods applied for direct
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determination of elements in various solid samples (metals and semiconductors) without
the need to dissolve and dilute the sample, thus making it possible to avoid possible
contamination during sample preparation [42].

Most GD-MS systems use 4 discharge power options: DC glow discharge, RF glow
discharge, pulsed discharge with bias current, and pulsed RF discharge [34,44]. Unlike
direct current sources, RF and pulsed RF sources have a wider range of applications, and
can be used both for analysis of metals and of non-conductive and mixed samples [34,44].

The most common version of the discharge cell is the Grimm type cell with a flat
sample pressed against o-ring hermetic seal; in the center of the seal, at a small distance
from the sample, there is a hollow anode. In this case, significant requirements are
imposed on the surface of the sample: it must ensure a vacuum tightness and be smooth.,
Without the use of additional techniques, it is impossible to obtain a direct current
discharge for dielectric materials in the Grimm cell; therefore, a cell with a secondary
cathode is used to analyze non-conductive solid samples (glasses and ceramics), and in
the analysis of powders various methods of sample preparation are used: mixing a sample
with a high-purity metal powder, applying a conductive layer on the sample surface, as
well as pressing the powder sample on the surface of a clean electrically conductive base
(indium or gallium) [45,46,47]. When using a secondary cathode, metal atoms sputtered
from the surface of the secondary cathode are re-deposited on the surface of a non-
conductive sample, forming an electrically conductive thin film, thus allowing to analyze
dielectric materials; however, due to the insufficient purity of the secondary cathode
material, the sample can be contaminated. Mixing and pressing the sample with a clean
conductive material can result in excessive absorption of water and air, which leads to the
sample destruction in the course of analysis, as well as to the increase of LOD due to the
presence of impurities in the binder powder. The use of indium as an electrically
conductive base leads to the appearance of cluster ions between matrix elements of the
analyzed samples and indium (for example, *In**Mg and *La, ®In®Mg and 4°Ce),
which will not allow to determine the concentrations of rare earth elements [44,46,47].

The use of a cell with a combined hollow cathode (HCC) makes it possible to

analyze samples with poor surface quality, and the samples not having vacuum density.
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HCC cell consists of a flat sample pressed against an auxiliary hollow cathode made of a
high-purity monoisotope metal (aluminum or niobium), while the discharge in the HCC
cell exists regardless of the type of the sample itself [34,47].

Quantitative evaluation of the GD-MS results turns out to be a difficult task when
there are no suitable standard materials for constructing calibration dependences;
therefore, the Relative Sensitivity Factor (RSF) method is used to calculate analyte
concentrations [45,48]. The RSF coefficients obtained on different mass spectrometers
with DC and RF glow discharges are in sufficient agreement with each other when the
average spread of RSF values in a pulsed glow discharge appears to be twice smaller,
which makes this type of discharge more convenient in terms of calibration [49]. It is
possible to use the RSF defined for a matrix to analyze another one, as well as to average
the RSF coefficients values over several matrices. Processing the analysis results and
calculation of the analytes content using the RSF coefficients is a fairly common
procedure [34,45].

The paper [46] presents the procedure used for analysis of eight synthetic crystals
carried out by the Shanghai Institute of Ceramics of the Chinese Academy of Sciences.
The procedure was aimed at estimating the possibility to determine the REE dopants. The
studies were carried out on a mass spectrometer with a DC glow discharge and a discharge
needle cell designed for rod samples. The use of a secondary cathode in the analysis of
crystals did not allow to obtain stable signals, therefore, in order to obtain a stable
discharge, the researchers compared the method of coating the sample surface with melted
metallic indium with the technique where a tantalum cathode was used as a sample holder.
When argon is used as a discharge gas, and the sample is coated with indium, it is possible
to obtain cluster ions, which interfere with determination of some rare earth elements,
such as *°In*Ar na ®1Eu, In*0Ar na 1°Gd, 1*°In?’ Al ma 1*2Nd, while in the case of using
a tantalum cathode, the *8°Ta and 8'Ta isotopes do not interfere with determination of
rare earth elements. For some crystals, a stable discharge could be observed after
continuous spraying for 40 minutes, while for hard-to-sputter crystals it happened only
after 1.5 hours. Relative concentrations of elements were determined basing on Relative
Sensitivity Factor (RSF) calculated at two YAG (Y3Ali5012) crystals. However, the



181

detection limits reached by the technique were not reported. The DC GD-MS method
using tantalum as a sample holder showed more stable sample sputtering even for hard-
to-sputter crystals than the method of coating the sample with metallic indium, but its
efficiency was lower than that showed by pulsed glow discharge mass spectrometry.

A pulsed glow discharge mass spectrometer with a combined hollow cathode was
used in [50] to determine thorium-to uranium isotope ratios in various natural minerals.
Samples of minerals were ground into powder and pressed onto a tablet of powdered
nickel. High purity aluminum was used as the auxiliary cathode. To calculate the relative
sensitivity coefficients a model sample was used: zirconium oxide with various ratios of
uranium, thorium, gadolinium, and lead additions. The calculated relative sensitivities of
gadolinium and lead made it possible to use them as an internal standard; therefore, prior
to analysis, solutions of these elements were added to powdered samples to determine
uranium and thorium concentrations. In addition, the obtained spectra of the lovchorrite
mineral showed the possibility of detecting some rare earth elements: La, Ce, Nd, Sm.
The limit of detection was 0.3 ppm for uranium and 0.5 ppm for thorium.

Summing up, it can be concluded that when solving geological problems, rocks are
the most frequently analyzed materials, and at the same time the most difficult samples
to analyze; this is true even for the methods with minimal sample preparation
requirements: in order to achieve the required analysis accuracy, the elements must be
preliminary separated, or the sample must be homogenized. Methods of analysis requiring
minimal sample preparation are presented in Table 2 of the Appendix.

It should be noted that a new and relatively compact GD-MS version, i.e. pulsed
glow-discharge time-of-flight mass spectrometry [47], can be effectively used to solve
the problem under consideration and to avoid dissolution, dilution, and contamination
challenges that may arise when using the techniques requiring the samples transfer to
solution. However, methodological approaches for rapid determination of rare earth

elements in rocks using GD-MS have not yet been implemented.
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1.3 Uranium in natural environments
Rocks contain many elements in their composition, including uranium and
transuranium elements which display the most toxic effect on human body and on the
environment. Uranium is found in various rocks and natural environments. As a result of
weathering and leaching of uranium mobile forms from rocks by surface and ground
waters during a substantial period of time, the decay of uranyl complexes, changes in the
redox potential of ore-forming systems, uranium can be transported with water over a

considerable distance from its source area, and reprecipitate in a new terrain [51-53].

Concentration of uranium in various natural environments is shown in Table 2.

Table 2. Concentration of uranium in various natural environments

Natural environments Concentration, ppm | References
Rich ores (Canada) 200000 [54]
Medium-grade ore 20000 [54]
Poor rock 1000 [54]
Phosphorite sediments in marine waters 10-700 [55]
Marine black shales (Southern Sweden) 200 [55]
Very poor ores (Namibia) 100 [54]
Marine black shales 10-80 [55]
Granitoids 0.1-30 [54]
Granites (rapakivi) 4-5 [54]
Continental divides 2.8 [54]
Rock 2 [54]
Average amount in the earth's crust 1.4 [54]
Waters in Southern Finland 7.8 [54]
Groundwater 0.1-500 ppb [56]
Surface waters 0.01-5 ppb [56]
WHO MAC (Drinking water) 0.003 [57]

Apart from its natural origin, uranium penetrates the environment as a result of
nuclear fuel cycle industry; with emissions of industrial phosphate fertilizers, of
enterprises producing or testing nuclear weapons, of coal-fired thermal and electrical
power plants. All this leads to local technogenic transformations of territories, to
accumulation of uranium in the industrial wastewater discharge of these enterprises, and

to an increase in the uranium concentration in nearby water surfaces [58-60], which
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causes significant damage to human health [61,62]. All these circumstances call for the
need of reducing the uranium concentration in natural waters down to acceptable limits
necessary for the ecosystems stability and public health.

Uranium intake into human body is usually extremely low, but if uranium is found
in drinking water, it can become the main source of its intake. When it enters the body,
uranium, being a general cellular poison, affects all organs and tissues causing health
problems, such as damaged kidneys and gastrointestinal tract, as well as cancerous
deceases. When uranium enters the bloodstream, it bioaccumulates, and for many years
remains in bones (due to its tendency to form phosphates), spleen, liver, brain, and hair,
it also has genotoxic, mutagenic, and carcinogenic effects [63,64]

Because of uranium high toxicity and radioactivity in water, the World Health
Organization in 2011 set an acceptable limit for its concentration in drinking water - 30
ug/l [57]. As a rule, there is much less uranium in water: in the USA, the average value
IS 6.7 pg/l, in China and France — 2.2 pg/l. But there are also strong deviations, so in some
areas of California it is a hundred times more than the standard, i.e. 2.5 mg/l, and in
Southern Finland it reaches 7.8 mg/l, therefore constant monitoring of the uranium
content and treating aqueous solutions are key concerns for environmental safety and

public health.

1.3.1 Determination of uranium in agqueous solutions
Although in natural waters uranium is found at a fairly high level, i.e. sufficient
enough to induce toxic effects in human bodies and in the environment, these
concentrations as a rule are below the detection limits of most instrumental analytical
techniques, therefore, such contents can only be quantified after completion of the

preconcentration procedures.

1.3.1.1 Preconcentration of uranium
A cost effective and efficient method for the uranium concentration from aqueous
solutions is sorption. It is widely used, as it makes it possible to solve the problems of

conservation, transportation, and storage. Uranium extraction from aqueous solutions is
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based on the use of various sorbents of mineral, organic, or biological origin: alumina
[65, 66], amorphous silica [66], attapulgite [67], zeolite [68], montmorillonite [66],
goethite [69], perovskite [70], shungite [71], and calcite [72]. However, these natural
sorbents often show either low sorption capacity or low affinity for sorbate under
environmental conditions, therefore researchers are making great efforts in studying new
efficient sorbents with high adsorption capacity. An example of most popular adsorbents
that allow sorption of many heavy elements such as cadmium [73], zinc [74], nickel [75],
chromium [76] from aqueous solutions, is a variety of carbon materials [77], more
specifically, carbon nanotubes that have been becoming increasingly popular over recent

years; nanotubes were first described by lijima in 1991 [78].

1.3.1.2 Concentration of uranium on carbon nanotubes

Carbon nanotubes (CNTSs) are long cylindrical carbon structures consisting of
graphene sheets rolled up into long tubes and usually ending with a hemisphere, which
can be considered as half a fullerene molecule, with a diameter of between 1 and several
tens of nanometers, and with a length of up to hundreds of micrometers. First open tubes
were multilayer (MWCNT), i.e. these were concentric cylinders of similar graphite
structure held together by weak intermolecular forces. In 1993, lijima and IBM
Corporation researches independently discovered single-walled carbon nanotubes
(SWCNTSs) with a diameter of about 1 nm [79, 80]. In 2014, Russian scientists at OCSIiAl
(Novosibirsk, Russia) developed an original industrial technology for production of
graphene (single-walled) nanotubes "TUBALL" with the possibility to scale up the
synthesis about 4 tons per year at a reduced price of the synthesized material; this makes
it possible to use these single-walled carbon nanotubes as an excellent import-substituting
material [81]. Single-walled and multi-walled carbon nanotubes have the appearance

shown in Figure 1. The CNT specific surface area can vary from 150 to 1500 m?/g.
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a) b)

Figure 1. Carbon nanotubes: a) single-walled; b) multi-walled

The main objective of most studies focused on the use of CNTs as a sorbent
removing metals from aqueous solutions is to increase the sorption capacity and the
analyte extraction level. These parameters are determined basing on sufficiently
concentrated solutions of uranium, i.e. the solutions of tens, and sometimes hundreds
mg/l. After sorption, uranium is eluted from sorbents with nitric/hydrochloric acid dilute
solutions, followed by its detection using a variety of instrumental methods [82,83].

However, one of the most convenient methods for determining the uranium content
in aqueous solutions is direct analysis of the sorbent after uranium sorption on it. This
approach makes it possible to concentrate the sample and does not require further transfer
of the sorbed uranuim into a solution.

To implement such an approach, the sorbent must satisfy a number of important
requirements, namely: to have high efficiency, be electrically conductive and stable.
Carbon nanotubes fully meet these requirements. But at the same time, the CNTs
hydrophobic and chemically inert nature impedes their application. A solution to this
problem is chemical oxidation of the CNT surface; it will promote dispersion and
activation of the surface thereof [84-87]. Strong interaction between acid molecules and
the carbon nanotubes surface during processing results in creation of defective areas in
the graphite network. Generation of these oxidative defects involves the replacement of
one carbon atom from the CNT lattice by one or more oxygen atoms with formation of

functional groups on the CNT surface, such as: carboxyl (-COOH), carbonyl (-C=0) and
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hydroxyl (-OH) groups, the ratio of which is close to 4:2:1 [88,89]. These functional
groups promote CNTs chemical activity, which in turn increases the CNTs dispersibility
in aqueous solutions and organic solvents. And the presence of active sites suggests their
use as good adsorbents of metal ions, since strong surface complexation occurring
between metal ions and functional groups is considered to be primary adsorption
mechanism on carbon nanotubes. Thus, the potentially large sorption capacity of carbon
nanotubes is caused by the structure of pores thereof, surface area, and the presence of a
wide range of surface functional groups, which makes it possible to consider CNTs as a

promising sorbent for metals including uranium from aqueous solutions.

1.3.2 Carbon nanotubes surface functionalization techniques

The CNT’s surface is modified by various oxygen-containing acids and acid-based
mixtures: HCI [90,92], H.SO4 + H,0; [93,94], HNO3/H,SO,4 (3:1) [93-97], HNOs
[93,94,97-101]. The same oxidative treatments are also used to remove amorphous carbon
and metallic impurities from CNTs [102-104].

However, there is no single approach to the CNTs modification, since different
tasks require different functional groups on the CNTs surface, and therefore it is necessary
to resort to different oxidation conditions. Temperature, time, and mixing parameters can
vary, and this fact significantly affects concentration of oxygen atoms, distribution of
oxygen-containing functional centers, as well as the resulting CNTs properties. Mild
conditions may not result in the CNTSs surface sufficient functionality even after long
treatment periods, while CNTs may suffer severe structural degradation at the earliest
stages of aggressive acid treatment. The optimal processing method should ensure
maximum functionality of the CNT surface with insignificant structural degradation and
the loss of weight [87]. In addition, the process should not be labor intensive, energy
consuming and expensive.

A review of the literature indicates that HNO3; and the H,SO4/HNO3; mixture are
widely used for the CNTs oxidation. However, the use of the aggressive H,SO4#/HNO3

mixture often leads to the loss of CNT structure integrity and to possible complete
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decomposition thereof [85]. Thus, the use of HNO3 as a mild oxidizing agent is the best
way to impart hydrophilic properties to CNTSs.

However, the simplest and most reliable way to influence the MWCNT oxidation
state is to vary the acid concentration. Atomic oxygen concentration and the number of
COOH functional groups increase linearly as HNO3; concentration increases, but the C—
OH and C=0 groups remain relatively small in number and constant [105]. However, it
was pointed out in [106] that during SWCNTSs oxidation, the concentrations of all three
functional groups increased uniformly in proportion with the increase in acid
concentration.

Independent research [107,108] found that treatment of single-walled CNTs with
hot nitric acid results in a more efficient removal of metal impurities and amorphous
carbon inclusions as compared to treatment with cold HNOs. The papers [93,97] also
focused on the comparison of various CNTs chemical oxidation methods; it was proved
that treatment with a hot solution of nitric acid leads to the formation of a larger number
of oxygen centers and additional defects on the CNTs surface for grafting functional
groups.

Acid exposure time also affects the degree of CNTs oxidation. The papers [97,101]
present the study of the acid treatment duration. Under a rather long treatment (from 24
to 48 hours), CNTs decompose and lose up to 90% in weight. However, minimal
processing (~1 hour) may not produce any results.

Thus, basing on literary sources, treatment with hot concentrated (65%) nitric acid
for 6 hours is a suitable mild method to oxidize carbon nanotubes in order to increase
their surface area, graft oxygen-containing functional groups onto the surface while
maintaining the initial structure and further use of CNT as an excellent sorbent for
sorption of uranium from aqueous solutions.

In addition to individual carbon nanotubes, of great interest are surface modified
nanotubes and composites based on nanotubes, on a solid support, or a modifier [109]. In
CNT formation, many substances can be used as a modifier, for example, metal oxides

and materials, including silica.



188

Silica i.e. silicon dioxide existing in crystalline, amorphous or hydrated forms is
also a natural sorbent. The sorbents based on amorphous silicas are superior to other
oxide-based sorbents due to their excellent sorption properties, availability, and relative
cheapness. A particular type of amorphous silica, i.e. aerosil or pyrogenic silica is
characterized by high chemical activity. When reacting with water, aerosil forms a
hydrogel; the latter, when calcined, can form a mechanically strong framework of silica
globules. Silica-modified CNTs can be pressed to form the most suitable shape for
sorption of elements from aqueous solutions, for example, a tablet.

All researchers calculate the sorbent effectiveness basing on the difference between
initial and equilibrium concentrations. This is good for theoretical calculations. However,
for practical application of sorbents, i.e., for determination of low concentrations of
uranium in aqueous solutions, implementation of such an approach may cause problems,
namely, an insufficiently low LOD to determine the equilibrium concentration.

The most convenient and fast way to determine the uranium content in aqueous
solutions is the direct analysis of the sorbent. The option offered by the GD-MS
technique, i.e. by pulsed glow discharge time-of-flight mass spectrometry, allows to apply
the direct analysis of the sorbent to determine the uranium concentration in low
concentration aqueous solutions. It should be noted that this approach, i.e. direct spraying

of a sorbent with uranium adsorbed on it, is used for the very first time.

Conclusions

Rocks are a complex subject matter of analysis. In order to determine a wide range
of elements, a significant set of analyzes is required, including additional sample
preparation procedures, such as granulation, fusion, or dissolving with a mixture of acids,
which significantly complicates the analysis, increases the time and risk of error in
determining the elements. It should be noted that one of the above considered methods,
I.e. pulsed glow discharge time-of-flight mass spectrometry, can be effectively used to
achieve the target under consideration, and makes it possible to avoid problems caused

by dissolution, dilution, and contamination. However, methodological approaches for the
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rapid determination of rare earth elements in rocks using GD-MS have not yet been
implemented.

Since rocks contain many elements in their composition, including uranium whose
content increases in nearby water surfaces as a result of both various natural processes
and anthropogenic factors leading to toxic effects on the human body and the
environment, this calls for the need to determine the uranium concentration in waters in
order to control the ecosystems stability and monitor the public health. Pulsed glow
discharge time-of-flight mass spectrometry that allows to analyze various types of
materials, can be considered as a suitable method for developing a methodological
approach aimed at determining the content of uranium previously adsorbed on a sorbent,
in aqueous solutions by direct spraying the sorbent itself.

Thus, the development of an express methodology that would allow simultaneously
and with minimal sample preparation to determine a wide range of elements in natural
samples including rocks, ores, soils, as well as uranium in aqueous solutions with its

minimum content, is an urgent task.
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Chapter 2. Development of a direct approach for determination of rare earth

elements in geological samples by pulsed glow discharge time-of-flight mass

2.1 Experimental part

Pulsed glow discharge mass spectrometry allows for direct analysis of various solid

samples including rocks. This method either eliminates or minimizes complex and often

time-consuming sample preparation procedures, as well as abates the related issues such

as loss of analytes or sample contamination occurring during sample pretreatment

processes.

The Lumas-30 time-of-flight mass spectrometer with pulsed glow discharge makes

it possible to use a conductive base as a tablet for the analysis of geological samples: to

do this, the sample is pressed onto the tablet and placed in the discharge cell of the mass

spectrometer as a cathode. The sequence of actions is shown in Figure 2.
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Figure 2. Scheme of the analysis performed using "Lumas-30"
time-of-flight mass spectrometer with a pulsed glow discharge

2.1.1 Design of the time-of-flight mass spectrometer
with pulsed glow discharge "Lumas-30"

The mass spectrometer consists of a discharge cell for ionization of solid samples

in a pulsed glow discharge (PGD), a time-of-flight mass analyzer with orthogonal
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geometry equipped with a mass reflectron, and of a microchannel detector [37,110,111].
The general scheme of a time-of-flight mass spectrometer with a pulsed glow discharge

Is shown in Figure 3.
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Figure 3. General scheme of "Lumas-30" time-of-flight mass spectrometer with
pulsed ionization of solid samples in a hollow cathode

The discharge cell is a cell of a combined hollow cathode (CHC) consisting of an
analyzed sample in the form of a flat disk 10 mm diameter, and an auxiliary metal cathode
in the form of a hollow cylinder with an inner diameter of 6 mm, made of high-purity
tantalum, niobium, or aluminum. This cell design is suitable for the analysis of
semiconductor and dielectric samples [46,47,112], it combines the advantages of hollow
cathode and secondary cathode cells, and outperforms the currently most common Grimm
cell with RF discharge in terms of signal intensity. This is achieved due to the fact that
the cylindrical shape of the cell at a certain size provides overlapping of negative glow
areas, thereby creating a trap for fast electrons, while generation of surface conductivity
allows to avoid a signal intensity drop caused by the increased sample thickness (for
dielectric samples when using a radio frequency discharge). The design scheme of the

discharge cell of the combined hollow cathode is shown in Figure 4.
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Figure 4. Scheme of a discharge cell with combined hollow cathode ("Lumas-30").
1 — Skimmer. The skimmer serves for “cutting” a narrow directed beam from a diverging
gas jet formed by a sampler. 2 — Sampler. The sampler is designed to form a directed flow
of ions and neutral atoms formed in the discharge plasma sent into the mass spectrometer.
3 —Ceramics. 4 — Quartz. 5 — Auxiliary cathode. 6 — Sample. 7 — Cathode. 8 — Conductive
film.

Under the action of a small extraction potential and pressure difference, the ions
formed in the source, together with neutral atoms, are transported to the differential zone
(the zone between the sampler and the skimmer with a pressure of ~0,133 Pa or ~10°3
Torr). In this zone, most of neutral particles are removed by vacuum pumps, while the
ions that have passed through the skimmer opening, enter the focusing region and, with
the use of cylindrical lenses, are collected on the slit diaphragm of the ejecting zone. A
narrow ribbon ion beam, parallel to the repelling electrode, enters the ejection zone.
Further, under the action of the ejection pulse, the ions are introduced into the flight
chamber, where the pressure is ~10° Torr, which makes it possible to practically eliminate

collision processes. In the chamber the spatio-temporal separation of electrons takes place
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basing on the time of flight and depending on the m/z ratio. After that, the ions enter the
mass reflectron that performs the space-time focusing. The energy filter retains low-
energy ions, i.e. the "tails" of the mass spectral peaks are cut off. After passing through
the filter, the ions are detected by a chevron assembly of two microchannel plates with a
total multiplication factor of ~10°. The obtained mass spectra are preliminarily
summarized in batches of 4000 mass spectra. Then, to obtain the final spectrum, these
batches are additionally summed. Usually 2x10° spectra are used (500 batches of 4000
spectra), the total accumulation time is 10.5 min. at a 3.2 kHz discharge pulses repetition
rate.
2.1.2 Preparation of sample and the discharge cell for analysis

Upon the sample change, atmospheric gases and water are sorbed on the analyzed
sample itself and on the discharge cell surface. These substances significantly affect the
discharge processes and degrade such method parameters as sensitivity, selectivity and
detection limit.

To level the effect of water and oxygen sorbed on the sample surface and in pores,
thus entering the discharge cell when the sample is changed, the analyzed sample was
preheated with a jet of hot air for 2-3 minutes. After that, the sample was placed in the
gas-discharge cell of the mass spectrometer, then the cell was purged with discharge gas
in the following mode: gas (argon) was admitted for 20-30 sec, then it was pumped out
forl minute. The purge cycle was repeated 40-60 times. The addition of a small amount
of hydrogen (0.3%) to the discharge gas made it possible to reduce the intensity of the
gas components through the occurrence of a number of reactions that transfer the charge
from some gas components mainly to Hs*, while the intensities of the sample components
increased by a factor of 1.5 to 2 [113,114].

2.1.3 Instrumentation
A “Lumas-30” time-of-flight mass spectrometer (Lumex, St. Petersburg, Russia)
with pulsed glow discharge in combination with a hollow cathode was used to determine

elements in geological samples.
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Atomic emission analysis was performed on an Optima 7300 DV inductively
coupled plasma spectrometer (Perkin EImer Instruments, USA), and used as a reference
method.

The microwave system SpeedWave® Four (Berghof Products + Instruments,
Eningen, Germany) equipped with four DAK-100 100 ml PTFE vessels, a pressure
sensor, an IR temperature sensor, and a Power PC 5200 remote control panel was used
for sample preparation.

Analytical balance HR-60 (AnD, Japan) was used to measure the mass of analyzed
samples weighed portions.

A LF-25/350-GG1 drying oven (LOIP, Russia) was used for pre-drying the samples
to constant mass at a temperature of 105°C.

Hydraulic manual press PGR-10 (LabTools, Russia) was used for sample pressing.

2.1.4 Research object, standard samples, materials and reagents

Research objects
Specimens of geological samples GTK-REE 7-J1-1-2005, 65-1B-ATK-97, TAH$-
2015-1.1 were provided by GTK Kuopio (Finland), a large research organization engaged

in the study of geological samples and the search for mineral deposits.

Standard samples
To calculate relative sensitivity coefficients (RSF), the following standard samples
were used: standard sample (SGD-1A) of the “essexite gabbro” rock (IGCh SB RAS,
Irkutsk, Russia); standard sample (SRM 2782) of industrial sludge (NIST, Gaithersburg,
MD, USA). The content of elements of the standard samples SGD-1A and SRM 2782 are

presented in Tables 3 and 4, respectively.

Table 3. Elements contents of SGD-1A

Elements | Concentration, mass. % Elements Concentration, mass. %
Al 7.87+0.04 Be 0.00020+0.00004
Ca 7.84+0.06 C 0.063+0.011
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Fe 8.03+0.05 Ce 0.015+0.001
K 2.46+0.04 Cl 0.022°
Mg 4.22+0.06 Co 0.0040+0.0005
Mn 0.13+0.01 Cr 0.0052+0.0006
Na 2.09+0.04 Cs 0.00040+0.00006
P 0.44+0.01 Cu 0.0068+0.0007
Si 21.69+0.05 Dy 0.00042
Ti 1.03+0.02 Er 0.00028*
B 0.0016%0.0002 Eu 0.0006=0.0001
Ba 0.13+0.02 F 0.12+0.01
Ge 0.00015+0.00002 Ga 0.0019+0.0002
Ho 0.00005? Sc 0.0027+0.0003
La 0.0078+0.0018 Sm 0.0017+0.0001
Li 0.0014+0.0003 Sn 0.00037+0.00006
Mo 0.00015+0.00005 Sr 0.23+0.02
Nb 0.0008+0.0001 Ta 0.00011+0.00004
Nd 0.0066% Th 0.0009+0.0001
Ni 0.0050+0.0005 U 0.00042
Pb 0.0018+0.0003 \Y/ 0.024+0.002
Pr 0.001? Y 0.0030+0.0008
Rb 0.0073+0.0004 Yb 0.00029+0.00005
S 0.02040.003 Zn 0.012+0.001
Sh 0.00012 Zr 0.024+0.002
4nformation value
Table 4. Elements contents of SRM 2782
Elements | Concentration, mass. % Elements Concentration, mass. %
Al 1.37+0.09° Mn 0.0300¢
Ag 0.00306%0.000472 Mo 0.001007+0.000020?2
Au 0.00022¢ Na 1.30+0.05P
As 0.0166+0.0020? Ni 0.01541+0.00031%
Ba 0.0254+0.0024° P 0.50+0.06"
C 2.1° Pb 0.0574+0.0011?
Ca 0.67+0.06° Rb 0.0023¢
Cd 0.000417+0.000009? S 0.2¢
Ce 0.1240+0.0110° Sh 0.0002¢
Co 0.00663+0.00048 Sc 0.00034°¢
Cr 0.0109+0.0006% Se 0.000044+0.0000112
Cu 0.2594+0.00522 Si 20.3¢
Eu 0.000034°¢ Sm 0.00013°¢
Fe 26.9+0.7° Ta 0.000073¢
Gd 0.0035+0.0010° Th 0.000048°¢
Hf 0.000077¢ Th 0.00024°¢
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Hg 0.000110+0.0000192 Ti 0.0880+0.0090°
In 0.0238+0.0070° U 0.00083¢

K 0.32+0.01° V 0.0080+0.0010P
La 0.00581+0.00024° Y 0.0010°

Li 0.0005°¢ Yb 0.000074°¢
Mg 0.26+0.02° Zn 0.1254+0.0196%

aCertified value
bReference value
‘Information value

To assess the correctness of determination of mass fractions of elements in the

studied objects2709a, the following standard samples were used: a standard sample (SRM
2709a) from the soil of San Joaquin County, California (NIST, Gaithersburg, MD, USA);
standard sample (ST-1A) of the “trapp” rock (IGCh SB RAS, Irkutsk, Russia). The

content of the elements of reference materials SRM 2709a and ST-1A are presented in

Tables 5 and 6.

Table 5. Elements contents of SRM 2709a

Elements | Concentration, mass. % | Elements Concentration, mass. %

Al 7.37+0.162 Na 1.224+0.03?
As 0.00105+0.00003° Nd 0.0017¢

B 0.0074°¢ Ni 0.0085+0.0002°
Ba 0.0979+0.00282 P 0.0688+0.0013?
Ca 1.91£0.092 Pb 0.00173+0.0001%
Cd 0.0000371+0.00000022 Rb 0.0099+0.0003°
Ce 0.0042+0.0001° Sh 0.000155+0.0000062
Co 0.00128+0.00022 Sc 0.00111+0.00001°
Cr 0.0130+0.0009? Se 0.00015°¢

Cs 0.00050+0.00001° Si 30.3+0.42
Cu 0.00339+0.00005° Sm 0.0004°¢
Dy 0.0003°¢ Sr 0.0239+0.0006?
Eu 0.000083+0.000002° Ta 0.00007¢

Fe 3.36+0.07? Th 0.00005°¢
Gd 0.00030+0.00001° Th 0.00109+0.00002°
Hf 0.0004°¢ Ti 0.336+0.0072
Hg 0.00009+0.00002° TI 0.000058+0.000001°
K 2.11+0.06° U 0.000315+0.000005°
La 0.00217+0.00004° V 0.0110+0.00112
Lu 0.00003¢ Yb 0.0002°
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Mg 1.46+0.022 Zn 0.0103+0.0004°

Mn 0.0529+0.0018% Zr 0.0195+0.0046°

aCertified value
bReference value
‘Information value

Table 6. Elements contents of ST-1A

Elements | Concentration, mass. % Elements Concentration, mass. %
Al 7.534+0.05 Be 0.00010+0.00002
Ca 7.29+0.08 C 0.063+0.008
Fe 10.7+0.1 Ce 0.00222
K 0.577+£0.012 Cl 0.0432
Mg 3.46+0.04 Co 0.0046+0.0005
Mn 0.166+0.005 Cr 0.014+0.001
Na 1.85+0.02 Cs 0.00009+0.00001

P 0.090+0.003 Cu 0.022+0.002

Si 22.96+0.06 Dy 0.00042

Ti 1.09+0.05 Er 0.00022

B 0.0015+0.0002 Eu 0.0003+0.0001
Ba 0.029+0.006 F 0.0322
Ge 0.00016+0.00004 Ga 0.0016+0.0002
Ho 0.00008? Sc 0.0043+0.0005
La 0.0014=+0.0002 Sm 0.00040+0.00002
Li 0.0014=+0.0002 Sn 0.00035+0.00009
Mo 0.00018+0.00005 Sr 0.027+0.003
Nb 0.0008+0.0001 Ta 0.00012+0.00004
Nd 0.00092 Th 0.0003?

Ni 0.0090+0.0006 U 0.0001°

Pb 0.0006+0.00002 \Y/ 0.032+0.002
Pr 0.00022 Y 0.0032

Rb 0.0016%0.0002 Yb 0.00040+0.00004
S 0.0684+0.006 Zn 0.015+0.001
Sh 0.00010£0.00008 Zr 0.013+0.001

aInformation value

Materials
Characteristics of the materials used: these of cathode, tablet and gas discharge are

presented in Table 7.
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Table 7. Parameters of the materials used

Materials Parameter
Compound Purity, % Manufactured
Cathode Tantalum 99.9 Sigma-Aldrich, St. Louis, CIIIA
Aluminium 99.999 Sigma-Aldrich, St. Louis, CIIIA
Tablets Al-tablets 99.999 Girmet, Russia
Ni-powder 99.99 Sigma-Aldrich, St. Louis, CIIIA
Gas- Ar 99.7% Ar + 0.3% H; Linde Gas Rus, Russia
gischarge
Reagents

Samples digestion and a blank sample preparation for ICP-AES analysis, were
carried out with the use of the following acids: nitric acid (p=1.41 g/ml) (special purity,
“Reakhim”, Russia) as per GOST 11125, hydrochloric acid (p=1.19 g/ml) (special purity,
00O “Sigma Tech”, Russia) as per GOST 14261, hydrofluoric acid (p = 1.15 g/ml)
(special purity, Sigma-Aldrich, St. Louis, Germany), as well as mixtures thereof; boric
acid (99.9%) (high purity grade, “Reakhim”, Russia) as per GOST 9656.

The calibration curve of the elements to be determined was constructed with the
use of a series of synthetic standard solutions. The solutions were prepared by sequential
dilution of the following reagents: a set of standard multi-element solutions ICP-MS 68-
Element Standard (High-Purity Standards, Charleston, USA) with element concentrations
of 100 mg/I (the solutions A and B); the standard single element solution of S ions at a
concentration of 1000 mg/l (Sigma-Aldrich, St. Louis, Missouri, USA).

An internal standard solution was prepared by diluting a 1000 mg/L Y ion standard
single element solution (Sigma-Aldrich, St. Louis, Missouri, USA). Milli-Q® water was
obtained using the Milli-Q® Advantage A10 system (Merck Millipore, Molsheim,

France).

2.1.5 Sample preparation
For analysis, standard samples and the analyzed samples were pressed to create
aluminum foil pellets 10 mm in diameter using a PGR-10 hydraulic manual press. The

samples pressed into aluminum foil are shown in Figure 5.
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@10 mm

Figure 5. Samples pressed into aluminum foil:
a) prior to analysis, b) after analysis

The pressed layer thickness was approximately 0.05-0.10 mm. The small layer
thickness significantly increased the intensity of the components being determined as
compared with thicker layers (of more than 0.2-0.3 mm thick). This is due to more
efficient charge flow from the particles of a thinly pressed sample layer onto a conductive
aluminum base, as compared with the discharge flow from thicker pressed layers, in
which the sample particles are already in contact with each other, that is, they form a

dielectric layer.

2.1.6 Selection of optimum operating parameters
To improve the analytical performance, several parameters can be varied: the delay
between the pushing pulse and the pulsed discharge, and the operating pressure.
The delay between the pushing pulse and the pulsed discharge (z) was varied in
the range of 1-300 us. Figure 6 shows the dependence of the elements intensities on the

delay between the pushing pulse and the pulsed discharge.
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Figure 6. Dependence of the logarithm of the absolute intensities of the peaks of
the elements on the value of the delay of the pushing pulse 7
for the standard sample ST1-A

As can be seen from Figure 6, the maximum intensities of the determined

components were recorded at a delay of 7z = 250 ps. This delay was used in the
experiment.

The operating pressure was varied in the range of 36-43 Pa. At a pressure greater

than 36 Pa, the charge is unstable, and at a pressure below 36 Pa, the charge might not

have ignited. Figure 7 shows the dependence of the intensities of the analytes on the

operating pressure.
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Figure 7. Dependence of the logarithm of absolute intensities of the peaks of the
elements on the operating pressure value at 5z =250 us
for the standard sample ST1-A
As can be seen from Figure 7, the maximum intensity of the sample components
was recorded at a pressure of 37 Pa, which was chosen as being optimal. The main

conditions for operating parameters are shown in Table 8.

Table 8. GD-MS optimal operating parameters

Parameter Value
Repelling pulse delay 250 us
Pressure 37 Pa
Repelling pulse duration 5 us
Frequency 3.2 kHz
Discharge voltage 1200 V

2.1.7 Selection of material for auxiliary cathode
When using a combined hollow cathode for the analysis of non-conductive
samples, it is necessary to take into account the memory effect, i.e., the effect of overspray
of the sample atoms on the surface of the auxiliary cathode; therefore, the auxiliary

cathode must be produced from high-purity metals. The material used for auxiliary
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cathode were high-purity monoisotope metals with a low sputtering yield: Al, Ta. The
cathodes were fabricated at “Lumex” LLC from high-purity metal rods. The cathodes and

dimensions thereof are shown in Figure 8.

Figure 8. Cathodes produced from Al, Ta

Each of the cathode material elements creates its own background spectrum, which
must be taken into account when choosing a cathode.

The use of a secondary cathode made of tantalum, allows the formation of cluster
components such as #1Ta®0*, 81Ta*Arl®0* and a number of others, which may impede
determination of the content of a number of heavy elements. Figure 9 shows the mass

spectrum obtained using a tantalum cathode and an aluminum tablet.
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Figure 9. Intensities of elements and their oxide components in a sample with a
tantalum cathode and an aluminum tablet
The simplest spectrum was observed for a cathode consisting of high-purity
(99.999%) aluminum, since the aluminum sputtering rate is much lower than that of other
metals. This fact reduces the effect of impurities present in the auxiliary cathode, on the
analysis results. Figure 10 shows the mass spectrum obtained using an aluminum cathode
and an aluminum tablet. It contains only one component related to the material of the

cathode walls — 2’Al.
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Figure 10. Intensities of elements in a background sample of aluminum cathode and
aluminum tablet

2.1.8 Choice of the tablet material
To choose a suitable tablet material, various materials have been considered. But
from the point of view of interference and sensitivity, the most successful solution was
the use of nickel powder and high-purity aluminum. However, when nickel powder was
used as a tablet, the spectrum contained cluster components (H;O*, H,O", OH*, MO™ (for
rare earth elements present in the sample). The presence thereof is due to the sorption of
water and atmospheric gases in the nickel pellet pores. Intensities of the elements and

their oxide components in a sample with a nickel tablet are shown in Figure 11.



205

208pp+
207pp*+ /
6.00x10? 206pp* \
(7]
£ N
=
o]
o
= 4.50x10! 238160+
el
E 238+
a
=]
£
g 3.00)‘101“ 232Th160+
=
n
Q +
[=)]
o I
g
1.50x10- 232Th*
| i |
B B e ARARS Ranas aasas o
198.59 213.23 228.39 244.07

m/z

Figure 11. Intensities of elements and of oxide components thereof
in the sample GTK-REE 7-J1-1-2005 with nickel tablet
The transfer to the aluminum tablet reduced the intensity of the oxide components,
in particular, that of uranium and thorium, by orders of magnitude. This made it possible
to effectively determine these elements, as well as rare earth elements, whose oxide ions
overlap each other in the spectrum preventing their determination. The intensities of
elements and of oxide components thereof in a sample with an aluminum tablet are shown

in Figure 12.



206

7.50x10?

6.00x10?

208pp*

4.50x10?

3.00x10? -

Relative Intensity, counts

238Yy+

1.50x102 |

2327160+ 238U160*

185.28 3 . 245.03

Figure 12. Intensities of elements and of oxide components thereof
in the GTK-REE 7-J1-1-2005 sample with aluminum tablet

The use of an aluminum tablet ensures good run-off of the discharge from the
sample microparticles onto the aluminum metal surface, no problem arises with the
appearance of a surface charge, i.e. the sample is sprayed in much the same way as the
metal does.

The background spectrum of a standard sample was obtained using a 10 mm
diameter pellet made of high purity aluminum. The background spectrum contained the
following components: Ar*, ArH*, Al*, Ar,*, Ar,H", AlAr", and the intensities of the
determined components in the background spectrum were significantly lower than the
intensities of these components in standard samples. A section of the mass spectrum of a

background sample made of high-purity aluminum is shown in Figure 13.
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Figure 13. Background mass spectrum for the blank composed of high purity Al

All this made it possible to ignore the background spectrum when determining the

relative sensitivities of the determined elements.

2.1.9 Calculation of relative sensitivity coefficients

The GD-MS method is a relative one; to quantitatively measure the concentration
of elements in a sample, it is necessary to make a calibration graph, which represents the
dependence of the analytical signal on the concentration of the analyte.

Although the use of a pulsed discharge with a combined hollow cathode makes it
possible to sputter dielectric materials, the atomization efficiency largely depends on the
formation of the surface conductive layer, and can vary significantly for different types
of the samples [46]. In this case, the calibration graph construction is of paramount

Importance.
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Since a wide range of geological matrices results in the fact that it is not always
possible to select standard samples with a composition adequate to that of the analyzed
samples in order to construct a calibration graph over the entire range of studied
concentrations, and the corresponding reference materials with a matrix identical to the
composition of the analyzed geological samples, as a rule are not available, another
approach was used to assess the sensitivity, and namely, the method of relative
sensitivities (Relative Sensitivity Factor, RSF).

The essence of the RSF approach is as follows. If the content of a matrix component
in the analyzed sample is a priori known or measured by an independent method, then,
by determining the ratio of the intensities of the measured impurities to the intensity of
this component, provided that the information regarding relative sensitivities for all these
elements is available, and the matrix effects affecting their relative sensitivity are weak
or do not exist, it is possible to determine or at least estimate concentrations of these
elements [49,111].

Relative sensitivity coefficients are calculated by the formula (1):

Cis'Iy
RSF = 252 1)

rae Iy, Cyx, lis, Cis — are the respective measured intensities and concentrations of the
analyte and of the internal standard, which is most often the main or one of the main
matrix components.

For lack of a standard sample allowing to cover the entire list of elements that are
of the analyst interest over a wide range of concentrations, calculation of relative
sensitivities was based on several standard samples: SGD-1A and SRM 2782.

Table 9 shows the calculated RSF for each element, as well as the selected
reference materials against which the calculation was made. Mean RSF and standard

deviation (Sx) were calculated basing on 6 parallel measurements.

Table 9. RSF, Sy and reference materials against which RSF was calculated

Elements RSF=+ Sy Reference | Elements RSF+ Sy Reference
material material

As 0.40+0.02 SRM 2782 Nb 0.40£0.02 SGD-1A

B 0.40+0.02 SGD-1A Nd 0.41+£0.02 SGD-1A
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Ce 0.41+0.02 SGD-1A P 0.70£0.05 SGD-1A
Co 1.00+£0.10 | SRM 2/82 Pr 1.00+0.10 SGD-1A
Dy! 1.00£0.10 SGD-1A Rb 1.20+0.12 SGD-1A
Fe* 1.00£0.00 SGD-1A S 0.25£0.01 SGD-1A
K 1.50£0.15 SGD-1A Sh 0.50+0.03 SRM 2782
La 0.90£0.09 SGD-1A Si 0.58+0.04 SGD-1A
Lut 1.00£0.10 - Sm 0.41+£0.02 SGD-1A
Mg 0.70+0.05 SGD-1A Th 0.67£0.05 SGD-1A
Mn 1.10£0.11 SGD-1A Ti 0.62+0.04 SGD-1A
Na 1.10£0.11 SGD-1A U 0.88+0.07 SGD-1A

Isince Lu is not present in the standard, the lutetium RSF was defined as the Dy RSF due
to their similar properties and ionization energies, 5.32 eV and 5.88 eV, respectively

2.1.10 Processing of measurement results and estimation of errors therein
Metrological processing of the analysis results was carried out in accordance with
the rules of mathematical statistics [115,116,117] in line with the following indicators:

Random analysis error (ex) was estimated by formula (2)

t(p,n)Sx
- 2)

where t (p, n) is the tabular value of the Student's coefficient for the confidence

& ==

probability P = 0.95, and the number of measurements n; Sy is the standard deviation of
the measured value in a series of measurements.

Standard deviation was calculated by the formula (3):

L— )2
5, = (2= 3)

where x; are the measurement results, x is the arithmetic mean of the measurement
results, n is the number of measurements.

Limit of detection (LOD) was calculated using the three sigma criterium for 10
parallel measurements.

The detection limit is determined by the level of ions scattered in the mass
spectrometer; this level primarily depends on the most intense components which include
Art and ArH*. The use of a tablet made of high-purity aluminum, and the addition of

hydrogen to the discharge gas (argon) made it possible to significantly reduce the intensity
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of these components, which, in turn, significantly reduced the intensity of background
ions.
If in the background signal measurement, the number of registered ions was less

than 10, then the detection limit was estimated by formula (4):

Conin = 3 X 2%, ©)

where s is the estimated standard deviation of 10 single results at or near zero

concentration.
2.2 Discussion of results
2.2.1 Results of GD-MS analysis of geological samples

As is known, one of the main problems in mass spectrometry is various
interferences and spectra superposition. The use of an aluminum tablet with an aluminum
cathode significantly reduced the intensity of the interfering components, which made it
possible to obtain a high purity spectrum and correctly determine the REE contents.
Figures 14, 15, 16 show the obtained mass spectra of the samples 65-1B-ATK-97, GTK-
REE 7-J1-1-2005, TAH$-2015-1.1, respectively.

The obtained spectra show the absence of oxide components, which significantly
reduces the interference of elements and makes it possible to determine relatively low

contents.
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After analyzing the samples, GTK-Kuopio presented the content of elements in the
sample 65-1B-ATK-97 measured by various methods: XRF, AAS, ICP-AES, ICP-MS.
Therefore, this sample can be considered a kind of a standard sample.

The results of the GD-MS analysis obtained during the determination of 24
elements in the samples 65-1B-ATK-97, GTK-REE 7-J1-1-2005, TAH$-2015-1.1
pressed into an aluminum tablet are presented in Table 10.

The results of direct analysis obtained with GD-MS [118], and the known
"passport” value of the geological sample 65-1B-ATK-97 in Table 10 are within the
margin of determination error. The proposed method allows to determine with good
accuracy both the low contents of a wide range of elements, and the concentrations of
matrix components. This indicates the great potential of GD-MS for the direct analysis of
geological samples with a minimum sample preparation procedure, and for determination
of a wide range of elements with different concentration ranges. We emphasize that the
proposed method can replace several methods for analyzing complex geological samples

in one go, which greatly simplifies and speeds up the analysis.
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2.2.2 Checking the validity of the developed approach
Correctness of the analysis results was assessed using the analysis of standard
samples with a certified content of the determined elements, as well as by comparing the
results of the elements determination following the developed approach with the results

obtained by the reference method of analysis.

2.2.2.1 Analysis of standard samples
The correctness of the analysis results was assessed using standard samples SRM
2709a and ST-1A. The concentrations were calculated by the RSF method. The results of
the analysis obtained during the determination of 24 elements in standard samples pressed

into an aluminum tablet using GD-MS are presented in Table 11.

Table 11. Results of the standard samples SRM 2709a and ST-1A analysis obtained by
GD-MS (n=5, P=0.95)

= Concentration, mass. %

GEJ SRM 2709a ST-1A

2 Certified/ Certified/
L GD-MS Reference value GD-MS Reference value
As | 0.0011+0.0001 0.00105+0.00003 0.0018+0.0002 Not measured
B | 0.0074£0.0006 0.0074 0.0094+0.0009 Not measured
Ce | 0.0040+0.0003 0.0042+0.0001 0.0021+0.0002 0.0022

Co | 0.0013+0.0001 0.00128+0.00002 0.0047+0.0008 0.0046+0.0005
Dy | 0.0003+0.0001 0.0003 0.0004+0.0001 0.0004

Fe 3.354+0.13 3.36+0.07 7.85+£0.25 7.96+0.09

K 2.13+0.09 2.11+0.06 0.580+0.016 0.577+0.012
La | 0.0022+0.0004 0.00217+0.00004 0.0013+0.0003 0.0014+0.0002
Lu | 0.00003+0.00001 0.00003 0.0003+0.0001 Not measured
Mg 1.444+0.06 1.46+0.02 3.454+0.12 3.46+0.04
Mn 0.052+0.002 0.0529+0.0018 0.170+0.011 0.166%0.005
Na 1.244+0.05 1.2240.03 1.824+0.06 1.854+0.02
Nb | 0.00060+0.00010 Not measured 0.0009+0.0002 0.0008+0.0001
Nd | 0.0016+0.0002 0.0017 0.0009+0.0002 0.0009

P 0.068+0.005 0.0688+0.0013 0.086+0.009 0.090+0.003
Pr | 0.00068+0.00010 Not measured 0.0002+0.0001 0.0002

Rb | 0.0097+0.0005 0.0099+0.0003 0.0015+0.0003 0.0016+0.0002
S | 0.0017+0.0002 Not measured 0.071+0.008 0.068+0.006
Sb | 0.00015+0.00001 | 0.000155+0.000006 | 0.00009+0.00007 | 0.00010+0.00008
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Si 30.09+0.52 30.3+0.4 22.87+0.26 22.96+0.06
Sm | 0.0004+0.0001 0.0004 0.00043£0.00011 | 0.00040+0.00002
Th | 0.00110+0.00004 | 0.0010940.00002 0.0003+0.0001 0.0003

Ti 0.330+0.010 0.336+0.007 1.12+0.08 1.09+0.05

U | 0.0003+0.0001 |0.000315+0.000005 | 0.0002+0.0001 0.0001

As can be seen from Table 11, the results obtained by using the GD-MS are in good

agreement with the certified values for almost all analytes.

2.2.2.2 Application of reference method of analysis
Inductively coupled plasma atomic emission spectral analysis was used as a
reference method. Determination of the content of elements in geological samples was
carried out on an atomic emission spectrometer with inductively coupled plasma "Optima
7300 DV".

Sample preparation

The samples are traditionally introduced into ICP from a solution obtained by
dissolving solid samples in mineral acids. To reduce the time spent on the sample
preparation procedure, and to maximize the transfer into solution the minerals that could
be barely digested, the applied technique was the autoclave decomposition of samples in
combination with microwave heating, which makes it possible to significantly accelerate
decomposition of samples of complex composition, as well as to avoid losses of volatile
elements.

Preparation of geological samples was carried out using the SpeedWave FOUR
laboratory microwave system with a magnetron at a frequency of 2450 MHz and
maximum power of up to 1450 W. The system was equipped with DAK-100/4 type
autoclaves (PTFE-cups with an internal volume of 100 ml, and an operating pressure of
up to 100 atm) and with those of DAP-60+ type (PTFE cups with an internal volume of
up to 60 ml and an operating pressure of up to 40 atm); the applied pressure and
temperature in autoclave were remote-controlled. Heating and thermostatic mode

operating parameters were controlled by the Power PC 5200 controller.
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The autoclaves cleanliness was controlled by preliminary acid treatment: teflon
vessels were washed with tap and deionized water; placed in an ultrasonic bath with
deionized water for 10 minutes; heated in a microwave system with a mixture of acids
and water in the ratio 3HNO3:3HCI:4H,0 for 30 minutes (from 0°C to 150°C for 10
minutes, keeping at 150°C for 20 minutes); washed three times with deionized water and
dried at room temperature.

Prior to sample preparation, the samples were dried in an oven to constant weight

at a temperature of 105°C, and stored in sterile polypropylene vials with caps.

Choice of Microwave Decomposition Method

Decomposition of sparingly soluble compounds contained in geological samples
requires careful selection of the reaction mixture components in order to ensure complete
transition of all analytes into the solution. Owing to lack of information regarding a group
of minerals to which the sample belongs, as well as to lack of the task of choosing and
optimization the microwave digestion conditions, the optimal technique of autoclave
mineralization was selected by comparing several geological samples decomposition
methods proposed by the microwave system manufacturer [119,120]. To facilitate the
record keeping, the selected techniques "Bauxite”, "Sediments-1", "Zeolites",
"Sediments-3" and "Silicium aluminum zirconium oxide™ with various mixtures of acids
used HF/HNO3/HCI/H3POs, their volume ratios, conditions and microwave heating time,
were coded "I", "™, "1™, "IV*" and "V", respectively. The applied microwave digestion
techniques are shown in the annex Table 3.

In order to select a working technique that would enable complete transfer of
geological samples into solution, the standard samples SGD-1A, ST-1A and samples
from GTK-Kuopio GTK-REE 7-J1-1-2005, TAH$-2015-1.1, 65-1B-ATK-97, with
different mineralogical composition, were subjected to microwave decomposition
following the conditions specified for each of the chosen technique. The research was
carried out on three samples. To bind the resulting fluorides using hydrofluoric acid, an
additional step was performed: upon completion of main microwave decomposition, the

autoclaves were cooled to room temperature, then carefully opened, 20 ml of a saturated
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solution of boric acid was added to the resulting solution, and subjected to additional
microwave heating. After microwave decomposition, the reaction vessels were cooled to
room temperature for 20 minutes, the autoclaves were carefully opened, and the
completeness of sample decomposition was monitored visually. The results of visual

inspection are presented in Table 12.

Table 12. Results of visual control

Sample Numbers of microwave decomposition techniques
“I” “II” “III” (13 IV” “V”
SGD-1A — - +/— _ +
ST-1A — — +/— — +
GTK-REE 7-J1-1-2005 — — — — +/—
TAH$-2015-1.1 — — — — +/—
65-1B-ATK-97 — — +/— — +/—
Legend:
“+” —no undissolved residue and clear solution
“+/— —no undissolved residue, but cloudy solution with suspension
«“—» _undissolved residue is found

On the basis of visual inspection, the techniques under the numbers 1", "I1", "I11",
"IV" were excluded from consideration, since when the autoclaves were opened, an
undissolved residue and/or white suspension was found. The technique “V” was chosen
as the operating dissolution technique, as it enables the most complete samples transfer
into solution.

After microwave decomposition the transparent solutions without undissolved
inclusions were quantitatively transferred into a 50 ml flask, and brought to the mark with
2% HNOj3 solution for subsequent determination by the atomic emission spectral method

with inductively coupled plasma.

Conditions for atomic emission spectral analysis with inductively coupled plasma

For elements determination in an atomic emission spectrometer with inductively
coupled plasma "Optima 7300 DV", the following standard conditions for atomization
and measurement of analytical signals were chosen: plasma power — 1300 W; plasma

generator frequency — 40.68 MHz; plasma-forming argon flow — 15 I/min; auxiliary flow
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of argon — 0.2 I/min; spraying flow of argon — 0.8 I/min; sample solution flow rate in

peristaltic pump — 1.5 ml/min; axial plasma observation; sample sputtering time to

stabilize the plasma system — 15s; signal integration time — automatic performance (from

0.1 to 20 s); the number of reading repetitions — 5; spectral line intensity determination

method — the area thus far by three points; internal standard — Y (360.073 nm). The spray

chamber used: a Scott-type HF resistant polymer spray chamber was used in combination

with a GemTips™ cross-flow nebulizer. The spectrometer specifications are shown in

Table 13.

Table 13. Technical characteristics of the spectrometer "Optima 7300 DV"

Unit

Specifications

Atomizer:

ISP generator:

Output power stability <0,1 %
Two turns coil, copper, diameter 3/16 inch

ISP burner: PerkinElmer Quartz Burner with 2mm ID Fused Alumina (Alunda)
Injector

ICP sample PerkinElmer Scott spray chamber made of polymeric material

introduction resistant to acids (including HF) and cross-flow pneumatic

system: atomizer with corundum nozzles (GemTip nozzles)

Spectrometer:

Polychromator:

produced on the echelle grating basis, with (f/ .7) brightness,
system resolution of 0.006 nm at 200 nm.

An echelle grating 80x60 mm has a density of 79 lines per mm, a
glare angle of 63,4°. UV cross-dispersor grating with Schmidt
surface correction has a density of 374 lines per mm.

The cross-dispersor for the visible spectrum is a fluorite prism with
60° refraction angle.

The entire optical system is placed in a ventilated and temperature-
controlled optical chamber.

The spectrometer is thermostated at 38°C.

Detector:

Segmented-array Charged-coupled device Detector (SCD))
simultaneously registers the analytes emission lines and the spectral
background around them

Two detectors: UV detector covers the extended UV range from
165 to 403 nm, visible spectrum detector covers the visible range
from 404 to 782 nm.
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The spectrometer was controlled by computer and the WinLab32 software, thus
enabling to set and monitor the analysis conditions, construct calibration dependences,
take into account the background, and automatically process the analysis results.

Analytical lines of the analytes selected on the basis of literature [22], and the

spectrometer software database with account of spectral overlaps, are presented in Table

14.

Table 14. Conditions for the analysis of geological samples by the ICP-AES method

Element Wavel_e ngth Correlation coefficient, r
of the analytical line, nm
As 188.979 0.999989
B 249.677 0.999997
Ce 418.660 0.999899
Co 228.616 0.999955
Dy 394.400 0.999858
Fe 259.939 0.999706
K 404.721 0.999865
La 408.672 0.999879
Lu 291.140 0.999935
Mg 279.077 0.999881
Mn 259.372 0.999889
Na 330.237 0.999937
Nb 309.418 0.999992
Nd 406.109 0.999830
P 214.914 0.999878
Pr 414.311 0.999841
Rb* 420.185/421.556 no line peak
S 180.669 0.999897
Sb 206.836 0.999952
Si 251.611 0.998944
Sm 359.260 0.999945
Th 401.913 0.999973
Ti 334.940 0.999968
U 385.958 0.999895

*The most intense rubidium lines 420.185 nm and 421.556 nm proposed by the software
are at the border of the working spectral range of the first detector, the line 80.027 nm is
at the border of the working spectral range of the second detector, and the 794.760 nm
line is outside of the second detector working range.
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Determination of the content of elements was carried out according to pre-built
calibration dependences. To obtain calibration characteristics, the intensities of the
analytes’ lines were measured in 4-5 standard solutions prepared by successive dilution
of the ICP-MS 68-Element Standard multi-element solutions with element concentrations
of 100 mg/l (solutions A and B), and a standard single-element solution of S ions at a

concentration of 1000 mg/I.

Results obtained with the reference method
The results obtained during the determination of 24 elements in the sample 65-1B-
ATK-97, in standard samples SRM 2709a and ST-1A by ICP-AES with preliminary
sample preparation performed according to the "V" and GD-MS techniques, are presented

in Tables 15, 16 and 17, respectively.

Table 15. ICP-AES and GD-MS analysis results for the sample 65-1B-ATK-97 (n=5,
P=0.95)

Element Concentration, mass. %
ICP-AES GD-MS Manufacturer’s data?
As <0.001 0.0117+0.0011 0.0108+0.0007
B Not measured 0.00049+0.00006 <0.0005
Ce 0.069+0.009 0.0044+0.0004 0.0044+0.0002
Co <0.01 0.025+0.003 0.0234+0.0015
Dy <0.01 0.00077+0.00012 0.00057+0.00006
Fe 9.5+0.5 10.0£0.4 10.0+0.3
K 3.3+0.9 5.240.3 4.70+0.15
La <0.003 0.0029+0.0004 0.00281+0.00025
Lu <0.01 0.000045+0.000012 0.000048+0.000009
Mg 1.934+0.33 1.26+0.06 1.26+0.05
Mn 0.33+0.06 0.244+0.017 0.257+0.012
Na 3.5+0.9 2.65+0.11 2.57+0.13
Nb <0.001 0.00078+0.00011 0.00078+0.00007
Nd <0.001 0.0027+0.0003 0.00287+0.00025
P Not measured 0.176+0.013 0.17£0.02
Pr <0.01 0.00071+0.00009 0.00072+0.00007
Rb Not measured 0.0120+0.0012 0.0127+0.0008
S 6.2+1.5 7.7£0.4 8.0+0.4
Sh <0.01 0.00021+0.00003 0.000202+0.000023
Si 27.1+£1.3 23.10+£0.95 23.0+1.0
Sm <0.01 0.00046+0.00011 Not measured
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Th <0.01 0.00029+0.00004 0.00050+0.00005
Ti 0.52+0.12 0.359+0.025 0.348+0.010
U <0.01 0.00144+0.00019 0.00141+0.00010

aMeasured by a combination of AAS, XRF, ICP-MS, and ICP-AES (GTK Kuopio,

Finland)

Table 16. ICP-AES and GD-MS analysis results for SRM 2709a (n=5, P=0.95)

Element Concentration, mass. % _
ICP-AES GD-MS Certified/Reference value

As <0.001 0.0011+0.0001 0.00105+0.00003
B Not measured 0.0074+0.0006 0.0074

Ce 0.075+0.010 0.0040+0.0003 0.0042+0.0001
Co <0.01 0.0013+0.0001 0.00128+0.00002
Dy <0.01 0.0003+0.0001 0.0003

Fe 3.00+0.45 3.354+0.13 3.36+0.07

K 1.77+0.27 2.13+0.09 2.11£0.06

La <0.003 0.0022+0.0004 0.00217+0.00004
Lu <0.01 0.00003+0.00001 0.00003

Mg 0.87+0.11 1.44+0.06 1.46+0.02

Mn <0.01 0.052+0.002 0.0529+0.0018
Na 1.88+0.20 1.2440.05 1.2240.03

Nb <0.001 0.00060+0.00010 Not measured
Nd <0.001 0.0016+0.0002 0.0017

P Not measured 0.068+0.005 0.0688+0.0013
Pr <0.01 0.00068+0.00010 Not measured
Rb Not measured 0.0097+0.0005 0.0099+0.0003

S <0.01 0.0017+0.0002 Not measured
Sh <0.01 0.00015+0.00001 0.000155+0.000006
Si 25.44+0.7 30.09+0.52 30.3+0.4
Sm <0.01 0.0004+0.0001 0.0004

Th <0.01 0.00110+0.00004 0.00109+0.00002
Ti 0.39+0.08 0.330+0.010 0.336+0.007

U <0.01 0.0003+0.0001 0.000315+0.000005

Table 17. ICP-AES and GD-MS analysis results for the sample ST-1A (n=5, P=0.95)

Concentration, mass. %

Element ICP-AES GD-MS Certified/Reference value
As <0.001 0.0018+0.0002 Not measured
B Not measured 0.0094+0.0009 Not measured
Ce <0.001 0.0021+0.0002 0.002
Co <0.01 0.0047+0.0008 0.0046+0.0005
Dy <0.01 0.0004+0.0001 0.0004
Fe 8.9+0.9 7.85+0.25 7.96+0.09
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K 1.924+0.08 0.580+0.016 0.577+0.012
La <0.003 0.0013+0.0003 0.0014+0.0002
Lu <0.01 0.0003+0.0001 Not measured
Mg 2.4+0.2 3.45+0.12 3.46+0.004
Mn 0.120+0.001 0.170+0.011 0.16620.005
Na 2.0£1.2 1.82+0.06 1.854+0.02

Nb <0.001 0.0009+0.0002 0.0008+0.0001
Nd <0.001 0.0009+0.0002 0.0009

P Not measured 0.086+0.009 0.090+0.003
Pr <0.01 0.0002+0.0001 0.0002

Rb Not measured 0.0015+0.0003 0.0016+0.0002

S <0.01 0.071+0.008 0.068+0.006
Sb <0.01 0.00009+0.00007 0.00010+0.00008
Si 20.784+0.83 22.87+0.26 22.96+0.06
Sm <0.01 0.00043+0.00011 0.00040+0.00002
Th <0.01 0.0003+0.0001 0.0003

Ti 1.13+0.27 1.12+0.08 1.09+0.05

U <0.01 0.0002+0.0001 0.0001

As can be seen from Tables 15, 16 and 17, the convergence of the values of main
matrix components determined by ICP-AES is satisfactory; however, the obtained REE
concentrations are not correct. The probable reason for this may be the loss of some
determined elements during the sample preparation procedure, mutual interference, the
matrix influence of main elements, and an insufficiently low detection limit. At the same
time, the GD-MS results are in good agreement with the certified values for almost all

determined elements.

Conclusion
The absence of spectral interference and low detection limits of time-of-flight mass
spectrometry with a pulsed glow discharge in combination with a hollow cathode, made
it possible to determine with sufficient accuracy a wide range of elements in geological
samples that do not have the vacuum density, with minimal preliminary sample

preparation.
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Chapter 3. Development of a direct approach to determining U in agueous

solutions using pulsed glow discharge time-of-flight mass spectromety

3.1 Experimental part
As shown in Chapter 2, pulsed glow discharge mass spectrometry allows the use
of a conductive material as a substrate for direct rock analysis. To determine low
concentrations of uranium in aqueous solutions, it was proposed to investigate the
possibility of concentrating it on highly efficient conductive sorbents, followed by
spraying the sorbent itself, as an effective and convenient method of conservation,

storage, and transportation for determining uranium sorbed from agueous solutions.

3.1.1 Approaches to concentrating of uranium on a sorbent
Three approach have been proposed for carrying out the concentrating of uranium
on a sorbent. Approach No. 1 is using a pellet od silica and oxidized CNTs and pumping
a large volume of liquid through it, i.e. in dynamic mode Approach No.2 — using only
oxidized CNTs in a static mode. Approach No. 3 involves the use of a tablet based on
silica and oxidized CNTSs in a static mode. Approaches No. 1,2 and 3 are shown in Figure
17.

Ne1 pressing i drymg
- — — — \

sorption
filtration
drying
Ne2 pressing GD-MS
Al foil
sorption
Ne3 pressing drying
sorption

Figure 17. Different approaches of uranium soption by CNT’s
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The implementation of approach No.1 turned out to be very laborious, since the
good strength of the tablet prevented the liquid from easily penetrating deep into the
tablet. Approaches No.2 and No.3, were subjected to a more detailed consideration and

described below.

3.1.2 Materials, instrumentation and reagents
Instrumentation

A time-of-flight mass spectrometer Lumass-30 (Lumex, St. Petersburg, Russia)
with a pulsed glow discharge in combination with a hollow cathode was used for direct
analysis of the sorbent for the determination of uranium in aqueous solutions.

An automatic device ASAP-2020 (Micromeritics, USA) was used to determine the
specific surface area and study the porous structure. In this work, in the study of sorption
characteristics, nitrogen was used as an adsorbate at a temperature -195°C. Adsorption
Isotherms and pore size distributions were obtained by the BJH method.

A scanning electron microscopy Zeiss Supra 40VP (Carl Zeiss Group, Germany)
was used to determine the composition, structure and imaging of the carbon nanotubes
surface. The method is based on the interaction of an electron beam with the sample
surface, which, upon interaction, generates a response in the form of secondary, back-
reflected and Auger electrons, which is recorded and converted into an information signal.
Interpreting the received signal gives information about the sample under test.

A PM 100 CM planetary ball mill (RETSCH, Germany), was used to mix and
homogenize the mixture based on silica and carbon nanotubes. A PM 100 CM planetary
ball mill can operate in centrifuge mode, which leads to less wear of the headset. The
grinding bowl is located outside the center of the planetary disc of the ball mill, the
direction of rotation of which is opposite to the rotation of the grinding bowl with a speed
ratio of 1: 1. The grinding balls are subjected to Coriolis forces. The difference in speed
between the balls and the grinding jar results in the interaction of frictional and impact
forces, which results in a high degree of grinding in the planetary ball mill. By varying
the grinding time, rotation speed, ball diameter, particles with certain sizes can be

obtained.
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A tablet press PP-40 (RETSCH, Germany) was used to produce tablets with a

smooth surface based on silica and carbon nanotubes The pressure in the press can be
adjusted so that the air inside the voids of the original powder is squeezed out, which
increases the stability of the tablet. The maximum pressure mast be maintained for a
certain period of the time to ensure the full development of the adhesion forces between
the particles, which guarantees maximum stability of the tablet. For pressing the tablets,
a pressure of 10 tons was used, the tablet diameter was 11 mm.

An inductively coupled plasma atomic emission spectrometer Optima 7300 DV
(PerkinElmer Inc., Shelton, CT, USA) was used to determine the initial and equilibrium

concentrations of uranium in intermediate runs.

Materials
Single-layer carbon nanotubes “TUBALL” with a diameter of 1.5 nm, a content of
75%, a length of 5 um (OCSIAl, Russia, Novosibirsk) were used as a sorbent for
extracting uranium from aqueous solutions.
Pyrogenic silica Aerosil A-380 (Silicone Engineering, England) was used to

strengthen the surface of pellets for preconcentrating uranium from aqueous solutions.

Reagents

UO,(CH3COO0),-2H,0 (Sigma-Aldrich) used to prepare the head solution of the
uranium 1000 mg/I.

Nitric acid 65% (Merck) was used to oxidize and functionalize carbon nanotubes.
Hydrochloric acid 37% (Merck) was used to purify CNTs from metal impurities and
amorphous carbon inclusions.

Solutions of 0.1 NaOH and 0.1 M HCI were used to adjust the pH of the test

solution.

3.1.3 Carbon nanotubes surface functionalization
Carbon nanotubes surface functionalization was carried out by treatment with 65%

nitric acid for 6 hours in a round-bottom flask on a water bath with a reflux condenser at
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a constant temperature of 100°C in a ratio of 0.1 g of sorbent / 100 ml of acid solution
[121].

Washing from metal impurities and amorphous carbon inclusions was carried out
using a solution of hydrochloric acid (1:1). Then the sorbent was washed with deionized

water to neutral pH and dried in an oven at 200°C for 2 hours.

3.1.4 Silica tablet formation

Mixing and homogenization of the mixture based on silica and CNTs was carried
out on a planetary ball mill PM 100 CM. As a results of preliminary experiments, the
silica/CNTs ratio was chosen as 70%/30%, which made it possible to achieve the required
tablet strength. The sorbent was pressed into tablets 11 mm in diameter using a PP-40
tablet press. When the tablet was wetted with water, Aerosil A-380 interacted with water
and a hydrogel formed. The tablet was then dried at 200°C to remove physically bound
water. The tablet was calcined at 600°C in a nitrogen atmosphere for 2 hours to form a
mechanically strong structure of the mineral-carbon sorbent as a results of the formation
of a framework of interconnected silica globules. Further functionalization of the tablet
surface was carried out according to the previously described method of functionalization
of the pure CNTs: oxidation of concentrated HNO3 for 6 hours in a water bath with a
reflux condenser at 100°C; washing from metal inclusions with HCI (1:1); washing with

water to neutral pH and drying at 200°C in an oven.

3.2 Results and discussions
3.2.1 Study of the carbon nanotubes characteristic
For nanostructured porous materials, in particular for sorbents, as well as other
porous and finely dispersed substance, it is important to know such characteristics as
specific surface area and pore size. These parameters can be obtained in a gas sorption
experiment, i.e. construction of the adsorption isotherm. The most common method for
determining the specific surface area is the method Brunauer-Emmett-Taylor (BET). To
obtain the distribution of the mesopores by size, the Barret-Joyner-Halenda (BJH) method

Is used, micropores — the Horvath-Kawazoe (HK) method [122].
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However, in cases where classical theories do not allow to fully describe the
filling of micropores and narrow mesopores, which leads to an underestimation of the
true sizes and errors in calculations, molecular modeling methods are used — the Monte
Carlo (MC) method or the density functional theory (DFT) [122].

The DFT method is a modern approach to describing adsorption isotherms and
pore size distribution for microporous materials, which is based on quantum mechanical
calculations. The essence of the approach lies in the construction of theoretical isotherms
for various pairs of microporous adsorbent - adsorbate. The experimental data are then
described by a set of theoretical isotherms, making it possible to obtain the pore size
distribution.

The study of the sorption characteristics of carbon nanotubes using the ASAP-
2020 analyzer shoed that the specific surface area calculated by the DFT method was 625
m?/g for pristine carbon nanotubes and 2418 m?/g for the oxidized nanotubes. Thus, the
chosen method of oxidation increased the surface area of CNTs by almost 4 times, which
is explained by the fact that the pristine nanotubes adsorb nitrogen molecules, first of all,
in the cavities between the bundled nanotubes, while the oxidized CNTs adsorb into the
internal channels of the nanotubes themselves. Figures 18 and 19 show nitrogen

adsorptions isotherms for pristine and oxidized CNTSs, respectively.
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Figure 18. Adsorptions isotherm for pristine CNTs
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Figure 19. Adsorptions isotherm for oxidized CNTs

The presented isotherms of nitrogen at t= - 195°C correspond to | and IV types
according to Brunauer classification. In the area of low relative pressures, a sharp increase
in the adsorption value is observed, which indicates the presence of micropores (pore size
<2nm) and is a characteristic feature of type | isotherms. At the same time, there is a
hysteresis loop on the isotherm, which is a characteristics feature of type IV isotherm,
which indicates the presence of mesopores (pore size 2-50 mm) and adsoption in the
annular space, i.e. on the outer surface of the nanotubes in contact. It should be noted the
oxidation of the CNTs surface practically does not change the form of the adsorption
isotherm, while the value of the limiting adsorption volume increased from 0.46 cm/g to
0.77 cm/g.
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The conclusions about the belonging of the sorbent pores to micropores are

confirmed by the pore size distribution shown in Figure 20.
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Figure 20. CNT’s Horvath-Kawazoe Differential Pore Volume Plot

The peak of the curve in the area of 1.05+0.05 nm indicated that CNTs belong to

microporous sorbents.

3.2.2 Study of the morphology of carbon nanotubes

The study of CNTs morphology was carried out using scanning electron

microscopy (SEM). Figure 21 and 22 show SEM images of the pristine and oxidized
CNTs.
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Figure 21. SEM image pristine CNT’s
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Figure 22. SEM image oxidized CNT’s

When comparing the images, it can be concluded that the chosen oxidation method

did not violate the integrity of the structure.
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3.2.3 Study of pH influence

It is known that the pH value of the solution significantly affects the adsorption
processes. In environment, uranium usually occurs in the hexavalent, mobile, agqueous
form of uranyl UO,?*. The effect of solution pH on sorption of uranium (UO2?*) on
pristine and oxidized CNTs with pH range from 1 to 11 was studied. Figure 23 shows the
dependence of sorption efficiency on solution pH.

Efficiency (E) is calculated by the equation (5):

= (6% .10y (5)

0
where Cy (mg/1) and Ceq (mg/1) — initial and equilibrium concentrations of uranium
in solution.
The initial and equilibrium concentrations were determined on an inductively
coupled plasma atomic emission spectrometry Optima 7300 DV using the 385.958 nm

uranium line.

100 -
90 A
80 A
70 A
60 -
50 A

—0
-

E, %

=o=  oxidized
40 1 o=  Ppristine
30 -
20 -
10 A
0

2

—
N -
w
I
(3
o
~
o0
[{]
—
<)
ry

0

Figure 23. Effect of pH value on the U adsorption by CNT’s (pristine and oxidized).
Co (U) =1 mg/l, m = 0,050+0,002 g, V=>5ml, T =25°C, t = 120 min

In Figure 23, it can be seen that the minimum efficiency is observed at pH less than

3. At low pH values, uranium in solution is present in the form of uranyl UO,?*. The
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CNTs surface is positively charged due to surface protonation by hydrogen ion, and as a
result, uranyl ions compete with H* ions for CNTs sorption centers. Starting from pH 4
to pH 7, there is a sharp increase in the efficiency of the sorbent associated with surface
complexation and/or ion exchange of uranyl ions present in the solution in the form of
hydroxo complexes. And at pH greater than 8, the maximum efficiency values of 95%
and 90% are observed for oxidized and pristine CNTSs, respectively, which can be
explained by the deposition of UO,(OH),. Thus, we can conclude that the optimal pH
range for the sorption of uranium from aqueous solutions is from 4 to 7, and oxidized
CNTs show greater efficiency relative to the initial ones. In further experiments, pH=5

was used as the working pH value.

3.2.4 Results of GD-MS analysis of the sorbent after uranium concentration

In approach No.2 oxidized CNTs were used in the ration of 1 g of sorbent to 100
ml of uranium solution. Static sorption was carried out on a shaker for 2 hours without
heating. Then the sorbent was filtered out using a blue tape filter, dried in an oven for 2
hours at a temperature of 100°C, and part of the sorbent was pressed in the form of a thin
layer into a high-purity aluminum tablet. Further determination of the uranium
concentration was carried out using pulsed glow discharge mass spectrometry [123]. A

sample pressed into an aluminum tablet is shown in Figure 24.

Figure 24. Sample pressed into an aluminum tablets. Approach No.2

Figure 25 shows a part of the spectrum of the sample with an initial concentration

of uranium Co (U) = 1 mg/I and a solution volume of 5 ml.
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Figure 25. Part of the spectrum.
Co (U) =1 mg/l, V =5 ml, signal accumulation time — 2 minutes
The signal accumulation time of 2 minutes makes it possible to register clear peaks
of uranium and its oxide component, which indicates the sorption of uranium by the
sorbent.
Figure 26 shows the dependence of the intensity of the matrix components on the

signal accumulation time. This dependence indicates stable spraying of the sample.
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Figure 26. Dependence of the matrix components intensity on the time of the
sample atomization
Using a series of calibration solutions of uranium (U) = (0.01 + 100) mg/l, a
calibration curve was built with a signal accumulation time of 2 minutes, show in Figure

27. The detection limit was — 8 ppb.
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Ig |, relative units

Ig C, g/

Figure 27. Calibration curve for determining the content of uranium in a CNTs
sorbent pressed into an Al tablet. Signal accumulation time — 2 minutes
When implementing approach No.3, a compressed tablet based on silica and
oxidized CNTs was used. Static sorption was carried out on a shaker for 2 hours without
heating. Then the tablet was dried in an oven for 2 hours at a temperature of 100°C.
Further determination of the uranium concentration was carried out by direct analysis of

the tablet in a mass spectrometer with a pulsed glow discharge. The pressed tablet based

on silica and CNTs is shown in Figure 28.

Figure 28. The pressed tablet based on silica and CNTSs.
Approach No. 3
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Figure 29 shows part of the spectrum of a sample with an initial concentration of
uranium Cp (U) = 0.1 mg/l and a solution volume. The signal accumulation time of 2
minutes makes it possible to register clear peaks of uranium and its oxide component,

which indicates the sorption of uranium by the sorbent.
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Figure 29. Part of the spectrum of the sample (m/z >200). Co (U) = 0.1 mg/I.
Signal accumulation time — 2 minutes

Figure 30 is an overview of the spectrum.
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Figure 30. Part of the spectrum of the sample. Co (U) = 0.1 mg/I.
Signal accumulation time — 2 minutes

Iron is present in the spectrum, since it is used as a catalyst for the synthesis of
single-walled carbon nanotubes [81]. As can be seen, the spectrum is sufficiently pure,
which allows the use of matrix components such as C, Si, Fe as an internal standart to
improve the reproducibility and accuracy of uranium determination. The best
reproducibility was obtained when normalized to carbon.

Figure 31 shows the dependence of the intensity of the matrix components on the

signal accumulation time. This dependence indicates stable spraying of the sample.
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Figure 31. Dependence of the matrix components intensity on the time of the
sample spraying

Using a series of uranium calibration solutions Cop (U) = (0.01 + 100) mg/l, a
calibration dependence was built with a signal accumulation time of 2 minutes, shown in
Figure 32 with the calibration dependence obtained by approach No.2. In this case, the

detection limit of uranium — 2 ppb.
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Figure 32. Calibration curve to determine the uranium content
by approaches No. 2 and No.3. Signal accumulation time — 2 minutes
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As can be seen from Figure 32, the detection limit is already quite low, but it can
be further reduced by increasing the signal accumulation time. However, it is impossible
to increase it to infinity — complete spraying of the sorbent layer in which uranium was
sorbed. To determine the maximum signal accumulation time, the thickness of the
uranium penetration layer into the tablet with sorbed uranium until the signal intensity
decreased by a factor of 20. In this case, the spraying time of the sample was
approximately 20 minutes. The dependence of the uranium signal intensity on the sample

sputtering time is shown in Figure 31.
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Figure 33. Dependence of the uranium intensity on the time of the sample
atomization

Using a model 130 profilometer, the tablet crater was measured; it was 45 um. The
sample sputtering rate was calculated to be 6 nm per second, which corresponds to typical
sample sputtering rates in pulsed glow discharge mass spectrometry. The tablet crater

after analysis is shown in Figure 34.



Figure 34. Crater profile after sputtering for 32 minutes
By increasing the signal accumulation time from 2 minutes to 20 minutes, it was
possible to reduce the detection limit of uranium to 0.2 ppb. The calibration curve for
determining the uranium content with a signal accumulation time of 20 minutes is shown

in Figure 35.
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Figure 35. Calibration curve to determine the uranium content
by approaches No. 2 and No.3. Signal accumulation time — 20 minutes
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3.2.5 Evaluation of accuracy of the developed approach
The method “introduced-found” was used to assess the accuracy of the obtained
results for determining low concentrations of the uranium in aqueous solutions with a
signal accumulation time of 20 minutes. Table 18 shows the results of GD-MS

determination of uranium on sorbents with a signal accumulation time of 20 minutes.

Table 18. The results of GD-MS determination of uranium on sorbents with a signal
accumulation time of 20 minutes (pH=5,n=5,P =0.95,t=2.78)

Approach | “Introduced”, mg/l | “Found”, mg/l | S, t | Relative error,
0.0100 0.0093+0.0027 | 23 | 0.72 7.0
1 0.100 0.106+0.008 6.1 | 2.09 6.0
1.00 1.03+0.06 4.7 | 1.39 3.0
10.00 10.25+0.27 2.1 | 2.57 25
0.0100 0.0108+0.0019 | 14 | 1.17 8.0
2 0.100 0.092+0.010 8.7 | 2.22 8.0
1.00 1.02+0.04 3.2 | 1.39 2.0
10.00 9.78+0.25 2.1 | 2.45 2.2

Table 18 shows that the proposed approach made it possible to correctly determine
the uranium content in model solutions, while the error (the difference between the

“introduced” and “found” concentrations with respect to the “introduced” concentration)

did not exceed 8.0 %.

Conclusions

The possibility of using single-walled carbon nanotubes “TUBALL” (OCSiAl) as
a sorbent of uranium from aqueous solutions is considered. For the first time, an approach
was implemented for the direct determination of uranium from the surface of the sorbent
using mass spectrometry with a pulsed glow discharge: preliminarily prepared tablets
with deposited uranium were introduced into the discharge cell of the mass spectrometer,
where the elements included in the sorbent were sputtered and ionized. Two approaches
are considered for preconcentrating uranium on a sorbent: using only oxidized CNTs and
tablets based on silica and oxidized CNTSs. It has been shown that the most effective
approach the determination of uranium in aqueous solutions is the sorption of uranium on
a tablet consisting of oxidized carbon nanotubes modified with silica. Low detection

limits for uranium in aqueous solutions were obtained — 0.2 ppb.
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Mine results and conclusions

1. An approach has been developed for direct multi-element analysis of complex
geological samples using time-of-flight mass spectrometry with a pulsed glow discharge.

2. The possibility of using time-of-flight mass spectrometry with a pulsed glow
discharge for the direct determination of a wide range (24) elements (including rare
earths) in geological samples in the concentration range from 100 ppb to 100% is shown.
Almost all analyzed elements show good convergence (within experimental error) with
known concentrations.

3. A method has been developed for determining uranium in agueous solutions by
concentrating it on nanocarbon sorbents with subsequent direct determination using a
mass spectrometer with a pulsed glow discharge.

4. It has been shown that the most effective approach for the determination of uranium
In aqueous solutions is the concentration of uranium on a tablet consisting of oxidized
single-walled carbon nanotubes modified with silica.

5. Low limits of detection of rare earth elements and uranium in geological samples
were obtained — 10 and 20 ppb.

6. Low limits of detection of uranium in aqueous solutions were obtained — 0.2 ppb.
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List of abbreviation
INAA — instrumental neutron activation analysis
CHC — combined hollow cathode
CNT — carbon nanotubes
GD-MS - Glow Discharge Mass Spectrometry
ICP-AES - inductively coupled plasma atomic emission spectrometry
ICP-MS — inductively coupled plasma mass spectrometry
LA-ICP-MS - laser ablation inductively coupled plasma mass spectrometry
MP-AES — microwave plasma atomic emission spectrometry
MWCNT — multi-walled carbon nanotubes
NAA — neutron activation analysis
PTFE — polytetrafluoroethylene
RNAA — radiochemical neutron activation analysis
RSF — Relative Sensitivity Factor
SEM - scanning electron microscopy
SWCNT - single-walled carbon nanotubes

XRF — X-ray fluorescence analysis
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