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OnpegeneHue HM3KNX cogepxaHun gocdopa B npobax pasHoobpasHoro coctasa Hambonee 4yacTo
NPOBOAAT PA3fMYHBIMU CMEKTPOCKONMYECKUMU METOAAMM aHaNM3a C UCMOSb30BAHNEM TEXHUK 3MEKTPO-
Tepmumyeckoro ncnapenus (3TU) n anektpotepmuyeckon atommsauun (3TA). B cTatbe, yunTtbiBas obLu-
HOCTb TEPMOXMMMUYECKNX MpoLieccoB npeobpa3oBaHNs BELLECTB B 3TUX YCTPONCTBAX OT MCXOOHON Npo-
6bl 40 YacTULbIl, reHepypyoLLet aHanUTUYEeCKUA CUrHan, ConocTaBneHo No onepaLoHHbIM YCIIOBUSM
aHanu3a u JOCTUraemMbiM aHanMTUYECKMM XapakTepUCTUKAM BOMbLIOE KONMMYECTBO YXKEe NPUMEHSAEMbIX
CMNEeKTPOCKOMMYECKMX MeToAoB onpeaeneHus docdopa. Hambonee nonHoe conocrtasneHne npoeseae-
HO 4ns aToMHO-abcopbunoHHoro aHanmnsa ¢ ATA n MmonekynsapHo-abcopbumoHHoro aHanuaa ¢ 9TU 6e3
ncnonb3oBaHus 1 ¢ BBegeHnemM B ATA n 3TU pasnuuHbix Xummnyeckmx MoamdukatopoB. PaccmoTpeHsl
BO3MOXHbIe MyTU noTepb poccopa Ha cTagum NUponu3a, MexaHu3Mbl €ro aToMusanmm 1 06pa3oBaHms
MOIEKYNSAPHbIX COEAUHEHWI NP ANEKTPOTEPMMUYECKONA aTOMU3ALUN U ANEKTPOTEPMUYECKOM UCMAPEHNN.
OcHoBHOE BHUMaHWe yaeneHo apMeKTUBHOCTY AENCTBUS XMMUYECKNX MOAUMDUKATOPOB (NOBLILLEHWIO
TemnepaTypbl CTagun NMPONN3a, yry4lleHno YyBCTBUTENbHOCTA U TOYHOCTU ONpeaeneHnin, CHUXKEHNIO
(POHOBBIX MOMEX 1 Ap.): HATPATOB NaHTaHa u nannaaus, gpropuaos (HF, NaF, KF, CsF n NH,F) n HekoTo-
PbIX OPYrUX XMMUYECKNX BELLECTB. PACCMOTPEHbI 3KCNEPUMEHTaNbHO AOKa3aHHbIe U Npeanonaraemble
MeXaHn3Mbl 4ENCTBUSI Pa3NNYHBLIX XMMUYECKUX MOANMDUKATOPOB, NPOsiBNsieMbIe Npu onpegeneHnm doc-
dopa. OTMeyeHa NepcnekTUBHOCTb MPUMEHEHUA aTOMHO-abCopOLUNOHHbBIX CMIEKTPOMETPOB BbICOKOMO
paspeLleHnsi C HenpepblBHbIM UCTOYHMKOM CNekTpa Ans onpegeneHns docdopa no ero aToMHOMY UIn
MOJEKYNAPHOMY NOrMoLeHunto, AN 3{EeKTUBHOIO yyeTa )OHOBOrO NOrMOLLEHUS.

Knroyeenbie cnoea: hocdop, aToMHO-abCOPOLNOHHLIN aHann3, MonekynsapHo-abcopOUNOHHbIN
aHanus, CnekTpocKkonnyeckne MeTodbl aHanu3a, cTagua NMponusa, aToMu3auuns, ucnapeHme, Xummye-
CKMI moandumkaTtop.
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The determination of low phosphorus content in different samples is most commonly carried out by the

various spectroscopic methods with electrothermal vaporization (ETV) and electrothermal atomization (ETA).

The thermochemical processes of converting substances from the initial sample to particle are the same
for these methods. In this work, we have compared the conditions of analysis and analytical characteristics
(limit of detection and characteristic mass) of a large quantity of spectroscopic methods for the phosphorus
determination. Atomic absorption analysis with ETA and molecular absorption analysis with ETV, with and

without different chemical modifiers in ETA and ETV, are the ones that have been studied in most detail.

The possible causes of phosphorus losses during the stage of pyrolysis, mechanisms of phosphorus
atomization and molecules formation with ETA and ETV were considered. A special attention was paid to the
effectiveness (temperature increase of the pyrolysis stage, improvement of the sensitivity and determination
accuracy, reduction of the background interference, etc.) of the following chemical modifiers: lanthanum and
palladium nitrates, fluoride (HF, NaF, KF, CsF, and NH4F) and several other chemicals. Both experimentally
proven and proposed action mechanisms of various chemical modifiers manifesting themselves during the
phosphorus determination were considered. The prospects of the use of high-resolution continuum source
atomic absorption spectrometers for the phosphorus determination by atomic and molecular absorption and

for the effective registration of the background absorption are noted.
Key words: phosphorus, atomic absorption analysis, molecular absorption analysis, spectroscopic
methods of analysis, the stage of pyrolysis, atomization, vaporization, chemical modifier.

BBegeHue

CnekTpanbHoe onpegeneHne HU3KNX coagep-
XaHun gpocpopa ¢ ero npegsapuTeNibHbIM 3f1EKTPO-
Tepmuyeckmm ucnapexHmem (3TU) niunu anexkTpoTep-
Mu4yeckon atommaaumen (3TA) [OCTAaTOUYHO YCMELHO
NPUMEHSIOT B METOA4aX aTOMHO-abCOpPOLIMOHHON Cnek-
TpomeTpun (AAC) (Metog STA-AAC) [1-27], moneky-
nsipHo-abcopbumoHHon cnekTpomeTpun (MAC) (OTU-
MAC) [4, 23, 27, 28], MONEKYNSAPHOW SMUCCWU B NONOCTU
(Molecular Emission Cavity Analysis — MECA) [29-31],
aTOMHO-3MUCCUOHHON cnekTpoMeTpuun (ASC) ¢ aoy-
roebiM paspsgom (ayra-A3C) [32-35], aToMHO-amMuc-
CWOHHOW CNEKTPOMETPUUN C MHAYKTUBHO CBSA3aHHOW
nnasmon (UCM-AJC) (3TU-UCM-AIC) [36-37], aToMm-
HO-3MWCCUOHHOW CMEKTPOMETPUM C MUKPOBOSTHOBOM
nnasmow (M) (3TU-MIM-AIC) [38] n macc-cnekTpo-
meTpumn (MC) c nHayKTMBHO cBsidaHHOM nna3moi (UCH-
MC) (3TU-UCN-MC) [39, 40]. icnonb3oBaHue AT n
OTA dochopa BO3MOXKHO TakxKe B BapuaHTax crek-
TPOMETPUM aTOMHOIO HETEPMUYECKOTO BO30YXAeHNS
B neun (Furnace Atomic Non-thermal Excitation Spec-
trometric — FANES) [41] u cnekTpomeTpun Mmonekynsp-
HOro HeTepmMuyeckoro Bo3byxxaeHusi B neun (Molec-
ular Non-thermal Excitation Spectrometry — MONES)
[42]. Bo Bcex atux metogax aHanm3a 3TU n OTA Be-
OYyT B UHEPTHOW aTMocdepe B 3NEKTPUYECKU Harpe-
BaeMbix o 2700-2800 °C TpybuaTbix nevax unu ne-
Yyax ¢ nnatdopmamu, Yaile Bcero rpacmMToBbIX. Takxke
BO BCEX 3TUX METOAaXxX HaLLMO NPUMEHEHME XMMUYe-
CKUX MogmdmKaTopoB, AobaBnsembix K npobe nepen
cTagven TepMmmyeckon obpaboTkm Ans cywecTBeH-
HOrO CHVXXEHUS MaTPUYHBIX CNEKTParnbHbIX U HECMEK-
TpanbHbIX MOMEX, YNy4LUeHNs NpeaenoB 06HapyXeHUs

docopa 1 MeTpoNorMyecknx nokasarenen MeEToAnK
ero onpegenexHus.

HecoMHeHHO, 4To npoTekatoLme B pas3nuyHbIX
KOHCTpYKUusix ATU n OTA TepMOXuMMmYecKme NpoLEeCChl
npeobpa3oBaHusa aHanuta (B JaHHOM cny4yae — doc-
dhopa) ABNATCSA NPaKTUYECKN OOUHAKOBLIMU A1 pas-
NINYHBIX CMEKTPOCKOMMYECKUX METOA0B aHanuaa. [oa-
TOMY LlenecoobpasHo ConocTaBUTb ONepPaLMOHHbIE 1
aHanNUTUYECKME XapakTePUCTUKM 3TUX METOOB, MpUMe-
HAeMble U NposiBNAeMble Npy onpeaeneHnn gocgopa
B NPUCYTCTBUM M OTCYTCTBUM PA3NNYHbIX XUMUYECKNX
MoanduKaToOpoB, a Takxe NpoBeAeHHbIE UCCNefoBa-
HWSA NpOTeKaloLWMX NPy 3TOM TEPMOXMMUYECKUX NPO-
LIECCOB C LIeNbl UX MOHUMaHMS, TOYHON MHTepnpeTa-
Lun, NPOrHO3MPOBaHMWS 1 ynpaBrieHus. 3T0 ABNAETCS
Lenbto gaHHoM paboTbl.

MnameHHOMY 3MWCCMOHHOMY U abCcopOLUUNOH-
HOMY onpefeneHnto goccopa No aTOMHbIM 1 More-
KYNsipHbIM CNeKTpaM Takxe npeaLlecTByoT TepMo-
XUMM4Yeckue npouecchl npeobpasoBaHns Npobbl u
aHanuTa, KOTopble NPOTEKAOT 38 CHET TEPMUYECKOTO
HarpeBa B MflaMeHax B TOM e TemrnepaTypHOM Au-
anasoHe, yto ans 3TU n 3TA. B 3T Tepmoxmmunye-
CKMe npoLecchl BHOCAT, KOHEYHO, CBOW BKaA rasbl
nnameHn n NPOAYyKTbl FOPEHUsi, HO, Cyas MO MCNOSb-
3yemMbIiM B aHanu3e crnekTparnbHbIM KOMMNoHeHTaMm (P,
PO, HPO), 3agecb ons doocdopa Takxke nmeeTcs obLLU-
HoCTb ¢ npoueccamu B 3T n 3TA. CnepoBartenbHo,
MHGOPMaLMI0 0 TEPMOXUMUYECKOM NoBeaeHun oc-
cdopa B pasnmyHbIX Bugax npob, BBOOUMbIX B pa3Ho-
ob6pasHble nnameHa (MeToAbl NamMmeHHOW aTOMHO-3-
MuccuoHHoun cnektpomeTpun (MAJC) 1 nnameHHON
aToMHo-abcopbumoHHom cnektpomeTpum (MAAC)), ue-
necoobpasHo paccmaTpuBaTb COBMECTHO C TEPMOXMU-
Mu4eckumm npoueccamm B AT n ITA.

267



AHanumuka u KOHmMpPOoJib. 2016. T. 20.

Ne 4.

1. MCHOHbSyeMbIe cneKTpalbHbie JINHUN n
KOMMOHEHTbI MOJIEKYJISAPHbIX NOJIOC

TpyoHocTb onpeaeneHus pocopa metogamm
aTOMHOW CNEeKTPOMETPUN CBA3aHa C TeM, YTO ero Hau-
6onee YyBCTBUTESbHbLIE PE30HAHCHbBIE MMHWK pacno-
NOXeHbl B 06nacTi BakyyMHOTO ynbTpaduoneTa Mex-
ay 167.2 1 178.8 Hm (Tabn. 1) [43]. 3TOT cnekTpanbHbIN
AManasoH, B KOTOPOM U3MyYeHue NormnoLwaeTcst Knc-
nopoaoM Bo3ayxa, BNosnHe AOCTYNeH Ans NPOMbILU-
neHHbIX Npubopos VCIM-A3C, umetoLwmnx BakyyMHble

MOHOXPOMAaTOpPhbI UK 3anofHeHe CNeKTPoOMeTpa 3a-
LLMTHBIM ra3oM (aproHOM unm a3oTom). Ho AaHHbIN aun-
anasoH CNeKTpa HeJoCTyNeH, Hanpumep, Ans KOMMep-
yeckux npubopos MI-A3C (Bbiwe 178 HMm), [TAIC u
AAC (ot 190 Hm). JTuwb B paboTe [44] ¢ ncnonb3oBsa-
HMeM CKBO3HOrO MOSoro Katoga B Ka4ecTBe aTomMmn3a-
Topa (HM3KOe AaBIneHMe MHEPTHOIO ra3a) M BaKyyMHOro
MOHOXpOoMaTopa 6bINo peann3oBaHo aToOMHO-abcop6-
LUMOHHOE onpefeneHne gocdopa No KOPOTKOBOSHO-
BOV NHUK P 177.5 HM. /3-3a HEBO3MOXXHOCTM NPaKTU-
Yyeckom paboTbl C pe30HaHCHbIMY NMUHMAMM hocdopa

Tabnuua 1

ATOMHbIE TMHUK 1 KOMMOHEHTBI MOFEKYIISIPHBIX MOJI0C, UCMONb3yeMble ANs onpeaeneHns docdopa meTogamm

crnekTpanbHoro aHanusa* ¢ 3TA n 3TU

Table 1

Atomic lines and molecular bands used for the phosphorus determination by the methods of the spectral analysis®

with ETA and ETV

Manyyatowas unu
OnuHa Bon- | HaGniogaemble crek-
nornowatoLias . [Mpumepbl npuMeHeHus: meToa aHanusa [[lutepatypal
Hbl, HM TpanbHble NOMEXU
yacTtuua
P 177.50 - OTN-UCN-ASC [47], NMAAC [48], OTA-AAC [2, 44]
178.29 [49]: 1 178.28 OTU-UCIT-A3C [36, 49], AAC [48], OTA-AAC [2]
178.77 — MAAC [48], OTA-AAC [2]
185.9 — OTN-UCMN-ASC [37]
213.55 - OTA-AAC [3, 4, 18, 20, 25, 46], FANES [41]
213.6 OTU-MMN-ASC [50], MAAC [51-53], STA-AAC [4, 7-11, 13,
' B 14,19, 21-27, 46, 54, 55, 56, 57-68]
214.2 - OTA-AAC [58]
214.91 - ayra-A3C [33], 3TA-AAC [17, 57]
253.57 - ayra-AdC [32], 3TU -MTM-ASC [38], NMAAC [70]
PO [71]: Co 246.378,
Co 246.461,
Fe 246.218,
246.4 Fe 246.374, MAAC [52, 70, 72-75], 3TU-MAC [4, 28], TASC [76]
Fe 246.374,
Fe 246.515,
Ni 246.526
247.620 - MAAC [74, 77], MASC [76]
[71]: Co 247.664, Fe
247.8 247.666, MAAC [72, 71, 74]
Ni 247.688
254.0 MASC [76]
[71]: Fe 324.602, Cu
324.62 324.754, KOMNOHEHTbI MAAC [71, 72, 74, 78], MONES [42]
nonocel SH
327.04 - MAAC [71, 74]
HPO 507 - MONES [42]
509.7 MASC [76]
520 - MASC [77]
524.9 MASC [76]
526.5 - MAAC [79], N® [80, 81]
528 - MECA [29, 30, 31, 82, 83], N® [84, 85]
559.7 MASC [76]

MpumeyaHue: * — OTHOCUTENbHbLIE UHTEHCMBHOCTM aTOMHbIX CNEKTPanbHbIX NMHWIA NpuBeaeHsbl B [2, 45, 46], komno-
HEHTOB MonekynsipHbix nonoc PO — B [72, 86] n HPO — B [87]; ** — Hanu4une cnekTparbHbIX NOMeX B Nybnmkaumsax He

OTMeYeHO.
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B MIM-A3C 00bl4HO MCNOMb3YIOT HEPE3OHAHCHbIE K-
Hun P (Tabn. 1). B atoMHo-abcopbunoHHOM aHanmse
(AAA) Hanbonee yacto paboTarT ¢ NMMHUSAMN hoc-
dopa 213.55 n 213.62 HM, 3aCENEeHHOCTb YPOBHEN
KoTopbIx Npu Temnepartypax 2700-2900 K coctaens-
eT meHee 1 % OT nonHoro Yncna atoMoB gocdopa
[1], yTo yxyaLwWwaeT 4YyBCTBMTENBHOCTb aTOMHO-abcop-
BLUMOHHOro onpeaeneHns ocgopa NnpakTU4eckn Ha
[Ba rnopsiika no cpaBHeHMIO C APYrMMun anemMeHTamu.

OpHako okasanochk, 4To ropasgo 6onee 4yyB-
CTBUTENbHOE onpegenexHve gocdopa MOXHO BECTU
Mo KOMMOHEHTaM MonekynsapHbix nonoc HPO n PO
(Tabn. 1). 310 cBMOETENBLCTBYET O NPEMMYLLECTBEH-
HOM CBSI3blBaHUM aTOMOB (hocdopa B faHHble pagu-
Kanbl B ycnoBusax nnameH, 3T n 3TA.

CornacHo TepMoAgMHaMmn4Yecknm pacyetam [4],
a(pbheKTUBHOCTL 06pa3oBaHUsA rasoobpasHbIX (Bepx-
HUN UHAEKC — g) coeanHeHun hocchopa POS n PO,%B
rpacpmutoBon neun npu STA-AAC 3aBucuT OT napuu-
anbHoro gaeneHust ceobogHoro kucnopopaa [88]. MNpu
CPaBHUTENBHO HU3KOM AaBMeHUN KUCropoaa (pexum
«ras-cTony») B guanasoHe Temnepatyp 1237-2237 °C
Hanbonee cTabunbHOWM, COrMacHoO pacyeTam, siBMs-
etca popma P9 [4]. BO3MOXHOCTb MCMONb30BaHNSA
nornoweHua monekyn P.¢u PO, ans uenen atom-
HO-abcopOuMOHHOro onpegenexHnst gocdopa Tpedy-
€T noapo6HOro pacCMOTPEHUS B CBA3W C NMOSIBIIEHNEM
aTOMHO-abCcOpPOLMOHHBLIX CNEKTPOMETPOB BbICOKOIO
paspeLleHusi C HenpepbIBHbIM MCTOYHUKOM CNEKTPA.

CnekTpbl MonekynsipHon abcopbumm no3sons-
0T NPOBOANTL Gonee YyBCTBUTENBHOE ONpeaeneHne,
YeM CMneKTpbl MoneKkynsipHon amuccun. OgHako pe-
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Puc. 1. CnekTp nornoweHunsa monekynsl PO, nony4veH-
HeI gna 400 mr/n P B nnameHn aueTuneH-so3ayx [72]

Fig. 1. The absorption spectrum of PO molecules mea-
sured for 400 mg/l in the air-acetylene flame [72]

Tornomesmte

anv3oBaTb MOMEKYNspHO-abcopbLUMOHHBIN aHanms,
NCnonb3ys crnekTpanbHble NpUbopbl HU3KOro paspe-
LeHWs (TpPaAnLUOHHbIE aTOMHO-abCcopOLUMOHHBIE NpK-
Bopbl C CeNEeKTUBHLIM UCTOYHUKOM CBETA) U onpee-
NeHHble konebaTenbHO-BpaLLaTeNbHbIE KOMMOHEHTbI
cnekTpanbHbIX nonoc nornoLeHusa gocdopa, paHee
ObINo JOCTAaTOYHO CROXHO. s 3TOro, Mcnonb3ys B
KayecTBe NCTOYHMKA CBETA flaMnbl C NOSIbIM KaTo40M
Ha pasnuyHble anemeHThl (Pt, Yb, Fe n Zn), ynaBanocb
nogobpatb ANs MoneKkynsapHo-abcopbLUMOHHOro onpe-
aenenns gocdopa TonbKo Hepe3oHaHCHbIE (HM3Kas
WHTEHCMBHOCTb B CMEKTPE CENEKTUBHOIO UCTOYHUKA
CBeTAa, NSI0X0e COOTHOLLEHME CUIHaN/OH) aTOMHbIEe
TNIMHUN 3TUX SNEMEHTOB [4, 7], BrIM3KO pacnonoXeH-
Hble OT J@HHbIX CNIEKTPasbHbIX KOMMOHEHT, UMK NpUMe-
HATb AeNTepuin-BOOOPOLHYIO flaMMy C HENpepbIBHbIM
CMEeKTpOM (LUMpokKas nonoca NponyckaHNs MOHOXPO-
mMaTopa, CnekTparbHble HaNoXeHUs!, MIOX0e COOTHO-
LUeHWe curHan/on).

C nosieneHnem aToMHO-abCcopOLMOHHBIX Cnek-
TPOMETPOB BbICOKOIO paspeLleHnsi C HenpepbIBHbIM
WCTOYHMKOM crnekTpa 60MbLION MHTEHCUBHOCTU (KCe-
HOHOBas famna BbICOKOro AaBrieHNs C KOPOTKOW Ay-
rov) cTano BO3MOXHbIM HabnogeHe U UCMONb30Ba-
HMe XOpOLLO pa3peLLeHHOro MONEKynsipHOro cnekTpa
nornowenuns PO B nnameHax (puc. 1) [53, 70, 72-75,
78] v rpaconToBon neun (puc. 2) [4, 28]. Hambonee 4ys-
CTBUTENbBHOW ABNSETCA KOMNOHeHTa norockl PO Ha
AnuHe BorHbl 246.40 HM, HO 3eCb BO3MOXHbI 3Ha-
ynUTENbHbIE CNEKTParnbHbIE MOMEXW OT XKenes3a u Ko-
Banbta (Tabn. 1). CnekTpanbHOe OKpyXeHue Ha -
He BOSHbI 324.62 HM 3HA4YMTENBbHO NPOLLE, HO AaHHas
KOMMOHeHTa crnabee no UHTEHCUBHOCTU. [MoaTOMY,
Hanpumep, ana 3TU-MAC onpeaeneHust docdopa B
rpachnToBON NEYN UCMONb3YIT OBLIMHO KOMMOHEHTY
PO 246.40 um [4, 13, 28, 54, 64, 65].
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Puc. 2. CnekTp nornouieHns monekynsl PO, nonyyex-
HbI gns 2 mkr P B rpacputoBon neun (cnektpometp Con-
trAA 700) npu Temnepatype ctaguun nuponusa 350 °C u
Temnepatype ctagum ncnapenusi 1900 °C (cobcTBeH-
HbI 3KCNEPUMEHT)

Fig. 2. The absorption spectrum of PO molecules measured
for 2 ug P in a graphite furnace (ContrAA 700 spectrom-
eter) at a temperature of the stage of pyrolysis of 350°C
and a temperature of the stage of vaporization of 1900 °C
(own experiment)
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MoBbLICUTE YYBCTBUTENBHOCTb OMNpeaeneHmns
docdopa metogom ATU-MAC MOXHO cymmMumpoBa-
HMEM CUrHaNoB HECKOSbKMX KOMMOHEHT MONEKYNsip-
Hou nonocekl PO (246.400, 247.620, 247.780 HM) n/vnn
yBENMYEHMEM KONMMYECTBA PErMCTPUPYEMBIX NMUKCE-
nen ons cnekTpanbHOW NIMHUK, KaK 3TO peann3oBaHo
npu NMNAAC onpeaenennn gocdopa ¢ NOMOLLbIO aTOM-
HO-abCcopOLIMOHHOrO CNEKTPOMETPA BbICOKOIrO pa3pe-
LWeHWA [74]. YunTbiBasd 3HaYEHUSA XapaKkTepUCTUYECKON
KOHLIeHTpaumu, npegena obHapyXeHns n oTHOCUTENb-
HOro CTaHOapTHOro OTKNOHEHUs onpeaeneHns goc-
opa, onTManbHoe KONUYecTBO NuKcenen Ans ms-
MEpEHUs curHana CneKkTpanbHOro nMka coctaBnsiet
3 unu 5 [74]. Cymmupysi nonyyeHHble pesynbraTtbl 1
NPUHMMas BO BHUMaHWE [OCTAaTOYHO HU3KMI YPOBEHb
npegena obHapyxenus (13.7 Mr/n) n HU3Koe 3HaYeHne
OTHOCUTENBHOrO CTaHAAPTHOrO OTKIIOHEHUS (OKOIO 2
%), B Ka4eCTBE ONTMMabHOM AIMHBI BOMHbI A5si Onpe-
aeneHns poccopa No MONEKYNAPHOMY NOTTOWEHMIO
aBTopamu paboTbl BeibpaHa 247.620 HM € MCNOMb30-
BaHWEM 5 nukcenew nvka.

2. CpaBHeHMe aHaNIMTU4eCKNX XapaKTepuUCcTUK
9TA-AAC u 3TU-MAC

CornacHo nuTepaTypHbIM AaHHbIM, fyYLLne npe-
aenbl obHapyxeHus gocdopa (nr) b JOCTUTHY-

Tbl MeTogoM OTU-UCT-MC (tabn. 2). Hnskune npege-
nbl 06HapyxeHus (0.1-2 Hr) OCTUrHY Thl 4115 METOA0B
FANES, MONES u gnst AAC npu ncnapeHumn npobsl ¢
BBOAMMOTO B HAarpeTyto rpadpuToByto NeYb 30Ha4a (Tabn.
2) 1 ¢ Ucnonb3oBaHNEM annapaTtypbl labopaTopHo-
rO U3roTOBMEHWNS, YTO HENPMEMIIEMO ANt PYyTUHHOIO
aHanu3sa. Mpn ncnonb3oBaHUM cepumHON annapary-
pbl MeTogamu ATA-AAC, 3TU-MAC, 3TU-UCI-ASC
n 3TU-MI-ASC npegenbl o6HapyxeHus docdopa
COCTaBMAKT HECKOMBKO HI. TpaguuMoHHasa TEXHMKA
ayra-A9C n, ocobeHHo, NMAAC n INd nossonsaoT Npo-
BOAWUTb onpeferneHue gocdopa ¢ ropasgo Xyallen
YyBCTBUTENBHOCTLHO.

Wcnonb3oBaHue TexHunkn 3TA n 3TU ¢ pasnuu-
HbIMW METOAAMM CMIEKTPaNbHOro aHanun3a no3BossieT C
NMOMOLLIbIO TEMNepaTypHO-BPEMEHHON NPOrpamMmbl Ha-
rpeea pasgenutb MOMEHTbLI BbIXO4a M3 rpadnToBON
neyn pocgopa 1 MeLlatoLLMX KOMAOHEHTOB, YTO CHU-
KaeT ypoBeHb MaTPUYHbIX CNeKTparnbHbIX YU HECMEK-
TpanbHbIX NOMEX, yny4llaeT npegen obHapyXeHus
docdopa. Ho okasbiBaeTcs, 4TO cama rpaguTtoBasi
neyb MOXET CYLLECTBEHHO BNUATbL HA aHaNUTU4ecKne
XapaKTepucTuKn onpegeneHus gocdgopa.

Hanpwuwmep, npu AAC onpegeneHum chocopa B
rpacmnTOBOM NEYN BO3HUKAIOT pasnnyHbIe noMexm [4],
CBSI3aHHbIE C OMNepaLMOHHLIMU YCNOBUSIMU aHanmsaa,

Tabnuua 2

CpaBHeHve 4OCTUrHYThIX Npeaenos o6HapyxeHus (MO) docdopa pasnuyHbIMM MeTodamim CrieKTpasbHOro aHa-

nusac 3TAn 3TU

Table 2
Limit of detection (LOD) for the different methods of spectral analysis with ETA and ETV
MeTtog no Jlntepatypa
lMnameHHo-doToMeTpuueckun (MP) 0.007-400 mkr/cm® [73]
MoneKynsipHO-3MUCCUOHHas CNEKTPOMETPUS B NMOMOCTU
4-6 Hr [83]
(MECA),
ATOMHO-3MWNCCHUOHHAsi CMEKTPOMETPUS C HETEPMUYECKNM BO3- 90 [41]
nr
6yxaeHnem B neyn (FANES)
MonekynsipHO-3MUCCHOHHAs CNEKTPOMETPUSA C HETEPMUYECKUM 0.7 Hr (peructpaumsa nonockl PO), 42]
B0o30yxaeHnem (MONES) 3.4 Hr (anst nonocel HPO)
MnameHHas atomHo-abcopbLmoHHasa cnekTpomeTpus (Mnams
pou P pua ( 13.7 mkr/cm?® [89]
auetuneH-so3ayx) (MAAC)
ATOMHO-abcopbLMOHHasa CNEKTPOMETPUS MpU ucnapeHnm npoobbl our [90]
C BBOAMMOTO B HarpeTyto neyb 3o0HAa
ATOMHO-abcopbLMOHHasa CNEKTPOMETPUS C ANEKTPOTEPMUYE-
o . 2.3-200 Hr [5, 59]
ckon atomm3aumen (3TA-AAC)
MonekynsipHo-abcopOLMOHHas CNEKTPOMETPUS C 3NeKTpoTep- 0.9 Hr (78]
Muyeckum ucnapenmem (3TU-MAC) '
ATOMHO-3MWUCCHMOHHasi CMEKTPOMETPUSA C QyroBbIM BO30Oyxae-
50 Hr [32]
Huewm (gyra-A9C)
ATOMHO-3MUCCUOHHAS CMEKTPOMETPUS C MHAYKTUBHO-CBA3aHHOM
) poMETP Ay 1.5-6 Hr 36, 37]
nnasMon 1 anekTpoTepmuyeckum ncnaperHmem (ATU-UCIM-A3C)
ATOMHO-3MNCCUOHHASA CNEKTPOMETPUS C MUKPOBOJTHOBOW Nnas- 0.66-5 Hr [38, 50]
MOV 1 anekTpoTepMuyeckum ncnapeHnem (3TU-MIM-A3C) '
Macc-cnekTpomMeTpusi ¢ MHOYKTUBHO-CBA3aHHOW Nnas3Mon 1
4-15nr [39, 40]
anekTporepmmyeckum ncnapeHunem (ATU-MCIM-MC)
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TUNOM U1 BO3pacToM rpacpmuToBow TpyOku, 4TO BNUSIET
Ha 4yBCTBUTENbHOCTb onpeaenexHus gocgopa [8, 9,
69, 91, 92]. OTmeueHo [4], 4To BOCNpOMN3BOANMbIE pe-
3ynbTaTbl MOTYT ObITb NOMYYEHbI, ECNIN CKOPOCTL Ha-
rpeBa, KOHEYHy TemnepaTypy 1 atmocdepy BHyTpU
rpacMTOBON NEYN MOXHO perynnupoBaThb B Xoae onpe-
aeneHus. Ho Ha npakTuke Takom KOHTPOIb CIIOXHO pe-
anu3oBartb, crnegoBaTenbHo, kak oTMevaloT B pabote
[4], Hanbonee noaxoasLmMM cnocobom siBNsieTcsi BBE-
AeHune nNpobbl B npeaBapuTenbHO HarpeTbiv 40 BbICO-
Ko TeMnepaTypbl atTomusatop. B pabote [91] obpasey,
BBOAWMM B NPeABapUTENBHO HarpeTyk neYvb ¢ MoMo-
LLIbIO BOMb(hpamoBOW NPOBOSIOKM (30HAA). B aTom cry-
Yae o dy3noHHbIe NOTEPU ObINN MUHUMU3UPOBAHBI,
4yTo 06ecneynno HU3KMN Npegen obHapyxeHus goc-
dopa (tabn. 2).

OTmeueHo pasnuyune B YyBCTBUTENBHOCTU ONpe-
aenexusa cocdopa nNpu UCNONb30BaHUN B KayecTBe
aToMusaTopa rpacmntoBor TpyokM 6e3 MMPONoKPbITUS
N C NUPONOKPLITUEM, COXPAHAKOLLUMCA Aaxe Npu 1c-
Nnofb30BaHWUM NaHTaHa B KA4eCTBE XMMNYECKOTO MO-
andmkartopa [91]. B Tabn. 3 npMBeaeHbl 3HaYeHUst xa-
pakTepucTudecknx macc doccgopa, nonyyYeHHble Ha
PasnuyHbIX TUNax rpaduToBbIX TPYOOK 1 nnaTdopm
npu pasHbix TemMnepaTypax ctaguv nuponunsa n ouk-
CMpOBaHHOW TeMnepaType cTaamm aTommusaumm 2650

°C. BugHo, 4TO 3Ha4YeHMe XapakTepPUCTUYECKON Macchl
dhocopa MOXET N3MEHSITLCS Ha NOPSIAOK B 3aBUCU-
MOCTW OT UCMONb3YEMOTO TWMNa rpacouToBOM TPYOKM 1
nnaTtcopmel. Paznuyne mexay matepmanamm Tpyoku
MeHee BblpaXkeHo, ecnun atoMmmsaums cdocgopa ocy-
wectenaetca ¢ nnatdopmsl. [pu TemnepaTtype cTa-
avn nuponmaa 200 °C 3Ha4YeHnsa xapakTepUCTUYECKON
mMaccbl pocdpopa Hnxke, yem npu 1350 °C, korga npo-

Tabnuua 3

XapakTtepuctuieckue maccol pocdopa (Hr), nonyyeH-
Hbl€ NpX ero aToMHO-abcopOLMOHHOM onpeaeneHnm
C UCMONb30BaHNEM PasfnYHbIX rpadmUTOBbLIX MaTe-
pvanos nnatdopm u/vnu Tpybku npu Temnepatype
ctagum atommusaumm 2650 °C (3N — nonmkpucTannu-
yeckmn anekTporpaduT; NI — nuponutTuyeckun rpa-
¢uT; MM — nnponuTuyeckoe nokpeiTne rpacuTa) [8]

Table 3

Characteristic mass (ng) for the atomic absorption phos-
phorus determination with different graphite materials
of platforms and/or furnace at the atomization temper-
ature of 2650 °C (EG — polycrystalline electrographite,
PG - pyrolytic graphite, PGC — pyrolytic graphite coating)

Matepu- TemnepaTypa cTaguu nupo-
Martepuan .
an nnar- 6 nuaa, °C
dopmul | Y 200 1350
- ar 30 55
- nrn 220 HeT curHana
nr ar 40 210
nr nrn 45 650
ar ar 20 45
ar nrn 17 110

NCXOAAT 3HauUnTENbHbIE NoTepy poccopa B ra3oByo
hasy rpaduToBON Neyu, Yto TpebyeT 06s3aTenbHOro
NCMOMb30BaHUs XMMUYECKNX MOANCMKATOPOB.

[na npocTuxeHnsa appekTUBHOM aToMM3aLnm
docdopa B rpadmToBOM Nevm Heobxoanmo BbIMNos-
HeHue creayroLmnx ycnosui [4, 62, 90, 93):

— YCT@HOBJIEHNE MaKCUMasnibHO BO3MOXHOW TeMrme-
paTypbl CTaaum NMpPonusa, 4to obecnevymBaeT MUHU-
ManbHble notepu hocdopa, Bbi3BaHHbIE YAANEHNEM
rasoobpasHow casbl 06pasLa 13 30HbI aToMu3aumm
n3-3a paclumpeHus rasa, npy nepexoge K Temnepa-
Type cTaguu atoMmsaumm. 3To MoxeT ObiTb peanu-
30BaHO NyTeM CBA3biBaHMsA poccopa B TpyAHoOme-
Tyume coeguHeHus (C yrnepoaoM atommsaTtopa unm
MoandUKaTopom);

— YyCTaHOBIEHME MaKCMMarbHON TemnepaTypbl CTagun
aTommsauun. Cnegyet oTMETUTb, YTO TeMNepaTypa
aToMm3aummn orpaHnyeHa go 2650-2700 °C tpebosa-
HUAMW, NPEeAbABNSEMbIMU K CPOKY CIyXbbl rpadu-
TOBOW neuu;

— BbICTPbIN NOABLEM TEMNepaTypbl BO BpeMs ctaguu
aToMmu3aumn. Haunydwme pesynsraTbl NOMyyYeHbl Npu
NnpoBeAEHNM aTOMU3aLMMN B U30TEPMUYECKNX YCITOBM-
AX (T.€. B Neyu, NpefBapuTensHO HarpeTon go 2650 °C).
B npoTnBHOM criyvae HekoTopoe KonmyecTso pocdo-
pa Tepsetcsa B agnanasoHe 1400-2400 °C n3-3a ob6pa-
30BaHusi rasoobpasHoro P.9;

— KOHTPOIb COCTaBa ra3oBOW CMECU BHYTpU rpacduTo-
BOM Neyun. Heobxoanmo nogaepXmeatb MUHUManbHYH
KOHLEHTPAaLMI0 KUCITOPOAa B aHaNUTUYECKOM 30He rpa-
hVTOBOW NEeYn Npu permcTpaLum aToMHOro NornoLle-
Hus docchopa Ans npegoTepaLleHns obpa3oBaHus ra-
3006pa3sHbix coeanHenun (Hanpumep, PO9). daHHbIn
KOHTPOJSIb MOXHO OCYLLECTBUTb NMyTEM MCMONb30Ba-
HWUS rpachmuTa onpefeneHHon NOPUCTOCTN N peaKkTUB-
HoCTHW, AobaBneHneM mogudukaTopa UM Ncnonb3o-
BaHWUs yCITOBWIN «ra3-CTomny.

B cnyyae metogoB ATU-UCTT-ASC, OTU-MIT-
A3C n 3TU-UCI-MC HmskoTemMnepaTypHasi OTrOH-
ka poccpopa 13 rpapmuToBON NEYN He NPUBOANT K Er0
noTepsM, Tak Kak BCe NneTyune coeanHeHus gocdo-
pa nonagaroT B BbICOKOTEMMNEPAaTYPHBbIN MTa3MEHHbIN
WUCTOYHUK, rae dhochop aToMU3NpyeTCcs U YaCTUYHO
noHmaupyeTcsl. Ho npu aTux ycnoeusix B nnasmy oj-
HOBPEMEHHO BHOCUTCS 60nbLLIOE KONMYECTBO MaTPUY-
HbIX KOMMOHEHTOB, YTO MOXET NPMBOAUTbL K MaTpuy-
HbIM CMeKTpasibHbIM 1 HECMEKTparnbHbIM momexam. o
3TOM NpUYMHEe ANS AaHHbLIX METOA4OB OMNpeaeneHus
docdopa 0693aTENBHO HYXXHO UCNONBb30BaTh XUMMN-
Yyeckue MmoamdukaTopsl, cBA3bIBatoLLue hocdop 1 He
JonyckarLume ero HA3KoTeMnepaTypHOe ucnapeHme
¢ nosepxHocTn ATA unn 3TU.

OTA-AAC n STU-MAC cocopa 6e3 ncnonb-
30BaHMsA XUMUYECKNX MOANMUKATOPOB NPaKTUYECKN
HEBO3MOXHbI M3-3a2 HU3KOW TEMMEepaTypbl CTaanm ero
NMponM3a n cUnbHoro POHOBOro nornoLleHus. Moa-
TOMY NPYMEHEHNE XMMUYECKNX MOANENKATOPOB HAB-
nseTca HEOTHEMIIEMOWN COCTaBnsoLWen atToMHo-ab-
COPOLMOHHOro 1 MonekynsapHo-abcopbuMOHHOIro
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onpegenexus hocdopa, Tak Kak No3BONSAET yaepXaTb
€ro Ha NOBEPXHOCTU aToMmM3aTopa OO0 BbICOKUX TEM-
nepartyp cTagumm NUPonu3a u oTAen1Tb OT MaTpuULbl
npobbl, YTO OCOBEHHO BaXXHO ANSA CNOXHbIX MaTpuL,.
Mo gaHHbIM [5] NyYLWMM XUMUYECKMM MoaudUKaTo-
pom (TemnepaTypa cTaaui Nuponusa u atoMmmsaLmu
1200 °C 1 2700 °C cooTBeTCTBEHHO) siBNsieTcs Th (xa-
pakTepucTuyeckas macca poccopa m = 1-5 Hr), 3a-
Tem cneaytot Al, Ba, Ce, Cd, Co, Cs, Fe, Lin Zr (m, =
6-10 Hr); Cr, Mg, Mn, Ni, Pd n V (m, = 11-15 Hr); Ca, Cu,
Mo n W (m,=16-20 Hr), B To Bpems kak 6e3 moandu-
katopa m;=20-200 Hr B 3aBUCMOCTU OT TUMNa Neyn.
Takum o0b6pa3oM, UCNONb30BaHNE XMMUYECKUX MOON-
dukaTopoB 0b6ecneymBaeT CyLLEeCTBEHHOE NOBbILIE-
HWe TemnepaTtypbl cTaguun nuponunsa gnsa docdopa
N CHUXXEHME ero xapakTepuctudeckon maccel. Ho aB-
TOpbI [5] 0TMEYaloT, YTO MEXaHU3Mbl B3aMOLENCTBUSA
XUMUYECKMX MOaNduKaTopoB ¢ ocdhopomM 4OCTOBEP-
HO HEU3BECTHbI.

B 1abn. 4 n 5 npegcraBneHbl 3HaYEHUS NyHLLNX
npegenos obHapyxeHus ocdopa 1 xapakTepucTu-
YeCKMX Macc (Mnn KOHUEHTpaLun), AOCTUTHYThIX Npu
onpegenexumn occopa metogom AAC ¢ npumeHe-
HMeMm Hanbonee 4yacTo UCNomnb3yemMbIX MOAUGUKATO-
poOB. YnyuLleHune xapaktepuctmyeckonm maccel OTA-AA
onpepeneHus docdopa (Tadn. 4) gocTuraeTcs B Npu-

Ta6nuua 4

3HaueHusa ny4ywmx npegenos obHapyxeHus (MO) doc-
¢popa 1 ero xapakTepucTUYECKx Macc m,, DOCTUTHY-
Tbix MeTogoM AAC c anekTpoTepMMyeckon atoMmmaa-
umen (P 213.618 HM) M npumeHeHem Hanbonee YacTo
NCNONb3yeMbIX XUMUYECKUX MOAUDUKATOPOB

Table 4

The best limit of detection (LOD) and characteristic
mass of phosphorus (m,) attainable using the atom-
ic absorption spectrometry with electrothermal atom-
ization (P 213.618 nm), and the most commonly used
chemical modifiers

Moawncukatop MO, Hr m, Hr Jlutepatypa
OTtcyTcTBYET 6.5 - [94]
Pd(NO,), + Ca(NO,), 5-18 14-22 |[3, 10, 27, 28]

Pd(NO,), + Mg(NO,), 20 15-19 [66, 95]
Pd(NO,), 0.006 4-14 [26, 27]

MepmaHeHTHbIN MO-

andwukatop W n 5 46 23]
(Pd(NO,), + ackopbu-

HOBas Kucnorta)

Pd(NO,), + ackopbu-

Hon(aaﬂ T<)1f|cn0Ta i B 16 (271
La(NO,), 4-6 0.1-28 |[24, 27, 67, 96]
PacTteop conu La B

uMKnorSKcaHe B 20 [57]
Ni(NO,), 6 1.5-30 [54, 98]
NaF - 65 [27]
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Tabnuua 5

3HayeHuns xapakTepucTuiecknx macc ocdopa (Hr),
nonyYeHHbIe C PasfMYyHbIMU XUMUYECKUMU MOaANDU-
katopamu (Macca mogundukatopa 20 MKr) npu aTo-
MMU3aLum Co CTEHKU rpaddnToBON TPYOKM U3 NONUKPU-
cTannuyeckoro anekTporpaduta unu ¢ nnatopmbl
C NMUPONUTUYECKNM NOKPbITUEM [9]

Table 5

Characteristic mass of phosphorus (ng) for the different
modifiers (mass modifier 20 ug) and atomization at wall
furnace with polycrystalline electrographite or with the
platform with pyrolytic graphite coating

ATomusaumsa
MogudukaTop
CO CTEHKM ¢ nnatgopmel

Ca(NQ,),4H,0 13 22
Fe(NO,), — 10
La(NQ,),"6H,0 7 55
Mg(NO,),"6H,0 — 19
Ni(NO,), 8.5 6.0
Pd (nopotuok) 10.5 7.0
Pd (nopowuok) + 5 mkr

9.5 5.5
Ca(NQ,),4H,0
Th(NQ,),5H,0 12 25
W (koHueHTparT Titrisol) 15 23
Y(NO,),-5H,0 8.5 5.5

CYTCTBUM XMMMNYECKNX MOANKUKATOPOB B HUTPATHOM
dopme n conen Bonbdpama. Ho 3HadeHne xapakTe-
PUCTUYECKOW MACChl CYLLLECTBEHHO HE MEHSIETCS MPU
NPUMEHEHUN pa3fNYHbIX KATUOHOB CONM MoauduKa-
Topa (Ca, Fe, La, Mg, Ni, Pd, Th, Y) [9].

3. 3TA-AAC n 3TU-MAC onpepeneHue
docdopa 6e3 Mcnosb3o0BaHUTA XUMUYECKNX
moaundukaTopos

Mpwn anekTpoTepMmnyeckom onpegeneHnn goc-
copa valLe Bcero ucnonbayot metog OTA-AAC, uem
OTUN-MAC (Tabn. 6). ABTopbI [27, 28, 56] oTMe4vanwy,
4YTO onpegeneHne ocgopa NO MONEKYNSPHOMY No-
FMOLLEHNIO BO3MOXHO TOMBbKO B OTCYTCTBUN XUMUYeE-
CKMX MOAMMKaATOPOB, a NCNONb3oBaHMe Moaudu-
KaTopoB (HUTpaT naHTaHa, Topua HaTpus, HUTpaT
nannaavs oTaenbHO UM B CMECK C HATPAaToM Karsb-
UMs UnNmn ackopOmMHOBOW KUCIOTOW) MPUBOANT K perun-
CcTpauun NpenmyLLECTBEHHO aTOMHOIO MOrMOLLEHMS.

MpuymHy HEBbICOKOW TeMnepaTypbl cTagum
nuponusa u manoun apdekTMBHOCTM aToOMU3aLNK
docdopa Ha cneayloLlen ctagum TemnepaTypHo-
BPEMEHHO NPOrpamMMbl aBTOPbI paboThl CBA3LIBAIOT C €10
NPOHUKHOBEHWEM B CTPYKTYPY rpachmTa eLle Ha cTagnsax
BbICYLLUMBaHNA Npobbl U NMponu3a ¢ obpaszoBaHneEM
kapbuaa docgopa [99]. CTeneHb B3aMMOAENCTBMS
rpacuta n poccopa onpeaensaeTcs Maccon aHanuTa.
ABTOpbl paboTbl [27] nonaratoT, YTo Npu KonunyecTee goc-
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Tabnuua 6

OKcnepuMeHTanbHble AaHHbIE N0 ANeKTPoTEPMUYECKOMY aTOMHO- (P 213.6 HM) 1 monekynspHo- (PO 246.4 Hm)
abcopbumoHHomy onpeaenexuto gocdopa (m,/m, — macca aHanuta/macca moaudukatopa; m(moa) — Macca
mMoamdmkaTopa, Mkr; T —Temnepartypa cTaguu BeicylumBaHus npobel, °C; T — TemnepaTypa ctagum nupo-

CyLLKU nmp
nmaa, °C; EmOM/umap— Temneparypa cTaamm atoMmusaumm nnu monekynoobpasosanus, °C)

Table 6
Experimental data for the electrothermal atomic (P 213.6 nm) and molecular (PO 246.4 nm) absorption determina-
tion of phosphorus (m,/m,— analyte mass/modifier mass; m(mod) — modifier mass, ug; 7, . - — temperature of the

sample drying stage, °C; T —temperature of the pyrolysis stage, °C; T, ..., — temperature of the atomization or
vaporization stage, °C)

MoaundkaTop m,/m, m(mop), o g e Nutepa-
MKF cywkm p atomlncnap Typa
I. ATOMHOE NOrowEHUE
- 2 ctagumn: 90 n 120 300 2650 [17]
2 ctagum: 110 1 140 2700 [21]
1/1000 2 ctaguun: 90 n 120 400 2650 [18]
2 ctaguu: ot 20 go 100 800 2600 [3]
110 1200 2700 [5]
Bes mogudumkaTopa 2 ctaguun: 90 n 120 1350 [8]
- 2 ctagumn: 90 n 120 2650 [9]
120 1400 [65]
370 1450 2770 41
T ..~ 1500 - [2]
i 2700 (1
PacTtBop conu La B
C LMKIorekcaHe unm - 150 1600 2650 [20]
H-renTaHe
La® - 3 ctagmu: 85, 951 120 700 2700 [102]
130 [6]
1200
- 3 ctaguu: 60, 120 n 250 2800 [96]
100 1300 2700 [67]
50 1350 2800 [57]
5 3 ctaguun: 80, 130, 300 2650 [93]
1500 2400 [24]
i 2800 [14]
La(NO,), i 3 cTtaguu: 150, 210 n 250 1600 2700 [103]
- 2800 [97]
1/(50-100) 2 ctagumn: 90 n 120 2650 [9]
T =1750, T .. =2650,
T 2=14107 T, o 2=2100"
1/420 - T, =2300, T, oo =2700, [12]
T, 7=2000, T, 72=2250,
TMpnnachopMa=1 6002 TaTOMnnachOpMa=1 9002
5 ctaguin: 110, 190, 200, 220
1300 [22]
- n 400 2700
Pd(NO,), 2 ctaguu: 110 n 140 1600 [21]
1/100 2 ctagmmn: 90 n 120 1700 2650 [9]
3 ctaguu: 80, 90 n 110 2700 [26]
120 13503
120 14503 2650 1l
PANO,),*Ca(NO,), i 2 ctaguu: 90 1 120 1700 [10]
Pd(NO,),+CaCO, - 2 ctaguv: 110 n 140 1600 2700 [21]

273



AHanumuka u KOHmMpPOoJib. 2016. T. 20. Ne 4,
120 1400 2650 [19]
- 5 ctaguin: 140, 160, 180, 220
Pd(NO,),+Mg(NO,), 1 400. 1000 2700 [25]
1/31-1/500 140 1700 [66]
Pd(NO,), + ackop6u- L 63'_1/147 120 11350(?3 2600 [19]
rosas kuenora 11517 140 1800 23]
- 3 ctaguu: 85, 951 120 700 2700 [102]
1/5-1/250 100 1100 2500 [98]
T, - =1750, T, .S =2650,
Ni(NO,), T, 2=14107; T, o 22=2100"
1/320 - T, 7" =2300, T,..e=2700, [12]
T, °7=2000, T, /2=2250,
Tnﬁpnnard)upma=16002 TamMnnaT(bopma:"gOOZ
Ni?* B opraHn4yeckom
110 130 1200 2700 [6]
CoefMHEHUN
cynbgoHart Niz 1/10-1/40° 200 1100 2500 [104]
Na, WO, 2H,0 nep- 1/517 140 1800 [23]
MaHEHTHbIN
HF 700 1150
NH,F 500 1200 2650
KF 1/259 2 ctaguun: 90 n 120 1350 [17]
CsF 1/74 1150
1/74 1350
- 2 ctaguu: 110 n 140 1000 2700 [21]
NaF _ 1400*
1/740 2 ctaguu: 90 n 120 1000 2650 [105]
Il. MONEKYNAPHOE NOrMOLEHUE
- - - 1200-2800 [4]
- 2 ctaguu: 751 130 1000 2500 [28]
noKpbITUE neun Zr +
. - 150 1600 2600 [11, 63]
MaTpUYHbIN Zr
nokpbiTue neun TaC - - 400 2500 [7]
Zr 2 ctagmu: 100 1 150 - - [13, 64]
La,O, 1/1; 1/4; 110 2 ctagun: 90 1 170 1600 2700 [27]
Pd(NO,), - - 1250 2550 [106]
1/2; 1/8; 1/20
Pd(NO,), + ackopbu- 1/22; 1/88; 1700
HoBaA KcnoTa 11220 2 cTagum: 90 1 170 2700 27
PA(NO,),+ Caco, | %2110 ’ 1800 !
2 8 1/25
NaF 1/2; 1/8; 1/20 1100
Na,WO,2H,0 - 135 550 1900 [23]
Ni(NO,), (0.6 M) - 95 1400 2700 [54]

MprmeyaHue: «-» - OTCYTCTBUE AAHHBIX; | — aToOMM3aLUsi CO CTEHKW; 2 — aToMMU3aUMs ¢ NnaTgopmebl; 3 — makcumarb-
Has TemnepaTtypa ctaguu.

¢>opa 10 MKr, 4TO CpaBHMMO C KOJIN4eCTBOM XMMNYECKOIO

MoaudmkaTopa, MOHOCIOW Ha MOBEPXHOCTU rpacoumTo-

BOM neyun He obpasyeTcs, a, Ckopee BCero, NposBs-

toTcs 06beMHble cBoncTBa [8, 40], 4To orpaHuynBaeT

B3aMMOLENCTBME aHanuTa ¢ Fpa(bVITOM.
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OfHOM N3 NPUYUH CHUXKEHNS YYBCTBUTENBHOCTM
onpegenexus gocdopa B OTCYyTCTBMN XUMNYECKOTO
mogudmkaTopa npu ATA-AA onpegeneHnn SBnsTCA
BO3MOXHbIEe NoTepu hocchopa Ao cTagnm aToMm3aumm
B pe3ynbraTe 0Opa3oBaHus psiga NeTyumx coegnHe-
HWU (OKCMAoB, ra3oobpasHbix Mornekyn anmepa P,) [8].
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Ho, no MHeHuto aBTOpoB [8], hocdop MoxHO cTabu-
nM3npoBaTb Ha MOBEPXHOCTU aToMmu3aTopa B pe3ynb-
TaTe NPOHWKHOBEHMWS €ro B aKTUBHbIE LLEHTPbI NONK-
Kpuctannuyeckoro anektporpaduTta. lNMpuyem yncno
3TMX aKTMBHbIX LIEHTPOB B dnekTporpaduTe ropa3go
6onble, yem B nuporpadute [8]. Mo MHeHMO aBTO-
poB paboThbl [56], 3TO 1 ABNAETCA MexaHM3MoM obpa-
30BaHus atoMmoB doccopa B OTCYTCTBUM MOgUDU-
KaTtopa: MeaneHHoe ucnapeHme atomoB cdocdopa ¢
noBepxHOCTU rpacmToBor TpyOkmn (Mnu ¢ nnatdop-
Mbl, MOKPbLITOM TaHTanoMm) nocne agcopbunn mone-
Kyn gpocopa Ha akTUBHbIX y4acTKax NOBEPXHOCTU
rpacuTa. Yncno nocnegHnx MOXeT ObiTb yBENMYEHO
nyTeMm gobaBneHns KUCNOPOAaA K aproHy Ha CTagusix
BbICyLLMBaHWs Npo6bl [8]. MOBEPXHOCTHbLIE OKCUABI
CO u CO, obpazytotca npu Temneparypax 400-500
°C nytem xemocopbuun, agcopbupoBaHune nocrnea-
HWX C NOBEPXHOCTU rpacdmTa HabnogaeTca npu Tem-
nepatypax 900-1000 °C. Npu atom chopmmpytoTca
aKTUBHbIE LLEHTPbI, HA KOTOPbIX NPOUCXOAMUT CTabu-
nusauusa pocdopa. YBennyeHme 4yBCTBUTENBHOCTU
onpegeneHus pocdopa HabnogaeTcsa Npy Temnepa-
Typax cTagum nuponusa HaduHas ¢ 700 °C, Hambonb-
Lee yBenuyeHne 4yBCTBUTENbHOCTU — Npy Temnepa-
Type cTaguu nuponuaa Bbiwe 1000 °C. Ho gaxe npwu
3TOM XapakTepucTnyeckas macca B OTCYTCTBUM XU-
Mu4yeckoro mogmndukaropa coctasuna 20 Hr, 4TO Cy-
LLLECTBEHHO XYK€ 3HAYeHUI, NOMyYEHHbIX B NPUCYT-
cTBUM MoandukaTopa (Tabn. 4) [8]. JononHUTensHO
K KMucrnopogy MoxHo 4o6aBnsaTb B aproH 1 Bogopos,
KoTopbIvi ByageT ctabunumanpoBaTh yrnepoa-gocdar-
Hble coeguHeHus. MNpu Hanuynn B cucteme cocdop-
HOW KMCINOTbI MOryT 06pa3oBbIBaTbLCS NIiaCcTUHYaTbIE
coeguHeHus ¢ rpacuTtom [100].
Mpu STA-AA onpegeneHnn gooccopa Habnroga-
v ABa NuKa NOrMoLweHnsl, pa3aerneHHbIX BO BpEMEHU,
KOTOpbI€, BEPOSTHO, CBSI3aHbl C cnapeHnem gocgo-
pa 13 ABYX XUMUYECKNX hOPM, OTNIUHAIOLLMXCA MO fe-
TydecTu. o MHeHuto aBTopoB [1], AaHHBIMK dhopMma-
MU moryT aiBnsaTbes P,O, (Nepexoamt B rasosyto chasy
npu 173 °C) n P,O, (nepexoaut B rasosyto gasy npu
347 °C). daHHbIn acbdekT 3aTpyaHSeT onpegeneHne
docdopa n ans ero ycrpaHeHus Heobxoaumo fobas-
nexve wenouu [1]. MuHMManeHasa Temnepartypa cra-
avv nuponu3aa coctasnset 300 °C (tabn. 6), T.e. ewe
00 cTagmu nuponuaa Habnogaetca notepsa gocgo-
pa B ra3oByo a3y B B1e razaoobpasHbix OKCUO0B.
CuuTaeTtcs, 4YTO Ha YyBCTBUTENbLHOCTL onpeae-
nexus poccopa BnusieT popma aHanuta. B pabote
[3] paccmaTpumBanu 6onbLuyto rpynny gpocdopcoaep-
Xallnx peareHToB ¢ KOHUeHTpauuen gpocdopa 1-10
ppm (Na,HPO,-2H,0, KH,PO,, (NH,),HPO,, H.PO,,
Na,P,0,-10H,0; unknuyeckue nonvmepHsie gocda-
Tbi: Na,P,0,-6H,0, Na,P,O,,-4H,0 n (NaPO,) opra-
Hudeckme docdartsl: TpndeHundocdar (TIC), Tpu-
oktundocduH okena (TOPO), Tpu-H-6yTnn dpocdar
(TB®)) n ycTaHOBUNN, YTO pa3nuyune curHana aToMHo-
ro nornoteHus chocopa Ans pasnuyHblX UHAMBUAY-
anbHbIX hocdopcoaepKalLlnx BELECTB COCTaBNsAET

Bcero +3%, 4To HaxoauTcsa B Npegenax BOCNpon3Bo-
OVMOCTM 3NIEKTPOMETPUYECKON aTOMMU3aLMN.

Mpepnonaraemble MexaHM3Mbl 06pa3oBaHuWs
aTomoB poccopa B rpadMTOBOWN Neyn nNpu Beeae-
HuM chocchopa B Buae NaH,PO, [42] (BepxHWii MHOEKC
S — pacTBOp, C — KOHOEHCMPOBAHHbIE COEANHEHWS):

—Ha cTagum BbicyLunBaHns npobsl NaH,PO,* — NaH,PO ¢,
—Ha ctagum nuponusa NaH,PO,°— NaPO,°+ H,O;

— Ha ctaguu atommsauyum NaPO,°+ C°— Na/NaO +
COs9 + PO9, PO — P9+ Q9.

Mpenmyliecteamm aToMHO-abcopbLMOHHOIO
onpegeneHns gocdopa Npy NCnorib30BaHNM CNEKTPO-
MeTpa BbICOKOro pa3peLLeHnsi C HENPEPbIBHLIM UCTOY-
HWKOM CBEeTa N0 CPABHEHUIO C TMHENHBIM UCTOYHUKOM
cseta [59, 101] asnstoTcs:

— BO3MOXHOCTb YCTPaHEHMWS MeLLaIoLLLEro MOMEKynsp-
Horo ¢poHa;

— BO3MOXXHOCTb OJHOBPEMEHHOI0 HabmnaeHns Mone-
KYyNSIPHOrO U aTOMHOro curHanos docdopa, YTo no-
3BONAET OLEHUTb MEXaHU3Mbl AENCTBUS PasfMYHbIX
MOAMUKATOPOB.

4. U3yyeHue adpdpekTa u MexaHn3ma gemncTems
Pa3/InYHbIX XMMUYEeCKUX MOANPUKATOPOB

41. JlaHTaH

Conu naHTaHa (YaLle BCero HUTpaThl) — OOHM 13
4acTo MCMONb3yEMbIX XMMUYECKMX MOANKUKATOPOB
4ns noebllweHns YyscTBUTENBHOCTU ITA-AA 1 ITA-
MA onpegeneHus docdopa (tabn. 6). Macca naHTaHa
3HaYMTENbHO BIUSET Ha MHTErparnbHbIA CUrHaN normno-
weHna gocdopa. Hanpumep, npu yBennyeHmm mac-
cbl NaHTaHa B rpadmtoBon neum ¢ 1 go 100 mkr (npu
macce docpopa 0.2 MKr) curHan normnoLeHms aToMmoB
doctopa yBenmunBaeTca npm aTommsaumm Co CTeH-
kv rpachutoBon Tpybkmn ns anektporpaduta B 1.5 pasa
N TPYOKM C NMPONMTUYECKUM NOKPbITUEM B 6.5 pas, a
npv atoMm3aumu ¢ nnatgopmel rpadonToBon TPYOKM
n3 anektporpacduta — B 2.5 pas n Tpybkn ¢ nuponu-
TMYECKMM MOKPbITUEM — B 6 pas (Tabn. 5). NogobHoe
BNNSHWE MAacCbl XMMUYECKOro MOAMdUKaTopa Ha cur-
Han aToMHoro nornoweHnsa pocdopa Habnogaetcs
W NPV MCNONb30BaHUN CoNewn nannagus B kKayecTse
Xummnyeckoro mogudukartopa [9, 19].

HepoctaTkoMm nMcnonb3oBaHWs conen naHtaHa
ABNAETCH TaK Ha3blBaeMbln «3dEKT NnaMaTuy, T.e.
BECb JTAHTaH He NcnapsieTcs ¢ NOBEPXHOCTU rpadu-
TOBOW Neyu Ha cTaguu OYMCTKU. Takoe BNusiHme co-
nen naHTaHa Ha curHan nornoweHus gpocdopa co-
XpaHsieTcs, faxe ecnv B fanbHenweM onpeaensioT
coaepxaHue choccopa B OTCYTCTBUM MoaudurkaTopa
(B TeyeHue okono 50 namepeHuii ¢ NOCTENEHHbIM CHU-
XeHuem curHana [9]).

C ofHOW CTOPOHbI, yaepXXaHue naHTaHa Ha no-
BEPXHOCTM rpadpUTOBON NeYn NPUBOANT K NpeaoTBpa-
LLeHuo B3aumoaencTtams docdopa ¢ rpacdoutom [9], 4to
yCTpaHsAeT BO3MOXHOCTb CHUXKEHWUSI HYBCTBUTENBHOCTU
onpeaeneHns ocdopa, pacCMOTPEeHHbIE B pa3gene
2 paHHown paboTbl. C apyrom ctopoHsbl, nocrne 30-50
LUMKINOB aToMM3auny HabnogaeTcsa paspyLieHne no-
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MpennonaraemMble MexaHW3Mbl 0Gpa3oBaHNA aTOMOB dhoccopa B rpaddTOBOM Neyn B NPUCYTCTBUM COMnel NaH-

TaHa B Ka4eCcTBe XMMNYeCKOoro MO,EI,I/I(*)MKaTOpa

Table 7

Proposed mechanisms of the phosphorus atoms formation in the graphite furnace with lanthanum salts as chemical

modifier

CTagus TeMnepaTypHO-BpPEMEHHOM

Mpu BBegeHun occopa B rpadmMToBYIO NEYL B BUAE

rporpammel NaH,PO, [42] (NH,),HPO, [40]
NaH,PO s+ LaNO, — LaPO° + NH,),HPO, + La(NO LaPOc +
BbicylunBaHme npobbl z T4 s 4 (NH,), 4 (NO,); — 4
NaNO,° HNO, + 2NH,NO,
Muponua LaPO,°+ 4:C°— LaP°+ 4-CO?
ATtomunsauyms LaP¢ — La + P,

BEPXHOCTM NNaTdopMbl UM CTEHKN UMK OTCIIOEHWE
NMPONUTUYECKOTO NOKPLITUA rpacbutoBor neum [9, 107],

YTO yXyALaeT YyBCTBUTENbHOCTb OnpeaeneHus goc-
dopa 1 yBeENNUMBAET 3HAYEHNE XapaKTEPUCTUHECKOWN
macchl (¢ 3-4 Hr P go 6 Hr npu ucnonb3oBaHn1 nax-
TaHa B Ka4yeCcTBe XuMu4eckoro moaucukartopa) [12].
YCTpaHWUTb U3MEHEHMS HA MOBEPXHOCTU MNaTopMbl
UIN CTEHKM rpacuTOBOMN NeYn MoxXHO obpaboTkon
nospexgeHHon nosepxHocTy 20 mkn 1 % pacTtBopa
ZrOCl, [3] ans BoccTaHOBNEHUA AedeKTOB B peLleT-
Ke rpaduToBon nnaTopmbl B pedynesrate obpasoBa-
HWUS Kapbuaa UMPKOHNS.

HecMoTps Ha paf HeoCTaTKOB, MCNOMb30BaHWE
cornen naHTaHa B Ka4eCTBE XMMUYECKOro Moamdmka-
Topa MMeeT cnegyoLimne JOCTOUHCTBA [24]:

— obpasoBaHue coeguHeHns naHTaHa ¢ goccgopom,
KOTOpOe MO3BOJISET NOBLICUTL TEMMNepaTypy CTaamm
nuponu3a 6e3 notepu hocopa;

— TepMunyeckasn ctabunusauns dpocdopa v nonyyeHue
BOCMPOM3BOAMMbBIX CUTHAMNOB B NPUCYTCTBUN MaTpUy-
HbIX KOMMOHEHTOB, YTO SABMSETCA BaXXHbIM YCITOBUEM,
TaK kak poccop 0bbIYHO ONpeaensitoT B CAOXHbIX MO
cocTaBy 0bbekTax (CenbCKOXO3SANCTBEHHbIE, NULLIe-
Bble, Buonoruyeckue).

TemnepaTypa cTagmv nuponunsa B NpUCyTCTBUN
coslen naHTaHa B kayecTse Mogudmkatopa Ha 300-1000
°C BblLLE MO CPABHEHWUIO C OTCYTCTBUEM MOANMKATO-
pa (Tabn. 6). MexaHuam B3anmoaencTems mognduka-
Topa coner naHTaHa n gpoccopa TOYHO He U3BECTEH
[9], HO B psige paboT [27, 40, 42] OCHOBHbIM MEXaHWU3-
MOM B3auMOOENCTBUSA MexXay naHTaHOM U dhoco-
pom npegnonaratoT obpasoBaHe MHAMBUOYANBHbIX
coeauvHeHu, Hanpumep, LaPO, unu docdumaos, Ta-
Kunx kak LaP, uto npuBoguT K yaepxxaHuto poccopa B
KoHAeHcupoBaHHOM cocTosiHum Ao 1600 °C (tabn. 7).

Mpun ymeHbLUEHWMM TeMNepaTypbl CTaaMmn Nupo-
nusa Huxe 1500-1600 °C Mo)HO HabnoaaTb CUnb-
HO€e HecerneKTMBHOE NOrMOLLEHNE, KOTOPOE B Cryyae
OenTepneBon KOppekLnn gooHa NpMBOAUT K NosaBre-
HUIO NepekomneHcauunm atomHoro curHana [20]. Mpwu
3TOM 3Ha4YeHue nHTerpansHon abcopbumm poccopa
CYLLIECTBEHHO 3aHMXaeTcd BNnoTb 40 TeMnepaTypbl
1500 °C, a amnnuTygHOe 3HaYeHne aToMHon abcopb-
LMK NpakTM4eckn cBobOAHO OT 3TON NOMEXM.
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[obaBneHne HATpaTa HUKENS K HUTpaTy NaHTa-
Ha no3eonsieT agdekTMBHee cTabunusmposatb oc-
dop, yBENUUNTE HYBCTBUTENBHOCTL €ro onpeaeneHns
N YBENMUYMTb CPOK CNyxObl rpachMToBOM Nevr; noMu-
MO 3TOro, HUKenb Aellesne naHtaHa [108].

4.2. Mannagun

MpenmywiecTBamMmy NCNONbL30BaHMA Nannagms
B Ka4YeCTBE XMMMUYECKOro MogmudmKaTopa no cpaBHe-
HUWIO C NaHTaHOM SBMSIOTCS: OTCYTCTBME «adhdekTa na-
MSTW»; OTCYTCTBME Apeida YyBCTBUTENBLHOCTM onpe-
aeneHus chocdopa; KpaTkocpoyHas 1 JONrocpoyHas
cTabunbHoCTb curHana gpocdopa. HecmoTps Ha gopo-
roBW3HY, Nannagavm aBNaeTca yHmBepcanbHbIM MOaU-
dukatopom npu ATA-AA onpeneneHnn pocdopa [9].
Wcnonb3oBaHue HUTpaTa nannagus B kKa4ecTse XMmun-
YeCcKoro moamdukaTopa no3BossieT yBenmunTb Temne-
paTypy cTagum nuponusa go 1200-1700 °C (tabn. 6).

MpeaBapuTensHoe otaeneHne ocgopa ot ma-
TPULLbI M €ro KOHLEHTPUPOBaHMWE YBENUYMBAET YYBCTBU-
TEeNbHOCTb €ro onpegenexHvs B NpucyTCTBUM nanna-
ONS M aToOMU3aLumn co CTEHKM rpaduToBON neun [26],
nocriegHee onpegensieTcs GonbLuen TemnepaTypon
HarpeBa NoBEPXHOCTM aToMM3aTopa Mo CPaBHEHUIO C
rpachmToBon NNaTtopMoi.

Mpegnonaraetca [27, 109], yTo nannaguin npo-
HWKaeT B CTPYKTYpy rpacura, npegoTepawias aHa-
norM4yHoe NpoHMKHOBEeHUE cocdopa (cM. pasgen 2),
4YTO NPUBOAMUT K perncTpaunm peskoro nuka abecopob-
uun docgopa 6e3 «xBoCTOBOW» YacTu. [PpOHMKHO-
BEHWe nannagus B NOBEPXHOCTb rpapmMToBON neyn
YCTPaHSIET BO3MOXHOCTb CHUXEHUS YYBCTBUTENbHO-
CTu onpegeneHus gocdopa, pacCMOTPEHHbIE B pas-
aene 2 gaHHon paboTbl, Kak U B Cy4ae MCnorb30Ba-
HWS Conen naHTaHa.

PaBHOMepHOe ocaxaeHve nannagusa Ha no-
BEPXHOCTU rpaddMTOBOM Nneyvn JOCTUraeTcs npu BHe-
CeHuu pacTBopa nannagus COBMECTHO C aHanusu-
pyeMbiM pacTBOpoM. BHeceHun nannaaus 0o uukna
aToMu3auuy NpUBOAMT K HEPAaBHOMEPHOMY ero pac-
npeaeneHunto, a, CrnefoBaTenbHO, U CHUXKEHUIO YyB-
CTBUTENBHOCTU onpeaeneHus chocdopa [66]. Jyywas
TepMuyeckas ctabunmsaums gpoccopa Habnogaertcs
NP1 MCNONb30BaHMN XMMUYECKOro MoandukaTopa Pd
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(20 mkr) no cpaBHeHuto ¢ Rh (4 mkr), Ni (10 mkr) n Pt
(10 mkr), a npu ncnonb3oBaHuu Mo, Zr u Ir ctabunu-
3auusa pocdopa MMHUMAarbHA.

MNpennonaraetcs [27], yTo npu AobaBneHum ackop-
GUHOBOW KMCMNOTbI K Nannaguio U3MepseTcst curHan
aTOMHOrO nornoLleHns docdopa, a MoneKkynspHoe
nornowleHve ocdopa B JaHHOM criydae mano, Tak
Kak ackopbuHoBas kucnoTta npenarcTesyeT obpaso-
BaHWIO okcuaoB. Kpome 3Toro, N0 MHEHWIO aBTOpOB,
ackopbyHOBas KMCOTa BOCCTaHaBNMBAET Nannagui,
YTO 3aTpyAHSAET CBA3bIBaHMe hocdopa ¢ nannaamem
B KOHOEHCMPOBAHHOM COCTOSIHMM A0 BbICOKUX TEMMe-
paTyp cTaguu nuponuaa, 4to 6yaeTt npuBoauThb K no-
Tepsam docdopa.

Hepegako BcTpeyaeTcsi NpUMeEHeHWE CMECH XMMK-
YeckMx MoanduKaTopoB Ha OCHOBe nannagus (Tabn.
6). Tak, B pabotax [108, 109, 110] B kayecTBE yHMBEP-
canbHoro MmogudmkaTopa npegnoxeHa cMecb HATpa-
TOB Mannagusi U Marius, a B paborte [55] ycneluHo uc-
Nosib30Banu CMECb HUTPATOB Nannagus v KanbLus npu
onpegeneHnn cogepxaHumsa pocgopa B NMLEBLIX NPO-
AyKTax, a c npumeHeHnem MmogmndumkaTopa nannagum
1 MarHum curHan docdopa ysenvymsaeTcs.

Mpu ncnonb3oBaHMM CMECU HUTPATOB Nannaams
N KanbumMs B KQYeCTBE XMMUYECKOro mogudukaTopa
npeanonaraeTcs, YTo B JaHHOM cIlyyae peanuayert-
cs1 6onbluiaa gons aToMHoro nornoieHus gocdopa
[27]. Ho Ha curHan aTomHoro nornotleHus gocgopa
HaknaablBaeTCs CUrHam MoseKynsipHOro NOrnoLeHus,
He CBSA3aHHbIN ¢ nornoweHunem monekyn PO. AsTo-
pamu paboTbl [27] 6bIn0 onpeaeneHo, YTo B JAHHOM
Cny4yae MOneKynspHoe NornoLLeHns CBA3aHO € Normo-
weHnem monekyn NO. CnegoBaTensHo, HA3KOTEMINE-
paTypHble notepu bocdopa, Habngaemble No ero
aTOMHOMY MOTOLLEHMIO, ABMSIOTCS KaXXyLLMMUCS, YTO
MO3BOMSET YBENMYMTL TEMNEPATYpPy CTaamu NMponm-
3a go 1600-1700 °C. C gpyroi CTOpPOHbI, yCTpaHeHWe
mornekynsapHoro nornouwexus PO u NO npu atomusa-
uum docdopa (nNpu Mcnonb3oBaHUM CMELLIaHHOTO MO-
andmkaTopa HATPATOB Nannagus v kanbLUusi) BO3MOX-
HO C NOMOLLIbI0 3eeMaHOBCKOM KoppeKkuun goHa [21,
58]. A yaoepxaHue coccopa 4O CTOMb BbICOKUX TEM-
nepaTyp ctaguv nuponusa npegnonaraeTcy 3a cyet
0b6pa3oBaHns KOHOAEHCMPOBAHHbIX COEANHEHWI MeXayY
Kanbumem n poccopom. Ho aBTOpbI paboThl He pac-
cMaTpvBany XMMmn3m, ¢ NOMOLLIbIO KOTOPOro peanuvay-
I0TCA CTaaMmn NUponu3a u atommsaumm [271].

WccneposaHue [95] pacnpeneneHns xummnye-
CKUX MOANMUKATOPOB (Nannagun, nannagum + ackop-
OGuHOBasi KUCNoTa, Nnannagvn + Wwasenesas KUcnota
¥ nannagwm + MarH1mn) No NOBEPXHOCTU rPadPnToOBON
neyn nocne Uukna atoMmm3auumn ¢ MCNosib30BaHNEM
CKaHWUpYIoLLEero aneKTpoOHHOro MUKPOCKOMa nokasarno,
4YTO TBEpAble OCTaTKM BCEX MOAMUKATOPOB, KpOME
MoandurkaTopa nannagun + marHuin, pacnpegeneHol
HepaBHOMepHO. 10 MHEHMIO aBTOPOB, 3TO pacnpe-
AeneHne 4acTUYHO CBSI3aHO C HEPOBHOCTbLIO NOBEPX-
HOCTW nnaTopMbl. BnomnHe BEPOATHO, YTO NpU STOM
YacTb aHanuTa byaeTt pearpoBaTb C MOANMKATOPOM,

n, Takum obpasom, Byaget TepMmyeckn ctabunmanpo-
BaHa, a YacTb aHanuTa bygeT ocaxxaaTbCs Ha Hemno-
KpbITON MOANMUKaTOPOM NOBEPXHOCTU rpadpmTa, 4To
npusedeT k notepe ocpopa Ha pasnmyHbIX aTanax
nporpaMmMbl atommusauun. Hannyane Hutpata marHms
B CMelLaHHOM MoaudmkaTope cnocobeTByeT bonee
BbICOKOW CTEMEHU NOKPbLITUSI NOBEPXHOCTK nNnatdop-
Mbl nannaaunem [96].

4.3. dTopmabl

B pabore [17] B kauyecTBe MOONUKATOPOB AN
OTA-AA onpepeneHusa poccopa ncnonesosanu oTo-
puabl: HF, NaF, KF, CsF n NH,F. SkcnepumeHTarnsHo fo-
Ka3aHo, YTo NpMMeHeHue OTopuaHbIX MOAMUKaTOpoB
NPVBOAMT K yBENUYEHMIO TEMMEepaTypbl CTaamm NMpo-
nn3a go 1150-1300 °C (tabn. 6) 6e3 notepu cpoccopa.
Jly4wmm n3 npyueeaeHHbIxX moandukaTopos [17] 6bin
BblIOpaH chTopua HaTpusi, HO MpPU 3TOM YyBCTBUTENb-
HOCTb onpegenexuns chocdopa HUXKe, Yem NPy UCNonb-
30BaHWM HATPaTa nannagusi B Ka4eCcTBe XMMUYECKOro
moandukaTopa. OgHako OTMEYEHO, YTO NpW UCMOSb-
30BaHMK pTopmaa HaTpus He HabntogaeTcs «adpdeKT
NamMsaTuy U paspyLLeHne MOBEPXHOCTN aToMmusaTopa u
nnatopmsl, Kak B criyyae ¢ MmoaudgukaTtopom Ha oc-
HoBe naHTaHa. K Tomy e gTopma HaTpus aBnseTcs
HeJOopOrMM peakTUBOM, 4YTo, 6€3yCnoBHO, yunUTLIBaET-
cs1 Npu BbIbOpe xummnyeckoro moamdumkaropa. Ctout
OTMETUTb, YTO BNM3KNEe 3HaYEHNS YYBCTBUTENBHOCTH
onpeaeneHus ocdopa nonyyeHbl NpyM UCNonNb30Ba-
HUM PTOPUOOB HATPUSA U Kanusl NPy OOUHaKOBOW TEM-
nepatype ctagum nuponusa (1300 °C), Ho B kauecTBe
nyJwero mogudmkatopa BbibpaH umeHHo NaF n3-3a
TOro, 4YTo ANs MakcumarnbHoM cTabunmnsaumm gocgo-
pa HeobXxoAMMO HaMHOro MeHbLuee konuyecTeo NaF,
no cpasHeHuto ¢ KF.

Mpn namepeHnn aToMHOro normnoLleHns goc-
dopa ucnonb3oBaHa npoleaypa, BKovyawLwasa ase
JononHuTeneHble cTaguun oxnaxaeHus (no [10]): cTa-
Ong oxnaxaeHusa mexay ctagusiMyv nuponusa u aTo-
MU3aLUm NPUBOAUT K yBENUYEHUIO CUrHana aToOMHoro
nornoweHunst gocdopa; cTagusa oxnaxaeHus nocrne
CcTagum O4YMCTKM UCKII0YaeT MPOHUKHOBEHME obpasLa
B CTPYKTYpPY nnatdgopmsbl. Pasnvyne B 4yBCTBUTENMb-
HOCTW onpeaerneHns doccopa nNpu UCNonbL3oBaHMM
paBHoro konuyectsa moaudgukatopos HF, NaF, KF,
CsF, NH,F 1 npu oguHakoBovi Temneparype craguu
nuponuaa [17] MmoxeT ObITb CBSI3aHO C 3aBUCUMOCTbBHO
curHana docgopa oT PUNYECKOro COCTOSAHUA rpa-
duToBoro atommnsartopa [8, 10, 91, 92], ogHako mexa-
HU3M gencTeusa PTopuaHbIX MOAUGMKATOPOB B AaH-
Homn paboTe He paccMmaTpuBarncs.

MpegnonoxeHne o mMsnyeckon npupoge cra-
dununsauun pocopa XMMM4eckum MogudnKaTopom
NaF 6bino caenaHo B pabote [18], rae nokasaHo, 4YTo
dochop ocTaeTcs B MaTpuLe XMMMUYeCKoro Mmogudu-
KaTopa o CTaaum aToMusaumm 3a cHeT obpa3oBaHus
KOHOEHCMPOBaHHOMO pacTBopa Mmexay ocdopom u
NaF. He nckntoyeHo, 4To no JaHHOMY MeXaHn3My npo-
ncxoauT ctabunusauus poccopa npm NCNoNb30BaHNM
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dpTopunaos, ynommHaemelx B pabote [17]. OgHako, no
HaleMy MHEHWI0, He CTOUT UCKMYaTb XUMUYECKYHO
npupogy ctabunusauum occopa propugamu, T.e.
obpasoBaHve UHAMBUAYaNbHbIX COEAMHEHNN MeXay
docopom n mogudmnkatopom. Tak, Hanpumep, aB-
Topbl paboTbl [107] npegnonaratoT MUMEHHO Takon Me-
XaHu3m ctabunumsaummn docdopa HTopUaoM HaTpuUs
3a cueT obpasoBaHusa nupodocdara Hatpusa Na P,O,
(T s aanens = 988 °C). Takve npoTmBopeumBbie AaHHbIE
rOBOPSAT O BO3MOXHOCTU OAHOBPEMEHHOIO NposiBIie-
HWS 3TUX MEXaHN3MOB.

Mpu ncnonb3oBaHun PTOPMAOB B KAYECTBE MO-
avdukatopoB HabnogaeTcs yBennyeHne CUrHanos no-
rnoweHns poccopa npm UCNonb30BaHUU rpadnTOBbLIX
TPYyOOK, y>ke NOABEPTLUNXCA KOPPO3UK, MO CPaBHEHNIO
C HOBbIMU rpacdhmnToBLIMK TPpyBKamm [17].

B HepaBHux paboTax [21, 27] onncaHo, 4To npu
ncnonb3oBaHun oTopuaa HaTpus HabnogaeTtcs oa-
HOBpPEMEHHOEe NPUCYTCTBUE Kak aTOMHOW, Tak 1 MO-
nekynspHon dopmbl pocdopa, OTHOCUTENBHOE CO-
AepXaHue KOTOPbIX 3aBUCUT OT TEMMNEepaTypbl CTagun
aToMu3auumm. Takxke aBTopamm paboTbl NokazaHa BO3-
MOXHOCTb YCTPaHEHMWS HANOXEHUS MOSEKYNSPHOro
cnekTpa goccopa (Mpu UCNOSfb30BaHUN HENPEPbIB-
HOrO MCTOYHMKA CBETA) Ha aTOMHbIN NyTEM KOPPEK-
unn poHOBOro cnekTpa, ONMCaHHOro METOAOM Hau-
MeHbLUMX KBagpaToB. OTMeYeHo, YTo MmoandukaTop
NaF npounsBoanT BbICOKWMI HENPEPbIBHbLIA CUTHAN He-
CENEeKTMBHOrO NOrMOLLEHUS B HaYane ctaamMm atomu-
3auMK, KOTOPbIN NIEFKO MOXHO KOMMEHCUPOBATbL C MO-
MOLLbI0 aBTOMaTUYECKON CUCTEMbI KOppeKLnn hoHa
CMeKTPOMEeTpa BbICOKOro paspeLleHunst ¢ Henpepbls-
HbIM UCTOYHUKOM CBeTa.

B pabote [58] nokasaHo, 4TO Npu MCNonbL3oBa-
Hun mogmdmkatopa NaF doH nornoleHns npeacras-
nsieT cobomn COXHYI CTPYKTYPY, COCTOSALLYHO U3 Tpex
KOMMOHEHT:

— (boH nornoweHunsa ot mogudmnkatopa NaF, koTopbin
YMEHbLLAEeTCH ¢ yBenuueHnem maccol pocdopa;

— ¢ooH nornoLleHus ot monekynsl PO, koTopbI yBENu-
YnBaeTcs € yBenuueHnem maccbl ocgopa;

— BKNag 0" KOMNOHEHTLI (KoppeKuus doHa no adcpek-
Ty 3eemaHa), KoTopbIli pacTeT C yBENNYEHNEM MACChI
aHanusnmpyemMoro BeLlecTBa.

4.4. Npyrne xummnyeckue moandukaTopbl

Kpome BbilleyKa3aHHbIX CONEN NaHTaHa, Hu-
TpaTta nannaaus, pasnnyHbix CMeceln Ha X OCHOBE U
dhTOpPUOOB ropasno pexe npu onpepeneHmm docgo-
pa Mcnonb3yoT ApyrMe XuMnyeckme MoamgurkaTopsl
(tabn. 6). Hanpumep, npyMeHeHNe HUTpaTa HUKENs
B KadecTBe moandukaTopa NpUBOAUT K YBENTUYEHUIO
curHana atoMHoro nornoweHnst poccpopa B iBa pasa
Mo CPaBHEHMWIO C HUTPATOM fnaHTaHa [6].

MoKpbITUE LMPKOHMEM NOBEPXHOCTU rpacpuTOBON
neyu nosblaeT YyBcTBMTENLHOCTL OTA-AA onpeae-
nexua docdopa (npu BHeceHuu B Buae KH,PO,). Skc-
nepuMeHTanbHO [16] noaTeepxaeHo obpasoBaHue Ha
NOBEPXHOCTN neun coeauHennit ZrC u ZrO,, 4to no-
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BblLIAET YyBCTBUTENbHOCTb onpeaenennsa gocdo-
pa 3a cyeT obpasosaHusa ZrP,0, B KpucTannmieckomn
cTpykType ZrO,, yctonumsoro go 1400 °C npwu coor-
HoweHun Zr/P > 250. Kpome aToro Habnogaetcs He-
3Ha4YUTENBHOE YBENNYEHNE TOYHOCTU U BOCMPOU3BO-
anmoctn OTA-AA onpegenenus docdopa npu SiC u
ZrC nokpbITUAX rpacdutoBom neyu. MNpun atom 4yBCTBM-
TenbHOCTb onpeaenexus gocdopa Ha 15 % Bblwe ¢
nokpeiTnem ZrC n Ha 8-10 % Bbiwwe ¢ nokpbiTnem SiC,
Yem 6e3 NoKPbLITUS.

Mpn 3TU-MA onpeaeneHun doccopa aBTopbI
paboTbl [23] ncnonb3oBanu Bofbgpam B kKayecTBe nep-
MaHeHTHoro moaudukartopa (B euge Na,WO,-2H,0),
YTO MO3BONUIIO YBENMNYNTL YyBCTBUTENBHOCTL Onpe-
aenenns docdopa Ha 25 % v TemnepaTtypy ctaguu
nuponusa go 750 °C, a Takxe ycTaHOBWTbL Temnepa-
TYpy cTaauu ncnapeHms u obpasoBaHus Morekyn B
npegenax 1600—2000 °C. Csbiwe 2000 °C cHuxaeTca
YyBCTBUTENbLHOCTL onpeaeneHnsa ocgopa. Bo-nep-
BbIX, MO MHEHWIO aBTOPOB, 3TO MOXET ObITb BbI3BAHO
YMeHbLUEHNEM BpeMeHM nNpebbiBaHust monekynsl PO
B aHanuTU4eckoun 3oHe rpacumToBon nevn. Bo-BTo-
pbIX, NPV TEMNepaType cTaguv ncnapeHus n obpaso-
BaHus monekyn Bbiwe 2300 °C cocdop npucyTcTay-
€T B OCHOBHOM B BUJe aTOMOB, HO BO3MOXHO TaKxe
obpasoBaHue apyrnx opm Mornekyn docgopa, Ha-
npumep, P, nimnn PO,. YunTeiBas ato, aBTopamu pa-
60TbI ObINM BbIOpaHbl cneayowme onTuMarnbsHble yc-
nosus onpegenexHns gocopa No MonekynsapHoOMy
nornowexnto PO ¢ nepMaHeHTHbIM MOANGMKaTOPOM
Bonbgpam: TemnepaTypa ctagmm nuponunsa — 550 °C,
Temnepartypa cTaguu ucnapeHusi u obpasoaHust Mo-
nekyn — 1900 °C. Takxe B paboTe oTme4deHo [23], uTo
NP1 UCNOMb30BaHMN aTOMHOIO MOrMOLEHNs Npeaen
0oBHapyxeHusa docdopa HUXe, YeM MpU MONEKynsAp-
HOM MOrMoLLEeHMM, HO onpeaeneHne dpocdopa no mo-
NeKynspHOMY MOrMOLLEHUIO NO3BONSET yCTaHaBNMBaTb
Bornee HN3Ky TeMnepaTypy CTaaum ncnapeHus u 06-
pa3oBaHKsA MOSEKYI N0 CPaBHEHUIO C TEMMEpPATypon
cTaauv aToMM3aLmnu, YTO 3HAYUTENbHO yBENUMYMBaET
CpOK cnyx6bl rpachmToBOM Neyn.

BbiBOAbI

OOBLLHOCTb TEPMOXMMUYECKMX MPOLIECCOB NPeot-
pa3oBaHUA BELLECTB B yCTPOMUCTBAX AMeKTpoTepMUYe-
CKOro MCNapeHns 1 aneKTpoTepMUYEecKon atToMmmsanmm,
MCNonb3yeMblX B pa3HOOOPa3HbIX CEKTPOCKONMUYECKNX
MeToAax aHanuaa, No3Bonuna HarnsagHo CoNnocTaBuTb
BO3MOXHOCTM 3TUX METOA0B Npw onpeaenexHum doc-
dopa. AHanornyHelM o6pa3om NpoBeAEHO CPaBHEHMNE
3 PEKTUBHOCTN LENCTBUS MPUMEHSAEMbIX NPU 3TOM
PasnNnYHbIX XMMUYECKUX MOAMMKATOPOB. Takxke C nc-
nonb3oBaHMeM Nnprvema ComnocTaBneHns paccmoTpe-
Hbl MEXaHN3Mbl UCMapeHns 1 atommsaumm gocopa,
OEeNcTBNS XMMUYECKMX MOgndMKaTopoB. HecmoTps
Ha [OCTATOYHO YCMNELIHOe NPUMEHeHWe Ans onpese-
neHus ocdopa No aTOMHOMY ¥ MOMNEKYNAPHOMY NO-
MOLLEHNI0 aTOMHO-abCOPOLNOHHBIX CNEKTPOMETPOB
BbICOKOIO pa3peLleHuns C HEMPepPbIBHbIM MCTOYHUKOM
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CMEeKTPa OCTaETCA MHOMO HEpELLEHHbIX METOANYECKNX
BONPOCOB. Hy>XHO NpoaomxeHne uccnefoBaHuii no ns-
YYEHMIO MEXaHM3Ma ucnapeHusa n atommsaumm oc-
dopa, a TakKe MeXaHU3MOB OENCTBUS XMMUYECKMX
MOAMUKATOPOB.
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