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HeopraHunyeckasa xmmus

YOK 546.7+546.56

CUHTE3 U TEPMUYECKOE PA3NOXEHVE
OBOWHBLIX KOMMMEKCHBIX COEAUHEHWMN,
COOEPXALLMX AHUOH [FeMn(CN)e]>

A.1. JomoHoe, C.U. lNeyeHrok, A.H. locmeea, U.B. Kpueuyos

H3yyeH cuHTe3 M TepMHUYecKoOe pa3iioikeHHe JBOHHBIX KOMIUIEKCHBIX COeId-
Henuii cocraBa [Niy(en);(H,O)¢][FeMn(CN)gl,:xHO (I) um  [Cu(en)(H,0),]x
x[FeMn(CN)4],-xH,O (II), rae en — 3twiienguamul. TepMo/iu3 npoBoAn/IUd B OKHUC-
JINTEJbLHON (BO31YyX), HHEPTHOI (aproH) U BOCCTAHOBUTEILHON (BOIOPOI) aTMO-
cepax B odactu temneparyp 20-1000 °C. M3y4yeH cocTaB TBepABIX H ra3000pas-
HBIX NPOAYKTOB TepMmoJin3a. IlokazaHo, 4To B aTMoc(epe Bo3ayXa yriepos JUIaH-
aoB ynaasercs B Buge CO u CO,, B kayecTBe NMPOAYKTA JeCTPYKIMH dTHICHANA-
MMHA BblIejasieTcs aMMuaK. TBepable 0CTATKH MPeICTABJIAIOT c000ii cMecH OKCH-
OB LIEHTPAJIbHBIX MOHOB. B aTMocdepe aprona Hab.rogaercsi He3HAYHTeEIbHOE
Bbyiesienne CO n ammuaka. TeepabiMu ocTarkamu B aTMocdepe aprosa siBjsiior-
cs1 (peppouHAHUABI HUKeJs, Mapranua u Meau, uHtepmerauina NiFe, Cu, FeC u
MnO. B armocdepe Bogopoaa 6oiblIasi YacTh a30Ta BblAejsieTcsl B BUJAe aMMHa-
Kka. OcTaTo4yHoe cojep:kaHue yriepoAa B 0CTaTKax OT npoxkaausanus npu 900 °C
Menbuie 1 %. Ilpu Tepmonnse B atmocdepe Boaopoaa 00pa3yloTcsi BbICOKOJHC-
NepcHble TPU- U OuMeTaInYeckue (a3bl, KOTOPbIE JIErKO OKUCISIOTCS HA BO3AyXe
10 NiFe+MnO u Cu+FeC+FeO+MnO.

Kntouesvie cnosa: 0souinoe KoMnieKcHoe coeOuHeHue, cuHmes, mepmoau3, ocma-
MOK 0M NPOKATUBAHUSL, 2A3000pa3HbIE NPOOYKMbL.

Beenenne

JBoiinsie kommekcHble coeaunenus (JKC), B 3apy0OexxHOil uTepaType 4acTo Ha3blBaeMble reTe-
POSIICpHBIMHE, MTPEJCTABISIIOT OONBIION HHTEPEC ISl MOTyYeHHsT OMMETAIUTMYECKUX OKCUIHBIX M METall-
JIMYECKUX TTOPOIITKOB B KaYECTBE KOMIIO3UITMOHHBIX MAaTEPUAIOB pa3iandHoro HazHadeHusx [1]. Cucre-
MaTHYECKHE HCCIENOBaHMA M0 3TOMy HampasieHuto nposogsarcs B MHX CO PAH [2-6], rane n3yden
tepmonu3 JJKC, conepkammx miaTHHOBBIE METaJUIbl, a TAaK)Ke OJHOBPEMEHHO OJaropoAHbId U HeOJa-
ropoJHbId MeTasul. MccnenoBaHo BIMSHUE FeOMETpUYeCKor KoHpurypamuu karnona u anuona JIKC u
MPUPOABI Ta30BOi cpenbl (OKUCIUTEIbHOM, BOCCTAHOBUTEIBHOW M WHEPTHOH), B KOTOPOH MPOTEKAaeT
TEPMOJIU3, HA COCTaB M CBOWCTBA MPOLYKTOB TepMonu3a. IlomyueHo 0ombiIoe KOIMYecTBO OMMETaIn-
YECKHUX TOMO- U TETEPOTCHHBIX HAHOPa3MEPHBIX MaTepuasos [2—6].

B mocneanue roapl Halll aBTOPCKUIM KOJUIEKTHUB TaKKe 3aHMMAETCsl M3Y4EeHHEM TePMHUYECKOro pas-
noxenus [IKC c uenpro nomyueHus oumerammnaeckux matepuanos [7—10]. Ilpenmerom Hammx uccle-
JOBaHUU SBISLIMCH UCKIFoUnTeNbHO JIKC 3d-MetamnoB. Mbl yoeaunuce, 4to 3d-MeTamibl MeHee 0XO0T-
HO, YeM OJIaropoJiHbIe MeTaJlIbl, 00pa3yroT B pe3ynbrare Tepmonnsa JJKC TBepmbie pacTBOpB U HHTEP-
MeTalnuabl. B HacTodAmee BpeMs TaKOBBIE MOJIyYE€Hbl HAMH TOJIBKO ITPH BOCCTAHOBUTEIBHOM TEPMOJIN3E
s JIKC ¢ coueranusamu Co—Fe u Ni—Fe, B ocTanbHbIX citydasix 00pa3yloTcsl FeTepOreHHble MEeTalIu-
YecKue Wi MeTaul—okcuaHble cmec [11-13]. PaGota [14] HaBena Hac Ha MBICIb O BO3MOXHOCTH ITO-
Jy4EHUs] TPUMETAININYECKUX MAaTEpHaJIOB, B COCTaB KOTOPBIX BXOAMT )KeIe30 W Mapranel. B Hell onu-
caHbl OMMETAJUIMYECKHE LUAHOMOCTHKOBBIE MAarHUTHBIE aHCaMOJIM, COIEpXKallhe KBaJApaTHbIE CTPYK-
typHble equHulBl [Fe(CN),Mn], u3 koTopbix Hanbosee ycroituns komruieke Na,[FeMn(CN)g] ¢ kyou-
YECKOM KPUCTANIMYECKON pELIETKOM.

Lenbto HacTosmeld paboTl ObLT CHHTE3 M U3yUYEHHE MpolLecca U MPOAYKTOB TEPMUUECKOTO Pa3iio-
KEHHsI JByX—TpuMeTauimueckuXx KoMimiekcoB Ni—-Fe-Mn u Cu-Fe—Mn, coxepkamux aHUOH
[FeMn(CN)]*, B aTMocdepe BO3/IyXa, BOJOPOA H aproHa.
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HeopraHuyeckas xumus

JKcnepUMeHTAIbHAA YacTh

Cunmes u uoeHmupuxayus coeOuHeHul

O06a coennHEeHNs OTINYAIOTCS TTOBBIICHHBIM U IEPEMEHHBIM COICPKAHUEM BOJbI.

[Ni,en3(H,O)g] [FeMn(CN)s]-xH,O (I). 8 mit 0,5 M pactopa K;[Fe(CN)g] (4 Mmmorst) pasbaBmimm Bo-
noit mo 800 mi (pactBop 1). B BomHO-crimpToBoii cMecu 5:1 (666 M Boxs + 133 Mi1 u30mponanosa) pacTBo-
pun 1,46 1 (4 mmois) [Ni(en);[(NOs),, 3atem godasunu 22 mi 0,18 M pactBopa Mn(ClOy), (4 mmorts, pac-
TBOp 2). Ha aHO cocyna ¢ pacTBOpoM 2 OMyCTWIIM TOHKHI Kay4dyKOBBIH IIJIaHT, Yyepe3 KOTOPBIH MeIIeHHO
no6aBuiy pactBop 1 (ycroBHeM MOMy4eHHS] OMMETAININYECKOTO aHUOHA SIBIISIETCSI MEIUICHHOE CMELITMBAHUE
KOMIOHEHTOB). Cpa3y MOSBIsIETCS KOPUYHEBBIA MEIKOKPUCTAIMIECKUN OcafoK. PeaklIMoHHyI0 cMech BbI-
nepxamu okono 1 1 mpu ~10 °C, 3aTeM 0ThHIBTPOBAIN 0ca 0K, TPoMbLTH ero 100 M1 3TaHoNa U BRICYIIMIIN
B DKCHKATOpe Ha/ IEJI0YbIO0 10 IOCTOSIHHOM Macchl. bbuto momyyueHo Be mapTuu poayKTa.

B nepBoit nmaptum x=0. Beixox cocrasun 2,2 r (69 % ot Teoperndecku Bo3MOxHOr0). CoennHeHne
ob0o3navaercs kak I-1.

st I-1 matigeno, macc. %: C —23,4; N—26,4; Ni— 12,5; Mn — 12,1; Fe — 12,2.

st CgH36N13OsNi,Mn,Fe, Berancieno, %: C —23,0; N —26,8; Ni—12,5; Mn—11,7; Fe — 11,9.

[lo manHBIM KpuCTaUIOONTHYECKOTO aHanu3a, I-1 mpeacraBmseTr coOoil OYEHb MENKUE KENTO-
KOPUYHEBBIC ONTHUYECKH H30TPONHbIC KPUCTAIBI HenpaBwibHOH (opmbl. llokazaTens mpenomieHus
Nep=1,71.

Bo BTopoii maptun x=3. Beixon coctasmi 3,3 r (69 % oT Teoperudecku Bo3MoxkHOro0). CoennHeHne
ob0o3Havaercs kak I-2.

st 1-2 matigeno, macc. %: C —21,6; Ni—11,9; Mn —12,7; Fe — 11,1.

st CgHgoN1gOgNi,Mn,Fe, Beruncieno, %: C —21,6; Ni—11,8; Mn—11,1; Fe — 11,2.

[To BHemiHemy Buay npoaykTsl I-1 u I-2 He 0TNHYAIOTCS U UMEIOT OJUHAKOBBIC TU(PPAKTOTPAMMBI.

Cunres [Cu(en)(H,0);][FeMn(CN)g],-xH,O (II) mpoBoamIv aHAIOTHYHO, 32 UCKIIIOYCHUEM TOTO,
YTO B cocTaBe pactBopa 2 deTbipe Most [Ni(en);](NOs), Obumn 3amenens! Ha 4 Mmoo [Cu(en),]Cl,. Bei-
T Tarxke monydensl 2 naptuu npoaykrta. [nsg II-1 x = 1. Beixon 1I-1 coctaBun 1,46 r (74 % ot Teope-
TUYECKHA BO3MOKHOTO).

Hus II-1 maiineno, macc. %: C —21,6; N—24,6; Cu—14,5; Fe — 12,1; Mn — 12,1.

Hisa CsgHgNgOsCuFeMn Beruncneno, %: C —21,6; N —25,2; Cu—14,3; Fe — 12,6; Mn — 12 4.

[lo manHBIM KpucTaymoonTHdyeckoro ananmmsa, I1I-1 mpencraBmsier co0oil OYeHb MEJKHE CBETIIO-
KOPUYHEBBIC ONTHUYECKH H30TPONHBIE KPUCTAIBI HenpaBwibHOW (opmbl. llokazaTens mpenomieHHs
N =1,73.

g Bropoit maptun 1I-2x=3. Beixox I1-2 coctaBui 2,8 T (72 % oT TeOpeTUYeCKH BOZMOYKHOTO).

Hnsa II-2 maiineno, macc. %: C —20,0; Cu—13,6; Fe — 10,9; Mn — 11,2.

Hisa CsH o(NgOsCuFeMn Beruuciiero, %: C —19,9; Cu—13,2; Fe—11,6; Mn — 11.4.

Mo BremHemy Buay npoayktsl 1I-1 u 11-2 He oTHUYAIOTCS ¥ UMEIOT OJTMHAKOBEIC TU(PAKTOrPAMMBI.

[Tpu xpaneHnnn Ha BO3yxe 00a COCIMHEHMSI BEIBETPUBAIOTCS (TEPSIOT BOAY).

Jnst uaeHTuGUKaIy COEIMHEHUH UCTIONB30BAIM SIEMEHTHBIN aHANN3, PEHTTCHOIUPPAKIUOHHBIT
ananmu3 (PZ1A), UK-cnekTpockonuio U KpUCTAIOONTHYECKUM aHanu3. s onpeneneHus conepxaHus
METaJIJIOB HABECKH KOMITJIEKCOB M MPOJIYKTOB MX TEPMOJIM3a MPOKATUBAIN I YAAJIEeHUs yriepoaa npu
700°C B Teuenue 1,5 u u 3atem pactBopsuid B cmecu kucior HCl u HNO;. TonydenHble pacTBOphI aHa-
JIU3UPOBAIM aTOMHO-a0COPOIMOHHBIM METOZIOM Ha crekTpomeTpe «AAnalyst 400». AHanu3 BEIIECTB
Ha coJepXKaHue yriepoa MpOBOIMWIN METOJOM aBTOMAaTHYECKOr0 KyJIOHOMETPUUIECKOTO TUTPOBAHUS Ha
skcnpecc-ananuzarope «CS-2000». PIA npoBoaunu Ha gudpakromerpax JPOH-2 u Shimadzu 6000 ¢
ucnonb3oBanneM Cu-Ko-uznydenus (MoHnoxpomarop — rpadut). MK-criekTpbl momyyany Ha CHEKTPO-
metpe Nicolet 6700 FT-IR B tabnetkax ¢ KBr. [lnsg uaeHTH(UKAINN COCIUHEHHUH TMOJIb30BAIUCH UC-
touHukamu [15, 16]. Kpucrammoontuyecknii aHau3 BBITIONHSUIM C TIOMOIIbI0 MUKpockona LeicaDM
2500 u crangapTHOro HabOpa UMMEPCHOHHBIX >KUAKOCTEH.

[MpuBonuM Hauboiee MHTCHCUBHBIE PE(PIIEKCHI ¢ MEKIUIOCKOCTHBIMU PACCTOSHUAMH. AHAJIOTHYHBIE
JAHHBIE 71 3TUX COeIMHEHHI B JIUTEpPAType HE MPUBOINIHCH.

L, (d/n, am)/I: 0,69/54; 0,51/69; 0,46/69; 0,41/100; 0,36/43; 0,25/33;0,21/32.

11, (d/n, am)/I: 0,53/91; 0,50/82; 0,38/100; 0,36/72; 0,31/38; 0,25/59; 0,23/32.
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Homonoe A.11., lMe4veHrok C.H. CuHme3 u mepmuyeckoe pa3JjioeHue
Tocmeea A.H., Kpueyoe U.B. 0B0UHbIX KOMMJIeKCHbIX coeOuUHeHull, cooepXxaujux aHUoOH [FeMn(CN)s]Z'

0631 KOMIIJICKCA JAaKOT OYCHb CXOIHBIC I/IK—CHCKTpLI C XapaKTCPUCTUICCKUMMU IMOJI0OCAaMHU TOIJIOMIC-
HHA, CM .

I-1: v(OH,) 3428; v(NH) 3255, 3217, 3094; v(CH) 2972, 2912; v(C=N) 2050, 2028; 5(NH,) 1567;
8(CH.) 1464; p,(CH,) 1365; p,, (NH,) 1326, 1157; p(CH,) 1285; v(C-C) 1056; p,(NH,) 1008; p,(CH.)
898; p(OH,) 796; S(MCN) 584.

I1-1: v(OH,) 3403; v(NH) 3263, 3215, 3093; v(CH) 2974, 2908; v(C=N) 2050, 2028; 5(NH,) 1565;
8(CH.) 1464; p,(CH,) 1367; p,, (NH,) 1325, 1155; p,(CH,) 1284; v(C-C) 1056; p,(NH,) 1003; p,(CH.)
892; p(OH.) 799; S(MCN) 584.

HN3yuenue mepmonusa

Tepmuueckuii ananu3 JJKC B atTMocdepe Bo3myxa U aproHa NpOBOAMIN Ha CHHXPOHHOM TepMHUYe-
cxoM anaymzarope NETZSCH STA 409 PC/PG u NETZSCH STA 449C. Hagecky o0pasiia Maccoi 9—
11 Mr momemanu B KBapIeBEIi TUTENb, 3aTEM B TCUCHHE 2 YacOB BBIJICPKHBAIHM B aTMOcdepe Mpoay-
BOYHOI'O Ta3a ¢ LEJbI0 yOaJeHNs aIcOpOMPOBAaHHBIX I'a30B M CTAOMIM3aLMU COCTaBa aTMOC(epsl. 3aTeM
oOpasern HarpeBaiu co ckopocthio 10 K/Mun ot 25 10 900 °C, npu 3Tom peructpuposaiu kpusbie TI,
ATT u ICK. U3y4anu Takke cOCTaB MPOTYKTOB, COOTBETCTBYIOIINX HECKOJIBLKUM TeMIIEpaTypam, KOTO-
pBle oTBeYa M 3KcTpeMaybHbIM ToukaM Ha KpuBbIX JTA u JTT (otceuku, Tabmn. 1, 2). Komiiekch! BbI-
Jep >KUBAIK NIPU 3TUX TEMIIepaTypax B TeueHHe | yaca. MeToauKa, YCIOBHS U yCTAaHOBKA ISl U3yUYCHUS
TEPMOJIU3a B IPOTOYHOM PEAKTOPE MOJIPOOHO OMHCAHBI B MPEABAYIINX padoTax [7—10].

TBepable MPOAYKTHI BOCCTAHOBJICHUS HASHTUPUIMPOBAIN MeToIoM PJIA, ncnonb3ys 6a3y maHHBIX
JCPDS-JCDD-2002; Bce mpoayKTel TepMudeckoro pasnoxkeHus JIKC aHanu3npoBaiu Ha COAECpXKaHHE
MeTalyioB H yriepoaa. Kak u B padorax [7—10], ananu3upoBaiu ra3o000pa3Hble IPOAYKTHl TEPMOJIN3a B
aTMocdepe BOAOPO/a U aproHa. AHAJIN3 ra3000pa3HbIX MPOIYKTOB TEPMOJIH3a OCYIICCTBIISUIH HA Macc-
cnekrpomerpe AeolosQMS 403, cOBMEIIEHHOM C CHHXPOHHBIM TEPMHUYECKUM aHAIU3aTOPOM, PE3YJIb-
tatel TI'-MC 3kcniepuMeHTOB IpuBeaeHBI Ha puc. 1-4. KpoMe TpUMeTalIn4ecKuX COEANHEHNH, IENan
takke TI-MC ananmu3 K;[Fe(CN)y] B atMocdepe aprona. Kpome Toro, ucciieJjoBaad TepMUIECKOE pas-
noxkenue 3TuX JIKC B Toke BO3[yxa U aproHa ¢ MOMOILBIO IPOTOYHOTO razoananuzaropa «MAI» npo-
n3BozactBa OO0 «Monutopunr» (Poccus, Cankr-IletepOypr). IIpnbop onpeanenser copepxanue B ra-
30B0i#1 (aze CO, CO, 1 OpraHUYECKOro BEIEeCTBa B MepecyeTe Ha MeTaH. [ akcnepumenTa Opaau Ha-
Becky JIKC okoio 0,2 T B KBapIIeBYIO JIOJIOUKY, KOTOPYIO MOMEIIAIH B IIPOTOYHBIN TpyOUaThiii KBapiie-
BB peakTop, BCTaBlieHHbI B TpyOuaryro meub SNOL-0,2/1250. CkopocTh HarpeBa me4yd — 5 °/MuH,
CKOPOCTB T'a30BOr0 1notoka — 1yi/muH. Ilo momaan BEIXOAHBIX KPUBBIX B KoopauHaTtax C, Monb/n1 — V, 1,
HaXOJMJIM BBIXOJ KOMIIOHEHTOB Ia30BOro MOTOKa B % OT oO1iero coaepkanus yriaepona. Pesynbrars
ra30BOro aHall3a MPeCTaBICHBI B Ta0I. 3.

Oo0cy:xnenne pe3yJbTaToB

B pesynbrare ananuza v uaeHTH(GUKALIUY ITOJyYSHHBIX BEIIECTB Mbl YCTAHOBUIIH, YTO TIPH 00pa3o-
Banuu JIKC ucxoqHbple KOMIUIEKCHBIE KaTHOHBI TIPETEPIIEBAIOT CYIIECTBEHHBIE U3MEHEHHS, Tepss 4acTh
KOOPAWHUPOBAHHOTO 3THJICHANAMUHA, YTO TOBOJBHO HEOOBIYHO IUIs OupeHTtatHoro jnuraHaa. OOwsc-
HUTH 3TO MOXHO, IO-BUIUMOMY, CUJIBHBIM pa30aBiIeHUEM PEaKLIHOHHOW CMECH B COOTBETCTBHH C MPO-
MUCHI0 cuHTe3a [ 14] (KOHIIEHTpallMK KaTHOHA M aHUOHA TOPSIKa 2 MMOJIB/IT). KOMIIIeKChl OKa3hIBAtOT
noytu uaentuuHsle MK-ciekTpel, 9To 00yca0BIeHO, OYEBHIHO, IIIaBHBIM 00Pa3oM, CTPOCHUEM aHUOHA.
dopmMynel 000UX COSAMHEHUH MOCTPOeHBl ucxons u3 toro, uro Ni(Il) o6pYHO MMeeT KOOpAMHAIMOH-
Hoe gucyo (k.4.) 6, a Cu(Il) — 4.

Tepmonuz 6 ammocghepe 6030yxa

Haiineno, utro JAKC I-1 u I-2 ycroituussl 1o 80 °C. 3arem B unrepsane 80—150 °C umeer mecto
oTepsi Macchl Mopsiaka 5 %, 4TO COOTBETCTBYET OTIIEIUIEHUIO ~3 MOJIEKYJI KOOPAUHUPOBAHHON BOJBI
(puc. 1, a). B unreppane 200-380 °C, o4eBHIHO, MPOUCXOANT yAaJCHUE OCTABIIECICS BOJBI U TMOIHOE
BBITOpaHue dTUicHAnaMuHa u 1uanuga. Ha xpusoit JITI" B »T0li 061acTi uMeeTcs 1Ba OTIAEIBHBIX, HO
onuskopacnonoxkeHHslx nuka. IIpu ~390 °C pasnoxenune I-1 u I-2 monHocThio 3akaHumBaercs. Ha
kpuBbix MC (puc. 1, 6) HaGmogaeTcst 2 MUKa BBIJIEICHUST BOJIBI (MaccoBoe 4uciio, m/e = 18). Makcu-
MyM HepBoro nuka naxonurcs B oonactu 100 °C, sroporo okosno 320 °C. B o6nactu 250-390 °C nabmro-
JlaeTcs BbIJICTIEHHE HEKOTOPOTO KOJIMYeCTBa aMMuaka (m/e = 17), KOTOPBIiA, TO-BUANMOMY, SIBIISIETCS
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Puc. 4. TepmoaHanuTuyeckme KpuBble (a) U Macc-cnekTpomeTpudeckuin aHanus (6) OKC Il B atmocdepe aproHa

MPOJYKTOM JeCTpyKIuu twieHauamuna. [lupokuit nuk Beaenenus CO, (m/e = 44) naxoaurcs B 00-
nactu 200-380 °C. 3apeructpupoBan HeOONbIION NHK st m/e = 30, KOTOPBIi, BEPOSITHO, COOTBETCTBY-
eT NO. Ilo gaHHBIM ra30BOro aHanusa, pu TEpMUIECKOM pasznokeHnu I-2 npoucxonut Beiaenenue CO,
u CO B konmuuectse 66,3 u 14,3 % ot obuero conepxanus yriaepoaa (tabmn. 3) B uHTepBalie TEMIEpPaTyp
300-330 °C.

Onupasick Ha JaHHBIC TEPMHUECKOTO aHanu3a, st coequaerus I-1 nemamu orceuxu npu 230, 300 u
900 °C. PIA nponykToB paznoxenus I-1 Ha Bo3ayxe CBUAETENBCTBYET O TOM, UYTO NMPUPOAA MIPOSYKTOB
MpU BCEX TEMIIepaTypax MPaKTUYECKH OJMHAKOBA, HO, B OTIMYHE OT Ooliee HU3KHX TEMIIEpaTyp, MpH
900 °C onm nyuiie kpuctammu3osansl. Pesynbrarel PIA u snementHoro ananusa (Tadi. 1) mo3BossioT
yTBEpXKJaTh, YTO MNPOAYKTHl  Tepmonm3a I-1  mpencTtaBisiroT  coboil  cMech  OKCHIIOB
NiO+Fe;04+FeMn,0,4. B otnndme 0T TepMUUECKOT0 aHaIu3a, MPH OTCEUYKaX CTENCHb Pa3IoKeHHUs KOM-
IJIeKCa 3HAYUTEIHHO OOJbINE M3-3a AJUTENbHOU BBIACPKKHU. Tak, Hanmpumep, mpu 230 °C B Tepmuye-
CKOM aHanmu3e octatok oT npokanuBanus JIKC cocraBuser 93 %, B TO BpeMs Kak MOCIE ABYX4acOBOU
BbLIEpXKKH —55,1 macc. %.

IToteps maccer y JAKC II-1 naumnaercs yxe npu 60 °C m mponomxaerca BILIOTh 10 880 °C
(puc. 2, a). Hanbonee uHTEHCHBHO 3TOT mpouecc uAaET B obmactu temneparyp 200-300 °C, yto coot-
BETCTBYET pe3KOMy MUHUMYMY Ha KpuBoi JTI'. MoxxHO npeanonoxuts, uyto 1o ~216 °C uper nocre-
nenHasa aerunpatanus II-1. [Totepst maccel Ha nepBoil cranuu coctaBngeT ~ 11 %, 4To COOTBETCTBYET
conepxanuto H,O B uenom. Janee cneayet Boiropanue stunenanamuaa 1 CN-rpynn go ~ 400 °C. Oc-
HOBHas noTepsi Macchl 3akaHuuBaeTcss npu 300 °C, HO MOCTENEHHOE BHITOPAHUE OCTATKOB JIMTAaHAOB
npoucxoaut 10 400-500 °C.

Tabnuua 3
Pe3ynbTaTbl ra3oBoro aHanusa npu tepmonuse |-l
CO, moib 5 CO,, MmoJB
JIKC HaBecka, r(Mo0J1b) C, r-atom B TEMIIEPATyPHOM CO. % B TEMIIEPATYPHOM 2 CO,, %
untepsane, °C 0 unTepBane, °C
B aTmocdepe Bo3ayxa
4 o3 572:10° 26,5410
I 0,221(2,23-107) 4,01-10 305335 14,3 300-330 66,3
ot o3 0,96:10" 19,3810
II 0,1952(4,06°107) 3,25:10 325335 3,0 310-340 59,6
B aTmocdepe aprona
I 0,23185(2 33'104) 4,19:10°° 145107 3,5 OTCYTCTBYET
b b b 4507590 bl yT y
II 0,20665(4,30-10%) | 3,44:107 33010° 9,6 OTCYTCTBYET
b b b 5457’7 1 O bl yT y
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Otceukn must II-1 memanu npu 250 u 900 °C. Ilo ganabM PJIA, coctaB oOpasyrommuxcs ¢a3 s
o0eunx TemmnepaTtyp oguHakoB, HO pu 900 °C mpoayKThl TEpMOIH3a JydIlle KPHUCTANTN30BaHbl, H, KpOMeE
TOT0, U3 HHUX IMOJIHOCTBIO YJAISIOTCS OCTATKU JUraHaoB (Tadi. 2): ecnu npu 250 °C em€ HaOmogaeTcs
HE3HAYMTEIbHOE KOJIUYecTBO yriepoaa, To mpu 900 °C ero yxe Her. Takum o0Opa3oM, 31€MEHTHBIN
ananu3 1 P/IA mo3BOJISAIOT CYUTATh, UTO MPOAYKTH Tepmosn3a II-1 mpu BEICOKUX TeMIeparypax mpe/-
CTaBISIOT co00il cnenyrouryio cmech okcuaoB: CuO + Fe,Os; + MnO, (taba. 2). Kak u B apyrux cimydqa-
X, BBIJIEPKKA MPH OTIPENIETICHHOM TeMIieparype 3HaYUTeIbHO YBEIMUUBaeT creneHb pasnoxenusa JJKC.
Jna coennnenus 1I-2 tepmudeckoe pasnokeHue 3akaHuuBaercsa npu 400 °C m npoucxonuT B 3 4ETKO
omnpenenénupix craauu. Ha xpusoit ITT npucyrctByeT nuk ¢ MakcumyMoM okoiio 120 °C (motepst ~ 7 %
Macchl), YTO COOTBETCTBYET yAaJCHHUIO 2 MOJIEKYHI Bojbl. Clenyromas cTaans MPOUCXOAUT B HHTEpBae
200-300 °C u cootBercTBYeT notepe euie 13 % Macchl, T. €. OTIIECIUICHUIO OCTAaBIICHCS BOJBI U YaCTH
sTHIeHAnaMuHa. Ha TpeTbelt cragun yaansioTcs BCe OCTaTKH JIUTaHI0B.

CootBercTBeHHO, Ha KpuBbIXx MC s II-2 (puc. 2, 0) HaOMOJAIOTCS IBE CTAIUM JCTUApPATAIIMH B
obmactu 100-150 u 200-350°C u Tpu cragum ynaneHus ammuaka B odiacta 100-150, 200280 u 280—
340 °C, a Taxxe Boienernne CO, B odmactu 250—400 °C. Peructpupyercs Taxke HeOonpion muk NO
npu 300°C. Ilo nanHbIM razoBoro ananusa s II-2, B uaTepBane remneparyp 310-340 °C nmpoucxoaur
BeiieneHue CO, u CO B xomuuectse 59,6 u 3 % ot oOuiero comepkanus yriaepona (tabdiu. 3). Beiropa-
HHE OCTAaTOYHOTO YTIIepo/ia MporucxoauT ~ 10 600 °C.

Tepmonuz 6 ammocgepe apeona

[Tockonpky ofHOM U3 33724 pabOTHI SBISIETCA UCCIIEOBaHNE TTOBEACHHS [IMAHTPYTIII, COAEPKAIINX-
csa B annone JIKC, obuto mpoeeneno TI'-MC wuccienoBanue kpacHoit kposiHoit conmu Ki[Fe(CN)g]. B
aTMocdepe aproHa CoeIMHEHUE OCTaeTCsl YCTOMUMBBIM puMepHO 1o 360 °C, B unTepBane 360-370 °C
MUMEET MECTO MmoTeps Macchl ~ 5 %. Briaenstomuiicss npyu 3ToM ra3o00pa3Hblil IPOLYKT MPEACTABISIET
coboi munuan ¢ m/e =52, 4to npuOIM3NTENsHO cooTBeTcTBYeT motepe 0,3 monp (CN), Ha 1 monb
K;[Fe(CN)g] u coctaBy octatka 3KCN + Fe(CN),. [lanee mo ~ 600 °C HaOmogaeTcs miaTo U, HaYnMHAS
¢ 650 °C, mporcxonuT MHTCHCUBHAS TOTEPsl Macchl. TakuM oOpa3oM, KpacHasi KPOBSHASI COJIb TOPa3Io
Oonee Tepmuuecku ycroiunsa, yeM JKC, comepxaiiee ee aHMOH. DTH JJaHHBIE COTJIACYIOTCSI C paHee
OMyOIMKOBAaHHBIMH JIJISl TeKcaIrmaHoMeTamiaros [17].

Tepmoinus B atmMocdepe aprosa BBITIOIHSIIH TOJABKO it coenuuenuii 1-2 u 11-2.

Hust I-2 va kpuBoid TI” MOKHO BBIIETUTH HECKOJBKO cTamuid (puc. 3, a). Ha nepBoii cranuu B nHTEp-
Basie Temreparyp 25-200 °C noteps maccol coctaiser 7,1 %, 4To MOKHO OTHECTH K OTHICTIIICHUIO 3 MO-
JIEKyJl KpUCTAIUIM3AIIMOHHON BOJIBI M 1 MOJIeKyIIbl BHYTpHC(hepHOH BosibI, Ha BTopol ctaauu (200-310 °C)
motepst Macchl 3,8 %, 9TO COOTBETCTBYET MOTEPE elrle 2 MOJIEKYJ BOIbI, Ha TpeTher craauu (310400 °C)
norepsi Macchl coctaBisieT 12,4 % 4To COOTBETCTBYET OTILEIUICHHUIO OCTAaBLIMXCS 3 MOJIEKYN BOABI U 1
MoJekyasl en. Ilocnenyromue craauy HASHTH(GUIUPOBATh OYEHb TPYIHO, HO B MHTEpBAJie TEMIIEPATYp
450-600 °C, coryacHO JaHHBIM Ia30BOro aHailM3a, HaOmrogaercs Boiaeiaenrne CO B konuyecTse ~ 3 % oT
oOrero coaepkanus yriepoaa (tadu. 3). I[Toreps maccel npocnexkusaercs 10 1000 °C. OcrarouHas Macca
IpH 3TOi Temneparype cocrasisieT 45,6 %. B ocratke conepskurcs 22,8 % yrnepoza (tadm. 1).

Ha kpuBbix MC peructpupyroTcsi HECKOJIBKO IMHKOB, COOTBETCTBYIOMMX ynainenuto HO B obmacTu
50450 °C, u oguH 1K, cooTBeTCTBYIoIMi ynanennto NH; — oxomo 380 °C (puc. 3,0). HeGompmioit
nuK, coorBercTByromuii NO, nabmogaercs okoso 500 °C. Kpome Toro, B atmocdepe Kak BO3Iyxa, TakK
W aprona, HaOojaeTcs BbIICTICHHUE TIPOU3BOIHOTO ¢ m/e = 16, KoTopoe, coriacHo [ 18], siBrsieTcs pajau-
kasiom NH, — npoaykrom nectpykunu NHs.

Hust 11-2 va kpuBoit TT” MOXHO BBIOETUTH 5 cTaauii motepu Macchl (puc. 4, a), mepsas U BTopast U3
koTopbIx B 06mactu 50-150 °C u 150-250 °C cooTBETCTBYIOT HIOTEPE BOJBI H YACTUYHO ITUIICHAHAMHU-
Ha (pacueTHOe coaepkanue Bojel — 18,7 %, stunenaunamuna 12,5 %). Beigenenne Bobl U 3TUIICHUA-
MHUHa npojoipkaercs npuMepHo 10 400 °C. OcTanpHble TUranabl yaansatorcs B uHrepsane 400—700 °C.

Hns 11-2 MC 3apeructpupoBanbl npousBogHsie ¢ m/e =17, 18 u 30 (puc. 4, 6), 1. e. H,O, NH; u
NO. IIpoayKT AeCTpyKIUA aMMHUaKa 31€Ch OTCYTCTBYET, B oTyimune ot I-2. [lo maHHBIM Ta30BOro aHa-
nu3a B mupokoM uaTepBate (545-710 °C) nabmronaetcs Beinenenne CO B xonuuectse 9,6 % oT o01ie-
ro comepxkanus yriaepona (tabm. 3). Ilotepst maccsl npociexuBaercs 1o 630 °C. OcTaTok COCTaBiseT
49,5 %. Conepxanue C B octatke 16,1 % (Tabmn. 2).
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B aTMOC(i)epC aproHa mjis 000HMX KOMILIEKCOB Ha6J'IIOI[aGTC$I BBIACIICHUC HCPA3JIOKHUBIICTOCA OTHU-
JICHIWaMHKHa.

Tepmonus I-1 u IlI-1 6 ammocghepe 6000pooa

Boccranosnenue I-1 mpoBoaunu npu temmepatypax 350, 500 u 900 °C. Pe3ynbTathl 3J1€MEHTHOTO
aHaJM3a TBEPIBIX OCTATKOB M MOTJIOTUTEILHON KUIKOCTH MpeacTaBieHsl B Ta0n. 1. Criegyer oTMETHTS,
gyro B omnune ot apyrux JKC [7-10] npoaykt BoccTanosnenus I-1 o6namaeT Xxopouo BEIpaskeHHBIMU
nupodopHEIMU CBOMCTBaMU. JIogouKa ¢ TBEpABIMH MPOIYKTaMHU TEPMOJIN3a TIOCIIE U3BICUCHUS U3 PEeaK-
TOpa Ha BO3AYX caMOIpoun3BosibHO Harpesaercsa A0 80—90 °C. PIIA npoIykToB TepMoiH3a MOKa3bIBaeT-
Haymure okcuaHbIX (as. Temmeparypst 350 u 500 °C BHO HEZOCTaTOYHO BHICOKH ISl IIOJIHOTO PasJio-
xennst AKC. Haxe npu 500 °C B ocratkax cogepxurcsa ~ 40 % yriaepona oT coaepkaHus B HCXOJHOM
KoMmIuiekce. Metayuinueckast haza — tBepasiid pactBop NiFe — nosensercs, Haunnas ¢ 500 °C. Yro ka-
caeTcsl MapraHia, TO BO BCeX MPOJIyKTaX BOCCTAHOBIIEHHUS OH MPUCYTCTBYET B BHUAe okcuaa. [Ipenmomno-
XKHUTEIBbHO, NHUPO(OPHOCTH MPOAYKTOB BOCCTAHOBJICHHS OOYCJOBJIEHA OKHCIEHHEM METaTUNUYECKOTrO
Mapranua. IIpumeyarensHo, YTO KOOPIAMHUPOBAHHBIN 3THICHANAMHH THIPUPYETCS U yIANIETCS B BUAC
ammuaka (Tadu. 1), a He B HEM3MEHHOM COCTOSIHHH, KaK MOKHO OBLIIO OXKHJIATh, YUYUTHIBAsI PE3yJIbTATHI,
nosryueHHsle A apyrux JIKC [7-13].

Boccranopnenue II-1 mpoBoammu npu temneparypax 350, 500 u 900 °C. Kak u B cmyqae ¢ JIKC I-1,
MOCJIe BHIHECEHHS JIOJOYKH C MPOAYKTAaMH TEPMOJIM3a Ha BO3IYX, Y HOCIEIHHUX TaKKe HAOMIOJar0TCs
nUpoQOpHBIE CBOHCTBA, BBIpAXKAIOIIMECS B caMONpon3BosibHOM HarpeBanuu Ha 20-30 °C. Ha nudpax-
TOrpaMMme Uil POXYKTOB, noaydeHHsIX npu 350 u 500 °C, nabmogarorcs pedaeKchbl OKCUIHBIX MPo-
IOYKTOB U MeTajuinueckoi Meau (tadi. 2). daxe npu 500 °C B TBepAbIX ocTaTKax mpUcyTcTBYyeT ~ 50 %
OT MCXOJIHOTO KoymdecTBa yriepoaa u azora. [Ipu 900 °C, mo manusiM PJIA, oOpa3yroTcs MeTaminge-
CKasl MeZIb M JKeJIe30, a MapraHell, Kak u B ciydae coeauHeHus I-1, mo-BUIUMOMY, OKUCIISETCA Ha BO3-
nyxe 10 MnO.

Kak yxe Obl10 yKa3zaHo, B 4ncie ra3o00pa3Hbeix nmpoaykToB Tepmonusa I u II Bo Bcex arMocdepax
oOHapyxeH aMMuak. KolmdecTBeHHO OIpeaenuTs ero B arMocdepe Bo3ayxa HaM HE YAaJIOCh, B aTMO-
cdepe aprona B Bujie aMmmuaka Beiensercs 10 20 % ot obmiero coxepxkanus N u 1o 97 % B atMocdepe
Bozopoja. B TBepaoM ocTaTke OT MpoKaauBaHus B aTMocdepe aprona ocraercs S0—60 % oT ucxogHOro
cogepxanus yraepoga. OOpas3yomMics aMMUaK MOXKET ObITh MPOAYKTOM KakK TEPMOJIM3a dTHICHINA-
MHUHA, TaK U OPOLYKTOM THAPHUPOBAHUS [IMAHOTPYMII. YUYUTHIBAs, YTO B COCTaBE KOOPAMHUPOBAHHOTO
sTuieHMaMuHa B coeanHennu I naxomurcs 33 %, a B coenunenun II 25 % ot obmiero copepxanus
a30Ta, OYEBUHO, YTO B aTMocdepe Boopoa B 000HX CiTydasi HMEIOT MecTo 00a 3TH Ipoliecca, TaK Kak
KOJIMYECTBO a30Ta, BRIACISIONIETOCs B BUAe aMMuaka, onmsko xk 100 %, a B atmocdepe Bo3myxa U apro-
Ha TOJBKO TepBblid. OCTaTOUHBIH YTIepo/ B TBEPBIX MPOIYKTaX MPOKAIMBAHHUSA B aTMocdepe aproHa,
cornacHo [17], mpuHaIIEXKUT UAHUIAM, KOTOpble 00pa3yioTcsl B pe3yJbTaTe TEPMUYECKOTO pa3ioKe-
Hus manomertamuiatoB. B ciydae JIKC II (tabm. 2), comepikaHue OCTATOYHBIX [IMAHUIOB 3HAYUTEIHHO
ke, uem s 1 (tabn. 1). Paznuune B Tepmudeckom moBeaenuu 1 u I oOBscHIOTCS, BO3MOXKHO, Ha-
JTU4AeM B CTPYKType I MOCTHKOBOI MOJIEKYJIBI ATUIICHIMAMHUHA.

3aki0ueHue

HOHy‘IeHHBIe HaMMU TPUMECTAJNIMYCCKUEC COCAMHCHUA OTINYAIOTCA OYCHb HU3KOU TepMH'—IeCKOﬁ yC-
TOWYMBOCTBIO, YTO XapaKTEPHO I KOMIUICKCOB, COAEPKAIMX BHYTpHUChEpHYO BoAy. IIpu TepMom3e
B UHEPTHOU aTMocdepe 00pa3yroTcsi OKCUAHBIC (a3bl, OYCBUHO, 32 CUET BHyTpUcPepHOH Bojbl. [Ipu
9TOM BBICOKO COJEp)KaHHE OCTATOYHOTO YIepoja, KOTOPBIHM, MO-BHAAMOMY, O0pasyeT OTACIbHYIO
amopduyo ¢asy. [Ipu Tepmonuse B armochepe Bogopoaa 00pa3yroTcs BRICOKOIUCIICPCHBIC TPU- U OH-
MeTauTn4eckue (aspl, KOTOPBIC JIETKO OKHCIISIFOTCS Ha BO3JIyXeE.
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COMPLEX COMPOUNDS CONTAINING ANION [FeMn(CN)s]>

D.P. Domonov, ICTREMRM KSC RAS, Apatity, Russian Federation, domonov(@chemy .kolasc.net.ru
S.I. Pechenyuk, ICTREMRM KSC RAS, Apatity, Russian Federation, pechenyuk@chemy.
kolasc.net.ru

A.N. Gosteva, [ICTREMRM KSC RAS, Apatity, Russian Federation, pechenyuk@chemy.kolasc.net.ru
L.V. Krivtsov, South Ural State University, Chelyabinsk, Russian Federation, zapasoul@gmail.com

Synthesis and thermal decomposition of double complex compounds
[Niz(en)3(H>0)][FeMn(CN)g]>-xH>O (I) and [Cu(en)(H,0),][FeMn(CN)s]o-xH,O (1)
have been studied. The thermolysis has been carried out in oxidizing (air), inert (ar-
gon) and reducing (hydrogen) atmosphere in the temperature range 20—-1000 °C. The
composition of solid and gaseous products of thermolysis has been studied. It has been
shown that the carbon of ligands in air is removed as CO and CO,, while ammonia es-
capes as a degradation product of ethylenediamine. The solid residues are mixtures of
the central ion oxides. There is slight evolution of CO and ammonia in the argon at-
mosphere. The solid residues in argon are nickel, manganese and copper ferrocya-
nides, intermetallic NiFe, Cu, FeC and MnO. In the hydrogen atmosphere the most of
nitrogen is emitted in the form of ammonia. The residual carbon content in the resi-
dues of calcination at 900 °C is less than 1 %. The thermolysis in the hydrogen atmos-
phere produces the highly disperse tri- and bimetallic phases, which are easily oxi-
dized in air to NiFe+MnO and Cu+FeC+FeO+MnO.

Keywords: double complex compound, synthesis, thermolysis, residue of calcina-
tion, gaseous products.
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KINETIC DETERMINATION OF BERYLLIUM USING DECOMPOSITION
OF ITS COMPLEX WITH CHLOROPHOSPHONAZO R

E.l. Danilina, South Ural State University, Chelyabinsk, Russian Federation, deicu@mai.ru
Yu.V. Akatieva, Chelyabinsk State University, Chelyabinsk, Russian Federation, deicu@mai.ru

Fast decomposition of beryllium complex with Chlorophosphonazo R in the
absence of acetylacetone can be used for its kinetic determination by the tangent
method. Analysis time drops from 30 min to 2 min. Optimal conditions and me-
trological characteristics of the procedure have been found. In the presence of
EDTA selectivity, precision and sensitivity increase. The lower limit of concentra-
tion range is 0.15 pg/mL, the relative error does not exceed 2 %, while the ob-
served errors of reproducibility are less than 3.3 %. Selectivity factors for a
number of interfering cations and anions have been determined.

Keywords: kinetic analysis, tangent method, photometric analysis, beryllium, chloro-
phosphonazo R.

Introduction

Due to application of beryllium and its compounds in industries, toxic beryllium-containing waste-
waters can contaminate natural waters, leading to a serious environmental hazard. Maximum permissible
concentration of beryllium in drinking water is one of the lowest among allowable limits for various
chemical elements. For example, in this country it equals 0.0002 mg/L [1], i.e. 0.2 ug/L, and the values
of the same magnitude in other countries. Different national guides suggest that beryllium concentra-
tions should not exceed a limit of 0.1 ug/L for tap water and 0.2 pg/L for surface water, to the maximum
of 0.5 ug/L [2]. Obviously, these low amounts demand combination of determination methods with con-
centration processes.

Thus, in the State Standard currently in force, GOST 18294-2004 [3], separation and concentration
of beryllium is carried out by sorption on silica gel, and then the spectrofluorimetric method of determi-
nation is used, based upon the ability of beryllium when reacting with morin in highly basic aqueous
medium (pH 13) to produce a compound with green fluorescence (a non-structured band with the maxi-
mum 510-530 nm, under the emission light within the 410-450 nm range). Besides, a number of other
fluorimetric reagents have been used [2, 4]. Fluorimetry is a sensitive method, but is has been shown
that its sensitivity depends upon many factors, including the reagent ratio, which means a very narrow
concentration range for determination proper (luminescence quenching); furthermore, in order to ensure
the necessary reaction yield it is necessary to keep pH values higher than 12, it makes the choice of lab-
ware difficult and the work itself hazardous. For optical methods of beryllium determination one more
difficulty to take into account touches upon instability of the complexes, their tendency to decomposi-
tion, at greater or lesser rates. In particular, the morin complex luminescence drops at 5—10 % an hour
[3]. However, it has been suggested that addition of specific beryllium-binding components, such as
NH,HF, or acetylacetone, increases stability [4].

Among other methods of trace determination the group of photometric methods is widely used.
These techniques are simple, fast, and cheap, they offer much wider optimal concentration intervals of
reactants influencing the formation process of the colored compound; the reaction products are more
stable, as a rule. Nowadays many organic reagents for photometric determination of beryllium are
known, such as Eriochrome Cyanin R, Thorin I, Chlorophosponazo R, Calcichrome, Sulphochlorophe-
nol S, Beryllon II, Chrome Azurol S, including determination in waters [5—7], and new reagents are sug-
gested all the time [8, 9]. Unfortunately, almost all the reagents used for the photometric determination
of beryllium are not free from shortcomings. For example, Be*" complexes with polyoxyquinones are
unstable and necessitate close control of analysis conditions. Sensitivity of the reaction with Thorin,
Aluminon, p-Nitrobenzol-resorcine is comparatively low. The use of Eriochrome Cyanine R, Pentach-
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rome Azurol Blue B, and Chrome Azurol S is significantly limited by high absorbance of the dye solu-
tion at the determination conditions, and for Eriochrome Cyanine R temperature greatly influences pho-
tometric intensity of the complex [2]. That's why many researches resort to one or another of modified
methods of spectrophotometric determination.

A conventional method of ternary complex formation with surfactants in concentrations higher than
critical micelle concentration has some application. In particular, the complex formation of beryllium
with Chrome Azurol S in the presence of nonionic surfactants, and with aspartic acid for use in test-
methods [10], as well as addition of a cathionic surfactant (cetyltrimethylammonium bromide or chlo-
ride) at photometric deterimination of beryllium with Chrome Azurole S [6, 7] or Xylenol Orang [11].

Other authors rely upon mathematical treatment enabling to eliminate high absorbance of the blank
solution. Specifically, a method for simultaneous determination of beryllium and aluminum has been
suggested, based upon the difference between their rates of reaction with Chrome Azurol S; the fixed
time method is used (with measuring at 100 s and 300 s after the beginning of complex formation) [13].

The reagents of chlorophosphonazo group (such as Clorophosphonazo R, Chlorophosponazo-mA
and DBC-Chlorophosphonazo) provide the sensitive and selective reaction with beryllium; selectivity
becomes significantly higher in the presence of ethylenediaminetetraacetate (EDTA), though at pH > 5
the absorbance and the sensitivity of photometric determination decrease, which is caused mainly by
EDTA properties at these conditions [5]. However, the color reaction fully develops only after a time:
thus, for Chlorophosphonazo R at pH 9.4 in 30 min after the reagent is added, and even then in the pres-
ence of acetylacetone as binding agent (without it the complex quickly decomposes) [2]. Presumably, it
can be used as the basis for beryllium determination with this photometric system with the kinetic me-
thod of analysis.

The present paper studies the possibilities of beryllium kinetic determination with Chlorophospho-
nazo R (CPR) using the tangent method, as well as to determine the optimal conditions of analysis, its
metrological characteristics and selectivity.

Experimental

A standard solution of beryllium 0.01 M was prepared by dissolving 0.1771 g of analytical-reagent
grade beryllium sulfate tetrahydrate BeSO4-4H,0 in distilled water with addition of 0.5 mL concentrated
H,SO, (chemically pure) in a 100-mL volumetric flask; the solution contains 90 pg/mL of beryllium.
Working solutions were prepared daily by precise diluting in distilled water.

A stock solution of analytical-reagent grade CPR Cy,HsC1LN,O1,4P,S; (0.1% m/v) was prepared by
dissolving 0.5 g of the powder in 500 mL distilled water.

A borate buffer solution of pH 10 was prepared in the following way: 41.0 mL 0.1 M NaOH solu-
tion was brought to 100 mL by 0.05 M sodium tetraborate Na,B40; solution. When various pH values
were needed, the ratio of the components was changed according to the data of the handbook [14]. In
several experiments more concentrated borate buffer solutions were used, prepared from 1 M NaOH and
0.5 M Na,B,0O5 solutions.

A sodium tetraborate solution of analytical-reagent grade Na,B,0; 0.05 M was prepared by dissolv-
ing 12.3670 g boric acid in small amount of distilled water, adding 100 mL 1 M NaOH and diluting to
the mark by distilled water in 1000 mL volumetic flask. A 0.5 M solution was prepared from the same
amounts in the same way, diluting to 100 mL by distilled water.

Sodium hydroxide solutions of various concentrations were prepared from samples of NaOH by
dissolving in distilled water.

An EDTA solution 0.05 M was prepared by dissolving the standard titrimetric substance
Na,H,C,oH,05N,-2H,0; in several experiments 10 % EDTA solution was used, which was prepared by
dissolving the calculated sample of Na,H,C,oH,0sN,-2H,0 in warm distilled water.

For investigation of the selectivity factor the solutions were prepared from calculated masses of wa-
ter-soluble salts NaCl, KF, BaCl,-2H,0, CuSO,-5H,0, MnSO,-5H,0, KH,PO,; solutions of aluminum,
iron (III) and zinc chlorides were prepared from calculated masses of the corresponding metals by dis-
solving them in HCI (1:1), at that iron was additionally oxidized by concentrated HNO;; while CaCl,
and MgCl, solutions were prepared from CaCO; and MgO by dissolving in HCI (1:1) — then the solu-
tions were transferred into volumetric flasks and completed to the mark by distilled water.
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The procedure of beryllium-CPR complex formation in the presence of acetylacetone was as fol-
lowing: in 50-mL volumetric flask to an aliquot of the standard solution of beryllium 10 mL of 0.05 M
EDTA was added, 10 mL of triethanolamine (1:3), 1-2 drops of 0.1 % ethanol solution of thymolphtale-
in, the mixture was neutralized by 20% NaOH solution. Then HCI (1:1) was added dropwise until the
blue solution lost its color. After addition of 1 mL acetylacetone (1:9) 2 mL of 0.1 % CPR solution was
added and the mixture was diluted to the mark by the borate buffer solution of pH 9.4. The blank solu-
tion, containing all the reagents except beryllium, was submitted to the same procedure. For both analyt-
ical and blank solutions the absorbance change in time was measured at wavelength 540 nm and path-
length 1 cm in reference to distilled water.

The procedure of beryllium-CPR complex decomposition was as following: in 25-mL volumetric
flask to an aliquot of the standard solution of beryllium 5 mL of 0.05 M EDTA was added, then 2.5 mL
of 0.1 % CPR solution, and the mixture was diluted to the mark by the borate buffer solution of pH 10.0.
The blank solution, containing all the reagents except beryllium, was submitted to the same procedure.
For both analytical and blank solutions the absorbance change in time was measured in twenty-second
intervals at wavelength 540 nm and pathlength 1 cm in reference to distilled water. Kinetic curves were
plotted and the tangent (slope ratio) was calculated by the least-squares regression. If necessary, the pH
value was controlled on pH-meter-ionometer pH-121.

Results and Discussion
Chlorophosphonazo R (4-[(4-chloro-3-oxy-2-phosphonophenyl)azo]-2,7-naphtalenedisulphoacid
slowly forms beryllium complex with 1:1 ratio according to the reaction:

H
PO;H; SOsH (0== P o— Be 0] SOs;H
SOs;H SOs;H

First of all we have studied the possibilities of kinetic beryllium determination with the use of the
photometric method of the beryllium-CPR complex formation at pH 9.4 in the presence of acetylace-
tone. Indeed, if the complex is not formed instantly, then it is possible to compare its formation rates
(slope ratios of the initial part of a kinetic curve) at various concentrations of the analyte. The experi-
ment has been carried out according to the procedure of complex formation used in photometric deter-
mination of beryllium. The results are shown on Fig. 1.

It can be observed that the absorbance of the blank (graph 1') does not change in time, which is not
surprising: CPR is stable in aqueous solution; the rest of the components contributory to the complex
formation, obviously, do not influence the reagent in the absence of beryllium. The kinetic curve is pa-
rallel to the abscissa axis, accordingly, the tangent (slope ratio) of the studied curve equals zero. It gives
significant advantage to the kinetic method over the photometric one. If the absolute value of the blank
absorbance is measured, it has high value, higher even than the analytical signal of a beryllium-
containing solution (for the given concentrations 0.495 and 0.406, respectively), so the necessity arises
to work at the analytical wavelength differing from the wavelength of the maximum absorbance for the
complex, therefore, at the conditions of significant decreasing of sensitivity. Besides, though the photo-
metric color of beryllium-CPR complex in the presence of acetylacetone develops steadily and, in fact,
remains stable at least for a day, the increase of the absorbance is so slow, that for the analyte, too, the
slope ratio of a kinetic curve is very small and visually indistinguishable from zero (graph 1). In this
case the kinetic determination won't be sensitive, either.

However, by contrast to the direct photometric determination, the kinetic method of analysis lets use
not only increasing, but also decreasing, color intensity as the analytical signal — as long as there is the
concentration dependence. Well, if the presence of acetylacetone is necessary for stabilization of the chro-
mophore system, then its absence gives the chance to compare the rates of the complex decomposition.
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Fig. 1. Absorbance-time plots for the complex of beryllium with Chlorophosphonazo R and the blank
solution (1°): 1, 1' = Ccpr = 1.3810™ M; Cepra = 0.005 M; Can = 4 M; pH=94;A=450 nm; /=1 cm;
2, 243, 3' — Cepr = 1.7310™ M; pH = 10.0; A = 450 nm; / = 1 cm; 2, 2' — Ceora = 0.01 M;
3,3 - Ceora=0; 1 — Cge =14 ng/mL; 1' — Cge = 0; 2, 3 — Cge = 4 pg/mL; 2', 3' — Cg. = 2.5 pg/mL

Appropriate experiments have been carried out according to the procedure of the complex decom-
position, the results are shown on Fig.1. We have compared the behavior of the colored beryllium com-
plex both in the presence of EDTA and in its absence, as there are data in literature that a masking agent
is necessary for beryllium determination with CPR, and EDTA can influence not onl e selectivity, but
also the sensitivity of a photometric determination.

Kinetic curves for the blank solution are not shown in graphical form, as they are parallel to the abscissa
axis, too; that is, the tangent of the slope equals zero.

Surely, if acetylacetone is not added to the system, the absorbance of a solution decreases fast
enough, and the color becomes stable in few minutes, while the interval of 2—2.5 min corresponds to the
rectilinear part of kinetic curves, enough to get the tangent value. The higher is the beryllium concentra-
tion, the faster the process runs. The values of slope ratios arrived at after the treatment of the rectilinear
parts by the least-squares method equal —1.60-10 and —2.58-10 (Cgpra = 0.01 M), for beryllium con-
centration 2.5 pg/mL and 4 pug/mL, respectively; at Cgpra = 0 the values are —1.43-10° and —2.57-10°°.
From this point on we have studied how the absolute tangent values depend on several variables.

Among other things, from the chemical reaction of complex formation and from literature sources it
follows that the formation of beryllium-CPR complex should depend upon pH of the solution. The reac-
tion takes place in basic medium; as during
the reaction hydrogen ions are liberated, it is
necessary to add a buffer solution to the sys- 3 1
tem. We used the basic tetraborate buffer solu-
tion, prepared according to the handbook [14].

The slope ratio — pH plot is shown on 2
Fig. 2. Both photometric and kinetic determi-
nation of beryllium with CPR requires basic
media; otherwise the complex does not form 1
and, consequently, does not decompose. When

397 Itga 107

pH increases in the range 8.0-10.0, the slope 0.5 1
ratio increases also, but decreases a little from 0
this point on. The absorbance of the blank so- 8.5 9 9.5 10 105 1

lution remains unchanged, therefore in the
absence of beryllium the tangent of the kinetic
curve slope equals zero at any pH value within
the studied basicity interval.

pH

Fig. 2. Effect of the buffer solution pH value on the kinetic
curve slope ratio: Ccpr = 1.3810* M; Cepra = 0.01 M;
A=450 nm; /=1cm;1—-Cg. =10 pg/mL; 1'— Cg. =0
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As for the optimal pH value of the added buffer solution, in the range 9.8—10.2 the slope ratio of ki-
netic curves does not change. In later experiments the tetraborate buffer solution of pH 10 is used. It
should be stressed that we are referring to pH of the buffer solution, not of the photometric system. Buf-
fer capacity of the solution with sodium tetraborate concentration in the 0.05 M area is not enough, so it
cannot maintain the same pH value. The discrepancy is different on various parts of the plot, but the
maximum is at pH 8.5-9. At the same time the efforts to get greater buffer capacity, using solutions of
greater concentration (0.5 M sodium tetraborate) has not led to the desired result. The capacity is still
insufficient, with discrepancy of pH values; and it is impossible to have it increased, as the solubility of
sodium tetraborate is limited. Besides, the reaction itself begins to run at much greater rate, in this case
the tangent calculation is awkward and imprecise.

However, decreasing sodium tetraborate concentration lower than 0.05 M is unpractical, as the
discrepancy between pH values of the buffer solution and the photometric system becomes noticea-
bly greater and the probability of ending with weakly basic or even neutral medium increases, with
the attendant drastic drop of the analytical signal. We have observed such decreasing at 0.02 M so-
dium tetraborate concentration; for the same amount of beryllium (10 pg/mL) the tangent of the ki-
netic curve slope has fallen down from 3.25-107 to 0.1-10°, which is completely unacceptable, of
course.

Though the chosen method is kinetic, the measurement of the analytical signal uses absorbance of
the photometric system; therefore it is bound to be affected by the concentration of the chromophore.
Fig. 3 shows the dependence of reaction

rate from CPR concentration. The experi- 35 - 3
i i - ] Iteal0
ment was carried out according to the pro
cedure above, including EDTA addition, 3 1
only the amount of CPR solution was 25 4
changed so that its final concentration in
the photometric system was within the 2 4
range (0.35-2.77)-10* M. It can be seen 154
from the plot that the blank solution slope ’
ratio is almost the same throughout, except 14
for the lowest CPR concentrations. It is
. eqer . . 0,5 - 1!
conceivable that the equilibrium shifts to-
wards another form of the chromophore, 0 . e mm
different form its coordinated form. In the 05 $ 0,5 1 1,5 2 2,5 3

interval corresponding to the maximum

analytical signal, the blank signal is equal

to zero as before, though the absorbance of Fig. 3. Effect of_ChIorophosphonazo R concentration on the kinetic
. i curve slope ratio. Cepra = 0.01 M; pH =10.0; ; A =450 nm; /=1 cm;

the chromofore reagent itself increases 4 _cg, =10 pgimL; 1"~ Cgo =0

sharply.

The CPR concentration, used by us earlier (according to the optimal conditions of the photometric
determination), that is, 1.38-10* M, is near the maximum sensitivity of determination in the kinetic
modification of the method, too. However, we have decided to increase the working concentration of the
chromophore somewhat, in this case the loss of sensitivity is insignificant, but the gain in the analytical
signal stability is observed (the plateau instead of the maximum). From this point on we used the CPR
concentration equaling 1.73-10* M in the photometric system.

It is necessary to investigate the interference of cations and anions typically present in natural wa-
ters and waste waters, as the environmental objects are usually complex systems, they can contain many
ions interfering with the beryllium determination. The experiment was carried out according to the pro-
cedure above, but in addition to beryllium in the amount near the higher limit of concentration range (3-
4 ug/mL), specific water-soluble salts, intricate to the element composition of natural waters and waste
waters, were introduced in various mass ratios to the analyte. The values of the kinetic curve slope ratios
are shown in Table 1.

Ccpr , M:10*
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Effect of mass ratios of beryllium to interfering components on the kinetic curve slope ratios Table
M(g:/‘;;’L Cge : Cion b-10° A, % Hg/‘;;’L Cse : Cion b-10° A, %
aluminum Al** barium Ba*
1 1: 0.3 -1.825 52 2 1: 0.6 1.887 2
1.5 1: 0.5 —1.600 16.9 4 1:1 1.903 1.1
2 1: 0.7 -0.650 66.2 6 1:2 1.815 5.7
3 I:1 -0.175 90.9 8 1:2.6 2.219 15
4 1:1.35 -0.100 99.5 10 1:3.3 2.750 43
calcium Ca™" magnesium Mg”"
2 1: 0.6 -1.940 0.8 1 1: 0.3 -1.999 39
4 1: 1.3 —1.860 34 2 1: 0.67 -1.825 5.2
5 1: 1.7 —1.575 18.2 2.5 1: 0.83 -1.675 13.0
6 1:2 —1.100 43 3 I:1 -1.300 32.5
8 1:2.6 —0.050 97 4 1: 1.3 -0.100 94.8
iron (IIT) Fe’" copper (1) Cu”*
0.5 1:0.17 -1.900 2.7 0.5 1:0.17 -1.940 0.8
1 1: 0.3 -1.670 9.7 1 1: 0.3 -1.980 29
1.2 1:04 -1.475 20.3 1.5 1: 0.5 -2.010 44
1.5 1: 0.5 -1.125 39.2 2 1: 0.6 -2.175 13.0
2 1: 0.7 -1.131 38.3 2.5 1: 0.8 -2.375 23.3
manganese Mn”" lead (IT) Pb™"
0.2 1: 0.07 —1.825 5.2 2 1: 0.7 -2.025 5.2
04 1: 0.13 -2.025 52 2.5 1: 0.8 -1.275 33.8
0.6 1: 0.2 -2.125 104 3 1:1 -1.125 41.6
0.8 1:0.27 -2.125 10.4 4 1: 1.75 -1.175 39.0
0.1 1: 0.3 -2.300 19.5 6 1:2 -0.575 70.0
zinc Zn*" sodium Na"
0.2 1: 0.07 -2.325 4.5 4 1:1 -1.875 2.6
0.6 1: 0.2 -2.325 4.5 6 1: 2 -1.920 0.2
1.0 1: 0.3 —2.422 8.9 8 :2.6 -1.825 5.2
1.2 1:04 -2.500 12.4 10 1 3. —1.400 27
1.4 1: 0.47 -2.575 15.7 12 1: 4 -5.129 73
1.6 1: 0.5 -2.613 17.4 14 1:5 -5.950 69
phosphate PO, fluoride F~
0.02 1: 0.007 -1.925 0 2 1: 0.6 —1.985 3.1
0.04 1: 0.01 -2.100 4.7 3 I:1 —1.840 4.4
0.06 1: 0.02 -2.035 5.7 4 1: 1.35 -1.955 1.6
0.08 1: 0.027 -2.150 11.7 5 1: 1.67 —1.950 1.3
0.1 1:0.03 -2.175 13.0 5.5 1: 1.8 -1.995 3.6
0.12 1: 0.04 -2.251 17.0 6 1:2 -2.150 11.7

The interference of ions manifested itself in various concentration ranges, the most characteristic se-
lectivity factors for each of the investigated elements are shown in table 2. An ion has been taken as in-
terfering, if its mass ratio to the analyte has changed the kinetic curve slope ratio compared to the initial
value by £10 %.

Dramatic effect of phosphate is probably due to formation of beryllium phosphorus-containing salts
precipitation, which can exist in colloid form. The influence of heavy metal ions is characteristic for all
methods, both photometric and kinetic ones; these have the characteristic feature of masking beryllium
by hindering its interaction with the chromophore reagent. As for aluminum, beryllium and its com-
pounds have properties that are close to those of aluminum and its compounds (diagonal relationship) in
the periodic system of elements.
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Table 2
Selectivity factors of some elements in beryllium determination
Flement Selectivity Element Selectivity Element Selectivity
factor factor factor
Al 0.3 F 1.8 Na 2.7
Ba 2.0 Fe 0.3 P (PO,) 0.02
Ca 1.3 Mg 0.7 Pb 0.7
Cu 0.5 Mn 0.13 Zn 0.3

Taken all in all, the investigated method is not highly selective, therefore it should be used with the
masking agents, EDTA for example, or after separation of beryllium from the analyzed object, as in the
procedure recommended in the State Standard GOST 18294-2004 [3].

The calibration graph for beryllium determination with Chlorophosphonazo R is shown on Fig. 4.
For comparison purposes, a part of the calibration dependence corresponding to the kinetic curve slope
ratios for development of beryllium-CPR complex color in the presence of acetylacetone is provided
here (graph 3). It is linear in the range (1.6—10) ng/mL, though, obviously, cannot be compared in sensi-
tivity to the graphs obtained from decomposition of beryllium-CPR complex.

The calibration graph for beryllium determination has been treated with the least-squares method,
the straight line corresponds to the linear regression equation:

Y =(-0.13+0.07) + (0.68+0.03) X,
with correlation coefficient 0.999.

The lower limit of concentration range calculated taking into account the error of the calibration
graph, has been found according to the standard formula

o tp (S, +CS,)

min,P — >

b+tp S,

and equals 0.15 pg/mL (at confidence level 0.95).

The linear regression equation of the calibration graph got at the same conditions without EDTA:

Y =(-0.6+0.5)+(0.80+0.22)X,
with correlation coefficient 0.989. Owing to the greater spread of points the lower limit of concentration
range equals 1.1 pg/mL.

The use of acetylacetone stabilizes the beryllium-CPR complex, therefore the slope ratios of the linear
parts in kinetic curves are positive in its presence. They are definitely lower in order of magnitude, the li-
near regression equation is Y = (—0.82£0.3)+ (0.35£0.04) X, with correlation coefficient 0.998; the lower
limit of concentration range equals 1.4 pg/mL.

The free terms of the linear regression eq-

uations are statistically significant, but this is a 31 \tg(x103|
widely occurring case in kinetic analysis. 25
In order to evaluate the metrological cha- '
racteristics of beryllium determination by the 2 4 =
suggested method we placed the known
amounts of the standard solution of beryllium 1,5 4 1
into 25-mL volumetric flasks (in 6 replicate ali-
quots), added the necessary reagents according 1
to the experimental procedure above, measured | 2
decreasing absorbance in time in 20-second in- 3 L
tervals, calculated the kinetic curve slope ratios 0 + —— - .
using the linear regression equation obtained in J) 2 4 6 8
the similar conditions (in the presence and in the ~ 0.5 C
Be, mg L

absence of EDTA), found the beryllium concen-
tration in the analyzed solutions. Evaluation of  Fig. 4. Effect of beryllium concentration in the photometric
metrological characteristics was carried out on  system on the kinetic curve slope ratio. A = 450 um; /=1 cm;
the basis of conventional statistical criteria. The v 2.~ Cerr = 1.73107 M; pHuy = 10.0; 1 = Ceora = 0.01 M;

. 2- CEDTA = 0, 3 - Cch = 13810—4 M, CEDTA =0.005 M, CAA =4 M,
results are shown in Table 3. pH=94

2014, Tom 6, Ne 1 23




AHanunTnyeckasa xmmus

Table 3
Evaluation of beryllium determination errors (Ccpr = 1.73-107* M; pH = 10; A = 450 nm; /=1 cm)

—tga - 10° | XypgmL | X | S [ AC | AC/O)100% | 8%
present in sample: Cg, = 1.5 ug/mL; Cgpra = 0.01 M
0.800; 0.800; 0.750; 1.50; 1.50; 1.41;
0.800; 0.775; 0.850 1.50; 1.43; 1.56 1.49 0.06 0.05 3.3 0.6

present in sample: Cg, = 3.5 ug/mL; Cgpra = 0.01 M
2.300; 2.325; 2.325; 3.50; 3.51; 3.51;
2.375;2.325; 2.350 3.53;3.51;3.52 3.51 0.01 0.008 0.2 0.3
present in sample: Cg. = 3.0 ug/mL; Cgpra =0

2.000; 1.987; 1.978; 2.99; 2.97; 2.96;
1.935; 2.005; 2.075 2.94;2.99; 3.00 2.98 0.04 0.03 1.0 0.9

According to Table 3, the reproducibility of the results of beryllium determination is expressed by
the relative error 3.3% for the lowest concentration, while the relative error of determination proves to
be 0.6%. Increasing beryllium concentration, we get both metrological characteristics appropriately
smaller, namely 0.2 % and 0.3 %, respectively. The error of beryllium determination in the absence of
EDTA (for comparable concentration) increases up to 0.9 %, while reproducibility error is 1.0 %.

In waters at our disposal, sampled on Chelyabinsk territory, beryllium has not been found in con-
centrations over the lower limit of concentration range (0.15 pg/mL), therefore we had to carry out eval-
uation of accuracy of beryllium determination in the presence of interfering ions with the use of imitat-
ing mixtures. In one of them beryllium concentration equaled 1 mg/L — for determination in the presence
of EDTA masking agent, while in the other, it equaled 2 mg/L, with due regard to the higher limit of
concentration range determined without EDTA.

In other respects the mixtures were identical and contained the following concentrations of the in-
terfering elements usually contained in natural waters: 4 mg/L sodium, 4 mg/L calcium, 2 mg/L barium,
2 mg/L lead, 2 mg/L magnesium, 1 mg/L aluminum, 1 mg/L copper, 0.5 mg/L iron (III), 0.2 mg/L man-
ganese, 0.2 mg/L zinc, 0.04 mg/L phosphate.

The method of standard additions was used for determination of accuracy, that is, aliquots of the
standard solution of beryllium were mixed with
the sample, in such a way that the sum of the 354
concentrations wouldn't be greater than the |tga103\ 34
higher limit of the linear calibration graph.
Then according to the procedure described
above, the slope ratios were measured. The 21 2
results are shown on Fig. 5.

The average of 5 replicate analyses equals
(0.98+0.05) mg/L for the solution containing 1
mg/L  beryllium (determination at 0.01 M
EDTA), in other words, the true value is within
the confidence interval, which means the ab-
sence of systematic error, while the error of
determination amounts to 2 %. In the solution
containing 2 mg/L beryllium, analyzed in the
absence of EDTA, the average concentration is
(2.240.2) mg/L, that is, reproducibility is sig-
nificantly lower, though determination can still
be considered accurate wit h 10% error.

2,5 4

Cadd, mg/L

Fig. 5. Effect of beryllium standard addition concentration in
the photometric system on the kinetic curve slope ratio.
Cer = 1.73107* M; pHpws = 10.0; A = 450 nm; / = 1 cm;
1- CEDTA =0.01 M; 2- CEDTA =0

Conclusion

1. Decomposition of beryllium-CPR complex can be the basis of kinetic determination, at that the
time needed for one analytical measurement decreases from 30 min to 1-2 min compared to photometric
determination, with the blank experiment nullified.
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2. Optimal pH value of buffer solutions with 0.05 M tetraborate ion is 9.8—10.2, while pH of pho-
tometric system equals 8.5-9, insufficient buffer capacity is compensated by convenience of determina-
tion. The optimal range of the chromophore concentration is (1.3-2.1)-10* M.

3. At EDTA concentration 0.01 M the lower limit of concentration range equals 0.15 pg/mL beryl-
lium, and only 1.1 pg/mL without EDTA, due to more scattered calibration graph. Comparable concen-
trations of beryllium are found with errors of reproducibility 0.2 % and 1.0 %, while relative errors of
determination are 0.3% and 0.9%, respectively with and without EDTA (n =6, P =0.95).

5. Selectivity factors for a number of interfering cations and anions, typical for the composition of
natural waters and wastewaters, have been found. The absence of systematic error has been proved with
the use of the standard addition method, discrepancy with the beryllium concentration present in the
samples equals 2 % in the presence of EDTA, and 10% in its absence.
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BricTpoe pasnoxkenne komiuekca Be” ¢ xmopdocdonaso P B oTcyrcTBHE ame-
THJIAIIETOHA MOJKET CIIY>KHUTh OCHOBOW JJIsl €0 KHHETHYECKOTO OIPEENICHUS] METOI0M
TaHTeHcoB. Bpems onpenenenus nagaet ¢ 30 muH 10 2 MuH. OnpeneneHbl ONTHMAaIb-
HBIE YCIIOBHSA U METPOJIOTHUECKHE XapaKTepucTuku Metoauku. [Ipucyrcteue DTA B
CHCTEME IO3BOJISICT YBEIHUUTH CEIEKTUBHOCTh, TOYHOCTh M YYBCTBUTEIHHOCTH OIIpE-
nenenusi. HuokHsis rpaHuna onpeaenseMbix cojepkanuii 0,15 MKI/Mi1, OTHOCUTENbHAs
MIOTPENIHOCTh HE mpeBbicuia 2 %, a MOrpemHocTh cxoauMocTta — 3,3 %. HaiineHsr
(haKTOpBI CEJICKTUBHOCTH Psijia MEIIAIOIINX KATHOHOB M aHHOHOB.

Kniouegvie cnosa: xunemuyeckuii mMemoo amanusd, mMemood MmMaHeeHcos, Gomo-
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CUHTE3 ME3OIMNOPUCTbIX CTEKNOYITNIEPOOHbLIX MATEPUAIIOB

A.A. XXepebuyoes, C.b. CanoxHukos, [.M. Nanumoe, K.P. Cmonsikoea,
A.A. BuHHuk, I'.I". Muxatinoe, M.I'. Baxumos

HccnenoBanbl NPOAYKTHI 00:KMra moJimMepa Ha ocHOBe (pypaHOBOii cMOJIbI,
MOIM(PUIMPOBAHHOI0 MOBEPXHOCTHO-AKTUBHBIM BelleCTBOM H PAacTBOpHUTesEM.
MaTtepuabl H3yYeHbl ¢ MOMOIIBIO JIEKTPOHHOI MHKpOCKONUM. BhisiBieHa 00-
JIaCTh COCTABOB PACTBOPOB, B KOTOPO# 00pa3yercsi OMKOHTHHYAJbHAS CTPYKTY-
Pa B Buje CBSI3aHHON TPeXMepHOM CeTKH M3 KameJb nojumepa. Pazmep kameib
usmensiercs ot 0,3 mo 1,5 Mmxm.

Kniouesvie cnosa: cmexnoyenepood, Hanonopul, Qypanosas cmoad, OUKOHMUHYANbHASL

cmpyKmypa.

Beenenue

Me30H0pHUCThIC YIIIEPOIHBIC MaTepHalibl 00JIaal0T BICOKOH YAEIbHON MOBEPXHOCTHIO, XUMHUC-
CKOH MHEPTHOCTBIO U AJIEKTPOIIPOBOAHOCTBIO. Takoe COYeTaHUEe CBOMCTB ONTHUMAILHO IS IPUMEHECHUS
WX KaK JJIEKTPOJIOB I KOHJIEHCATOPOB CBEPXBBHICOKOW €MKOCTH, AJIEKTPOXUMHUECKAX W TOTUIMBHBIX
siueek [ 1-6], kak agcopOeHToB [5—10], MoeKyIsSpHBIX cuT [5—8], MeMOpaH [5, 6, 11], katanu3aTopoB u
HOCHUTEIICH 711 YacTHI] Kataau3atopoB [5—8, 12]. [lomydueHue yraepoaHbX MaTepUaIOB U3 MPUPOTHOTO
CBIPBSl OTPAHUYMBACT YIIPABIEHUE UX CTPYKTYpOH u cBoricTBaMU. CHHTE3 CTEKJIOYTJIEPOTHBIX MaTepHa-
JIOB MyTEM OO0KUTa TEPMOPEAKTUBHBIX MOJIMMEPOB, MOJU(PHUIIMPOBAHHBIX PACTBOPHUTEIISIMH, TTO3BOJISECT
IIMPOKO BaphbHPOBATh CTPYKTYPY M CBOWMCTBA MOTy4YaeMbIX MPOIYKTOB [5].

B nmanHO# paboTe mpeasioKeH HOBBIA CIIOCOO CHHTE3a ME30MOPUCTOrO YIIIEPOJHOIO MaTepuaa, C
MPUMEHEHUEM MHOTOKOMIIOHEHTHOT'O pacTBOpa Ha OCHOBE PyppypHIIOBOrO CITUPTA.

Metoauka 3KkcriepuMeHTa

B ocHOBe cuHTE3a JIeKHUT CIOCOOHOCTHh (PYPaHOBBIX CMOJ MPH MPOKATMBAHWH TPEBPAIIATHCS C BbI-
COKHM BBIXOJIOM B cTekinoyraepon [5, 13]. ns uccaeqoBanus BIUSHUS COCTaBa HCXOJIHOTO pacTBOpa Ha
CTPYKTYpY M CBOWCTBa MOJy4aeMOro MaTepuaia Obula n3OpaHa cucreMa Ha ocHoBe (QypdypunoBoro
cupra (OC), XKUAKOTO HEHOHOTEHHOTO TOBEPXHOCTHO-aKTUBHOTO BeIIeCTBA — MOJUAITHIEH-10-
TJIMKOJIEBOTO 3dupa n3ooktwidenona (topropoe HazBanue OlI-10), a Taxoke TpusTuineHriaukons (TOI).
Panee namu 6bu1 ipoBeneH ananoruyHblil cunres B cucteme OC — OII-10 — qubytundranar [ 14].

K noprusm o 5 r ©C pobasisiii cCOOTBETCTBYOIIUN pacTBop Ha ocHoBe OII-10 u TOI (¢ 0, 25,
50, 75 u 100 mac. % TOI') B HE0OXOIMMOM KOJHMYECTBE, MEPEMENINBAIIN, TIOCE Yero J00aBISsIIN He-
ckonbko Karenb 20 Mac. % cepHOW KHCIOTHI IJs KaTanu3a peakmuu noiukoHjeHcammu DOC (cm.
tabn. 1). Konnyecrsa 106aBok cepHON KUCIOTHI OBUTH ONpENIEeHbl B MPEBAPUTEIBHBIX IKCIIEPUMEH-
tax u coctaBwid oT 0,04 mn 1151 uucroro ®C no 0,8 mn ana pactBopa ¢ 30 mac. % OC. [Ipumenenue
TaKuX A00aBOK KOMIIEHCHUPOBAJIO pa30aBiieHHE KUCIIOTHl U MPUBOAMIO K OAHOBPEMEHHOMY IpeBparle-
nuto ®C B nmonuMep BO Bcex oOpasiiax.

ITocae Toro, kak 00pa3Lbl NOIMMEPHU30BAINCH IPY KOMHATHOM TeMIlepaType B TeueHue 18 cyTok,
UX MOJBEprajiy Cylke B cymuinbHoM mkady mpu 50, 90 u 150 °C ¢ BeIaepKKOH Npu KaXI0i TeMIepa-
Type B TedeHue 24 gacos. [Ipocymennsie pu 150 °C o0pasiipl Janee HarpeBauch 0e3 J0CTyIa KHCIIo-
poxa co ckopocTbio 50 °C/u 1o 970 °C u npokanuBaIuch MpU 3TOH TeMIepaType B TeueHuu daca. [Ipo-
KaJICHHBbIE 00pa3lbl NPEACTaBISIM COO0H yriiepoAHble MaTepUallbl YEPHOTO 1IBETa, COXPAaHUBIIHNE QOp-
My, HO YMEHBIIMBIIKECS B pa3Mepax. JInneitHas ycaaka coctaBuia ot 22 10 40 % cooTBETCTBEHHO IS
obpasios AS16 u AS11 (cMm. Tabnuiy).
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CocTaB UCX0QHOro pacTBopa Ansa CUHTe3a 06pa3uOB cTeknoyrnepoga

CocTaB HCXOIHOTO PAacTBOpA, CocTaB HCXOHOT'O PacTBOPA,
Ne 00- Ne 00-
Ne i/t mac. % Ne i/ Mac. %
pasiia pasia
oC OI1-10 or oC OII-10 Tor
1 AS1 70,0 30,0 0 9 AS9 50,1 12,4 37,5
2 AS2 69,8 22,5 7,7 10 ASI10 50,5 0 49,5
3 AS3 70,1 15,1 14,8 11 AS11 30,0 70,0 0
4 AS4 70,3 7.3 22.4 12 AS12 30,1 52,4 17,6
5 AS5 70,2 0 29,8 13 AS13 30,0 35,0 35,0
6 AS6 50,0 50,0 0 14 AS14 29,9 17,4 52,7
7 AS7 50,0 37,6 12,4 15 AS15 30,9 0 69,1
8 AS8 499 25,1 25,0 16 AS16 100 0 0

B3sBemuBanue 06pas3noB mnocie NpoKaTMBaHUSA MOKA3aJI0, YTO KOJMYECTBO 00Pa30BaBILETOCs CTEK-
JIOYyTJIepo/ia MOYTH He 3aBUCUT OT pazbasieHust PC u OJIM3KO K TEOPeTHIECKOMY 3HaueHHIo 3,2 T U3 51
@®C. D10 CBUAETENBCTBYET, UTO B MPEIIOKEHHOM METOJE CHHTE3a, BHE 3aBUCHMOCTH OT KOJHYECTBA
BBOANMBIX OII-10 u TOT', peakuus nonukonaeHcanun OC uaeT A0 NOTHOrO MPEBpAIIEHNs MOHOMEPA B
HOJIMMED.

Mopdonorus CTeKIOyTIepoaHbIX MaTepHaIoB HUCCIEI0BAIACh C TIOMOLIBIO PACTPOBBIX 3JIEKTPOH-
HbIX MHKpockonoB Jeol JSM-7001F u Jeol JSM-6460LV, a Taxxe MpOCBEYUBAIOLIETO 3JIEKTPOHHOTO
mukpockona Jeol JEM 7600F.

Oo0cy:xxnenne pe3yJbTaToB

B 3aBrcuMoOCTH OT cocTaBa MCXOJHBIX PACTBOPOB IMOJyYeHHbIE 00pa3Ilbl CTEKIOYTIEPOAHBIX MaTe-
pHaoB NpUOOPETAIOT Pa3IMUHYI0 Mopdomnoruio (puc. 1).

Crexnoyrnepon HaciaenyeT MOP(GOJIOTHIO CMECH ABYX UCXOTHBIX )KUAKUX (a3, chOPpMHUPOBABLIMXCS
Ha MPOMEXKYTOYHOH cTaguu 00pa3oBaHus (ypaHOBOTO MONMMeEpa, TAKMM 00pa3oM, JaBasi YHUKAIBHYIO
BO3MOXHOCTb U3y4aTh 3Ty MeX(a3Hylo IOBEPXHOCTD C IIOMOIIBIO AJIEKTPOHHOT0 MUKpockona. OqHa u3
3THUX KUIKOCTEH — OMUroMepsl (ypaHOBBIX CMOJI, @ BTOpas — HU3KOMOJICKYJISIPHBIE MPOAYKTHI MOJIH-
KoHeHcanun QypdyprinoBoro cnupta. J[o BBeIeHHS KHCIOTH Ha HAYaIbHBIX CTAIHUAX TOJIUMEPU3AIN
Bce Tpu xuakoctd (PC, OlI-10 u TOI') cmemmBaroTcst MeKAy cOOOH B JFOOBIX COOTHOLICHHUSX C 00pa-
30BaHMEM TOMOTEHHOro pactBopa. Ilo Mepe nonukonaencamuun @C pacTBOPUMOCTH €TO0 OJIUTOMEPOB B
HHU3KOMoJeKysipHoM pactBope (PC, OII-10, TOI' u Boga) yMeHbIIAETCS, YTO MPUBOAUT Ha OIpEIe-
JICHHOM cTaguu K pazneneHuio (as. O0e ¢asbl comepxar B TOH WM MHON KOHIICHTPALIMH BCE YKa3aHHbIC
KOMIIOHEHTHI, OJTHAKO B OHOM TOMUHHUPYET MOJIMMED, a B IPYTrOil — HU3KOMOJIEKYJISIpHbIE BeulecTBa. B
3aBUCUMOCTH OT KOHIeHTpanuu OC B UCXOJJHOM pacTBOpE 0Opa3yIOIIHUiACs MOJUMEp CTAHOBHUTCS JIHOO
aucriepcHor ¢as3oi (KarmsiMu), 1100 IUCTIEPCHOHHOM Cpefol (C BKIIOYEHHSMH Karelb HU3KOMOJIEKY-
JISIPHBIX BELIECTB).

Korna mexdaszHoe HaTsHKEHHE BBICOKOE, OHU 00pa3yroT TNaaKue cepbl, CTpeMsIIuecs K yKpyI-
HeHuto (cMm. puc. 1, a-B, n). Korna mex¢asznoe HatsxkeHre mano (Hampumep, Omarogaps BBEICHHUIO
MOBEPXHOCTHO-aKTUBHBIX BELIECTB), IOBEPXHOCTH paznena (a3 CTaHOBUTCS OoJyiee pa3BUTOM, pa3mep
Karejb — 0oJiee HU3KMM, a TOBEPXHOCTh Kalellb — BU3yalbHO OoJiee pazButoii (puc. 1, r). O6e da3sl B
TaKOM cllydae MOTryT o0pa3oBaTh OMKOHTHHYaJbHYIO CTPYKTYpPY, B KOTOPOH MOHSTHS JUCIEPCHON
($a3pl U TUCTIEPCUOHHOW CpeJbl CTAHOBITCS WHBIMH; 00€ (a3bl HEMPEPHIBHBI M MPOHHU3BIBAIOT JAPYT
npyra (puc. 1, e, u, k). B ciyuae ucnons3oanus guctoro @C o6pa3yeTcss MOHOJIUTHBINA MOJIHMED
(puc. 1, x).

IIpn yBenmuennu x500000 craHOBATCA pa3nUYUMBl O0J€€ TOHKHE JIETald BHYTPEHHETO CTPOCHHS
karnenb AS12 (puc. 1, x), 9T0 Ja€T BO3MOXKHOCTH OOHAPYKUTH B HUX IOPBI pasMepoM 1-3 HM.
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a)

B)

%)

n)

120 MKM

20 MEM

20 MEM

Puc. 1. Mopcdonorus o6pa3LoB no AaHHbIM PacTPOBOW U NPOCBEYNBaIOLLEN (K) ANTEKTPOHHOMN MUKPOCKONUN:
a) AS1, 6) AS5, B) AS6, r) AS10, o) AS11, e) AS15, x) AS16, 3) AS13, n) AS12, k) AS12
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3axinoyenue

Takum 00pa3om, HaiiieHa 00JacTh COCTABOB B TPOWHOM cHcTeMe Ha OCHOBE (GypypHIOBOTO CITUP-
ta, [IAB (OII-10) 1 TpUITUICHITIMKOS, MO3BOJISIIONIAS IPU MOJIMMEPU3ALMH U TOCIEAYIOIEM MIPOKa-
JUBAHUU TOJIy4aTh ME30MOPHUCTHIE CTEKIOYIIIEPOAHBIE MaTEpPHaIbl C OTKPBITON MOPUCTOCTHIO U BBICO-
KOH yJIeIbHOW TOBEPXHOCTBIO, POJICTBEHHBIE K MOP(OIOTUN aKTUBUPOBAHHBIX yriel. [IpennoskeHHbIi
croco0 CHHTE3a J]aeT BO3MOXKHOCTH TOJNyYaTh TaKHE MaTepUallbl B BUJIE KPYIHBIX W3JCTUi (OJIOKOB,
JMCKOB, IWIMHAPOB, TPYO) MyTeM (OPMOBAHHS OTIAMBOK HA CTaJUH MOTHUMEPH3ALIIH.

Paboma evinonnena npu noodepoicke epanma Munucmepcmea 00pa3o8anus u HAyKu 6 pamKax uc-
noaueHust 2ocyoapcmeennozo koumpaxma Ne 14.513.11.0134 om 14.10.2013 e.
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YOK 541.183

BNMUSAAHUE COPBMPOBAHHbIX KATUOHOB LIBETHbIX METAJINIOB
HA CTAPEHUE OKCUI'MOPOKCUOOB ANFOMUHUA (Ill),
XPOMA (Ill) U LIUPKOHUSA (IV)

B.B. CemywuH

H3yyeHo crapeHue cBexkeoca:kaeHHbIX okcuruapokcuaos (OI) Al (IIT), Cr (II1)
u Zr (IV) ¢ copOMpOBaHHBLIMHM KATHOHAMM I[BeTHBIX MeTa/uioB (LIM) (Cu*, Ni¥',
Cr, Pb* u Cd*") npu mmreasnoii (2-3 roga) Boiaepxkke B 0,25 M pacreope NaCl
NPH KOMHATHOMH TeMIiepaType. YCTaHOBJEHO, YTO U3 Tpex u3y4yeHHbIX OI' To/1bKO
AJIIOMOT eJIb NPETEPIEBaeT B pe3yJIbTaTe CTAPeHHs] 3HAYHTETbHbIE H3MEHEHHUS JIeK-
TPONOBEPXHOCTHBIX CBOMCTB M cocTaBa. Pe3ybTaToM 3THX NpeBpalleHuii SIBJIsIeTCs
3HaumuTesabHas (10 70 %) mecopOuus copdupoBaHHbIX karHoHOB ILIM. Xpomo- u
IHPKOHOTEJIN HCIBITHIBAIOT 32 YKA3aHHBIN CPOK CTAPEHHs] OYeHb MAJible H3MeHe-
nusi. [Ipupona copOMpPoOBAHHBIX KATHOHOB HE3HAYHTEIHbHO BJINSET HA W3MEHEHHUS
cBoiicTB u3yyeHHbIx OI.

Knrouegule cnosa: okcusuopokcuobl, copouposantvle Kamuoubsl, MouKd H)1e6020 3a-
pAoa, cocmas, cmapenue.

Beenenue

Panee Hamu ObUIO mpoBeneHO 0030pHOE HccienoBanue [1] crapeHust ruaporeneil OKCUTUAPOKCH-
noB (OT) Fe (1), Cr (IIT), Al (IIT), Zr (IV) u Ti (IV) nox BiusitHueM cOpOMPOBAHHBIX KATHOHOB IIBET-
HbIX MetainioB (LIM) (Cu (1), Ni (I), Cr (III), Pb (II) u Cd (I11)) B cycnensuu, rae TMCIEPCHOHHON cpe-
noit ciyxkun 0,25 M pactBop NaCl. Crapenue npoBoauny npyu KOMHATHON TeMIlepaType B TeueHue 2—3
net. beuto ycraHoBieHo, uto nmoBeaeHue Ol B 3TUX yCIOBUSX CHIBHO Pa3iUvaeTcsl B 3aBUCHMOCTH OT
npupoabl neHTpansHoro wona OI', u HamOoJbImMe u3MeHeHus nperepreBatoT coricta O Al (1) u
Fe (III). OTu n3MeHeHus! BBIPAXKalOTCs B 0CJIA0JICHUN OCHOBHBIX CBOMCTB noBepxHocTH O, cieactBueM
Yero SIBJISCTCS MOAKHUCICHUE CYCIICH3UH M YaCTHYHas JecopOuus KaTuoHoB L[M, a Takke B 4aCTUYHOM
kpucramumzaruu Ol

3TH npeBpaileHus 0bUT oAPoOHO M3ydeHsl U onucanbl Hamu st OI" Fe (I11) [2], u wactuyno [u1st
Al (IIT) [3] u Ti (IV) [4]. Onnako noenenue OI" Cr (1) u Zr (IV) npu crapeHnn He OBLIIO HAMH OITUCA-
Ho, a moBeaenue OI' Al (II) omucano He gocTaToyHO MOMPOOHO. [TocKoIBKY BOIIPOC O AECOPOIMH COp-
OoupoBaHHBIX KaTnoHOB LM ¢ moBepxHoctn OI' mpu cTapeHWH CBsi3aH C MpoOJIEeMON BTOPUYHOTO 3a-
IPS3HEHMS OKPYXKAIOLIEH cpelbl MPH XPaHEHUH OTXOJ0B XMMHKO-METAJUTYPIrHUECKUX MPOU3BOICTB, B
Hacrosiei padore onucano craperne OI' Cr (III) u Zr (IV) ¢ copbupoBannsivu LIM u npuBeaeHs! co-
OTBETCTBYIOIIHE JAOMOJHUTEIbHBIC JaHHbIe 0 moBeaeuuu O Al (11D).

Metoauka uccaef0BaHUs

Hnst momyyenust o6pa3nos OI' ncnonb30Bany METOIUKY, ONHCAaHHYIO B padote [5]. HMcmonb3oBamu
anmukBoThl McxoaHbix pactBopoB Al (IIT) u Cr (III), comepxkamue ~ 0,02 monst OI', 9TO COOTBETCTBYET
1,5+2,3r OI' crexuomerpuueckoro coctaBa Al(OH); u Cr(OH);. Tenmu OI' mupkoHus B KOJIHYECTBE
~0,02 moub, uto coorBercTBYeT 3,2 T OI' cTexuomerpuueckoro cocraBa Zr(OH)4, momyuanu pactope-
HueMm 5,5 v ZrO(NOs),2,3H,O B 50 Mmut Boabl. AJMKBOTBI PAacTBOPOB coJiel pazbamisuid a0 ~ 50 mi,
ocaxnanu, nosoas pH cycnensuu 1o 3nauenus 8,5 (pH,), mpubasinsist Kk pa30aBieHHON aJMKBOTE pac-
TBOpa coiH Mo KamwisiM pactBop NaOH ¢ koHIeHTpanmel 2 MOJIb/ 10 TeX MOp, MMOKa 3aJaHHOE 3Haue-
Hue pH; He ocTaBanoCh MOCTOSHHBIM B TeueHHE ~ 5 MuH. [locie ocaxxaeHus reixb OTASNIAIN OT MaTod-
HOT'O PacTBOpa M TPIKABI IPOMBIBAIN AUCTHIUIMPOBAHHON BOOH MyTeM JEKaHTAIMH C TOMOILBIO LICH-
tpudyru OITH-8 ¢ n=2000 06/MHH, TPOIOHKUTEILHOCTD OTKMUMA Kbl pa3 coctasisiia 5 MuH. I1po-
MBITbIE OCaJIKH CyCIIEHIUPOBAIIM B BoJie 10 0ObemMa cycnensuu 0,25 1.

Cucremsl U1t n3yueHus BIUAHNAA KaTHoHOB LIM Ha ctaperne OI' roToBHIHN ciieayromuM o0pa3oMm.
B o6béme 1,5 1 ecmemmBamu 1,25 1 0,3 M pactBopa NaCl ((pOHOBBII 3JEKTPOINT), COAEPHKALIETO aTTHK-
BOTY pacTBopa cop0ara, pacCUMTAaHHYIO TaK, YTOOBI KOHIICHTpAIMsI KaTHOHA copbaTa B CUCTEME «COp-
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CemywuH B.B. BnusiHue cop6upogaHHbIX KamMUOHOE8 U8emHbIX Memarsioe
Ha cmapeHue okcuaudpokcudoe anromuHusi (Ill), xpoma (Ill) u yupkorus (1V)

OeHT + copOat + 3neKTpoauT» cocrapisia ~ 9+4 mr/r M(OH);4) (Tadm. 1), u 0,25 1 cycnensuu, cojep-
xameit 0,03 monst copbenra. 3areM BennunHy pH mony4yeHHO# cycrieH3uu cHOBa JoBOoAWH 10 8,5. Hc-
XOAHYIO KOHIICHTPALMIO copOaTa KOHTPOJIMPOBAIM Tepell CMEIIEHHEM PacTBOpa copdara U CyCIeH3HH
cop6enrta. [lomyyeHHyIO cHCTEMY B 3aKPHITOM MOJUAITUICHOBOM COCY/I€ BBLAEP)KUBAJIN IPU KOMHATHON
temneparype (18+5) °C u nepuonndeckoM BCTpSIXMBaHUM 0e3 KoppekTupoBku pH B Teuenue 2-3 ner.
Jnst cpaBHEHHSI ObUTH MOCTABJICHB! aHAJIOTHYHBIE SKCIEPUMEHTHI 110 CTAPEHUIO COPOEHTOB, CBOOOTHBIX
oT copbara. B TeyeHHe Bcero BpPEMEHH CTApPCHHUSI CHCTEM dYepe3 ONpeseIiCHHBIC, BCe BO3paCTarolIne
MIPOMEXKYTKHA BpEeMEHH OTOMpaiu mpoObl cycreH3nu 1no 30-50 My, u3Mepsuid B HUX MPH MOCTOSHHOM
nepememuBaanu pH (pH.) (puc. 1, 2), mocie yero Bo3Bpariaii mpoOsl B CUCTEMY.

Ta6bnuua 1
UcxopHasa KoOHUeHTpauus cop6arta B Ol copbeHTe
OKeHTIApOKCH KogueH DAL cqg)+6aTa, MI/T cop662111Ta - -
Cu Ni Pb Cr Cd
Al (IIT) 12,6 13,8 12,5 12,7 12,6
Cr (IIT) 10,2 9,8 7,7 - 9,3
Zr (IV) 5,8 6,3 5,0 54 5,9

[Tocne oxoHUAHUS 33JJaHHOTO CPOKA CTAPEHMS CYCIECH3HIO TIIATEIbHO MEPEeMEIINBATN, U3MEPSITH
pH. cycnensun n ¢punsrpara pHy (Tabn. 2—4). ITocne 3T0ro ocagok OTAENAIN OT PacTBOPa MyTEM Je-
KaHTalWu C TMOCJIEAYIOIIEH TPEXKPAaTHOM OTMBIBKOW OT pacTBOpa (POHOBOT'O HJIEKTPOIUTA. 3aTEM OTMBbI-
1h1# Tenb Ol pazbasisum 1o 250 vt u u3mepsita pH monyuenHoi cycnensun (tadn. 2—4). U3 nomydeH-
HOM CYCIIEH3UH OTOMpaJId aIMKBOTHI, cOOTBeTCTRYOIIHKE ~ 0,008 Mos1st OI' a1 SKCIIEPUMEHTOR IO OII-
penenenuto pH touku HyneBoro 3apsaa (pHryz) ¥ CKOPOCTH MHIMKATOPHOW PEAaKUUU T'€TEPOreHHOTO
rugpommsa (I'T) kommiekca [IrClg]> (ta6n. 2—4), korcranta K, KOTOpOil HCIOIB3yeTCs HAMH KaK Xa-
pakTepucTuka copounonnoi aktusHoctu OI' cormacHo [6, 7]. YacTh copOeHTa UCTIONB30BAIH ISl OTl-
peneneHust OpyrTro-cocTaBa rupporeis. s 3Toro HaBecKH rejiedl cHavana CYIIWIM A0 IMOCTOSHHOM
Maccsl ipu 110 °C, 3atem npokanusany npu 950-1050 °C B Tedenue 2 yacos. Pe3ynbratel npeacrasie-
HbI B Ta0J1. 2—4. Beicymiennsie 00pasubl Ol uccienoBaim METoI0M PEHTIEHOIU(BPAKIIMOHHOIO aHAIN3a
Ha nudpakromerpe JIPOH-2¢ ncnons3oBannem Cu-Ko-uzmydenus: (MoHoxpomarop — rpagut). Ha oc-
HOBaHUH MOMYYCHHBIX TUPPAKTOrpaMM OTIPEISISUIH THIT KpucTaundeckoi pemerku Ol .

9.0
85
8.5 1
7,0
i
2]
= o 2
.
80 3
5,5 1 2
3
4,0 T T 1 775 i i i '
0 200 400 600 0 200 400 600
T, CYTKH T, CYTKH
Puc. 1. BnusaHne cop6bMpoBaHHbIX KATUOHOB Ha U3MeHe- Puc. 2. BnusiHue cop6upoBaHHbLIX KaTUOHOB Ha M3MeHe-
Hue pH mopenbHbIX cuctem Bo BpeMeHu (t) ¢ O Al (lll):  Hue pH mopenbHbIX cuctem Bo BpeMeHwm (t) ¢ O Zr (IV):
1 -Cd*; 2 - Cr*; 3 - 6e3 copbara 1 - Pb%, 2 - 6e3 copbara; 3 - Cd*
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Tabnuua 2
BnusiHue katnoHos LIM Ha noseaenune cuctem O AI/M™ nocne ctapeHus
Cop6ent OI' Al (IIT)
Omnpenensiemast v
XapaKTepUCTHKa COp6I/IpOBaH.HBII/I KaTHOH
- — Cu Ni Pb Cr Cd
CYCHEH3UU 8,50 4,64 5,83 4,97 5,24 5,12 5,7
% ¢dbunpTpaTa 7,76 4,75 6,02 5,59 5,52 5,88 6,02
ApH=pH,,.,—pHy 0,74 -0,11 -0,19 -0,62 -0,28 -0,76 -0,32
Jecop6ums, M” % — - 3,3 47,0 61,0 H/0 74,6
pHrys, dhon 0,1 8,16 4,29 5,35 4,04 5,02 4,82 5,43
NaCl,SMOJITI)/H 1,20 8,62 5,25 5,65 5,01 5,32 5,28 5,95
Ky 10° ¢, [IrClg] 7,
60 °C, 5 1 M NaCl 9,8+1,1 1,5+0,2 2,5+0,1 1,0+ 0,1 42+0,5 1,2+0,1 2,7+ 0,1
CocraB TIponomKUTENbHOCTD BBIICPKKH, CYT.
[Al,05°yH,0]-xH,0 0 1232 1040 1053 1076 1097 1122
X 262,0 95,7 211,9 39,9 79,1 60,4 119,1
y 2,1 4.1 2,7 1,7 2,5 2,9 2.8
Xty 264,1 99,8 214,6 41,7 81,6 63,3 122,0
Tabnuua 3
BnusHue katnoHos LM Ha nosegeHune cuctem OI Cr/M** nocne ctapeHus
Cop6ent OI Cr (III)
Onpenensiemast v
XBPAKTCPHCTHKA CopOnpoBaHHBIN KdeI/IOH
— — Cu Ni Pb Cd
CYCIIEH3UH 8,50 8,30 8,31 8,39 8,33 8,33
EQ ¢mreTpara 6,15 6,19 6,20 6,22 6,36 6,21
ApH=pH .. pHy 2,35 2,11 2,12 2,17 1,97 2,12
HecopOrus, M”"% — — 0,02 0,05 0,15 0,12
pHrus, on 0,1 8,78 8,00 8,01 8,05 8,02 8,02
NaC1,4MOi'IB/J'I 1§0 9,42 8,16 8,17 8,28 8,21 8,23
K, 10" ¢, [RhClg] ™,
30°C, B 1 M NaCl 7,01+ 0,43 6,96+ 0,74 | 7,89+ 0,25 | 10,43+0,32 | 7,37+ 0,32 7,46 +0,21
CocraB IIpo10IKUTENEHOCTD BBIIEPHKKHU, CYT.
[Cr,05-yH,0]-xH,O 0 1440 1253 1265 1044 1043
X 287,6 104,7 1247 112,3 121,5 131,1
y 4,6 4,0 4,7 39 3,6 3,2
x+y 2922 108,7 129,0 116,2 125,2 134,4
Tabnuua 4
BnusiHue katnoHos LIM Ha noseaenune cuctem O Zr/M™ nocne ctapeHus
Copb6ent OI" Zr(IV)
Onpenensemas =
XapaKTEPUCTHKA COp6I/IpOBa}'IHbII/I KaTHOH
— — Cu Ni Pb Cr Cd
CYCHEH3UH 8,50 8,31 8,13 8,35 8,43 8,03 8,01
% ¢dbunpTpaTa 5,22 6,27 5,90 6,00 6,04 5,88 5,86
ApH=pH,.,—pHy 3,28 2,04 2,23 2,35 2.4 2,17 2,16
Jecopbuus, M* % — — 0,01 0,45 0,02 0 3,4
pHrys, dhon 0,1 8,32 8,18 7,85 8,02 8,11 7,74 7,70
NacCl,, mone/m | 1,0 8,92 8,29 8,02 8,26 8,35 8,10 8,04
K, 107, [IrCly)”, — | 3442025 | 4514030 | 3.23£0.9 | 3.24+024 | 3,6140.28 | 4.20+0,54
60 °C, 81 M NaCl ’ ’ i ’ i i ’ ’ i ’ ’ ’
CopepxaHue BOJIbI IIpogoIKUTENBHOCTD BBIIEPKKH, CYT.
[ZrO,-yH,0]-xH,0 0 1508 1039 1055 1049 1047 1046
X 259,7 113,2 111,6 117,3 106,9 115,3 112,7
y 11,8 1,4 1,6 2,0 1,4 1,8 1,4
x+y 271,5 114,6 113,2 119,3 108,2 117,1 114,1
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CemywuH B.B. BrnusiHue cop6upogaHHbIX KamMUOHOE U8eMmHbIX Memarsioe
Ha cmapeHue okcuaudpokcudoe anromuHus (lll), xpoma (Ill) u yupkorus (1V)

Oo0cy:xnenne pe3yJbTaToB

Kak mbI yixe orMeuanu B pabotax [1, 2], mo Mepe cTapeHus] CUCTEMBI C Pa3InYHbIMU copOaTamMu —
kaTuoHamu [{M — MOAKHUCIIIOTCS B pa3iuyuHo# crenenu. Ha puc. 1, 2 oTpakeHbI pe3yibTaThl H3MEHe-
Hus pH, B uccnenyeMeix cuctemax B TeueHue 1,5 ner'.

B cucremax ¢ OI' Al (III) nabnronaetcs peskoe cHikenue pH B Teuenne nepsbix 15-20 cyTok Ha
1-2 exn. pH, nocne yero HabironaeTcs JanbHelIee MeJIEHHOE TIOAKUCICHUE U Yepe3 ~ | Toj] 3HaueHne
pH cranoBuTCst moctostHHBIM (cM. puc. 1). MHTepecHo otMeTuts, uto pH, y amomorens 6e3 copbata
BBIXOJIUT HA IUTATO TOJBKO 4Yepe3 ~ 3+3,5 roxa. Psa Bnusaust katuonoB 1M nHa cHmwkenne pH BeIrasauT
cremytomum odpaszom: Cu” < Cd™ < Pb™ < Cr” < Ni*. [lepro OTHOCHTEIbHOMN CTAGUIPHOCTH CHCTEM
C XpOMOTeJIeM HacTyIaeT uepes ~ 2,5 roga. Bnusuaue katnonos LM Ha X011 cTapeHuUs: XpoMoreinen He-
3HAYUTEIBHO.

s cucteM ¢ IUPKOHOTEISIMU XapakTepHO HaIWYHE BYX MepuoaoB msmMeneHus pH, (cMm. puc. 2).
IepBsiii — B quanasone 7,9+8,7 amutcs ~ 1 rox, muanason pH Broporo — 8,1+8,5. Kationst Pb™ 1 Ni™
BBI3BIBAIOT HE3HAUUTEIBHOE MOALIEIaYNBAaHUE CYCIIEH3UH 110 CPABHEHHUIO C CUCTEMOM, HE cojiepiKalien
COpOMPOBAHHBIX KATHOHOB, & KATHOHBI Cd"™, Cr” u Cu™ BeI3BIBaIOT, HaIlPOTUB, OYCHB CJIA00€ TIOIKIIC-
JICHUE CYCTICH3HH.

W3 Tabn. 2—4 BugHO, UTO B ciyyae ajqroMorens u3MeHeHue BennduHbl pH nocturaer ~ 4 en., npu-
YeM MaKCHMalIbHOE MoJKuciIeHne aocturaetrcs aiust O, cBoG0JHOro 0T cOpOMpPOBaHHBIX KATHOHOB, HO
Ja’ke W HaUMEHbBIIAas pasHULA MEXIY UCXOAHBIM M KoHeuHbIM pH, cocraBiser 2,7 en. (cm. Tabmn. 2). B
to e Bpems it O Cr (I1I) ara pasauna cocrasmsietr ~ 0,2 ex., a st OI' Zr (IV) — we 6onee 0,5 en.
(cm. Tabu. 3, 4). COOTBETCTBEHHO, U A€COPOIMS COPOUPOBAHHBIX KATHOHOB B IMIEPBOM CJIydae COCTaBIIS-
et 47+75 %, xpome Cr, a Bo BTOpoM u TpeTheM — He Gonee 1 %, u Tonbko mecopbuus Cd** ¢ mosepx-
HOCTH IUPKOHOTEN Jocturaet 3,5 %.

Ouenb MHTEpECHBI pe3yNIbTaThl HaOMoAeHus 3a BenuunHoi ApH = pH, — pHy. ApH xapakrepusyer
TaK Ha3bIBaeMBIN CyCNeH3HOHHBIN 3 dekT [8]; 3HaK cycneH3noHHOTO 3(dekTa coBmagaeT co 3HAKOM
3apsia MOBEPXHOCTH Ha rpaHuue pasaena teproe teno (OI') — sxuakocts (pacTBOp anekTponuta). U3
TabJ1. 2 BUIHO, YTO MOBEPXHOCTH AIFOMOTeENs MOCIE CTapEHHUsI BO BCEX CIIydasxX 3apshKeHa OTPHULATENb-
HO, TOTJa Kak y cBexeocaxxaeHHoro OI' oHa 3apspkeHa MOJI0KUTENBHO, YTO COTJIACyeTCsl C HCTUHHOU
BenmmunHOM pHryz = 8,3 B cpene NaCl [6]. B To xe Bpems nosepxuocts OI' Cr (III) u Zr (IV) Bo Bcex
Clly4asix 3apspKeHa MOJIOKHUTENbHO, IPU TOM, YTO 3TO COIJIACYETCS ¢ UCTUHHBIMU 3HAYCHUAMH MX PHrus
[9]. BunHo, uTO 3apsi MOBEPXHOCTH XPOMOTENS MPHU CTAPEHUH U3MEHIETCA OYeHb MaJio 10 CPaBHEHMIO
C 3apAZI0M CBEKEOCAXACHHOrO Tefis (Tabi. 3) (eaBa BBIXO/S 3a MPEACIIbl SKCIICPUMEHTAILHON OrPeli-
HOCTH), U JUTSI IUPKOHOTENS 3TO U3MEHEHNE He HAMHOTO OoubIie (cM. Tadr. 4).

Obparaer Ha ce0s BHUMaHUe ocnadiaenue 3aBucuMocTd pHryz 11t Beex Tpex OI' oT KOHIeHTpauuu
JNIEKTPOJIUTA, YTO MOXKET OBITh PE3YNIHTATOM TaKHMX MU3MEHEHHH CBOICTB MOBEPXHOCTH pa3zzieiia, KOTOpbIe
MBI €lIe He B COCTOSIHMM 3aduKcupoBaTh. Bemmumusl K, HHOIMKaTOPHONW peakLUM CHUIBHO W3MEHSIOTCS
(YMeHbILIAIOTCS) B pe3yabTaTe cTapeHust Toabko B ciaydae amomoress, y OI' Cr (1) u Zr (IV) onu coxpa-
HSIOT MTOYTH MOCTOSAHHOE 3HAUEHHE B MpeJIeNiaX JOBEPUTENHFHOTO MHTEpBala H3MEPEHUH.

ConepxxaHue WHTPaAMHUIEIUIAPHON BOJBI B 00pa3iiax B pe3ylbTare CTapeHus IMoj| (OHOBBIM JIICK-
TPOJIUTOM CHHU3MJIOCH II0 CPABHEHUIO cO cBexeocakAEHHBIMU Ol B 2—6 pa3 B 3aBUCUMOCTH OT IPUPOBI
neHrpansHoro nona OI': Al (IIT) > Cr (II) > Zr (IV) (cMm. Tabn. 2—4). Amomorens tepser 150-200 mo-
JIeKyJ BOJbI, oiHaKo B cucreMe Al/Cu copepkaHue CBS3aHHOW BOJBI CPAaBHHMO C COJIEpKaHUEM B CBe-
weocaxnéaaom Ol Al (IlII). HamonoBuny cHimkaercs coxepskanune mosiekyn Boxbl B OI' Cr (IIl) u
Zr (IV). B cBoro ovepens coaepkaHue CTPYKTYPHOM BOJBI MPAKTUYECKH OCTAETCA HAa YPOBHE COAEpKa-
HUS B CBEXKEOCAXKIEHHOM PopMe BO BceX M3YUCHHBIX CHCTEMaX, 32 HCKIFOUEHHEM [IUPKOHOTEeNeH, B KO-
TOPBIX €& ColePKAHNE CHIDKACTCS B 6—8 Pa3, UTo OUEBHJIHO CBA3AHO C 0Opa30BaHHEM HUPKOHMWIA ZrO™" .

B pesynbrate crapenust uccnenyemble Ol KpuUCTaIIU3UPYIOTCS B Pa3aMyHON cTeneHH. Al-remu
KPUCTALTU3YIOTCS IIPEUMYIIECTBEHHO MO TUITY THOOCHUTA, B Zr-TeNsx HaOI0Jaf0TCsl HaualbHbIE CTaNN
Kpuctamm3anuu, Cr-relin 3a UCCIIeAyEeMBbIi EPUO/]] OCTAIOTCS PCHTI€HOaMOP(QHBIMH.

' Usmenenust pH.yen B cicTemax ¢ OI' Cr (III) cmmikoM He3HAUUTEbHbI AT Fpad)HIecKoro NpeacTaBlICHHs.
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3axioueHue

B pesynbrate msydenus monropemenHoro (2-3 roma) crapenust OI' Al (ITI), Cr (IIl) u Zr (IV) ¢
cop6uposanubMi Katnonamu LIM (Cu®’, Ni*', Cr’*, Pb* u Cd*") B cycnensun B 0,25 M pactBope NaCl
YCTAHOBJICHO, YTO U3 TpeX u3y4deHHBIX Ol TOJIBKO amoMoreib NPETEpPIEBacT B PE3ylbTaTe CTapEHHS
3HAYUTENbHbIE U3MEHEHHS AIEKTPOIIOBEPXHOCTHBIX CBOMCTB M COCTaBa: CHIDKeHUE pHrys, yMEHbIIEHHE
COpOLIMOHHBIX CBOICTB, COKpAILlEHHE COJIEPX aHUs BOABI B (haze reiis W KpUcTaUIM3aLuio. PesynpraTom
3THX MpeBpaIleHUH ABJsieTcs 3HaunTenbHas (1o 70 %) necopbuust copOupoBaHHBIX KaTHOHOB LIM. D10
JIeaeT 0CcaloK aJroMOrelisd, paHee UCIIONb30BAHHBIM IJIs1 OUUCTKU PacTBOPOB (OOBIYHO KaK KOAryJIsHT),
MOTEHIIMAIBHBIM UCTOUYHUKOM 3arps3HEHUS OKpY’Karolleil cpeapl. XpoMo- U HUPKOHOTEIH HUCIBIThIBA-
IOT 32 yKa3aHHBIA CPOK CTapeHHs OYeHb Majble u3MeHeHus. IIpupona copOMpoBaHHBIX KATHOHOB He-
3HAYUTENFHO BIUSET Ha U3MEHEHMsI CBOICTB n3y4eHHbIX Ol
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INFLUENCE OF THE ADSORBED METAL CATIONS
ON THE AGING OF ALUMINUM (lll), CHROMIUM (IiI)
AND ZIRCONIUM (IV) OXYHYDROXIDES

V.V Semushin, ICTREMRM KSC RAS, Apatity, Russian Federation, semushin@chemy.kolasc.net.ru

The aging of the freshly precipitated oxyhydroxides of Al (III), Cr (III) and
Zr (IV) with the adsorbed cations of non-ferrous metals (Cu**, Ni*", Cr’*, Pb>" and
Cd*") in long-term (2-3 years) exposure to 0,25 M NaCl solution at room temperature
has been studied. It has been established that among the studied oxyhydroxides only

38 BectHuk KOYpIlY. Cepusa «Xumusa»



CemywuH B.B. BrnusiHue cop6upogaHHbIX KamMUOHOE U8eMmHbIX Memarsioe
Ha cmapeHue okcuaudpokcudoe anromuHus (lll), xpoma (Ill) u yupkorus (1V)

alumina gel’s electric surface properties and composition have been changed signifi-
cantly. Over 70 % of the non-ferrous metal cations are desorbed in the result of such
transformations. The chromogels and zirconia gels has changed only slightly over the
same period of time. The nature of the adsorbed cations insignificantly affects the
properties of studied oxyhydroxides.

Keywords: oxyhydroxides adsorbed cations , the point of zero charge , composi-
tion, aging.
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YIOK 544.032.3

CUHTE3 HAHO- U MUKPOKPUCTAIIIIOB Zn0O
NYTEM NEPEKPUCTAJJTIU3ALUNN B SAMKHYTOM OB bEME

A.B. Ton4es, T.KO. lNepmsikoea

Meronamu peHTreHorpauu M 3JIEKTPOHHONH MHKPOCKONUMM HCCJIC0BAaHO
BJIMSIHME JABJICHHS] BOASHOIO NMAapa HA AMCIEPCHBbIA COCTaB M radUTyC KPHCTALIOB
ZnO, ¢opmupymomerocst npu Tepmoodpadorke Zn(OH), B 3aMKHYTOM 00beMe NpHU
450 °C. Iloka3aHo, YTO YBeIMYCHHE MNAPHUAIBHOIO JABJICHHUA IAPOB BOABI IIPH Tep-
MO000padoTKe rHIPOKCHIA LUHKA B 3aMKHYTOM 00beMe IIyTeM NpeABAPUTEIbHOr0
100aBJIeHNs] B PeAKIMOHHYIO 30HY TUCTH/LUIMPOBAHHOI BOABI criocodcTByeT ropMu-
POBAHUI0 CTEPKHEOOPA3HBIX MHUKPOKPHUCTALIOB OKcuaa nuHka. IIpu Tepmoodpa-
0orke Zn(OH), B 3aMKHYTOM 00beMe 0e3 100aBiieHUsI BOAbLI 00pa3yeTcsi HAHOKPU-
craummyeckuii ZnO 6e3 NpU3HAKOB AHM30TPONUH (POPMBI.

Kiouesvie cnosa: 2udpoKkcuo yumka, okcuo yuHKa, CMepICHeoOpasHbie MUKPOKpPU-
CMAbl, NAPYUATLHOE 0asieHue Napoe 600bl, paAcmeopeHue KpUCMAaLlos.

Beenenue

HaHo- 1 MUKpOKpHCTAIIMYECKUN OKCH] IMHKA SBJISIETCS IHPOKO30HHBIM MOIYIPOBOTHUKOM, 00-
JIa1aeT JTFOMHUHECIICHTHBIMH CBOMCTBAaMH, (DOTOUYBCTBUTEILHOCTHIO M (hOTOIPOBOIUMOCTBIO, Palrally-
OHHOH CTOHKOCTBIO [1]. OCOOEHHOCTBIO 3TOH CHUCTEMBI SIBJIIETCS BO3MOYKHOCTh CHHTE3a MHUKDO- U Ha-
HOPa3MEPHBIX KPHUCTAIJIOB C SIPKO BEIPAKEHHOHN aHU30TPOIHUeH (GOopMBI, B BHJIE CTEPKHEH, TPyOOK, TraH-
TeNeid, IIBETOB U T. 1. [2]. Takue 0OBEKTHI SIBIAIOTCS MEPCIIEKTUBHBIM MaTEPHAIIOM JUISI CO3/IaHUS CEH-
COPHBIX, OMTOIECKTPOHHBIX YCTPOUCTB, TPAH3UCTOPOB. IS MOTydYeHUST HAHOKPUCTAILTHIECKOTO OKCHAA
IIUHKA UCIIOJIBb3YIOTCS TaKUE METOJIbI, KAK CHHTE3 U3 ra30Boi (a3sl M U3 PacTBOPOB, AIEKTpodopeTHye-
ckoe ocaxaenne [3]. Ocob0 MHTEPECHBIM SBISETCS THIPOTEPMAIbHBIN METOJ, KOTOPHIN MO3BOISET B
IIMPOKUX TPEJesiax BapbUPOBaTh (OPMYy U pa3Mephl MOJIydaeMbIX KpucTawioB. s (GopMupoBaHus
aHU30TPOIHBIX CTPYKTYP CHHTE3 MOXHO OCYIIECTBIISATH KaK HAa KPUCTAJUIMUECKON IOJUIOKKE, (KpeM-
HUH, IIMHK), TaK 1 0e3 Hee, B MPUCYTCTBHH PACTBOPOB OPraHMUYECKUX U HEOPTaHWYECKUX COSTHHEHUN—
MUHEPAIN3aTOpOB [2, 4].

Lenpro HacTosMICH pabOTHI SBISAIOCH MCCICIOBAHUE BIMSHUS JaBJICHUS BOSHOIO Iapa Ha JHUC-
TIEPCHBIN CcOCTaB u TraduTyc KpuctamioB ZnO npu TepMooOpaboTKe TUAPATUPOBAHHBIX OKCHIIOB IIMHKA
B THAPOTEPMANBHBIX YCIOBUAX U 3aMKHYTOM oO0beMe npu Temnepatype 450 °C.

OO0beKThI M METObI HCCIeI0BAHUSA

Wcxonnbiii runpokcu nuHka noiaydanu cmemenueMm 100 ma 0,25 M pacTBopa HUTpaTa LUHKA U
150 mm 0,5 M pactBopa kapboHaTa HaTpus MPU KOMHATHOW TemmepaType u pH peakunoHHO# cpenpl,
paBHoi1 6,8. [TomydeHHBIH OcaloK BBIIEPKUBAIIM B TeUeHHE 24 4, a 3aTeM OT(QUIBTPOBBIBAIM HA BOPOH-
ke broxHepa u mpombIBaiIM ropsyeld JUCTUINIMPOBAHHON Bomo# B komudectBe 300 M W cynmwim npu
KOMHATHOM TeMIepaType B TE€UCHUE CYTOK. PeHTreHorpaduueckuil aHaim3 oOpas3LoB MPOBOIWIN Ha
mudpakromerpe JIPOH-3, MomupuIIMpoOBaHHOM JUIsl pETUCTPAIMU TaHHBIX Ha KOMITBIOTEPE, C HCIOIb-
3oBaHueM (puiabTpoBaHHOro CoK,- n3nydeHus. MopQosoruio u cpeHuil pasMep KpUCTAIIOB HCCIISIO-
BaJIM Ha CKaHUPYIOIIEeM 3JieKTpoHHOM MuKpockorie JEOL. ITo manHbIM peHTreHO(pa30BoOTo aHaIN3a, 1c-
XOIHBIM 00pasel MpencTaBisl co00i HAHOKPUCTAJUINYECKUI THIPOKCH IIMHKA, U3BECTHBIM B JINTEpa-
Type [0 Ha3BaHHUEM sweetite, 1 KpUCTAIIM3YIOLIMICS B paMKax TeTparoHaJIbHOW CHHTOHHH C TIapaMeT-
paMu 3eMeHTapHON Kpuctamummdeckoi stueiiku a = (0,820 £0,006) um u ¢ = (1,434 £0,008) um. Ilo
JaHHBIM JICKTPOHHOW MHUKpOCKONHHU (pHc. 1, a) HCXOMHBIN 00pa3en COCTOUT U3 XJIONbEBUIHBIX IOY-
NPO3PaYHbIX KPUCTALUIMKOB HeNpaBHIbHOH (Gopmbl Tonmmuoi ~10 HM U ~100 HM B momepeyHHKe.
I'unporepmanbHyt0 TepMOOOPaOOTKY THIPOKCHIA IIMHKA OCYIIECTBISUIM B CTAIBHOM TOJICTOCTEHHOM
aBTOK/IaBe THIA «GoMbGa» o6bemom 0,002 am°, Kyaa 3arpyxanu | r ucxomsoro Zn(OH), (o6pasers 1).
Bo BTOpOIi aHanoruuHeI aBTOKIAB 3arpyxanu 1 r ucxognoro Zn(OH),, u no6asmsi 1 M1 ARCTHILTH-
poBaHHOH BoJIbI (0Opaser] 2). ABTOKIaBbl ¢ 00pa3namMu MOMEIAId B MPEIBAPUTEIHLHO HATPETYI0 MY-
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Ton4es A.B., lNepmsikosa T.HO. CuHme3 HaHoO- u MuKpokpucmaisios ZnO
nymem nepekpucmannusayuu e 3aMKHymom o6beme

¢denpHyto meub. Temmeparypa TepmooOpaboTku coctasisuia 450 °C, Tounocts nopnepxkanus = 5 °C,
BpeMs TepMooOpaboTku — 4 4. [TapuuanbpHOe AaBICHUE MapOB BOJBI B PEAKIIMOHHOW 30HE OLICHUBAJIH 110
ypaBHeHHUI0 Menneneesa — Knaneiipona.

- 100nm JEOL
20.0kV SEI SEM

Puc. 1. MukpodoTtorpacmmu ncxogHoro rugpokcuaa LUnHKa (a) n obpasuoB okcuaa UMHKa: 6 — o6pasel 1, 6e3 gobaBneHus
BOoAbl; B — obpasey 2, c go6aBneHnem 1 mn H,0 (450 °C, 1=4 )

PesynbTartsl

[IpoBenenHsIil peHTreHO(Aa30BbIM aHAIN3 00Pa3LoB, MOMYYSHHBIX B PE3yJIbTaTe TepMOOOPaOOTKHU B
3aMKHYTOM 00BEMe, TIOKa3ail, 4To 0e3 qo0aBieHHs BOIbI GOpMUpyeTcsl OKCHJI IMHKA, U3BECTHBIN B JHU-
TepaType Mo Ha3BaHUEM IIMHKHUT, W HE3HAYUTEIHHOE KOJIMYECTBO MPUMECHOH (a3bl (Cieabl), yIoBIe-
TBOPHUTEIBHO WACHTH()UIMPOBATH KOTOPYIO He yaaercs (puc. 2, a), a oOpasew 2, Mmory4yeHHbIH ¢ 100aB-
JICHHEM BOJIbI, MpeCTaBisieT cobol omHodasueii ZnO Monudukanmu IUHKUT (puc. 2, 0). B pamkax
reKCaroHallbHOW CHHIOHUH, B KOTOPOH KPHCTAJUTM3YETCS IUHKHUT, OBUIM TPOBENICHBI MPEIM3HOHHbIC
HU3MEPEHHsI MapaMeTPOB JIEMEHTAPHON KPUCTAIUIMYECKOH stueiikn o6oux o0pasuos. [y aToro usmepsi-
JIM YTJIOBOE MECTOPAcIoIokKeHre JU(PPaKIMOHHBIX MaKCUMYMOB ¢ nHaekcamu Mumepa (105) u (300).
YcraHOBIIEHO, YTO B TIpefieax OMIMOKHA U3MEPEHHUH MapaMeTphl AJIEeMEHTApHOW KPUCTAUTMYECKON SUCHKH
1 ¢ 00pasioB 1 u 2 He paznmuyarorcs u coctaBisoT a = (0,1302 £ 0,0005) am u ¢ = (0,5210 + 0,0002) aMm.
BwMmecTe ¢ Tem, Ha peHTreHOrpaMMax o0pas3ioB HabJromaeTcs nepepacipeaesieHie HHTEHCUBHOCTEH 01~
HOUMEHHBIX TU(PPaKIHOHHBIX MAaKCUMYMOB. Tak, OTHOCHUTENbHbIE MHTEHCHBHOCTH pediekcoB, paccyu-
TaHHBIC 10 OTHOIICHUIO K MHTEHCHUBHOCTH mepBoro pediekca (100), aus oOpasua 1 OyayT paBHBI:
Iyy = 0,6; Loy =1,5; 110 =0,3;1110 = 0,4. dns o6pa3na 2 OTHOCUTEIbHbIE HHTEHCUBHOCTH aHAJIOTHYHBIX
pe(i)HeKCOB PaBHEIL: 1002 = 0,13, ]101 = 0,75;]102 = 0,07, [110 = 0,4
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Puc. 2. ®parmeHTbI peHTreHorpamm obpasuoB 1 (a) u 2 (6), nony4YeHHbIX B pe3ynbTate TepMOo6paboTkn
B 3aMKHYTOM o6beme npwu 450 °C

JUn1st BRIACHEHHSI BO3MOXHOM MPUYUHBI TIepepactpeiesieHHsI HHTCHCUBHOCTH TU(PPAKLIUOHHBIX MaK-
CHMYMOB Ha PEHTI€HOrpaMMax ObUTM MPOBEACHBI HJICKTPOHHO-MUKPOCKOIIMUECKUE HUCCIIEAOBaHHUS, KO-
TOpBIE MOKa3allil CYIICCTBEHHBIC pa3iW4Ms B TaOHTyCe W CPETHHUX pa3Mepax Kak KPUCTaJIOB OKCHA
uHKa 00pasnoB 1 u 2, Tak u ucxogHoro Zn(OH), (cMm. puc. 1).

B uactHoCTH, Ha puc. 1, 6, HabmogaeTcsl AOBOJIBHO MOHOIUCIIEPCHAs CHCTEMa, COCTOSIIast U3 Ha-
HOKPHUCTAJIMKOB MPAaBHJIBHON (POPMBI C OIUIABICHHBIMH KPasMH, OJHOPOJHOTO KOHTPACTa, pa3zMepoM
ot 100 g0 200 HM, BCTpeyaroTCsl KOHGUTYPAIlMU, COCTOSINNE M3 HECKOJIBKUX CPOCIIUXCS YacTull. B To
e BpeMs, B pe3ysbTaTe 100aBIEeHU B PEAKIMOHHYIO 30HY 1 M TUCTUIIIMPOBAaHHOM BoAbl (puc. 1, B)
NPOUCXOANT (POPMHUPOBAHUE CTEPKHEOOPA3HBIX KpHCTALIIOB AnuHOM 10 10 MM u 0,5-1,0 MKkM B mome-
pEUHMKE, UMEIOIUX OJHOPOJIHBIA KOHTpacT. Habiromaercs TeHIeHIUS K 00pa30BaHUIO TeKcaroHalb-
HOH OrpaHKH B MONEPEYHOM CEUCHHH KPHCTAILIOB.

OO0cy:k1eHue pe3ybTATOB
Taknm 06p330M, KakK CJICAYCT U3 SKCIICPUMCHTAJIbHBIX JAHHBIX, BEJIMUWHA [TAPpUHUAJIBHOI'O JaBJICHUA
BOJSIHOTO 11apa ( By, ) B PEAKLMOHHON 30HE MPH TePMOOOPAOOTKE IMAPOKCHIA LMHKA B 3aMKHYTOM

00BbeMe OKa3bIBACT CYIICCTBCHHOC BJIMSIHNC HA I[PICHGpCHBIﬁ COCTaB U Fa6I/ITy0 KpHUCTAJLJIOB Zn0O. Pacue-
ThI ITOKA3bIBAKOT, YTO 0e3 ,[[OGaBJ'IeHI/IH BOJbI B pCAKIIMOHHYIO 30HY BCIIMYHUHA PHZO B pa6oqu o0BeMe
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Tonyes A.B., lNepmsikosa T.1O. CuHme3 HaHO- u MuKkpokpucmaisios ZnO
nymem nepekpucmannusayuu e 3aMKHymom o6beme

aBTOKJaBa MoxeT pocturath 20—30 MIla 3a cyer copOupoBaHHON BOABI U BOABI 0Opa3yIOLIEHCs B pe-
3yNnbTaTe peakUU ACTUAPOKCUINPOBAHUS THAPOKCUIA [IMHKA!
Zn(OH),—Zn0O + H,01.
[Ipu noGaBneHMN AUCTUIUIMPOBAHHOM BOABI BETMUMHA By,0 B PCAKIMOHHOH 30HE BO3PAacTaeT 10

150-200 Mlla, uTo BenmeT K HaJbHEHIIEMy MOBBILIEHUIO PACTBOPHUMOCTH TBEpAOH (pas3bl, MHULIUHUPYS
MIpOLIECC MEPEKPUCTAIITU3AINH, KOTOPBIN 3aKII0YaeTCsl B PACTBOPEHUHM MENKHX KPHCTAJUINKOB, HEYC-
TOMUYMBBIX B JTAHHBIX TEPMOJWHAMHUYECKUX YCIOBHUSAX, U pocTe Oojee KPYIHBIX, CTEpPKHEOOPa3HBIX
KpPHUCTAJIJIOB OKCHJIA IIMHKA, O0Jiee yCTOWYMBBIX NIPU JAaHHOW TeMmIeparype U aaBieHur. GopMupoBaHue
PaBHOBECHOU (DOPMBI KPHUCTAJUIOB MOJTBEPIKIACTCS TaK KE U HATUMYHEM OTPaHKH y CTEPIKHEOOPa3HBIX
KkpucTajuioB ZnO, HaOII0AaeMOM ¢ TIOMOIIBIO AIEKTPOHHON MUKPOCKOITHH.

Hannune cnenoB npumecHoii hasel B oOpasie 1 00ycnoBieHo, HO-BUIUMOMY, TEM, YTO B YCIIOBHIX
HEIOCTATOYHOIO0 KOJMWYECTBAa MapoB BOIBI M Oojiee HU3KOTO 3HAYCHHS By,0 TIPOMCXOIHUT HENOJHOE

pacTBopeHHe THAPOKCHIa LIMHKA (3a cueT OoJiee KPYIHBIX YacTHII), TOrJa KaK MPH MOBHIIICHHOM 3Haye-
HUH By o B o0pa3iie 2 pacTBOpeHUe UCXOIHON (a3bl MPOUCXOIUT MOTHOCTHIO.

DopMupoBaHHEM AHH30TPOIHOM, CTEPKHEOOPa3HOH (OPMBI KPUCTAJUIOB NPU MOBHIILIEHHOM Hap-
LMAIBHOM JIaBJICHUH TTApOB BOJIBI U OOBSCHIETCS NepepacnpeielieHne OTHOCUTEIbHBIX MHTEHCUBHOCTEN
T(paKIHOHHBIX MAKCHMYMOB Ha PEHTreHOrpaMMax o0pa3LioB MPU HEU3MEHHBIX MapaMeTpax 3JeMeH-
TapHON KPHUCTAININYECKON A4eiKU. /151 OKOHYaTENbHOrO BBISICHEHUSI MEXaHU3Ma pOCTa aHU30TPOITHBIX
KPHCTAUIOB OKCHJIA LIMHKA NPH MOBBIMICHHOM Py o IUIAHAPYETCS MPOBECHHE JAIbHEHIIMX HCCIe0-

BaHUH.

3axino4yenue

OKCIIEpUMEHTAIBHO YCTAaHOBJICHO, YTO YBEIWYCHUE MAPLUAIBHOIO JABJICHUS MapoB BOABI NPH
TepMO0oOpaboTKe THIAPOKCHIA [TUHKA B 3aMKHYTOM 00beMe rpu 450 °C, myTeM npeaBapUTEIbHOTO J0-
0aBleHUS B PEAKLIMOHHYIO 30HY IUCTHUTUPOBAHHON BOJBI CIIOCOOCTBYET (POPMUPOBAHUIO CTEPKHEOO-
pasHbIX MHUKPOKPHUCTAJUIOB OKcuaa IuHKa. IIpu tepmooOpadotke Zn(OH), B 3amMKHyTOM 0OBeMe 0Oe3
noOaBleHHsT BOABI 00pasyercss HaHOKpUcTammnuecknid ZnO 0e3 MpU3HAKOB aHWU30TPONUH (POPMBI Ha-
HOKPHCTAJIIOB.

Paboma evinonnena 6 pavkax zocyoapcmeennozo sadanus Munucmepcmea obpazo8anus u HayKu
P® no npoexmy Ne 3.8007.2013 «HuzkomemnepamypHulil CUHmMeE3 MUKPO- U HAHOOUCNEPCHBIX CUCEM
HA OCHOB8E OKCUOHBIX COCOUHEHUL antomMunus, yuuxkay u epauma @I'BOY BIIO YITIY 2013 2., npoexm
No VI-165 /13/A.
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SYNTHESIS OF ZnO NANO- AND MICROCRYSTALS
BY RECRYSTALLIZATION IN ENCLOSED VOLUME

A.V. Tolchev, Chelyabinsk State Pedagogical University, Russian Federation, tolchev@is74.ru
T.U. Permyakova, Chelyabinsk State Pedagogical University, Russian Federation,
Permiakovat@mail.ru

X-ray analysis and electron microscopy have been used for investigation of the
influence of water vapor pressure on the particulate composition and habitus of ZnO
crystals, formed during thermal treatment of Zn(OH), in enclosed volume at 450 °C. It
has been observed that increasing water partial pressure during thermal treatment of
zinc hydroxide in enclosed volume, through distilled water additions, promotes the
formation of rod microcrystals of zinc oxide. Meanwhile during Zn(OH), thermal
treatment in enclosed volume without water additions, nanocrystal zinc oxide without
shape anisotropy has been formed.

Keywords: zinc hydroxide, zinc oxide, rod microcrystal, partial pressure of water
vapor, crystal dissolution.
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CTPYKTYPHbIE XAPAKTEPUCTUKH
HEOPIrAHUYECKUX ®OCDAT-UOHOB

O.H. l'py6a, H.B. NepmaHok, A.l". PabyxuH

Ha 0a3e pa3paGoTaHHBIX M NPOBEPEHHBIX Ha 0O0JIBIIOM KOJHYeCTBe KpH-
CTANIUYECKHMX COeMHEHMII MaTeMaTUYeCKUX Mojeseil HOHHBIX PaJuycoOB M Npe-
00pa3oBaHUsl KPHUCTAJJIMYECKMX CHHIOHHI B KBa3sUKyOHMUYecKHe PaCCUMTAHBI
CTPYKTYPHBbIE XapaKTEePUCTHKHU opToO- M nupodocdartos.

Kniouesvie cnosa: gpocghamul, cmpykmypHoie XxapaxmepucmuKu, UOHHbLE PAOUYCHI.

Beenenne

Heopranunueckue u opranndeckue Gpocdarsl UTparOT BaXKHEHIITYIO POJIb B )KUBOTHOM M PaCTHTEIb-
HoM wmumpe. Heopranndeckue Qocdarbl HAXOIAT MIMPOKOES MPUMEHEHHE B PA3IMYHBIX OTPACIAX MpPO-
MBINIICHHOCTH, B YaCTHOCTH, B He()TEHOOBIYEe W JIEKTPOTEXHUKE, TPU MPOU3BOJCTBE CTPOUTEITHHBIX
MaTepHajoB, JIJAKOB, KPACOK U Pa3JIMYHBIX CHEIHATBHBIX MOKPBHITHH, a TaKkkKe 3yOHBIX TAacT H CTOMATO-
Jorudeckux neMeHToB. @ocdarsl MPUMEHSIIOTCS IPU TOTYYESHUH PAa3IMYHBIX BUIIOB CTEKIA (B TOM 4HC-
Jie ¥ ONTUYeCKoro) u (apdopa. B Tsrxenol MPOMBIIIIIEHHOCTH OHU HCIIONB3YIOTCS B JIUTEHHOM TPOU3-
BOJICTBE M METaJNI000padOTKE, a B JISTKOW — MPHU MIPOU3BOJICTBE TEKCTWIISI M KOkU. B xumudeckoit hoc-
(aThl HAIUTK caMOe MIMPOKOE NMPUMEHEHNE NIPU W3TOTOBJICHUU MOIOLIMX U YHCTSIIUX CPEJCTB, pearcH-
TOB JIISl TYIICHUSI TI0KapoB, (oToMaTepuanoB, Oymaru. B cenbckoM xo3stiicTBe dochaThl pa3muuHbIX
METAJIJIOB UCTIOIB3YIOTCS TS POU3BOCTBA YIOOPEHMIA 1 KOPMOB JIJIS )KUBOTHBIX.

Iau3apsaubie Gochop U BaHAIMil 06IATAIOT OANHAKOBBIM IEKTPOHHBIM CTPOSHHEM sp. DTO 10-
3BOJISICT METOAMKY, M3JIOKEHHYI0 B pabore [1] Ha mpuMepax BaHaIaTOB, HCIIOJb30BaTh B pacueTax
CTPYKTYPHBIX XapakTepucTuk dochato. B pacuerax Bce pasmepsl mpuBostes B anrerpemax (107 cm).

Oprodocdartsl mieJ09HO3eMeIbHBIX MeTAL10B Me; (PO4 )2

B pa6ore [2] oTmeuaercs, uto Sr; (PO, )2 u Ba; (PO, )2 usomopdusl Sty (VO, )2 u Ba;(VO, )2.

3TO 3HAYUT, YTO MPH pacdeTax CTPYKTYPHBIX XapaKTEPUCTHK (PocdaToB MOKHO HCIOJIB30BATH OCHOB-
HBIE MTOCTOSTHHBIE, MTOJIyY€HHBIE TIPY aHAJTN3€ BaHAAAaTOB. TaKUMU BEIMYMHAMU SBIISIOTCS:

— CTPYKTYpHasi IIOCTOSIHHAS O = (\/5 - 1)-1;

— nebaeBCcKuil pasnyc S5KpaHUPOBaHHs HapyKHOU chepsl 7, = 32,426286 ;

— YacTMYHO KOMIICHCHPOBAHHBIM Je0acBCKUI paguyc SKPaHUPOBAHUS BHYTPEHHEH cdepsl
ry =48,443365.

PaccMmoTpuM pacyer CTpYKTYpHBIX XapaKTepHCTHK opTodocdaroB MeT0YHO3eMETbHBIX METAIIOB,
KPUCTAIUTH3YIOIINXCSA B POMOOdApHUEcKOil (p3) CHHIOHMH (IPOCTpAaHCTBEHHas rpymma P3m—3), Ha
npuMepe St (PO4 )2 . Ucxonuble naHHbIe (B reKCaroHaJIbHON yCTaHOBKe): a = 5,379, ¢ = 19,760.

1. OOBeM prneMeHTapHOH SIUYEHKH B TeKcaroHaJbHOH CHHTOHUHU

N

V= 7azc = 75,3792 - 19,760 = 494,9475 . (1)
2. Jlnuna pebpa kBa3ukyoa
a. =V =3[494,9475 =7,91018. (2)
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3. MexcrpykrypHoe paccrosgaue Sr—PO,
B =aag = (V2 - 1)1:7,91018 =3,27650. 3)
4. Pammyc annona B cocrase St; (PO, ), (pamuyc BHyTpenHeii cheps 7, )

=rp = r(Sr*7) = 3,27650 - 1,15779 =2,11871. (4)

rB C

5. MuHHManbHBIN paguyc BHYTPEHHEH Ceph:

2
o s ) rp, . s ) +V(Sr2+)_r __ 1.15779-32426286
me Pr2.(3,27650-1,15779)

2r,, 271,

+ \/78,496626 + 37,542830 = -8,85983 +10,77216 = 1,91233. ®)]
ITo aHanoruu ¢ opToBaHaJaTaMu — 3TO pa3Mep CTpyKTypHoro ¢pparmenra PO; .

P5+
6. Pamuyc katnoHa-KoMIuIekcooOpa3oBaTens

R L e e L (A e

:%(2,11871 - 1,35806 + 1,844327-(48,443365)_1) + \/0,0877172 — 0,0728058 =

=0,29617 + 0,12211=0,41828. (6)
B tab6mn. 1 npuBeneHs! NCXOIHBIC JaHHBIE U PE3YJIBTAThHI PACUETOB IS OCTAIBHBIX OpTO(doCchaToB.
Ta6bnuua 1
CTpyKTYpHbIe XapakTepucTuku optodoccpaToB WenovyHosemMenbHbIX MeTannoB Mes(POy).
Me3 (PO4 )2 a , C , V , Ay p Fae = r(PO;) ro(PO;) F(P5+)
r(Me2+), k1| (2 yp- (1) | yp.(2) | yp-(3) yp. (4) yp-(5) | yp. (6)
1 2 3 4 5 6 7 8
1 | Ca,(PO
a3( 4)2 5,320 445,7742 | 7,63903 | 3,16419 2,15217 1,91233 | 0,41828
1,01202 18,187
2 | Siy(PO
r3( 4)2 5,379 4949475 | 7,91018 | 3,27650 2,11871 1,91233 | 0,41828
1,15779 19,760
3 | Ba,(PO
a3( 4)2 5,623 571,5740 | 8,29897 | 3,43755 2,08650 1,91233 | 0,41828
1,35105 20,874
4 | Ra;(POy),

orc. | 585,3029 | 8,36489 | 3,46485 2,08216 1,91233 | 0,41828

1,38269

BrruncnieHHble U3 MapaMeTpOB PEUIETOK KajbllMs, CTPOHIUS U Oapwus r°(PO§) = 1,91233 (xo-

JOHKA 7) H r(P5+) = 0,41828 (konoOHKa §) COBIAIAIOT, YTO MOATBEPIKIACT aJIEKBATHOCTH HCIOIB30-

BaHHBIX MOJIEJICH. DTO MO3BOJIMIIO OOPATHBIM PAaCcUYeTOM MpecKa3aTh apaMeTphl perieTku opTodocda-
Ta paaus (cTpoka 4).

IInpodocparer MeP,0O,

YeTsipex3apsaaHble KaTHOHBI YETBEPTOH rpymnmnsl nepuoandeckoit cucremst .M. Menneneesa (Ti,
Zr, Hf u Si, Sn, Pb) obpasyror nupodocdatel coctaba MeP,0,, KpUCTaIIM3yOIuUecs B KyOuue-
CKOM CHMHrOHMH (IIpoCTpaHCTBeHHas rpynmna ZrP,O,, Pa3—4). DTn KaTHOHBI 00J1aJal0T JIEKTPOHHOM

CTPYKTYpOil szpé, YTO NO3BOJIIET UCIOJIB30BAaTh METOIUKY pacueTa MUPOBAHAAATOB.
Pacuer cTpyKTypHBIX XapaKTEpUCTHK paccMoTpuM Ha npumepe TiP,O,, niusa xotoporo a = 7,842 .
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CmpyKmypHbIe xapaKkmepucmuku

Pabyxun A.T. HeopaaHu4Yeckux ghocgham-uoHoe

1. CrpykTypHas NOCTOSIHHAS
4 2

O =0Olgpg " Oy = 7-520,3809524. @)
2. MeXCTpyKTypHOE paccTOsHIE
r = o-a = 0,3809524-7,842 =2,99314 . (8)
3. Panmuyc BHyTpeHHEH chepbl
r. =T — r(Ti“*) = 2,99314 — 0,61520 =2,37794. )

4. JlebGaeBckuii paanyc 3KpaHUPOBAHUS HAPY>KHOU cepbl

rDH=r5(CaF2,c¢)-f(z)-fouK-fruK = 15,418081-(1 +47 - 1);

5. MuHuManbHbINA panyc BHYTpEHHEH chepbl

s4+ <44 2
o _| AT S | AT e | F(Ti“)‘ — 0.61520-30,357933
27, 27 2-2,37794

2
2

= 30,357933. (10)

+ \/15,421097172 + 18,67620038 = -3,92697 +5,83929 = 1,91232. 1D

6. TlonydyeHHas BeNMYMHA 7, NPAKTHYCCKH COBIAAACT C BBIYMCICHHBIMU M3 [APAMETPOB pelle-

TOK OpTO(I)OC(i)aTOB IIEJI0YHO3EMEIIbHBIX METAJUIOB. JTO MO3BOJISACT IS pacucTta V(P5+) HCII0JIb30BATh

ry = 48,443365.

r(P*)= %(1,91232 ~ 1,35806 + 0,038071818) + /0,087714275 — 0,07280550 =

=0,29617 + 0,12210 =0,41827. (12)
Pe3ynbTaThl BEIMHCICHUN CTPYKTYPHBIX XapaKTEPUCTHK OCTAIBHBIX MHPO(dochaToB MOMEIICHB B

Tao. 2.

Tabnuua 2
CTpyKTypHbIe xapakTepuctuku nupodocdaros MeP,0,
MeP,0; a, rp r(PO;) r“(POg) r(P5+)
r(Me*), 3] [4,5] . (®) w© | wan | w2
1 2 3 4 5 6
I | TiP,0,
7,842 2,98749 2,37229 1,91232 0,41827
0,61520
2
ZrP,0, 8,012 3,05209 2,25059 1,91233 0,41828
0,80150
3
HIP,0, 7,983 3,04119 2,26205 1,91232 0,41827
0,97914
4 .
SiP,0; 7,892 3,00648 2,31744 1,91230 0,41824
0,68904
5 | SnP,0,
7,934 3,02239 2,28695 1,91233 0,41828
0,73544
6 | PbP,O,
7,979 3,03967 2,26378 1,91232 0,41827
0,77589

Kononku 5 1 6 yka3bIBatoT Ha XOpolllee BHYTPEHHEE COIIacue BEIUYMH.

3akiao4yenne

1. PaBeHCTBO MUHMMAJIBHBIX paanycCoB CIOXHBIX aHMOHOB IMOATBEPKAACT NPCANOJI0KCHHUE O TOM,

4TO MX AJIEMCHTAPHBII aHUOHHBIH (parMeHT UmMeet coctaB PO; .

2. BbIYHCIIEHHBIE PaHyChl COCTABUIIM: 7 (PO;) = 1,91233(1) u r(P5+) = 0,41828(1) .
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