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AHHOTaLuA. BeluecTsa, COCTaBAAOLLME TPEXKOMMOHEHTHYI0 B3aUMHYI0 CUCTeMY U3 GTOPUAOB W XNOPUAOB Kanus 1 Kagmus, UMeroT pasimny-
HOe NpUMeHeHWe Kak B MHAUBUZAYaNbHOM BUAE, Tak U B CMecsX. OrpaHsioLLyye 3neMeHTbl TPOMHOI B3aUMHOI CUCTEMbI BKITIOUAIOT B ABOMHbIX
cucTemax obpasoanue coeguHeruii KF-CdF,, KCI-CdCl, kourpysnTHoro u coeamnterns 4KCl-CdCl, wHkoHrpysHTHoro nnasnexus. C yuerom
COeAMHEHNIA MOCTPORHO APeBO KPUCTANAM3ALIAN, NMEIOLLee IMHEIiHOe CTPORHIE W BKIIoYatoLLee NSTb CTabUbHbIX BTOPUYHBIX TPEYroNbHI-
KOB, Pa3ensioLynxcs Mexzy co60ii YeTbipbMs CTabUALHBIMI CEKYLUMM, U3 KOTOPBIX TPU CEKYLLMX UMEIOT KBa3nOUHAPHLIA XapakTep. [ipeso
KpUCTanAN3aLvm no3BoAseT OCyLLeCTBUTL MPOTHO3 KPUCTANNM3YIOLMXCA Ga3 BO BTOPUUHBIX Ga30BbIX TPEYroabHMKaX. B YeTbipex BTOPUUHBIX
}a30BbIX TPEYro/bHNKaX 0TMeYeHO 06pa3oBaHNe TPOITHBIX TOUYEK HOHBAPUAHTHBIX YeTbipexdasHbiX paBHOBECUIA. BTopuuHbIi pa3oBblil Tpey-
ronbHuk KCI-K,CdCl,-KCdF, He copepxut HoHBapuaHTHOM Toukm. Cuctema u3 GTOPUA0B M XNOPUA0B Kanns U KaAMIA OTHOCUTCA K aAMaroHasb-
HOMy TUNy pa3buenns. ONMcaHo XUMUYecKoe B3aMOZEIACTBIE NP CTaHAAPTHBIX yCNoBUAX. Mogen1poBaHme XMMUYeCKoro B3auMogeiicTams
ANS GUrypaTMBHBIX TOUEK COCTaBa, OTBEYAMLLMX NepeceyeHnsaM CTabUbHBIX 1 HECTabUbHBIX CEKYLLMX, TPOBEAEHO N0 TePMOAVNHAMUYECKUM
JAHHbBIM NCXOAHbIX BeLLECTB 1 IBOAHbIX COeAMHeHNI. Ha fBYX CTabUbHBIX CeKyLLIMX 0TMeUeHO 06pa3oBaHIne N0 TPU TOUKI IKBUBANEHTHOCTI.
Ha ocTanbHbIX ByX CTabUAbHBIX CEKYLLMX OTMEYEHO MO ABE TOUKM 3KBUBaNEHTHOCTU. COrNacHo TepMOANHAMUYECKIM pacyeTaM Ans BYX CMe-
Ceil 13 AecATV Npu CTaHAAPTHBIX YCIOBUAX PEaKLK He MOTYT 6bITh peann3oBaHbl. [pejoKeHHas MeToAMKa ONMCaHNs XMMUYECKOro B3auMo-
JAeiicTBIA MOXET 6bITb CNONb30BaHA ANS APYTX TUNOB TPOIHBIX B3aUMHbIX CUCTEM C peakLaMu 06MeHa Kak C afnaroHanbHbIM, Tak 1 ¢ g1a-
TOHA/IbHBIM TUMOM pa3bueHns. Cmecy, OTBeyaloLL e TOYKaM IKBMBANEHTHOCTM HA HECTAOWABbHBIX CEKYLLLAX, C TeMNOBbIM 3GHeKTOM peakLmil
6onee 50 k[, MOXHO MCNOb30BATh KaK IK30TEpPMUYECKIe OHOPA30BOTO AeiCTBUS.
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Abstract. The substances that make up the three-component reciprocal system of fluorides and chlorides of potassium and cadmium have various
applications, both individually and in mixtures. The faceting elements of the ternary reciprocal system include in binary systems the formation
of compounds KF-CdF,, KCI-CdCl, of congruent and compound 4KCl-CdCl, of incongruent melting. The crystallization tree is constructed. Taking
into account the compounds, a crystallization tree has been constructed that has a linear structure and includes five stable secondary triangles.
The triangles are separated from each other by four stable secants, of which three secants have a quasi-binary character. The crystallization tree
allows one to predict crystallizing phases in secondary phase triangles. In four secondary phase triangles, the formation of triple points of invari-
ant four-phase equilibria is noted. The secondary phase triangle KCI-K,CdCl,-KCdF; does not contain an invariant point. The system of fluorides
and chlorides of potassium and cadmium belongs to the adiagonal triangulate type. Chemical interaction under standard conditions is described.
Modeling of chemical interaction for figurative points of composition corresponding to intersections of stable and unstable secants has been
carried out using thermodynamic data of the starting materials and binary compounds. The formation of three equivalence points is noted on two
stable secants. On the other two stable secants, two equivalence points are noted. According to thermodynamic calculations, for two mixtures
out of ten, reactions cannot be realized under standard conditions. The proposed technique for describing chemical interactions can be used for
other types of ternary reciprocal systems with exchange reactions with both diagonal and diagonal types of partitioning. Mixtures corresponding
to equivalence points on unstable secants with a heat effect of reactions greater than 50 k can be used as single-action exothermic mixtures.
Keywords: ternary reciprocal system, fluorides, chlorides, modeling, stable and unstable secants, binary compounds
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BeefeHue

KoMmoHeHThI CUCTeMbI HUHTepeCcHbl TeM, UTO
OHU UMEKT pa3Hoobpa3Hoe TMpUMeHeHHe Kak
WHJWUBU/yaAbHbIe BelecTBa, TaK U B CMeCSX.
dTOpU Kaaus BXOJUT B KauecTBe [00aBKU B Ha-
HOKOMTIO3UTHBIN TIOMUHO(OP, KOTOPBINA U3/TyUyaeT
OesbIii CBET BBLICOKOU SIPKOCTHU TIPH BO30YKIeHUH
C TIOMOIIbI0 JUOAHOTO na3epa [1], mpumeHsieTCs
B KauecTBe KOMIIOHeHTa OOpaTHOro CTeKJa, WC-
T0/Th3yeMOT0 B POTOHHBIX yCTPONCTBAX [2], TOHKO-
TJIEHOUHBIX COTHEUHBIX 3/1eMeHTOB [3]. @Topujom
KaJIisi TIPOTTUTHIBAIOT HAHOYACTHUI[BI TTPUPOIHOTO
L[e0JIUTa JiJIsl TI0JIyUeHHsI HOBOTO T'eTepOreHHOT0
KaTajii3aTopa i CHuHTe3a OeH301ua3enuHoB [4].
Tak>ke GTOpuJ Kanusi MpUMeHsIeTCs] B KauecTBe
¢dnroca [5, 6], kak peareHT npyd GTOPUPOBAHUU
OpraHMuecKux coeauHeHui. I'napodTopusasl Ka-
JIUS UCTIO/Ib3YIOT B KAaueCTBe 3JIEKTPOTUTOB TPU
nosiyueHuu gropa [5].

X 10py/L Kajus IPUMEHSIeTCs B MeTa/lJTy pru,
MUpoTexXHUKe, poTorpaduu, a Tak>kKe B TEKCTU/Ib-
HOM, CTeKOJIbHOM, MblJIOBapeHHOU, dapmaleBTH-
YeCKOH, 1[eJI/TI0/I03HO-0YMa)kHOM, KO)KeBEHHOU 1
MHOTHX APyTUX OTPAc/siX MPOMBIIITeHHOCTH [7],
IS TIPOM3BO/ICTBA THAPOKCH/IA KaJTUSI METO/[OM
sneKkTposin3a. [Ipy peMOHTe CKBa>KMH PAacTBOP
XJIOpY/Ia KaJIus UCTIOB3YIOT B KauecTBe OYPOBOTO
pactBopa. Ha kpucTannax xiopufa Kamaus BO3-
MO>XHO (popmupoBaHue rosorpamm [8]. Xnopup,
KaJivsi — OCHOBHOE KaJInKHOe yj00peHue MnpakTu-
yeCKu BO BceM mupe [9].
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dTopus KagMUsl IPUMEHSIeTCs] B KauecTBe
OTITHYeCKOro MaTteprana. Kak KOMIIOHEHT CTEKOJ,
JIFOMUHO(OPOB, /a3epHbIX MaTepHasoB, TBepPZbIX
37IeKTPOJIUTOB B XUMUUECKUX UCTOUYHUKAX TOKa
[10]. U3yuatoTcsi MarHMTHBIE U ToJIOTpaduyeckre
CBOHCTBA HAHOCTPYKTYP ¥ KPUCTA/I0B GpTOpHIa
kKagmus [11]. Xyopug KagmMusi siBAsSeTCs KOMIIO-
HEHTOM rajlbBAaHUUECKUX 3JIeMeHTOB, TIPUMeEHsI-
eTCs KaK MpoTpaBa IpH KpallleHW! U TleyaTaHuu
TKaHel, B KaueCcTBe KOMIIOHEHTa COPOEHTOB s
ra3oBoii xpomaTtorpaduu, KaTaau3aTOpPOB Opra-
HUYECKOTO CHHTe3a, (JIF0COB /IjIs1 BhIpAIMBaHUA
MOy TIPOBOJHUKOBBIX KPUCTAJIJIOB U UCXOJHOE
BEII[eCTBO /151 MOy YeHUS] KaIMUMOPraHUue CKUX
coenuuenuit [10].

CMmecu (pTOpPHU/IOB U XTOPUJOB S~ U JPYTUX
3JIEMEHTOB UCII0/Ib3YIOTCS TP CO3JaHUU (HTIOCOB
IJIs. CBapKH U Mallku MeTasioB [5], B KauecTBe
pacTBOpUTeseld HeOpraHUUeCKUX COJiel, cpej
[IJIsI 2JIeKTPOIUTUUECKOTO BhIJie/IeHUsI MeTajl/ioB
U pacl/aBsieMbIX 3JIEKTPOJUTOB XUMHUUYECKUX
HWCTOUHUKOB TOKa [12—14], B mporieccax akKymy-
JIUPOBaHUs TerioBoM sHepruu [15-17].

[MonyueHne HOBBIX MaTepHUaOB U KOMIIO-
3ULIUH U UX IPUMeHeHHe B OOJIbIINHCTBE CBOEM
OCHOBAHO Ha [aHHBLIX 0 (Da30BBHIX AHArpaMmax
U PU3NKO-XUMHUUECKOM B3aUMO/IeHiCTBUHU B pac-
TJiaBax.

Lenbto faHHON pabOTHI SIB/SETCS MOCTPOE-
Hue peBa (a3 ¥ TepMOAMHAMUUECKOe MO/IeTUPO-
BaHMe XMMHUeCKOTr0 B3auMO/leliCTBUsI B TPONHOU
B3aMMHO# cucteme K*,Cd?*|| F-,Cl.
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Metozbl 1 MaTepuanbl

PaHee mpoBefeH TepMOAMHAMHUUECKUM aHa-
3 XUMHUUYECKOTO B3aUMOJeHCTBUS B TPOU-
HBIX OKCHAHBIX cucTemax CaO-Al,05-Si0,,
Al,0,-TiO,-MgO u conesoi cucreme
KCl-CaCl,-BaCl, B pa6orax [18-20]. Tpoiinas
B3auMHasa cuctema K',Cd?*|| F-,Cl- uccnesoBaHa
paHee B pab6oTe [21]. OHa BK/IIOUaeT B 3/IeMeHTaxX
OTpaHeHWs TP JBOUHBIX coefiuHeHus. Tepmuue-
CKHe U TepMOJMHaMHUeCKHe CBOMCTBA, B3SIThIE

NIl pacueToB, TIPUHSITHI TI0 AaHHBIM [22, 23]
(Tabsn. 1). BHauase Ha KBa/ipaT COCTaBa HAaHECEHBI
BCe MCXO/[HbIe BeIlleCTBa, JBOWHbIE COeITUHEHUS,
cTabunbHbIe U HecTabuIbHLIE ceKyIue (puc. 1).
KoHIjeHTpaluu coejMHeHUHW BbIpa’KeHbI B MO-
JIIPHBIX KOHIIEHTPAIIUAX SKBUBAJIEHTOB BeIl[eCTB.
Ha ocHoBe maHHBIX [21] mOoCTpoeHO ApeBO KpH-
crannus3auuu (puc. 2), BKarJarollee MsiTh CTa-
OUIBHBIX BTOPUUHBIX TPEYTOJbHUKOB, pa3fies-
FOLUXCS MEXKAY COO0M UeThIPbMS CTaOMTBHBIMU
CEeKYIUMH.

Tabauya 1/ Table 1

TepMoaguHaAMHYeCKHe CBOMCTBA HCXOAHBIX Bel[eCTB, /IBOMHBIX H TPOHHOIr0 COeAHHEHUS CUCTEeMBbI
K*,Cd?*|| F-,CI- [22, 23]
Thermodynamic properties of mother substances, binary and ternary compounds K*,Cd?*|| F~,Cl- [22, 23]

Temrmeparypa DHTabIus 00pa3oBaHUs Anggg, Oneprus I'nb6ca Anggg,
Bewecrso / o :
Ne Substance nnaBaenus, °C / k>x/monb / Enthalpy KJI5K/MOTTB /
Melting temperature, °C of formation A/-Hggg, kJ/mol Gibbs energy AIGS%, kJ/mol
1 KCl 771.0 -436.558 -408.642
2 KF 858.0 -566.095 -536.426
3 CdF, 1072.0 -700.401 —-649.482
4 Cdcl, 568.5 -390.785 —-343.242
5 KCdF, 949.0 -1266.496 -1175.908
6 KCdCl, 428.0 -844.749 -751.884
7 K,CdCl, 462.0 -2137.017 -1977.810
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Puc. 1. PacrosiokeHue TOUeK 3KBUBAJeHTHOCTH MPH [€peCceYeHnr CTabuib-
HBIX U HeCTabU/IbHBIX CEKYIIUX (COCTaBbl — B 9KBUBAJIEHTHBIX [OMSX): O —
coe/jMHEHMe KOHI'PYIHTHOTO TIJIaBJIeHNsT; ® — COeIMHeHe MHKOHT DY HTHOT0
T/IaBJIEHUS; ® — TOUKH TTepeceueHusi CTabnIbHBIX U HECTaOUIBbHBIX CEKYLIMX
Fig. 1. The location of equivalence points at the intersection of stable and
unstable secants (compositions — in equivalent proportions): 0 — congruent
melting compounds; @ — incongruent melting compounds; e — intersection
points of stable and unstable secants
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Puc. 2. ipeBo Kpucrananusanuu cuctemsl KH,Cd?*|| F-,Cl-
Fig. 2. Crystallization tree of system K*,Cd%*|| F~,CI~

[nst onrcaHusi XUMUYeCKOT0 B3aUMO/IeHCTBU S
Heo0X0MMO B COOTBETCTBMH C 3aKOHOM SKBHBa-
JIEHTOB [24] ucrosib30BaTh CMECH, OTBeUarolue
TOYKaM 3KBUBAJIeHTHOCTH, T.e. TOUKaM repeceye-
HUs CTaOU/IBHBIX U HECTaOU/IBbHBIX CEKYIIUX BO
B3aMMHBIX CUCcTeMax [25-28].

Kax BusiHO U3 puc. 1, yeTbipeM CTabUIbHBIM
CEeKYyIUM OTBEYaeT IIeCTh HeCTaOUIbHBIX CEKY-
IIMX, KOTOphIe nepecekatoTcst B 10 Toukax 3KBU-
BaJIEHTHOCTH.

DKcnepuMeHmMAabHO-pacuemHas yacmam

CrabunbHble ¥ HecTaOUIbHBIE CEKYIIHE Tepe-
cekatorcs B 10 TOUKax S5KBUBaJIeHTHOCTH (CM. puC. 1,
Tabs1. 2), 1715 KOTOPBIX OMMCAHO XUMHUUECKOe B3au-
MO/IeHiCTBHE U TTPOBe/IeH PacueT TerJIoBbiX ¢ dek-
TOB ¥ Hepruii ['mb0Oca /i cTaHJapTHLIX YCIOBHMA.

B Tabs. 2 mpuBe/ieHbI YpaBHEHUS peakIui,
TeruioBble Qb eKkThl U 3Heprun ['mb6ca peakimit
oOMeHa TIpU CTaHJAPTHBIX YCIOBUSX [JIs1 CMeCeH,
OTBEYAIIUX TOYKAM SKBUBAIEHTHOCTH.

Tabauya 2 / Table 2

YpaBHeHus peakiuii, Teniosbie 3¢ pekTn u 3Hepruu I'n66ca 415 CTaHAAPTHHIX YCI0BUH
B TOYKaX 9KBHBAJIEHTHOCTH
Reaction equations, heat effects and Gibbs energies for standard conditions at equivalence points

YpaHenue peakiun (Touka Ha puc. 1) / TEHH(())BOﬁ 3¢ dekT peakLuit SHeéJrHﬂ FI/I66CE.1 peakuui
Touka Reaction equation (point in Fig. 1) A rHyog, K.,Z[)K / Hee(l)t effects A ;Ghog> K,E[)K / Glb](.‘))S energy
of reaction AfH298, kJ of reaction Aszgg, kJ

K, 2KCdF, + 3CdCl, = 3CdF, + 2KCdCl, -55.354 -70.872
K, 2KF + 3CdCl, = CdF, + 2KCdCl, —-85.354 -70.672
K, 3CdF, + 3KCl = 2KCdF, + KCdCl, 33.136 100.872
K, 3CdF, + K,CdClg = 2KCdF, +2KCdCl, 15.730 70.872

K. 3KF+ 3CdCl, = KCdF, + 2KCdCl, —-85.354 -70.662
Kq 6KF+ 3CdCl, = 2KCdF,+ K,CdCl, -101.084 -141.144
K, 3KF +2KCdCl,;= KCdF,+ K,CdClg -15.730 -70.672
Kg 3KF+ CdCl, = KCdF, + 2KCl -50.542 -70.672
K, 3KF+ KCdCl, = KCdF, + 3KCl -33.136 -70.667
Ky 3KF + K,CdClg = KCdF, + 6KCI -50.542 -70.672

Kaxk BugHO M3 Tabil. 2, TOABKO [Jis peakiiui
cMeceid B TOYKax 3kBuBasieHTHOCcTH K, u K, Te-
mioBble 3G deKThl peakuil u 3Hepruu I'mb6ca

290

Oosbllie HYJS [JIs1 CTAaHAAPTHBIX ycaoBUi. Kpu-
crannau3yromuecs: ¢as3bl NpUBeJeHbl B MPaBOU
YacTH ypaBHEHUH.
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Pe3ynbTaTbl 1 UX 06cyXaeHne

Cucrema K",Cd%*|| F-,Cl~ oTHOCUTCS K ajua-
rOHa/LHOMY THILY, T.e. OTCYTCTBYeT CTaOu/IbHast
[varoHanb. B cucteme obpasyeTcst TpU JBOMHBIX
coeaunenust KCdF,;, KCACl, u K,CdClg, koTopbie
TMO3BOJIU/IN Pa3bUTh KBapaT COCTaBa U MOCTPOUTh
JPeBO KpucTanau3anuu. JIpeBo KpucTaaau3aluu
MMeeT JUHeHHOe CTPOeHHe U BK/IHUaeT MATh
BTOPUUHBIX (Pa30BbIX TPEYrOJLHUKOB, COeMHS-

IOIIUXCSI MEX/y COOO0M UeThIpbMSsI CTaOUIbHBIMU
ceKymuMH. Tpu U3 UeThIPeX CTaOU/IbHBIX CEKY-
IIMX UMEIOT KBa3ubuHApHBIM XapakTep. JpeBo
KPUCTA/IJIN3AI[MU T03BOJISIET MPOBECTH aHA/U3
KPUCTa/UTU3YIOIUXCs (ha3 [/1s1 pa3/InuHbIX UHTep-
BaJIOB KOHLIEHTpaLUi cMeceill Ha HeCTabUITbHBIX
cekyIux (tabs. 3).

Kak BugHO 13 Tabi. 3, [/t BCeX MHTEpPBAaJIOB
KOHIIEHTpAI[Mi Ha HeCTAaOUIBHBIX CEKYIIMX KPU-
CTa/IIU3yOTCS TPU (Pasbl.

Tabauya 3/ Table 3

Kpucrannusywuuecs ¢pasbl AJIsl yUaCTKOB HeCTa0U/IbHBIX AUaroHaen
Crystallizing phases for unstable diagonal sections

VHTepBas KOHL|eHTpaL1i Ha HeCTabMJIbHBIX CEeKYLIHX / [TporHo3 KpUCTA/IHU3YIOLUXCS (a3 /
Concentration range on unstable secants Forecast of crystallizing phases
KF-Kg, KF-Kg, KF-K, KF+KCI+KCdF,
Kg-Kg KoK, K o-K,CdClg, Kg-KCl KCdF,+KCI+K,CdCl,
Kg-K3, Kg-Kg, K,-KCdCl; K,-K,CdClg KCdF,+K,CdCl+KCdCl,
K;-K,, CdF,-K,, CdF,-K,, KCdF,-K, KCdF,+KCdCl,+CdF,
K1-CdCl,, K,-CdCl, CdF,+CdCl,+KCdCl,

IIpoBesieHO TepMOAMHAMUUECKOE MOZeUpO-
BaHUe PeaKLHMi XMMUYeCKOTO B3aWMO/eHCTBUS
[IJIs1 CMeceli, OTBevaroljX TOYKaM IepeceueHus
CTabUIBHBIX U HeCTaOMJIBHBIX CeKYIUX (TOYKaM
3KBUBaneHTHOCTH). HectabunbHas cexymas K
F-CdCl, nmepecekaer cTabunbHble CeKynjue B
YyeThIpeX TOYKaX SKBHBaseHTHOCTH. Ha cTabuib-
Hpix cekymux KCdF,;-KCdCl; u KCdF,-KCl
00pa3yloTcsi Mo TPYU TOUKH SKBUBAJeHTHOCTH,
Ha ctabunpHeix cekymux KCdF;-K,CdCl; un
CdF,-KCdCl, — o aBe TOYKH 3KBMBAJIEHTHOCTH.
Kak rmokasanu pacueThbl CTaHZAPTHBIX 3HaUeHU I
SHTaNbNUHN U sHepruii ['mb6ca peakuuii obmeHa,
HEKOTOpbIe peakuu A cmeceit K, u K, He pea-
nu3yrorcs. Takke ciefyeT yUUTbIBaTh IIOC/e/0-
BaTe/JbHOCTH 0Opa3oBaHus (a3 B Cyydae repece-
YeHUsl CTaOMIBHBIX CEKYILIUX C HeCTaOUIBbHBIMU
B HECKOJBKMX TOUKaxX SKBHBAJEHTHOCTH U BO3-
MOJKHOe BIIMSIHVe KHHETUKH Ha B3aMO/leHiCTBYe.

3aKniouenune
CMmecu, oTBeuamwolljie TenjaoBbeIM 3¢ deKTam
6osee 50 kI>k, MOTYT OBITb UCITOTb30BAHBI B Ka-

HeCTBe O4HOPA30BbIX 3K30TEPMUUYECKUX. CMECI/I,
OTBeUarIlie KBa3PI,E[BOI>iHBIM n TpOﬁHbIM SBTEeK-

Xumuns

ThKaMm [21], MOTyT OBITH MCIIOTH30BaHBI B Kaue-
CTBe TeMNJOaKKyMyJUPYIOIIUX UAA B KauecTBe
pacrijiaB/sieMbIX 371eKTPOJIUTOB A1 XUMHUUECKUX
UCTOYHUKOB TOKA.
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