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TYWNIHOEME

¥cakTay Teopusicbl MeH dpriotauusanay Teopusicbl arli KyHre AewiH annblnama TyciHikke ne emec. byn Makanaga aBTopnapMeH
bIKTUManNAbINbIKTbIK-0ETEPMUHATTalIFaH XXoCcnaprbl 3KCNEPUMEHT HerisiHAe LWapnbl AnipMeHaepae ycakTayablH bIKTUMangblk TEOpUSIChIH
nanganaHy apkbinbl Gipaen matematukanbik ynri ascbiHga dnotaumsanay XeHe ycakray YpAiCTepiH kelleHAi 3epTTey ofici xacanfaH.
¥cakTay y3aKTbIfblHaH, KCAHTOrEHATTbIH LUbIFbIMbIHAH X8He hrioTaLms y3akTbiFbIHAH HETi3ri KOHLIEHTpaT prioTaumsiCbiHaH MbICTbI any, Keke
XoHe >annblnama KypamblHbiH, Tayenginiri anbiHFaH. ®pakumsanbik KypamHbIH ecenteynepi HoTUXeCiHAe HakTbl (PPakuUms LbIFbIMbIHBIH,
TeMeHzeyiHe aKenin CoKTbIpaTbIH, Wnamabl (pakUUsiHbIH LbIFbIMbIH YIFaiTy ecebiHfe ycakTayablH y3aKTblFbiHaH MbICTbI 6enin any xeHe
KypaMblHa Kapai akcTpemarnbbl cunatbl ycakTayablH bIKTUManablk yirici 6ovibiHILa HerizaenreH. YpaicTiH kendakTopnbl YArici anbiHFaH
)OHe OHbIH HerisiHae MaTpuua-HomMorpaMmMachl ecenTerniHreH, XXaHeae on ycakray xaHe dnotauusanay ypaicTepiHib TMiMAI pexxuMmaepiHin
alimarblH aHblKTay apKblibl TEXHOMOMMSAMbIK KapTa peTiHae naganaHbliiybl MyMKiH.

Tywinai ce3pep: gavibiHaay, ycakray, drnoTauusi, bIKTUManablblKTbiK-AeTePMUHaTTanNFaH ynri, ken akTopsbl yiri.
ABSTRACT

Grinding and flotation theories still have not a generalized expression. In this article, the authors developed a method for integrated
studying of the processes of grinding and flotation in the frame of single mathematical model with using probabilistic theory of grinding
in ball mills based on probabilistic and deterministic planning of experiment. Partial and generalized dependences of copper content
and recovery into the concentrate of the basic flotation from the grinding duration, from consumption of xanthate and from the duration
of flotation were obtained. By using the calculations of fractional composition on the basis of the probabilistic model of grinding it was
explained the extreme nature of the dependencies of copper content and extracting on the duration of grinding due to increasing of the
output of slimy fractions, resulting in a decrease of the yield of the desired fraction. Multifactor model of the process has been obtained
and based on it the matrix-nomogram was calculated, which can be used as a technological sheet with the accentuation of the zone of
optimal modes of grinding and flotation processes.

Keywords: design, grinding, flotation, probabilistic and deterministic model, multifactor model
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On MERCURY SELENIDE DISSOCIATION in SELENIUM DISTILLATION CONDITIONS

Abstract: The analysis of published data of dissociation of mercury selenide on metal and chalcogen shows a lack of consensus on
the forms of mercury presence in vapor phase over its selenide, although the majority of researchers consider decomposition process
of chalcogenide and mercury transition to the vapor phase as a primary one. In this respect, the applied method of the designed partial
pressure diagrams with the reference constants applied, allows to determine thermodynamically stable phases of mercury-selenium
system for the distillation refining conditions of chalcogen at the temperature interval 400-672 °C, and the pressures 1.3:10-5 0.1 MPa,
whereas, gas phase is represented by vaporous selenium. Due to the thermodynamic study of mercury selenide dissociation in conditions
of distillation recovery and selenium refinement, the partial pressure diagram is designed in coordinates T — InpSe(g) - Iang(g). On the
basis of this diagram with lower partial pressures of mercury vapor, the elemental mercury is indicated as thermally stable phase over its
selenide, and at considerable partial pressures of mercury vapor, mercury selenide occurs as the stable phase in vapor. An increasing
partial pressure of mercury vapor reduces a region of thermal stability of mercury selenide. Equilibrium region between gaseous mercury
and its crystalline selenide is degenerated at boiling point of selenium. At the partial mercury vapor pressure equaled to atmospheric,
the field of the selenite existence is degenerated as well. In a process of the selenium distillation separation from mercury impurity in
vacuum at its lower content in the initial one and respectively lower partial pressure of mercury vapor, the chalcogenide decomposition
into vaporous metal and chalcogen takes place.

Key words: selenium, mercury, mercury selenide, pressure, partial pressure diagram, thermodynamics
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Introduction. The interest in physicochemical
properties of mercury-selenium system is due to the
capabilities of mercury selenide in solving practical
problems related to substances photosensitivity with
high mobility of current carriers, resistance, semi-
transparent contacts [1-3], as well as a complexity in
separating selenium from mercury admixture by dis-
tillation method.

The phase diagram of Hg-Se is designed within the
concentrationrange 50-100 at. % Se [4, 5], where HgSe
compound is determined, and which forms the degen-
erate eutectic with selenium at temperature 220 °C.
A monotectic reaction in the system is developed at
temperature 686 °C, a stratification region in these
conditions is exposed in mid ~71 and 85 at.% Se. The
boundaries of monotectic dome are not defined.

The thermodynamic properties of mercury sele-
nide have been specifically studied by the researchers’
team. Initially, the vapor pressure of mercury selenide
has been determined in the paper [6], wherein the au-
thors defined the vapor pressure of selenium and al-
loys with a content of 2.67, 5.03 and 12.4 % within
the temperature interval 425-650 °C, and calculated
the vapor pressure of HgSe. However, the obtained
data on pressure of selenium vapor occurred to be un-
derestimated and are recognized [7] as unreliable.

The different research methods on specifying pres-
sure and composition of the mercury selenide vapor
have been developed at the nearly time. [7-10].

In the study [8], the authors using the flow meth-
od within the temperature interval 340-482 °C, and
the Knudsen method of 323-243 °C, determined
the saturated vapor pressure of mercury selenide,
the values of which are described by equation:
lg p [mm Hg] = 9,032-5976°T'. Whence
ANom. = 114.2kJ/ mol.

R.A. Isakova and her co-workers [9] defined the
vapor pressure of mercury selenide at 350-450 °C by
the transfer method in the argon jet, conforming to the

dependency:

lgp [mmHg] = 11,064 — 7521,92T", and approximate
enthalpy and sublimation entropy  values,
equal to 1439 kJ/mol and respectively

156.65 J/(mol « K).

The researcher [11], using the unit with continu-
ous pressure dependency of the vapor temperature,
applying the radioactive isotope *Se and two effusion
chambers with different ports diameter, specified the
vapor pressure of mercury selenide at 486-596 K. The
pressure of mercury selenide vapor, in this case, is de-
fined as dependency: 1g p [mmHg]=8,175-5750,1 « T"'.
The sublimation enthalpy has been equaled to
109.9 kJ/mol.
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Mass spectrometric analysis of vapor phase during
sublimation and distillation of selenium [11, 12]
showed the presence of Se + types ions in the vapor,
where n varies from 1 to 8. Thus, for sublimation
(175 °C) the vapor composition is specified as %:
Se,<29.0, Se,> 57.5, Se, > 11.4 and Se,> 2. There-
with, a lower quantity of Se, " and Se , " ions has been
detected in the vapor. As the temperature increases,
the proportion of Se, molecules is increasing and the
content of Se Se, decreasing. The dissociation energy
of Se, is defined as 297.9 + 8 kJ/mol.

Mass spectrometric studies of the vapor phase
over mercury selenide [11-14] indicated a significant
dissociation of the compound at temperature increas-
ing 142 °C in the reaction:

HESGS; Hg (g)-i- aSe, (g)-i- bSe3(g) + cSeS(g)+
+dSe, +eSe,, +/Sey,

temperature dependency (257-297 °C) of equi-
librium constant is shown by the equation [13]:
1gK'=9,995 8771 « T*"

In the study [14], a method specifying vapor opti-
cal density over HgSe at 860 °C indicates an absence
of gaseous molecules of mercury selenide and the
consistency of vapor phase composition against previ-
ously published data. An enthalpy of mercury selenide
formation indicated (at 300 K) equals to 45.2 kJ/mol,
with the entropy of 20.9 J/(mol<K).

However, when studying the composition of the
vapor phase [15] by A. D. Pogorelov’s method, based
on the values comparison of the substance carry-over
in inert gas stream and hydrogen, it has been stat-
ed that mercury selenide is marginally dissociated
(2.2 %) at temperature 480 °C.

A while later, when studying the thermal disso-
ciation process of the mercury selenide vapor [16]
by the dissociation suppression method, a total va-
por pressure of mercury selenide is specified for the
temperature interval 300-550 °C as per the equation:
lgp [Mmhg]=7.32-4681 * T + 0,15, where the disso-
ciation degree in the interval makes up 98.7-99.2 %.

In the work [17], studying a crystalline struc-
ture of mercuric selenide sublimates to detect
polytypic modifications and find out vapor com-
position with saturated-vapor pressure parame-
ters by the membrane pressure gauge, indicated a
dissociative type of evaporator HgSe. The vapor
pressure of mercury selenide combined with pub-
lished characteristics is presented by the equation:
lgp[Mmhg] = (9.61 £ 0.05) - (6445 £ 24) « T'. The
value of standard heat formation of HgSe, estimated
in consistency with the second law of thermodynam-
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ics, makes up 52.7 £ 6.3 kJ/mol with the entropy of
100.4 £+ 4J/(molK).

The researches [18] including the method of HgSe
in hydrogen current at temperature interval 360-540 °C,
indicates as well the dissociative character of
evaporation in consistency with the reaction
2HgSe ., =2Hg + 2x Se . The dependency of the va-
por pressure of mercury selenide for the given tempera-
ture interval: 1g p [atm] =-7.0264 - 6579 « T' £ 0.012.

Later, the thermodynamic studies were critically
reviewed and generalized in the monograph [19],
where characteristics of the paper [17] are recom-
mended for the equation of temperature dependency
of saturated vapor pressure of mercury selenide. Oth-
er thermodynamic constants of mercury selenide are
given in the work [20].

The studies review shows that the authors still
have no a common opinion on forms of presence of
mercury in vapor phase over its selenide. Though, the
majority of them consider the dissociative character
of HgSe chalcogenide evaporation as a prioritized
one.

Part of Calculation and Results Discussion. In
this respect, using the method of designing of partial
pressure diagrams [21] with the reference constants
[22], we tried to define thermodynamically stable
phases of the mercury-selenium system for refining
distillation conditions of chalcogen, where the gas
phase is represented by vaporous selenium.

The distillation recovery of selenium from indus-
trial products and its refining developed at 400-500 °C
(673-773 K), in the vacuum up to 13 Pa, and at boiling
point 672 °C (945 K) has been indicated by us at atmo-
spheric pressure [23, 24]. Therefore, the temperature
range for the studies is picked as 673-945 K (400-672 °C),

and the pressure as 1.3 10° 0.1 MPa.

Due to the fact that the boiling point of mercury
at atmospheric pressure 357 °C [4], and HgSe vapor
pressure is approximately equal to vapor pressure
of liquid selenium, the decomposition reactions of
crystalline and gaseous mercury selenide with forma-
tion of gaseous mercury and selenium are included
(Table). The thermodynamic functions of gaseous
selenium in the equilibrium constant estimation are
taken from the paper [25].

Table — Reactions and equilibrium constants of reactions of
mercuric selenide decomposition

Values In K, Temperature, K
No Reactions
eaction 673 945
1. | 2HgSe =2Hg  + Se, -19,331 +0,246
2. | 2HgSey =2Hg, + Se, +37,919 +38,692

I reaction 1-K_= . p?
Equilibrium o= Pseyyy * Phigg, -

constants:

2 -2
reaction 2 - K, = pSeug) ’ pHg(g> pHgSe(g, .

When designing the diagram, the vapor pressure
of gaseous mercury selenide is included into the
equilibrium constant. To simplify the analysis of
the partial pressure diagram (Figure 1), its isobaric
sections are shown (Figure 2) at the partial pressure
of selenium vapor of 0.13, 1.33 and 6.67 kPa,
assuming its equality to the operational pressure in
the distillation process. The region and field set in the
temperature and pressure ranges are highlighted in the
figures; the equilibrium plane of reaction 1 is shaded
in Figure 1.

1000/T, K.
1
1,25 |
Heg DT Heselcnl 7
1‘5 L 1 1 1 r
25 -20 -15 -10 -5 0
Inp 5,
Figure 1 — Diagram of partial pressure of Hg ©~ Se, ©
1000/T, K’
1 Alloy boiling temperature /
125 | | T
e _ 673 K (400 °C)
1,5 —_—
-10 -5 0 Inprg,,,

Figure 2 - Isobaric sections of the partial pressure diagram
Hg@ -Se, @at the vapor pressure of selenium,
kPa:1-0.13;2-1.33;3-6.67

On the basis of the partial pressure diagram, it
can be concluded that at the boiling point of seleni-
um 945 K (672 °C) at atmospheric and moderately
low partial mercury pressures, the mercury selenideis
indicated as the termodynamically stable phase. The
thermal dissociation of mercuric selenide is possible
only at the pressure of gaseous selenium 13 Pa and
mercury vapor pressure less than 0.68 kPa (at 673 K).
The equilibrium region between gaseous mercury and
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its crystalline selenide degenerates (in the specified
conditions), practically, at the boiling point of seleni-
um - the equilibrium reaction plane 1 crosses over the
selenium boiling point plane (945 K) at atmospheric
pressure.

Analyzing the position of equilibrium lines of the
dissociation reactions of mercury selenide on isobar-
ic sections of the partial pressure diagram (Figure 2),
it is evident that as the partial pressure of selenium
vapor increases, the area of existence of elemental
mercury vapor located above the lines decreases. The
crystalline mercury selenide will be stable in the tri-
angular field (Figure 2), limited by the partial pressure
of mercury (0.13 + 6.67) - 101.3 kPa and temperatures
interval: 673 - (823 + 890) K [400 - (550 + 617) °C].

That is, in the distillation extraction conditions and
refining of selenium in vacuum and partial pressure of
mercury vapor over 6.67 kPa (50 mm Hg) (at relative
temperatures), the latter will present as HgSe  com-
pounding, which confirms the results of the authors’
studies [15] and contradicts the results of studying
upon composition of vapor phase in most of other
works with applying the mass spectrometry [11-14,
18] (at methodically lower pressure) and stating that
selenide dissociates completely.

At lower partial pressure of mercury vapor, the
stable phase will be vaporous mercury. Thus, at steam
pressure of selenium 13 Pa and the same mercury va-
por pressure (at 673 K), the system falls into the re-
gion of thermodynamic stability of vapor mercury in
the partial pressure diagram. The foregoing removes
the contradiction in various studies” results.

Conclusions. Due to the thermodynamic study of
the dissociation of mercury selenide under the distil-
lation recovery conditions and selenium refinement,
the partial pressure diagram, designed in the coordi-
nates 7' — Inp,, o lang(g), demonstrates elemental
mercury as thermally stable phase over its selenide
at lower partial pressures of mercury vapor, and at
significant partial pressures of the mercury vapor,
mercury selenide is determined as the stable vapor
phase. Increasing the partial pressure for the mer-
cury vapor reduces the region of thermal stability
of mercury selenide.

The equilibrium region between gaseous mercu-
ry and its crystalline selenide degenerates at boiling
point of selenium. At partial mercury vapor pressure,
that equals to an atmospheric, the field of existence of
selenide degenerates as well.

Thus, when refining selenium at low partial pres-
sure of mercury (less than 6.67 kPa), due to its small
content in purified chalcogen, the gaseous mercury is
confirmed as the stable vapor phase.
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TYWIHOEME

CblHan ceneHuaiHiH MeTan MeH xanbKoreHre Avccouvaumsananybl Xannbl apusnaHraH ManimeTTepai Tangay kesiHae cbiHan cene-
HUAiHIK Bynbl basackiHAa cbiHanTbIH 6ony MiWwiHAepi Xannbl GipblHFal NiKipAIH KOKTbIFbI @aHblKTanfFaH, 6ipak 3epTTeyLuinepaid, kenwiniri
XanbKoreHnaTepaiH biablpaybl MeH chiHanThl Byrnbl dasara aybicyblH 6acTbl ypaic gen caHanabl. OcbiFaH HannaHbICTbl napuuangpl Kbl-
cbiMZap auarpammachbiH KypacTblpy 8iCiH nanjanaHyMeH xaHe aHblKTamMarblk KOHCTaHTanapabl kongaHy apkbinbl, rasgbl pasaHbl 6yrbi
ceneH fen ycbiHFaH xarganaa keiceimbl - 1,3:10° — 0,1 Mla, Temnepatypanblk uHTepeansl 400 — 672 °C apHanfaH xanbkoreHaepai
OUCTUNNAUMANBIK Ta3anay >karaanbiHaa CbiHamn-cerneH Xynenepidii, TepMmoaMHamukanblk TypakTbl dpazanapbl aHblkTangbl. CeneHai guc-
TUNNSAUMOHABI XaFfanaarbl Tazanay MeH LUblFapyFa CbiHamn ceneHuaiHii Auccoumnaumsnblk aCepiHiH TepMoaMHaMuKarnblk 3epTTeynepiHiH
HoTmxeciHae T —In Psoiey — In Pygey KOOPAMHATTAPBIHAAFBI NAPLWAN/b! KbiICbIMAAPALIH AnarpamMmmack! KypacTbipbir/bl, OChIHbIH HerisiHae,
Kili napumangbl KbicbiMaa cbiHan OybliHbIH TEPMUSATLIK TYpakTbl dha3acbliHblH, CENeHATEPAIH, YCTIHAEr 3NeMeHTTi cbiHan Gonbin Tabbl-
nagbl, an Oygarbl yrKeH cbiHan OyblHbIHNApLUManabl KbiCbiMAarbl OPHBIKTbI ha3da cbiHan cenenuai 6onagbl. CbiHan GybiHbIHNApUManibl
KbICbIMbIHbIH, KOTEPINyi CbiHan ceneHvaiHiH TepMUsnbIK TYPaKTblK aymarblH KillipenTtei. [asTyprnec cbiHan NeH OHbIH, KpUcTanabl ceneHn-
[iHiH apacblHOarbl Tene-TeHAik aymarbl CENEeHHIH, karHay TemnepartypacbkiHaa Kynabipan 6actangbl. ChiHanTbiH Nnapuuangbl 6y KbiCbiMbl
aTMocdeparnblK KbicbiMFa TeH GonFaHaa ceneHuaTtepdid katap emip cypy aymakrapbl Kynablpanabl. Kege 6actanksl Kypamabl CbiHan
Kocnanapbl MeH cenenai AucTunnsums ypgicneH 6enin anyga, TuiciHwe, cbiHan BybIHbIH, KillkeHe napumanbl KblCbIMbIHAA XanbKoreHna-
Tep ByTyprnec mMeTan MeH xarnbkoreHaepre blablpaybl xype 6actanapl,

TyWiH ce3pep: ceneH, cbiHam, CbiHan ceneHugi, KbiCbiM, Napuvanibl KbickiMaap AvarpaMmmMachl, TepMoauHaMuKa.
PE3IOME

Mpn aHanu3e ony6nMKoBaHHbIX AaHHBIX O AVCCOLMaLIMK ceneHmaa pTyTi Ha MeTans 1 XxanbKoreH yCTaHOBMEHO OTCYTCTBUE eaVHOro
MHeHUs1 0 chopmMax NPUCYTCTBUSA PTYyTW B NapoBou dase Haj ee ceneHngoMm, ofHako npeobnagatolee 6OMbLIMHCTBO MccnegoBartenen
OCHOBHbIM CHUTAIOT MPOLIECC Pa3foXeHNs XanbkoreHnaa u nepeBoa pTyTV B napoByto dasy. B aTou cBA3wM, ¢ npyMeHeHnem MeToha no-
CTPOEHNS AvarpaMm napumanbHbIX AaBMEHUA U UCMONb30BaHNEM CMPaBOYHbIX KOHCTAHT BbIMOMHEHO OnpeaeneHne TepMOANHaMUYECKN
CTabunbHbIX a3 CUCTEMBI PTYTb-CENEH NPUMEHNUTENBHO K YCMOBUAM ANCTUMNSALMOHHOMO pachMHUPOBaHNS XanbKoreHa Ans nHTepsana
Temnepatyp 400 — 672 °C, pasnenuii - 1,3-10°— 0,1 MIMa, npu gonyweHnu, 4to rasoBas asa npeacTaBrneHa napoobpasHbIM CENEHOM.
B pesynbrate TepMoAMHAMUYECKOrO UCCNEeA0BaHUSA peakLumuy auccoumanmnm ceneHnaa pTyTy B YCIoBUSIX ANCTUNNALMOHHOIO N3BMNeYeHus
1 pachuHUpPOBaHUS cerleHa NoCTpoeHa AvarpaMMa napLumanbHbiX AaBreHuin B koopauHatax 77 — In Psers) — In P, HA OCHOBAHWM KOTO-
pOI yCTAHOBMEHO, YTO NMPY ManbIX NapumanbHbIX AaBMEHUSX Napa pTyTy TEPMUYECKN CTabunbHoOW ha3on Hag ee CeneHnaom SBnseTcs
3MeMeHTHas pTyTb, MPU 3HAYMTENbHbIX MapuuanbHbIX AaBleHVAX napa pTyTn ycTondmBow dason B nape byaeTt cenenua pTyTu. [oBbl-
LIeHVe napumanbHOro AasrneHns napa pTyT yMeHbluaeT obnacTb TepMUYeckoi cTabunbHOCTH cenennaa ptytn. Obnacte paBHoBecus
mexay razoobpasHol pTyTbiO U ee KpUCTanIM4yeckvm ceneHnaoM BelpoxaaeTcs Npu TemnepaTtype Kunenus cenexa. Mpv napumanbHom
AaBrieHuy napa pTyT, paBHOM aTMoCcdepHOMY, Nnose CyLecTBOBaHWUSA CeneHnpa Takxke BblpoxaaeTcs. B npouecce ANCTUNNALMOHHOMO
pasgerneHunsi ceneHa oT NpUMecK pTyTU B BaKyyme Npy ManoM COAEPXKaHUM B UCXOAHOM W, COOTBETCTBEHHO, Mariom napumanbHOM AaB-
nieHnn napa pTyTu, 6yaeT NPOMCXOAUTL Pas3fioKeHne XanbKoreHnaa Ha NnapoobpasHbIn MeTanm u XxanbKOreH.

KnioueBble cnoBa: ceneH, PTYyTb, Cenenng pTyTun, AaBnedune, guarpamMmma napumanbHbIX AaBneHni, TepMognHamumka
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0 BO3MOXKHOCTH ®TOPO-CYJIbPATOAMMOHUMHOTO BCKPBITHSI
BAPUTOBOI'O CbIPbsA

Pestome: PaccmoTpeHa TeopeTuyeckasi BO3MOXHOCTb MPUMEHEHMUs YCOBepLIEHCTBOBAHHOW (hTOPMOHON TeXHOMorMv Ans nepepaboTku
GaputcogepKallMx OTXOAOB, MOSYYEHHbIX MPU (OrIOTALMOHHOM OBOraLleHUN CROXKHOM MO MUHEparorMiyeckoMy coctaey GapuTo-
nonMMeTansiMieckon pyabl U UMEILLMX B CBOeM cocTase, %: 4o 37 GapwuTa; 6Gonee 1 B cymme mMeau, CBMHLA U UMHKa; 8o 0,3 peakmx
meTansnos. TexHornorusa npeaycMaTpueaeT COBMECTHOE MCrorb3oBaHme 6udTopuaa v cynbdara aMMOoHVs s YAAneH s OKCUAa KpeMHUs!
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