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ABSTRACT

The thermodynamic equilibrium oconstents for the reactions which
would be involved in the pyrolysis of a selenium compound have been cal-
culeted over the temperature range of 298,2° to 2400° K, The data re-
quired were taken directly from the literature where possible, although
the necessary thermodynamic informetion on the selenium compounds was for
the most part caleoulated or estimeted from related information. The re=-

eotions oconsidered were

.,‘1,.3’2(5) * O02(g) = S002(g)

_21.3*’2(5) * Hp(g) = HiSe(g)
%3'2(5) * CO2(g) = Se0z(g) * C(s)
%3°2(g) R0 G * PG

3 Bezle) * % CO3(g) = B0y * 2 GO

%Sez(g) * 2 HpO(g) = Selz(g) *+ 2 Hp(g)

%&2(5) * 2 HyO(g) = Se0z(g) * 2 EySe(y)

The results showed selenium dioxide to be quite stable thermally and %o
be & very powerful oxidizing agent. In any combustion reaction essen=-
tially no selenium diexide wounld be formed imtil e11 of the carbon and
hydrogen present had been gonverted to ocarbon dioxide and water. Hydro-

gen selenide was also found to be thermally stable, but should bs readily
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oxidized by selenium dioxide.

The vapor pressure - temperature relationship of selenium dioxide
reported in the literature is somewhat abnormal suggesting polymerization
in the wapor phase. However, efforts to confirm this premise experimen-

tally were unsuoccessful,



CHAPTER I

THERVMODYNAVIC CAICUIATIONS OF EQUILIBEIA ARISING

FTROM THE CQMBUSTION OF SELENIUM COMPOUNDS

Introduction

There has been only a minimum amownt of information reported in
the literature concerning the high temperature reactions of even the
simpler inorganic compounds of selenium. Acoordingly, it was the pur-
pose of this work to investigate from a theoretical standpoint several
reactions of selenium and its compounds which would be involved in the
combustion of ary compound containing selenium, carbon and hydrogen. The
thermodynamic equilibria for these reactions have been caloulated from
available data as functions of temperature from 1000° to 2400° K., Since
the temperature range investigated was guite high, it wes assumed at the
outset that the chemiocal reaction rates involved were sufficiently rapid

so that these thermodynamically determined equilibria prevail,

The Thermodynamic Equilibrium Constent and the Standard Free Energy

Change
Disoussion.~-The composition of an equilibrium mixture of chemically re-

acting substances can be caloulated theoretically using thermedynemics
provided that the standerd free energy change (AF°) for the reaction is
known and that certain eassumptions are made concerning the rature of the
phases present at equilibrium, To illustrate, consider a chemical reac-

tion representable by the equation



oC + dD = mM + nN (1)

At a fixed temperature (T) the stendard free enerzy change (AFy®) for

this reaction may be written in the fomm
AFT" = §$F°(Products) = {F°(TReactants) (2)

In equation (2) the quantity F° represents the fres energy of the indi-
viduel pure components of the reaction in their standard stete of wmit
activity at the temperature T. If equilibrium is reached in the reastion

at a fixed temperature and pressure, it may be shown that

AFp® = KT In (a3 )™ (ay)? (3)

(ag)e(ap)¥

where the quantities a; are the activities of the individual components
in the equilibrium mixture and R is the gas comstant, Equation (3) is

often written in the form
AFp° = -RT In Ky ()

where the thermodynamic equilibrium constant (K ) ie defined by the rela-

tion

Kq = (ay)™(an)® (5)
(ag)e(ap)d
It will be noted from equation (4) that Ko is a funcotion of temperature
orly and is independent of pressure.
The practical application of equatiocns (4) and (6) requires that a

relation between the activity and the mole fraction of a compound in the



equilibrium mixture be defined, In general, such a relation is not known
from experimental data, and, consequently, assumptions must be made. The
usual procedure is to assume that liquids behave as ideal solutions while
ge.ses behave as ideal gases. In the case in which the equilibrium mix-

ture is & mixture of ideal gases, 1t cen be shown rigorously that

(Pm)m(PN)n

(6)
(Pc )e (PD )d

Kﬁ.-

where py 1s the partial pressure of each comporent in the mixture. For

ideal gases the partial pressure of any component is equal to the product
of the mole fraction (y) of thet component and the total absolute pres-
sure (P), or

Thus, equation (6) can be written in a more convenient form

. (nP)B(yyp ) (8)
(yeP)e (ypP)d

The campositior of the equilibrium mixture of ideal gases can be calou=
lated at any temperature end pressure from equation (8) provided that Kg
and consequently AFp’ is known at the specified temperature.

In dealing with non-ideal gas mixtures, a more general relation

heving the form

. (P (yyP ) (9)
(ycP)®(ypP)d

is applied. The term Kp is not a true equilibrium constant and it ie a



function of both temperature and pressure., Comparing equations (8) and

(9), it is evident that Ky and KP are equal when the gases are assumsd to
be ideal, Since ideal gases have been assumed in all cases in this the=
sis, methods of determining fy from K, in cases of nomn-ideality will not

be discussed.

liethods of calculation,-~Depending uporn what data are awailabls, thers

are several methods by which the standard free energy change of a reac-
tion may be calculated as a function of temperature., The simplest casze
is that in whioch the standard free energy of formation of each of the
substances involved is known at the specified temperatures. As shown in
equation (2), the value of AFp® for the reaction is then simply the dif-
ference in the algebraic sum of the free energies of formation of the
products and that of the reactants. In the majority of cases suoh data
are available only at 298,2° K., and other formulee and data are required
to determine AF,°® at higher temperatures, Often sufficiert date on heats
of formetion, entroples and heat capacities are awailable to utilize the

relation
AFq® = AH® - TASp° (10)

where the heat of reaction AHp® and entropy ohenge of reactiom AS;° at

any specified temperature are caloulable from the standard thermodynamic

formulae
T
ABp® z AH°gog o + j AC 4T (11)
2982
. 1
o o -
48,° 2 85595 5 *J AC,T™ 4T (12)

288.2



Ir these relations the terrs AHp®, ASp° and Acp represent the algebraio
sum of the enthalpies, entropies and heat capracitles respectively of the
products mirus the corresponding sum of the reactants .’

In other cases speotrosconic data on the fundamental vibretional
frequencies of s pgaseous molecule are available whieh, together with mo-
ments of inertia, symmetry numbers and moleculer weight, permit the di-
ract calculation of the free energy funotion.2 The details of the calou=-
lation of this funotion are outlined by Wenner,® and for any substance it

has the form F° « E; where ES is a constant representing the zero point
T

energy of the moleoule. For eny resction these functions may be handled
elgebraically in the same narrer as the amotual free energies. Thus, the
peneral equatior for e reaction may be expressed as
AFp°® = TA(F® - B3) + AE] (13)
T
where AE; 1s a constant. While the value of AE; may be determined in sev-

era]l ways, the most comror method involves the use of a single, krnowm

value of AFp®. Once this constant is evaluated, the free energy functions

lMhese formulae mssume thet no phase chenge or molecular trarsi-
tior occurs between 268,2° and T°K, When such changes do teke place,
the enthalpy end ertropy changes accompanying them must be added alge=
braiocally to the general relations.

2The exact ealculetion of thermodynamie functions from molecular
date requires that enharmonicity of the vibrations, vibration=-rotation
interactions, changes of moments of inertia, ete. be taken into account.
This has not been done in the csleulations made in the presert work.
These ocorreoctions may be appresciable at the higher temperatures consid=
ered. \

Smlph E, Wemner, Thermochemical Caloulations, MoGraw Hill Book
Co., Inc., 1941, Crepter VI,




may then be used to ocsloulate the standard free energy change at any other
temperature.

Although there are other methods for ecaloulating the stendard free
energy change of & reaction, the previous disecussion covers the methods
used subsequently in this thesis. In eny case, the perticular procedure
used depended upon the date awvailable and the estirated reliability of

these data.

Reaotions Considered

In the combustion of a chemical compound containing selenium, car=-
bon and hydrogen, a variety of products such as Se0,, CO; and Hy0, to
mention a few, might ccnceivably be formed. The products actmelly formed,
of ecourse, are those which satisfy the thermodynamie equilibris between
the various possible compéunds. The reactions involving the dispostion
of the selenium itself are shown in Table 1 following and are the ones

considered im this thesis,.

Teble 1. BFeactions of Selenium

3 Sez(g) * 0z(g) = Se02(g)

%‘S’Z(e) * Ba(g) = Bafe(e)

% Sez(g) * COp(g) = Se02(gz) * C(s)

%. Sep(g) * 2 CO(y) = S80,(,) * 2 C(y)

7 Seg(g) * 2 COp(g) = Selg() + 2 CO(g)
%S*’z(g) * 2 Hp0(g) = Selz(g) + 2 Hy(p)
T Sen(g) ™ 2 Bxf(g) = Selp(g) * 2 Nale(y)



Calculation of Heat Capacities and Zntroples

Vapor state of selenium.--Since selenium exists as a vapor in the temper-

ature range under oconsideration, it wes first necessary to define the de=-
gree of assoclation of the gaseous molecules. The limited eamownt of va=
por density data available pointed to the existence of several molecular
speoies of the vapor at various temperature lsvels, The data of Neumann
and Iichtenberg? in the range of 473° - 481° X, indicated a single hexa-
tomic form, while that of Preuner and Brookméller® in ths range of 490° -
961° K. has bteen interpreted or the basis of an equilibrium hetween hexa-
tomlc and diatomic selenium, At temperatures in excess of 2000° K., the
spectroscopie caleulations of Zeise® show an extensive decorposition of

the dietomio to the monatomie species. Thus, a complete description of

the wvapor state of selenium over ma wide temperature range would involve

the successive equilibria

Seg(g) = 3 Seg(g) = 6 Se(z) (14)

Any attempt to exactly take into acecoumt all of these equilibria not only
would be quite tedious but also would require considerably more precise
data than are available.

Utilizing the date of Prouner and Brockmdller® for the reactien

4K, Neumann end E. Lichtenberg, Zeitschrift fiir Physikalische
Chemie, A-184, pp. 88 - 89, 1939,

SPreuner and Brookmoller, Zeitschrift fiir Fhysikalische Chemie,
p. 81, 1912,

€H, Zeise, Zeitschrift fir Elektroohemie und Physikelische Chemie,
46, pp. 39-41, 1940,




Seg(g) = 3 Sep(y) (1s5)
Kelley! has computed the equation
O0Fp® = 59,960 - 58,36 T (16)

From this equation the per cent decomposition of 3"6(5) to 532(5) at one
atmosphere pressure was calculated at several different temperaturss,.

The results are shown ir Table 2 following, along with the data of Zeise®
for the per ocent decomposition of 392(5) to Sa(g) at one atmosphere pres-
sure. Examination of these data indiceted that selenium wvepors were es-

gentially diatomic up to 2000° K., while above 2000° K. dissoeiation of

Table 2, Decomposition of Seg and Seg

as Funotions of Temperature

% Seg to Sep at % Sep to Se at

T°, K. one atmosphere one "atmosphare
1000 26845 0,0037
1250 95,6 0,083
1500 90,9+ 0.82

1750 98,9+ 3.97

2000 99,5+ 12,90

2250 80,9+ 31.5

2500 89,9+ 57 .6

Sag(g) to Se(g) becomes appreciable. However, sinoe s°2(g) is predomi=-
nant over the bulk of the 1000° to 2400° K, temperature range considered

in this work, all subsequent calculations have besn based entirely om

x, K. Kelley, The Free Znergies of Vaeporization and Vepor Pres-
sures of Inorganic Substances, U. g. Bureau of lines Bulletin No, 388s

E‘Zeiaa, ope cit.



Sez(g), ignoring any dissociation to Se(g).

Caloulation of the heat ecapacity of the gases Sep, HoSe and SeOg.-=A

search of the literature revealed that the heat capacities of the gases
Sep, HpSe and Se0z have not been experimentally determined. Howsver, the
fundamental vibrational frequencies of these molecules were known with
sufficient accuraoy to permit their heat capacities to be caloulated as
funotions of temperaturs.

The method of ocaloulation employed wes that outlined by Wenner®
for perfect gases. Briefly, this method is based upon the application of
the quantum theory end the Maxwell-Boltzmann distribution law to the en=-
orgy states of a perfect gas moleculs. It is assumed that the heat capa=-
eity of the gas at constant volume is equal to the independent econtribu-
tions of the +translational, rotational and vibrational degrees of free=-

dom of the moleculoslo or
Oy’ = op *+ op + 0y (17)

where Cy° is the total molal heat capacity in cal./(g.mole)(°K,) and ey,
¢, and oy are the separate contributiorns arising from the translational,
rotational and vibrational energies of the molecules, respectiwvely, in

cal./(g.mole)(°K.). At any temperature the contribution of & vibrational

9Wanner, op. cite

101y addition, ras moleoules also possess elesctronic degrees of
freedom. However, these are ordinarily important only at exeeedingly
high temperatures, and have been sacordingly neglected in this work. I%
has been pointed out to the author by Dr. W. H. Eberhardt of the Georgie
Institute of Technology that selenium has sush an exeited eleotronic
state 6298 em.=l above the ground state. The contribution of this state
to the heat ocapaoity of selenium wapor has been caloulated to be only
0.44 cal./(g.mole )(°K.) at 2500° K,
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degree of freedom is calculable from the Einstein heat capacity funetion

for an harmonie oscillator, This function - E(x) = has the form
Re*x?

B(x) lm (18)

where
x w 1.439 wT-1l (19)

In these equations, R is the gas constant in cal./(g.mole)(°K.), e is the
natural logarithm base and w is the fundemental vibrational frequency of
the molecule (wave number) in reciprocal centimeters. In the case of the
translational and rotational degrees of freedom of the molecules, the en=
ergy levels are such that they are fully excited at temperatures in ex-
cess of 50° K., and their contribution has thus reached the maximum,

equipartition value of % R per degrea of freedom. lMathematiecally then,
o4 * 0, = ZR(ng * ny) (20)
and Cy° is ocaloulable from the relation
cvo - vaE(x) *+ %R(nt * nr) (21)

In these equations ny, np and n, represent the number of degrees of
translational, rotational end vibrational freedom, respectively, which
the molecule possesses, and are rsadily obtainable from the molecular
formula.

Since the reaoctions are considered here to take place at constant
pressurd rather trkan at constant volume, the thermodynemie relation for

ideal pases
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Cp° = Cy° + R (22)

was used to convert the calculated heat capacities at oonstant volume
(Cy®) to the corresponding heet capacity at constant pressure (CP").
The heat capacity of each gas has been caloulated i this manner
at 200° intervals from 298,2° to 2400° K., ard a sample caloulation is
given in Appendix III. The results along with the date employed in the
calculations are shown in Tables 17, 16 and 19 of Appendix IV, and are

repregsentable by the equations

Seg(g)r Cp" m 84954 + 3,55 x 10767 - 0,444 x 10572 (25)
HpSe(g)t Cp® = 64551 + 6,098 x 10-57T - 1,408 x 107612 (25)

® 15 expressed in cal./(g.mole)(°X.). The
11

In each of these equations C-p

standard mathematical method of everages™ " was utilized to eveluate the
constants in these equations,

Caloulation of the standard entrovy of the pases Sep, HpSe and Se0p.--is

wes the case with heat capacities, experimental values for the entropies
of the gases Sep, Ho8e and Se0y were not awvailable. However, these quan=-
tities were also calculable from the known molecular structure and funda-
mental frequencles of the molecules.

The method of oalculation employed wes that outlined by Wennerl?
ard ie based upon the same principles embodisd in the calculation of heat

cepacities. Again, the total entropy is considered as being made up of

nJoaeph Lipka, Graphical and Nechanical cﬁutation, John Wiley
and smﬂ, Inﬂc, New York’ N. Yt, P 126 = 127, 19 .

12%enne r, op. cit.
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the separate contributions of the wvariocus degrees of freedom the molscule
possesses. To caloulate the entropy of trarslation the Sackur=Tetrode
equation was used. This equation has the form

84" s 3Rm M +B5RInT-RInP+5R+ Rln R+ C (26)

2 2 2

where st' is the contribution to the total entropy of the translaticnal
energy of the molecule in cal./(g.mole)(°K.), X is the molecular weight,
P is the pressure in atmospheres end C is a wmiversal constant. At one

atmosphere pressure and 298.2° K. this equation reducss to
8+° = 6.863 log M + 26.00 (27)

The entropy of rotation of a diatomic molecule is reprssentable by

the equation
8,° = R1ln IT + 177,676 - R In q (28)

and that of a polyatomic molecule by

8, =lR1nIxIIz+%R]nT-Elnq* 267,649 (29)

2 y
where 3!.“ is the contribution to the total entropy of the rotational en=
ergy of the molecule in oal./(g.mole)(“l.), Iy, IY and I, ere the moments
of inertia of the molecule reletive to the x, y and gz cartesian coordi-
nates respectively, and q is the symmetry number. At 298,2° K. these

equations reduce respectively to

8,  ® 4,575 log I = 4.575 log q + 188.996 (30)
sy = 2.288 log IxI 1, = 4575 log q + 284.651 (31)
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The entropy of vibration 1s czleulable from the expression

vz IR x - Q- ) (s2)

where g, is the contribution to the total entropy of the vibrational en=
ergy of the molecule in cel./(g.mole)(°K.) and x is the previcusly de-
fined function of frequency and temperature. Obviously, the total en-

tropy is thenlS
8% w 8g® hay *ou’ (33)

where 8° is the total entropy in cal./(z.mole)(°E,.).

The standard entropy at 298.,2° K. and one atmosphere pressure was
calculated for each gas, The results and the data used in the occlcula=-
tions are tabulated in Tables 17, 18 and 19 of Appendix IV, ‘ A sample
caloulation is given in Appenrdix III.

Heat Capacity of solid SeOs.--Although & rough estimate of the heat ocapa-

city of solid selenium dioxide could be made on the basis of Kopp's ruls,
a wvelue whioch would seem to be more scourats was desired. It has baen

shownl5, 16 that the heat capecity et oconstent volume of the simpler

510 the case of Sa it has been shown that the ground state
of the molecule is triply iaEenemte. It was therefore necessary %o
add the term R 1n 3 to S° in equation (33) above to obtain the total en-

‘Gropy.

l4s, s, Bhetnagar, H. lessheim and Mohan lal Khanna, Proceedings
of Indian Academy of Science, 6 A, p. 144, 1945.

15g, €. Lord, The Journel of Chemical Physies, Vol. 9, p. 693,

1941,

16w, 7, Bruckseh, Jr. and W, T, Ziegler, The Jourmal of Chemical
Physios, Vol. 10, pp. 740 - 743, 1942,
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molecular solids is representable by an equation of the form
Cy =07 * oy (34)

where o represents the contribution of the translational and rotational
degrees of freedom of the moleculs acting as & wnit in the lattice, and
oy represents the contribution of the vibrational degrees of freedom of

the molecule in the gas state. Quantitatively,

e = (nt + nr)D(x) (35)

0y = ZnTE(J:) (38)

where D(x) is the Debye heat capacity function for solids and E(x) is the
previously defined Einsteir heat capacity funotion for gases. In the ab-
gence of a known value of the heat capacity, it was accordingly impos-
sible to evaluate the Debye funotion directly. However, a previous ocal-
culation of this type on sulfur dioxidel” indicated that 0y had essenti-
ally attained its maximum velue of 6R at a temperature of 180° K. In
this oase, since the tampemtt‘.\ms involved are considerably higher and
since selenium dioxide is a heavier molecule than sulfur dioxide, it was
therefore assumed that oj for selenium dioxide was squal to 6R at tem-
peratures of 288,2° K, and above. As regards the Einstein funotions,
they were calculated at each tempersature from the seme formulae as used

for the gas, Thus, the heat oapaocity at oonstant volume was caloulated

from the relation

C,= 6R* Zn'E(x) (37)

17prueksch and Ziegler, ibid,
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and the calculated wvalues are shown in Table 3 below.

Teble 3. Caloulated Heat Cmperoity of

Solid Se0p, cal./(z.mole)(°K.)

I, K. 21 2y o, A
298,2 11,522 3,223 15,145
500 11.922 3,243 15,165
400 11,922 4.156 16.078
500 11,822 4.654 16.576
600 11.922 5,000 16,992

The data necessary to caloulate Cp from the exaot thermodynamie

relation

p = Cy = X2VT (38)

where olis the coefficient of thermal expansiocn, & is the cocefficient of
compressibility end V is the molar volume, were not awaileble, end there
existed no completely satisfectory method for ecalculating CP -Csas a
function of temperature from other data. An examination of this differ-
ence for a number of substances for w hich it was accurately known18
showed that in the range of 200° - 270° K. & mean value of -4 cal./(g.mole)
(°E.) was applicable. Feference to equation (28) indiceted that the

Cp = Cy difference increases with temperature at a rate somewhat greater
than direet proportionality. On this basis, it was assumed that ea mean
velue of about 7 cal./(g.mnle)(‘K.} should be applieable in the range of
298.,2 ° to 590° K. Sinoce the previously caloulated values of C_ repre=-

sent en average of roughly 16 cal./(gz.mole)(®K.) over this range, a mean

185 ucksch and Ziaszler, ibid.



16

Cp of 25 cel,/(g.mole)(°K,) was used in subsequent celoulations, Al-

though this value differed considerably from the mean C, of about 14

P
cal,/(g.mole )(°K.) whick would be predicted from Kopp's law, it was felt

that the estimated mean C_, of 23 cel./(g.mole)(°X,) was the sounder num-

P

ber.

Caloulation of the Free Energies of Formation of S°°2§E2 and HoSe as

Funotions of Temperature

The caleulation of the free energies of formetion of Seoz(g) and

HpSe(p) was based on the reactions

#8ep(g) * O2(g) = Se0z(y) (39)
£8e2(g) * Ha(g) = HoSe(y) (40)

where it was assumed that Seg(g) was the elemental or base state of se-
lenium. In each ocase the free energy of formaticn as well as the equi-
1librium constant was calculated at 200° intervals from 1000° - 2400° K,

using the previously discussed relations

AFp® = AHp® - TASP® (41)

Abp® 2 AHSgg, o "‘J.T Acpd'r (42)
298,2

AST‘ 'AS.298.2 +JT ACPT-ldT (43)
288.2

AFp° = BT In Ky (44)

The complete data used inolude.

l. the celculeted entroples and heat capacities of the selenium com-
pounds - Tables 17, 18 and 19 of Appendix IV
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2. the entropies and heat capaclties of Op(,) and Hz(g) quoted in
the litersture - Tables 7 and 8 of Appendix %
3+ the heats of sublimation, wvaporization snd formation of the se=
lenium compounds quoted in the literature - Tables 9, 10 and 11 of
Appendix I.

An outline of the entire caleulation is given in Appendix III. The re-

sults, given in Tables 20 and 21 of Appendix V, are representable from

1000° - 2400° K. by the equatims

For Se0y(,), log K, = 10, 080 =1 _ §.231 (45)

For HpSe (), log Ka = - 588.8 T71 - 2,312 (46)
where the constants were determined by the method of averages.

The Free Energy Clange of Feection and the Equilibrium Constant as a

Function of Temperaturs for Reactimns of Selenium

Reliable data were awveilable in the literature from which the free
energies of formation of CO(g), CO2(g) and HpO(:) could be obtained in
200° intervals up to 2400° K, A complete summary of these data is shown
in Tables 5 and 6 of Appendix I, and the respective free energies used
and the method of their caloulation are given in Appendix IXI. Since the
free energies of formation of Og(p), Hz(g) and C(g) are by definition
zero, the free ensrgies of formetion of all substances in the reactions
listed in Table 1 were now known up to 2400° K. For convenience, thaese

reactions are listed apain below.

%Sez(g) * COy(g) = s«oz(g) +'°(s) (a7)

2 802(g) * 2 C0(g) = S9%(g) * 2 O(s) (48)
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%pez(g) * 200p(p) = Se0z(g) * 2€0(g) (49)
%ﬁez(g) * 2Hp0(g) = Selp(,) * 2Hp(g) (50)
g§e2(g} + 2HyO0(g) = S60p(,) * 2HpSe(y) (51)

The free energy of reaction for any case could now be obtained from equa=-
tion (2) by simple algebraie addition and subtraction of the aporopriate
free energies of formation. In each case the free energy change of the

reaction and the equilibrium constant were celsoulated in 200°K. intervals

from 1000° to 2400°K., and the results fitted to the following equations

Reaction 47, log Ko = = 10,590 T-1 - 3,249 (52)
Reaotion 48, log K, = = 2,007 T - 12,16 (53)
Remotion 49, log K, z = 18,990 771 + 5,572 (54)
Reaotion 50, log Kgq = = 16,060 T-1 + 2,756 (85)
Reaction 51, log Ky = - 17,240 T1 - 1,86 (56)

by the method of averages. A sample of the caloulation is given in Ap-
pendlx III, and & complete summary of results in Tables 22, 23, 24, 25 and

26 of Apperndix V,

Discussion _9£ Results

A brief summary of the equilibrium constants obtained for the re-
actions studied is given in Table 4 following.

These results define precisely the produots which would be ob-
tained in the combusion of any selenium, cearbon end hydrogen containing
compound., Clearly no appreciable amount of selenium dioxide would be

formed unless there was sufficient oxygen awailebls to completely convert
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all carbon and hydroger present to earbon dioxide and water. In the case

of relatively small quantities of oxygen, the actual distribution of the

Table 4. Equilibrium Constant as Funetion of Temperature

Equilibrium Constant, Ka
Beaotion 1000° K. 2E3! K.

%302(5) * Og(g) = Seoz(g) 7,13 x 108 B.38 x 10

%Se?(g) + H2(g) = H23°(g) 1.27 x 108 2,48 x 10°
%ﬁez(g) *+ C0y(,) = C(g) * Se0p(g) 1.5 x 10-1¢ 2,8 x 10-°
18ep(g) * 200(g) = 2C(g) * Se0z(,) 8.0 x 10-15  ¢.8 x 10-14
zs"z(g) * 2C0p(,) = Selp(g) * 2C0(,) 4.7 x 1071% 1,2 x 107
.2.5"2(;;;) * ZHzO(y) = S00p(,) + 2iy(,) 5.4 x 1014 5.3 x 10-6

%?oa(g] + 2Hy0(,) = S60p(,) + 2HgSe(g) 8.7 x 10720 3.2 x 10-11

oxygen between carbon and hydrogen would be governed by the well lcnawn
"water - gas" equilibrium, and would favor the formation of carbon die
oxlde at the temperatures considered here.

To illustrate these facts, consider that a hypothetical compound
Se,H4Cp 1s burned in gredually increasing relative proportions of oxygen.
In the first case, where only four atoms of oxycen are available, all of
the oxygen would be assceiated with the carbon while the selenium would
be liberated es both selenium gas and hydrogen selenide. This is showm

in equatior (57) below,
SeqHyCp + 4 O = 200y + 2HpSe + Sep (67)

In the seocond case, where five atoms of oxygen are present, the

situstion would be the same except that some of the hydrogen would be
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avolved as water.,

SegHCp + 5 0 = 2C0p + HpO + HpSe + 38ey (58)
2

In the third case, where six stoms of oxygen ars present, all of
the selenium would be released as selenium vapors, and all of the hydro-

gen and carbon as the corresponding oxide,
Se HyCp + 6 O = 200, + 2HpO + 28ey (59)

Up to this point essentially no selenium dioxide would be formed.
However, now that all the hydrogen and carbon present have been satisfied
with oxygen, any additional gquantity of oxygen present will be converted
to selenium dioxide. This is illustrated in Equation (60) for the case

in which eight atoms of oxygen are present.

Se,H,Co * 8 O = 2C0p *+ 2Hp0 + Se0p + %§92 (60)

Any additional oxygen supplied above eight atoms would simply con=-
vert the remaining selenium to selenium dioxide, as shown in equation (61)

below.
Se HyCp + 14 0 = 2C0p + 2Hy0 + 4560, (61)

It is desirable to emphasize the two very important properties of
selenium dioxide brought out in these cmloulations., In the first place
it exhibits remarkable thermal stability. ZEven at 2000° K,, the equili-
brium constant indicates that selenium dioxide would be only about 7 per
cent decomposed into selenium and oxygen. In the second place it pos-

sesses very strong oxidizing power., Carbon, hydrogen and even hydrogen
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CHAPTER II
THE MOLECUIAR WEIGHT OF GASEOUS SELENIUM DIOXIDE

Introduetion

In the course of the literature search mede in this investigation,
it was observed thset the weriatior of the vapor presence of selenium di-
oxide with temperature was somewhat abnormal., This is shown in Figure 1,
which presents the data of Janrek and Meyerl® in the conventioral manner.
In general, this relationship between the logarithm of the wapor pressure
and the reclprocal of absolute tempesrature for any substance is linear
over a wide temperature range. In the case of selenium dioxide, however,
the data oonform to two linss of widely different slopes with a "break" or
junotion point arownd 500° K, It was felt thet some additiomal investi-

gation was warranted in an effort to explain this phenomenon,

Disoussion
In cornsidering the wvapor pressure - temperature relation of sele-
nium dioxide, the Clapeyron eguation
d In P = (62)
Eao i o
5
was applied, where AHy equals H(vapor) - H(solid). It follows then that

the slopes of the lines in Fipure 1 represent the enthalpy difference be=-

195, Jemnek and J. Meyer, Zeitschrift fur anorganische und
allgemeine Chemie, 83, p. 51, 1913,
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tween the gas phase and the solid phase divided by the gas constant R.
For this case the enthalpy difference between solid snd gaseous selenium
dioxide is celoulated to be 20,500 cal./gz.mole above 500° K, and 2,770
cal,/g.mole below 500° K. This sudden change in enthalpy difference
could be explained on the basis of either a sudden inoreese in the en=
thalpy of the gas phase or a decreass in the enthalpy of the solid phase.
(Dr. W, H, Eberhardt of the Georgia Institute of Technology hes pointed
out that the break in the reported wvapor pressure data for selenium di-
oxide could possibly be due to the presence of a very small amount of a
more volatile impurity in the selenium dioxide sample tested.)

Considering first the poesibility of a decrease in the enthalpy
of the solid phase, thie is tantamount to assuming that selenium dioxide
at normal room tempereture is thermodynamioally umstable with respeot to
a second orystalline modification. Investigation of the literaturs re-
vealed no evidernce of this cordition existing. Furthermore, the magni-
tude of the heat effect is much greater than thet normally associated
with a trarsition of orystelline phases, For these reasons, it was con-
cluded that a change in crystalline structure resulting in a liberation
of heat was unlikely.

Considering now the possibility of an increase in the erthalpy of
the gas phase, dissoociation of the gas could quite readily effect an en-
thalpy change of the magnitude observed. Sinoce the data of Yost and

Hatohere0 ghowed thet no selenium vapors were present above selenium di-

20p, M. Yost and J. E. Hatoher, Journal of American Chemical So-
ciet!. 54’ Do 151, 1932,
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oxide at 642° K., end that selenium dioxide itself was monomolecular at
this temperature, eny dissociation then must be from a polymelecular form
of selenium dioxide to the monomer. To confirm this speculatiom, it was
decided to attempt to, first, verify the vepor pressure data below 500°
K., and, secondly, tc determine ths wepor density in the same temperature

range in order to calculate the moleculer weight of the pgas.

Measurement of the Vapor Pressure of Selenium Dioxide

The experimental determination of the vapor pressure of selenium
dioxide at elewvated temperatures is complicated by two factors, In the
first place, selenium dioxide is quite toxic and dangerous to handle,
while in the seoond place, it is extremely setive chemically. The power=-
ful oxidizing nature of the compound precluded the use of meroury or any
similar manometer fluid in direct contact with the wvapors, Thus, some
technique radieally different from a conventional vapor pressure deter-
mination apparatus was requirsd, One suoh teclnigue is thet employed by
Jannek end Hsyerzl in their work in which the movement of an extremely
thin glass diaphragm was amplified and calibrated against pressure dif-
ferantial. Unfortumately, such an apparatus requires a high degree of
skill in the art of gzlass blowing, and such skill was not at hand., After
considerable deliberation, the system shown in Figure 2 and described in
the following seotion wes adopted. Basiecally, this system involved the
use of a moltsn selenium metal bridge between the selenium dioxide and an
inert gas, the pressure of which could be accurately determined. Sele=-
nium appeared to be an ideal seal fluid for this purpose. Its melting

point of 490° K. is very close to the temperature range to be investi=

2lyannek and Meyer, op. cit., p« 5l.
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gated, and its vapor pressure is only 0,07 nm of meroury at 550° F-., the
maximum temperature under corsideratien.

Apparatus .--A sketch of the apparatus employed to determine the -vapor
pressure of selenium dioxide is shown in Figure 2. Vessel A was a two
inch Fyrex glass tube, three feet long, which was packed with glass wool
to serve as a support for the selenium dioxide* This vessel was wrapped
with nichrome eleotrical heating* wire and insulated with asbestos. A
Variac was used to control and vary the electrical energy input. Vessel
E was a small one-half inch Fyrex glass U-bend containing selenium metal,
This U-bend was also wrapped with nichrome heating wire and insulated
with asbestos. A small vertical window was provided in this insulation
to permit measurement of the selenium level in the manometer. Vessel C
was simply a ten liter steel bomb containing nitrogen gas to act as a
surge drum, A conventional mercury manometer D was attached to this ves-
sel to measure the pressure, and connections were provided to both a vao-
wm pump and a source of nitrogen supply.

The temperature of the selenium dioxide in vessel A was measured
with a calibrated platinum resistance thermometer, A potentiometer and
sensitive galvanometer were used as shown in Figure 5 to control this
temperature to within *0,5° C, In this oontrol system, the galvanometer
Gwas connected in the lead lines from the resistance thermometer T to
the potentiometer P. A light source L was directed so as to impinge upon
a mirror attached to the galvanometer suspension, A iDhotocell C was
mounted so that the light reflected from this mirror would fall upon the
active element of the photocell only when the current through the galva-
nometer was zero and the mirror was accordingly in its neutral position,

The photocell was used to operate a relay in the Variac electrical supply



