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ABSTJ&CT 

The thermodynamic equ i l i b r ium o o n s t a r t s fo r the r eac t i ons which 

wo1'Id be involved in the p y r o l y s i s of a selenium compound have Veer c a l ­

cu la ted over the temperature range of 298,2° t o £400* K, The data r e ­

quired were taken d i r e c t l y from t h e l i t e r a t u r e where p o s s i b l e , a l though 

the neces sa ry thermodynamic informat ion on t h e selenium compounds -was for 

the most p a r t c a l c u l a t e d or es t imated from r e l a t e d in fo rma t ion . The r e ­

ac t i ons considered were 

ISa2(E) + <>2(8) » S 9 ° 2 ( E ) 
s 

1. S «2(g) + Hj,(g) z HgS.(g) 

| S«2(E) + C 0 2 ( g ) « S e 0 2 ( g ) + C ( B ) 

1 S o 2 ( g ) * 2 C 0 ( s ) . S e 0 2 ( g ) + 2 C ( s ) 

| S e 2 ( g ) + 2 C O 2 ( g ) , S e 0 g ( g ) + 2 C O ( g ) 

l _ S e e ( g ) + 2 H20(g) = S a 0 2 ( g ) + 2 H 2 ( g ) 

3 S e 2 ( g ) + 2 H 2 0 ( g ) - S e 0 2 ( g ) • 2 H. ,* ,^) 

The results showed selenium dioxide to be quite stable them&lly and to 

be a very powerful oxidizing agent. In ary combustion reaction essen­

tially no selenium dioxide would be formed until all of the carbon and 

hydrogen present had been converted to carbon dicxide and water. Hydro­

gen selenide was also found to be thermally stable, but should be 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 vapor phase. However, efforts to confirm this premise experimen­

tally were unsuccessful. 



CHAPTER I 

THERMODYNAMIC CALCULATIONS OF EQUILIBRIA ARISING 

FHCM THE CCKBUSTIOl" OF SELENIUM CO/iPOUNDS 

In t roduo t ion 

There has been only a minimum amount of informat ion repor ted in 

the l i t e r a t u r e concerning the high temperature r e a c t i o n s of even the 

s impler inorgan ic compounds of' se lenium. Accordingly , i t -was the pur ­

pose of t h i a -work t o i n v e s t i g a t e from a t h e o r e t i c a l s t andpoin t s eve ra l 

r e a c t i o n s of selenium and i t s compounds which -would be involved in the 

comlustion of any compound con ta in ing selenium, carbon and hydrogen* The 

thermodynamic e q u i l i b r i a for these r e a c t i o n s have been ca l cu l a t ed from 

a v a i l a b l e data as func t ions of temperature front 1000* t o 2400° K. Since 

the temperature range i n v e s t i g a t e d was q u i t e h igh , i t was assumed a t the 

ou t se t t h a t the chemical r e a c t i o n r a t e s involved were s u f f i c i e n t l y rap id 

so t h a t t h e s e therm©dynamically determined e q u i l i b r i a p r e v a i l . 

The Thermodynamic Equi l ibr ium Constant and the Standard Free Energy 

Change 

Disoussion.—The composition of an equ i l i b r ium mixture of chemical ly r e ­

a c t i n g substances can be c a l c u l a t e d t h e o r e t i c a l l y using thermodynamics 

provided t h a t the s tandard f r ee energy change (AF°) f o r the r e a c t i o n i s 

known and t h a t c e r t a i n assumptions a r e made concerning the na ture of the 

phases p re sen t a t e q u i l i b r i u m . To i l l u s t r a t e , cons ider a chemical r e a c ­

t i o n r ep re sen t ab l e by the equat ion 
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oC + dD = nM + nN ( l ) 

At a fixed temperature (T) the standard free energy change (AFT°) for 

th i s reaotion may be written in the form 

AFT° = *F°(Products) - *F° (jfcactants) (2) 

In equation (2) the quantity F° represents the free energy of the i n d i ­

vidual pure components of the reaction in t h e i r standard s ta te of unit 

a c t i v i t y a t the temperature T. If equilibrium is reached in the reaction 

a t a fixed temperature and pressure, i t may be shown that 

AFT° * -KT In (mWftN)" ( 3) 
(a c )°(aD )« 

where the quantities a^ are the activities of the individual components 

in the equilibrium mixture and R is the gas constant. Equation (3) is 

often written in the form 

AFT* = -RT In Ka (4) 

where the thermodynamic equilibrium constant (K&) i s defined by the re la ­

t ion 

K* = (ay.WaN)11 (5) 
(aC) c(aD)d 

It will be noted from equation (4) that Ka is a function of temperature 

only and is independent of pressure. 

The practical application of equations (4) and (5) requires that a 

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

gases behave as ideal gases. In the case in which the equilibrium mix­

ture is a mixture of ideal gases, it can be shown rigorously that 

(PM^W" 
K« - (6) 

(pC)
C(PD)d 

where p* i s the p a r t i a l pressure of each component in the mixture. For 

ideal gases the pa r t i a l pressure of any component i s equal t o the product 

of the mole fraction (y) of that oomponent and the t o t a l absolute pres ­

sure (P), or 

P i ^ P (7) 

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

^ „ (yHF)m(yNP)n (8) 

(ycP)°(yi)F)d 

The composition of the equilibrium mixture of ideal gases can be calcu­

lated a t any temperature and pressure from equation (8) provided that Ka 

and consequently AF™* i s known a t the specified temperature. 

In dealing with non-ideal gas mixtures, a more general re la t ion 

having the form 

w „ ( y ^ W * 0 ) 
(ycP)°(yr>P)d 

i s applied. The term Kp i s not a true equilibrium constant and i t i s a 
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funct ion of both tempera ture and p r e s s u r e . Comparing equa t ions (8) and 

( 9 ) , i t i s ev iden t t h a t K^ and K a r e equal when the gases a r e assumed t o 

be i d e a l . Since i d e a l gases have been assumed in a l l cases in t h i s t h e ­

s i s , methods of determining K_ from Ka in cases of n o n - i d e a l i t y w i l l no t 

be d i s c u s s e d , 

:et- ods of c a l c u l a t i o n ,--Dopending upon what data a r e a-wallah l e f t h e r e 

a re s e v e r a l methods by which the s tandard f r ee energy change of a r e a c ­

t i o n may be c a l c u l a t e d as a func t ion of t empe ra tu r e . The s imples t case 

i s t h a t i n whioh t h e s tandard f r ee energy of formation of each of the 

substances involved i s known a t t he spec i f i ed t e m p e r a t u r e s . As shown in 

equat ion {z), t h e value of ^F>j* f o r the r e a c t i o n i s then simply the d i f ­

ference in the a l g e b r a i c sum of the f r ee ene rg i e s of formation of the 

products and t h a t of t he r e a c t a n t s . In the ma jo r i ty of cases suoh da ta 

a r e a v a i l a b l e only a t 298«2° K., and o the r formulae and data a r e requi red 

t o determine^Fm° a t h igher t e m p e r a t u r e s . Often s u f f i c i e r t data on hea t s 

of formation, en t rop i e s and heat c a p a c i t i e s a r e a v a i l a b l e t o u t i l i z e t he 

r e l a t i o n 

AF T
C =AHT° - TAST° (10) 

where the h e a t of r eac t i on £Ep° and en t ropy change of r e a c t i o n ASm0 a t 

any spec i f i ed temperature a r e c a l c u l a b l e from the s tandard thermodynamic 

formulae 

AHpa = A K ° £ S 8 # 2 * I ACpdT (11) 
^298 .2 

* V = ^298.2 + J AC p T ' l d T <12) 
298.2 
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3D these re la t ions the terr.s AHp°, AS<£° and AC„ represent the algebraic 

sum of the enthalpies, entropies and heat capaci t ies respectively of the 

products mirus the corresponding sum of the reac tan t s .* 

In other oases spectroscopic data on the fundamental v ibrat ional 

frequencies of a gaseous molecule are available which, together with mo­

ments of i n e r t i a , symmetry numbers and molecular weight, permit the d i ­

rect calculation of the free energy funotion.2 The de ta i l s of the calcu­

lat ion of th i s function are outlined by Vfenner,3 and for any substance i t 

has the form Fw - Ep where ES i s a constant representing the zero point 
T 

energy of the moleoule. For any reaction these functions may be handled 

a lgebra ica l ly in the same manner as the actual free energies . Thus, the 

general equation for a reaction nay be expressed as 

AFT° = TA(F° - E8) +AE: (13) 
T 

where AEo is a constant, "Anile the value ofAEg may be determined in sev­

era l ways, the most comrror method involves the use of a s ingle, known 

value of AFm°. Once t h i s corstant i s evaluated, the free energy functions 

3-These formulae assume that no phase change or molecular t r a c s i -
t i o r occurs between 298.2* and T°K. Ulfhen such changes do take place, 
the enthalpy and entropy changes accompanying them must be added a lge­
bra ica l ly to the general r e l a t i o n s , 

^The exact calculation of thermodynamic functions from molecular 
data requires tha t anna rmor.i c i ty of the vibra t ions , v ibrat ion-rota t ion 
in te rac t ions , changes of moments of i n e r t i a , e t c . be taken in to account* 
This has not been done in the calculations made in the present 'work. 
These corrections may be appreciable a t the higher temperatures consid­
ered. 

^flalph E. Vfenner, Thermochemical Calculations, HcGraw Hi l l Book 
Co., I nc . , 1941, Charter VII . 
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may then be used to calculate the standard free energy change at any other 

temperature . 

Although there are other methods for calculating the standard free 

energy charge of a reaction, the previous discussion covers the methods 

used subsequently in this thesis. In any case, the particular prooedure 

used depended upon the data available and the estirated rel iabi l i ty of 

these data, 

Peaotions Considered 

In the combustion of a chemical compound containing selenium, car­

bon and hydrogen, a variety of products such as SeOg, COg and HgO, to 

mention a few, might conceivably bs formed. The products actually formed, 

of course, are those which satisfy the thermodynamic equilibria between 

the various possible compounds. The reactions involving the dispostion 

of the selenium i tself are shown in Table 1 following and are the ones 

considered in this thesis* 

Table 1, Reactions of Selenium 

I Se2(g) + 02(g) » Se02(g) 

l^afe)* H2(g) = ¥«fe) 

i ^ f j ) ' C0£(g) =Se°2(s) + C ( s ) 
l S e 2 ( g ) * 2 C O ( g ) = Se02 ( g ) + 2 C ( s ) 

7 Se 2 ( g ) • 2 C02(g) s 3e02(g)
 + 2 C0(g) 

\ Se2(g) + 2 H20(gJ = Se02(g) + 2 H ^ ) 

| s e 2 ( g ) * 2 H80(g) . Se02(g ) • 2 H2Se(g) 
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Calculation of Heat Capacitiei and Entropies 

Vapor s ta te of selenium*—Since selenium exis ts as a vapor in the temper­

ature range under consideration, i t was f i r s t necessary to define the de­

gree of associat ion of the gaseous molecules. The limited amount of va­

por density data avai lable pointed to the existence of several molecular 

species of the vapor a t various temperature l ave l s . The data of Neumann 

and Lichtenberg4 in the range of 473° - 481° K. indicated a single hexa-

tomic form, -while tha t of Preuner and Brockmoller^ in the range of 490* -

!'51° K. has been interpreted or the basis of an equilibrium between hexa-

tomic and diatomic selenium. At temperatures in excess of 2000° K., the 

spectroscopic calculations of Zeise§ show an extensive decorposition of 

the diatomic to the monatomic species . Thus, a complete description of 

the vapor s ta te of selenium over a wide temperature range would involve 

the successive equi l ib r ia 

S a 6(g) » 3 S*2(E) " 6 ^ ( g ) ( 1 4 > 

Any attempt to exactly take into account a l l of these equi l ibr ia not only 

would be quite tedious but a lso would require considerably more precise 

data than are ava i l ab le . 

Ut i l iz ing the data of Preuner and Brockmbller^ for -the reaction 

*K. Neumann and E. Lichtenberg, Zei tschr i f t fur Physikalische 
Chemie, A-184, pp . 88 - 89, 1959. 

^Preuner and Brockmoller, Zei tschrif t fur Fhyaikaliaohe Chemie, 
p . 81, 1912. 

6H. Zeise, Zei tschrif t fur Slektrochemie und Physikalische Chemie, 
46, pp. 39-41, 1940. 
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S e 6 ( g ) • 3 S e 2 ( g ) (15) 

Ke l l ey ' has computed the equa t ion 

AFT° • 59,960 - 58.36 T (16) 

From t h i s equat ion the pe r cent decomposition of S e g ^ ) t o Se2(g.) a * o n e 

atmosphere p ressure was ca l cu l a t ed a t s eve ra l d i f f e r e n t temperatures* 

The r e s u l t s a r e shown i r Table 2 fo l lowing, along; with t h e data of Zeise^ 

for the per cent decomposition of S©g( ~s t o Set-) a ^ one atmosphere p r e s ­

s u r e . Examination of t he se data i nd i ca t ed t h a t selenium vapors were e s ­

s e n t i a l l y diatomic up to 2000° K., while above 2000° K. d i s s o c i a t i o n of 

Table 2 . Decomposition of Seg and Seg 

as Functions of Temperature 

£ 
/« 

Seg t o Seg a t % Seg t o Se a t 
T°, E . one atmosphere one atmosphere 

1000 26.5 0.0037 
1250 95,6 0.093 
1500 99.9+ 0.82 
1750 99.9+ 3.97 
2000 99.S+ 12.90 
2250 99.9+ 31 .5 
2500 99.9+ 57.5 

Seg(g) t o Se(g) becomes a p p r e c i a b l e . However, s ince Seg/g.) i s predomi­

nant over t h e bulk of the 1000* t o 2400° K. temperature range considered 

in t h i s work, a l l subsequent c a l c u l a t i o n s have be;sn baser! e n t i r e l y on 

^K. K. Kel ley , The Free Energies of Vapor iza t ion and Vapor P r e s ­
sures of Inorganic Substances , U. S . Bureau of fclnos B u l l e t i n No. 383 . 

a 
°Ze i se , op. c i t . 
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®e2(e)» ignoring any dissociat ion to S e ( - \ . 

Calculation of the heat capacity of the gases Seg, R^Se and SeOg*--A 

search of the l i t e r a t u r e revealed that the heat capacit ies of the gases 

Seg, HgSe and SeO£ have not been experimentally determined. However, the 

fundamental vibrat ional frequencies of these molecules were known with 

suff icient accuracy to permit t h e i r heat capaci t ies to be calculated as 

funotions of temperature, 

The method of calculat ion employed was that outlined by Wenner^ 

for perfect gases* Briefly, t h i s method i s based upon the applicat ion of 

the quantum theory and the Maxwell-Boltzmann d i s t r ibu t ion law to the en­

ergy s ta tes of a perfeot ?as molecule. I t i s assumed that the heat capa­

c i t y of the gas a t constant volume i s equal to the independent contribu­

t ions of the t r ans la t iona l , ro ta t iona l and vibrat ional degrees of f ree­

dom of the molecules^ or 

0 / « o t + c r + c v (17) 

where Cy° is the t o t a l molal heat capacity in oal . / (g.mole)(°K.) and c-fc, 

c r and o v are the separate contributions a r i s ing from the t r ans l a t iona l , 

ro ta t ional and vibra t ional energies of the molecules, respectively, in 

cal . / (g .uiole)(°K.) . At any temperature the contribution of a v ibra t ional 

%enner, _oj>. c i t . 

10In addition, fas molecules also possess electronic degrees of 
freedom. However, these are ordinarily important only at exceedingly 
high temperatures, and ha\'e been accordingly neglected in this work. It 
has been pointed out to the author by Dr. Yif. H. Sberhardt of the Georgia 
Institute of Technology that selenium has such an excited electronic 
state 6296 cm.-l above the ground state. The contribution of this state 
to the heat capacity of selenium moor has been calculated to be only 
0.44 cal./(g.mole)(°K.) at 2500° K. 
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degree of freedom is oalculable from the Einstein heat capacity function 

for an harmonic oscillator. This function - S(x) - has the form 

sW-ldrrrF (18) 

where 

x « 1.439 wT-1 (19) 

In these equations, R i s the gas constant in ca l . / (g .mole)(°Kt) , e i s the 

natural logarithm base and w i s the fundamental vibrat ional frequency of 

the molecule (wave number) in reciprocal centimeters. In the case of the 

t r ans la t iona l and rota t ional degrees of freedom of the molecules, the en­

ergy levels are such tha t they are fully excited a t temperatures in ex­

cess of 50° K., and the i r contribution has thus reached the maximum, 

equipar t i t ion value of J R per decree of freedom. Mathematically then, 

c t + c r = iR(n t + n r ) (20) 

and Cy° is calculable from the r e l a t ion 

Cv° = 2"nT
3(30 + |R(n t * n r) (2l ) 

In these equations n^, n r and n represent the number of degrees of 

t r ans la t iona l , ro ta t ional and vibrat ional freedom, respectively, which 

the moleoule possesses, and are readi ly obtainable from the molecular 

formula. 

Since the reactions are considered here to take place a t constant 

pressura ra ther than a t constant volume, the thermodynamic re la t ion for 

ideal gases 
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V s V * R ( 2 2 ) 
was used to convert the calculated heat capacities a t oonstant volume 

(CTJ° ) t o the corresponding heat capacity a t oorstant pressure (C p°) . 

The heat capacity of each gas has been calculated in t h i s manner 

a t 200° intervals from 298.?° to 2400" K., ard a sample calculation i s 

given in Appendix I I I . The resul ts along with the data employed in the 

calculations are shown in Tables 17, 18 and 19 of Appendix IV, and are 

representable by the equations 

S e2(g)* V * 8#9*4 + 3#3? * 10"6T " °* 4 4 4 x 1O5T"2 ( 2 S) 
S e 0 2 ( g ) : V s 1 3 * 7 4 1 + 6 ' 4 £ 0 x 1 0 " 5 T " 2 ' 5 3 7 x 105T"2 (24) 

HgSe^)* Cp° z 6.531 + 6.093 x 10~5T - 1.403 x 10"6T2 (£5) 

In each of these equations Cv° i s expressed in ea l . / (g .mole) (°K. ) . The 

standard mathematical method of averages1 1 -was u t i l i zed to evaluate the 

constants in these equations. 

Calculation of the standard entropy of the gases Sep, R^Se and SeC^.—As 

v/as the case with heat capaci t ies , experimental values for the entropies 

of the gases Se2, HgSe and Se02 were not ava i l ab le . However, these quan­

t i t i e s were a lso calculable from the known molecular structure and funda­

mental frequencies of the molecules. 

The method of calculat ion employed was that outlined by Wenner12 

and i s based upon the same pr inciples embodied in the calculat ion of heat 

capac i t i e s . Again, the t o t a l entropy i s considered as being made up of 

Joseph Lipka, Graphical and Fechanical Computation, John Wiley 
and Sons, Inc . , New York, H. Y., p . 126 - 127, 1918. 

127Jenner, _op_. c i t . 
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the separate contributions of the various degrees of freedom the molecule 

possesses. To oaloulate the entropy of trarslation the Sackur-Tetrode 

equation -was used. This equation has the form 

s t° s 3R In U + 5R In T - E In P + SU + R In R + C (26) 
2 7 2 

•where s^° is the contribution to the total entropy of the translational 

energy of the molecule in cal ./(g.mole) (°K«), M is the molecular weight, 

P is the pressure in atmospheres and C is a universal constant. At one 

atmosphere pressure and 298.2° K. this equation reduces to 

s t° s 6.863 log M + 26.00 (27) 

The entropy of rotation of a diatomic molecule is rep re sen table by 

the equation 

s r° a R In IT + 171.676 - R In q (28) 

and that of a polyatomic molecule by 

s r° - j.R In I,IvIj, + 3E In T - E In q + 267.649 (29) 
2 y 2 

where s ° is the contribution to the total entrc oy of the rotational en­

ergy of the molecule in oal./(g.mole)(°K,), I x , I y and Iz are the moments 

of inertia of the molecule relative to the x, y and z cartesian coordi­

nates respectively, and q is the symmetry number. At 298.2° K. these 

equations reduce respectively to 

s r° » 4.575 log I - 4.575 log q + 188.996 (30) 

sr° « 2.28S log I x I y I z - 4.575 log q + 284.631 (31) 
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The entropy of vibration i s calculable from the expression 

sv° = Zr>X * - l n ( l - r « f t (32) 
v te* - 1 J 

where sY° i s the contribution to the t o t a l entropy of the •vibrational en­

ergy of the molecule in cal . / (g.mole )(°K,) and x i s the previously de­

fined function of frequency and temperature. Obviously, the t o t a l en­

tropy la thenl3 

S° « s t ° + s r ° + sT° (33) 

where S° is the t o t a l entropy in cal . /(g.mole )("£«)• 

The standard entropy at 298.2* K. and one atmosphere pressure v/as 

calculated for each gas . The resul t s and the data used in the calcula­

tions are tabulated in Tables 17, IS and 19 of Appendix IV. ' A sample 

calculation i s given in Appendix I I I . 

Heat Capacity of solid SeOg.--Although a rough estimate of the heat capa­

c i ty of solid selenium dioxide could be made on the basis of Koppfs ru le , 

a value whioh would seem to be more accurate was des i red. I t has been 

shown^S, 16 that the heat capacity a t oonstant volume of the simpler 

" I n the case of Segf-) , i t has been shown tha t the ground s t a t e 
of the molecule i s t r i p l y d e g e n e r a t e . " I t was therefore necessary t o 
add the term R In 3 to S° in equation (33) above to obtain trie t o t a l en­
tropy. 

l^S. S, Bhatnajrar, H. Lessheiir and Mohan I a l Khanna, Proceedings 
of Indian Academy of Science, 6 A, p . 144, 1945. 

15R. C. Lord, The Journal of Chemical Physics, Vol. 9, p . 693, 
1S41. 

•"*%• F. Brucksch, J r . and V, T. Ziegler, The Journal of Chemical 
Physios, Vol. 10, pp. 740 - 743, 194E. 
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moleaular solids i s representable by an equation of the form 

CT = o1 * o v (34) 

where o-. represents the contribution of the t r ans la t iona l and rota t ional 

degrees of freedom of the molecule acting as a unit in the l a t t i c e , and 

o T represents the contribution of the vibrat ional degrees of freedom of 

the molecule in the fas s t a t e . Quantitatively, 

°1 = ( n t + n r ) D W <35) 

oT s Xn^B(x) (36) 

where D(x) is the Dehye heat oapaoity function for solids and E(x) is the 

previously defined Einsteir heat capacity function for gases . In the ab­

sence of a known value of the heat oapaoity, i t was accordingly impos­

sible to evaluate the Debye funotion d i r ec t l y . However, a previous ca l ­

culation of t h i s type on sulfur di oxideI7 indicated that o^ had essen t i ­

a l l y at tained i t s maximum value of 6R a t a temperature of 180* K. In 

th i s case, since the temperatures involved are considerably higher and 

since selenium dioxide i s a heavier molecule than sulfur dioxide, i t was 

therefore assumed tha t oj for selenium dioxide m s equal to 61? a t tem­

peratures of 298*2° K. and above. As regards the Einstein functions, 

they were calculated a t each temperature from the sar<e formulae as used 

for the gas. Thus, the heat oapaoity a t oonstant volume was calculated 

from the re la t ion 

Cv . 6R+ Z ^ E f e ) (37) 

1'Brucksch and Ziegler, i b id . 



15 

and the calculated -values are shown in Table 3 below. 

Table 3 . Calculated Heat Capacity of 

Solid Se02, cal./(g.mole)(0i< . ) 

T, °K. c i o v C v 

298.2 11,922 3.223 15.145 
300 11.922 3.243 15.165 
400 11.922 4.156 16.078 
500 11.92? 4.654 16.576 
600 11.922 5.000 16.992 

The data necessary to calculate Cp from the exaot thermodynamic 

re la t ion 

Cp - Cv *:&&£ (38) 
/9 

where oLis the coefficient of thermal expansion, £ i s the coefficient of 

compressibility and V i s the molar volume, were not ava i lab le , and there 

existed no completely sa t i s fac tory method for calculating Cp - C7 as a 

function of temperature from other data . An examination of th i s d i f fe r ­

ence for a number of substances for w hich i t was accurately known^Q 

showed t v a t in the range of 200° - 270° K. a mean -value of 3-4 cal./(g.i::ole) 

(*I.«) was appl icable . Reference to equation (38) indicated that the 

Cp - Cv difference increases with temperature a t a rate somewhat greater 

than direct propor t ional i ty . On th i s bas is , i t was assumed that a mean 

value of ahout 7 oal . /(g.mole)(°K.) should be applicable in the range of 

298.2 ° to 590° K. Since the previously calculated values of Cv repre­

sent an average of roughly 16 cal . / (g.mole)(*K.) over th is range, a mean 

18Brucksch and Ziegler, i b id . 
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C of 23 o a l . / ( g . m o l e ) ( ° K . ) -was used in subsequent c a l c u l a t i o n s . A l ­

though t h i s value d i f f e r ed cons iderab ly from the mean C_ of about 14 

ca l . / ( g . m o l e ) ( * K . ) which would he p r ed i c t ed from Kopp ls law, i t was f e l t 

t h a t the es t imated mean C_ of 23 ca1 , / {g .mo le ) ( ° f • ) was the sounder num­

b e r . 

Ca lcu la t ion of the Free Energies of Formation of SeOg(e) and HgSe(g) a s 

Functions of Temperature 

The c a l c u l a t i o n of the f r ee energ ies of format!or of Se0 2 (g) and 

K2Se(g] was based on t h e r eac t i ons 

i ;Se 2 ( g ) * 0 2 ( g ) « S e 0 2 ( g ) (39) 

i -Se 2 ( g ) + H 2 ( g ) = H2Se(g) (40) 

where i t was assumed t h a t Se 2 (g) was t h e e lementa l or base s t a t e of s e ­

lenium. In each case t h e f r ee energy of formation as wel l as t h e e q u i ­

l ib r ium constant was c a l c u l a t e d a t 200° i n t e r v a l s from 1000° - 2400° K. 

using the p r e v i o u s l y d i s c u s s e d r e l a t i o n s 

AFT° «AHT* - TAST* (41) 

4 ^ ° = 4 ^ 9 8 , 2 + f T iAc.dT (42) 
^ 2 9 8 . 2 

AST° . A S ' 2 9 8 . 2 + fT AC T-XdT (43) 
4 / 298.2 y 

«#tf?* s E T l n K j (44) 

The complete da t a used i r o l u d e t 

1 . the c a l c u l a t e d e n t r o p i e s and hea t c a p a c i t i e s of the selenium com­
pounds - Tables 17, 18 and 19 of Appendix IV 
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2. the entropies and heat capacities of C>2(p.) and %(-) quoted in 
the literature - Tables Y and 8 of Appendix 1 
3. the heats of sublimation, vaporization and formation of the se­
lenium compounds quoted in the literature - Tables 9, 10 and 11 of 
Appendix I. 

An outline of the en t i re calculat ion is ?iven in Appendix I I I . The r e -

sxilts, given in Tables 20 and 21 of Anpendix V, are rep re sen table from 

1000° - 2400° K. by the equations 

For 3e0 2 ( g ) , leg \ a 10, 080 T"1 - 3.251 (45) 

For H2Se(?) J log Ka s - 586.8 T"1 - 2.312 (46) 

where the constants were determined by the method of averages. 

The Free Energy Change of Reaction ard J he_ -Equilibrium Constant as £ 

Function of Temperature for Beacti?ns of Selenium 

Reliable data were available in the l i t e r a tu re from which the free 

energies of formation of C0(g), c02(g) anc* ^ ^ ( g ) could be obtained in 

200° in terva ls up to 2400° E. A complete summary of these data i s shown 

in Tables 5 and 6 of Appendix I , and the respective free energies used 

and the method of the i r calculation are given in Appendix I I . Since the 

free energies of formation of Op (p. J, Hg(p-) &"̂  C( s) are by defini t ion 

zero, the free energies of formation of a l l substances in the reactions 

l i s t ed in Table 1 were now known up to 2400° K. For convenience, these 

reactions are l i s t ed arain below. 

i*!(g) + C°2(g) * 39°2(F) + C(s) ( 4 ? ) 
w 

I S e2(g) + 2 C 0 (g) = 3 e 0 2(g ) + 2 C ( s ) < 4 8> 
2 
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18.2(g) • 2 C 0 2 ( g ) s S e 0 2 ( g } * £CO ( g ) (49) 
2 

ISe2(0 + 2H2°(g) = Se°2(g) + 2H2(g) <50) 
2 

3 S e 2 ( g ) + ZH 2 0 ( g ) = S e 0 2 ( g ) * 2HgSe ( g ) (51) 

The f r e e energy of r eac t ion for any oase oould now be obtained from equa­

t i o n (2) by simple a l g e b r a i c a d d i t i o n and s u b t r a c t i o n of the a p p r o p r i a t e 

f r ee energ ies of format ion . In each case the f r ee energy change of the 

r e a c t i o n and the equ i l i b r i um cons tan t were c a l c u l a t e d in 200°K. i n t e r v a l s 

from 1000° t o 2400oK., and t h e r e s u l t s f i t t e d t o the fol lowing equa t ions 

Reaction 47, log Ka . - 10,590 T ' 1 - 3.249 (52) 

Reaction 48, log 1^ a - 2,007 T"1 - 12.16 (53) 

Reaction 49, log K"a = - 18,990 T"1 + 5.572 (54) 

f a c t i o n 50, log Ka « - 16,060 T"1 + 2.756 (55) 

Beaotion 5 1 , log B^ = - 17,240 T"1 - 1.86 (56) 

by the method of a v e r a g e s . A sample of the c a l c u l a t i o n i s given in Ap­

pendix I I I , and a complete summary of r e s u l t s in Tables 22, 23, 24, 25 and 

26 of Appendix V. 

Discussion of Resul ts 

A b r i e f summary of the equ i l i b r ium cons tan t s obtained for t he r e ­

a c t i o n s s tud ied i s given in Table 4 fo l lowing . 

These r e s u l t s define p r e c i s e l y t h e products which would be ob­

t a i n e d in t he combusion of any selenium, carbon end hydrogen con ta in ing 

compound. C lea r ly no apprec iab le amount of selenium dioxide would be 

formed unless t h e r e was s u f f i c i e n t oxygen a v a i l a b l e t o completely convert 
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a l l carbon and hydrogen p resen t t o carbon d iox ide and -water* In the case 

of r e l a t i v e l y small q u a n t i t i e s of oxygen, t he a c t u a l d i s t r i b u t i o n of t he 

Table 4 . Equi l ib r ium Constant a s Function of Temperature 

Equi l ib r ium Constant . Ka 
Beaotion 1000" K. 2 0 C 0 * ~ K 7 

l S e 2 ( g ) + 0 2 ( g ) m Se02( j 7,13 x 106 6.58 x 10 

| S e ? ( g ) + H2(g) * H 2 S e ( r ) i - 2 7 * 1 0 3 2 - 4 8 * l o 3 

i S e 2 ( g ) + C 02(°.) • C ( s ) + S e 0 2 ( g ) 1 * 5 x 1 0 " 1 4 2*8 * 1 0 " 9 

_lSe2(g) + 2C0(g) s 2C(S) + SQ°2(g) 8 .0 x 1 0 " 1 5 6.8 x 10~ 1 4 

2 

lSe2(?) + £ C 0 2 ( r ) a S e 0 2 ( g ) * 2 C 0 ( g ) 4 * 7 * 1 0 1*Z x 1 0 " 4 

5.4 x 1 0 " 1 4 5,3 x 10 - 6 2 
1 S O Z ( E ) » 2 H 2 0 ( g ) s S e 0 2 ( g ) - 2 H 2 ( g ) 

3Se 2 (~) + 2 H 2°(g) = S e 0 2 ( c ) + 2 H 2 S e ( g ) 6*7 x 1°"*20 3 .2 x 1Q" 1 1 

*s 

oxygen between carbon and hydrogen would be governed by t h e wel l known 

' W t e r - g a s " equ i l ib r ium, and would favor the formation of carbon d i ­

oxide a t the tempera tures cons idered h e r e . 

To i l l u s t r a t e these f a c t s , cons ide r t h a t a h y p o t h e t i c a l compound 

Se^H^C2 i s burned i n g r adua l l y i nc r ea s ing r e l a t i v e p ropor t ions of oxygen. 

In the f i r s t case , where only four atoms of oxygen a r e a v a i l a b l e , a l l of 

the oxygen would be a s s o c i a t e d with the carbon while the selenium would 

be l i b e r a t e d as both selenium gas and hydrogen s e l e n i d e . This i s shown 

in equat ion (57) below. 

Se4H4C2 M 0 « 2C02 * 2E2Se + Seg (57) 

In the second c a s e , where f i v e atoms of oxygen a r e p r e s e n t , the 

s i t u a t i o n would be the same except t h a t some of the hydrogen would be 
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evolved as wa t e r , 

S94H4C2 + 5 0 • 2C02
 + H20 + H2Se + 3Se2 (58) 

2 

In the third case, -where six atoms of oxygen are present, all of 

the selenium would be released as selenium mpors, and all of the hydro­

gen and carbon as the corresponding oxide, 

S94H4C2 + 6 0 « 2C02 + 2H20 + 2Se2 (59) 

Up to this point essentially no selenium dioxide would be formed. 

However, now that all the hydrogen and carbon present havo been satisfied 

with oxygen, any additional quantity 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, 

Se4H4C2 + 8 0 « 2C02 + 2HgO + Se02
 + 3Se2 (60) 

2 

Any a d d i t i o n a l oxygen suppl ied above e igh t atoms would simply con­

v e r t the remaining selenium t o selenium d iox ide , as shown i n equat ion (6l) 

below* 

Se4H4C2 + 14 0 « 2C02 + 2HgO + 4SeOg (61) 

I t i s d e s i r a b l e t o emphasise the two very important p r o p e r t i e s of 

selenium dioxide brought out in these c a l c u l a t i o n s . In the f i r s t place 

i t e x h i b i t s remarkable the rmal s t a b i l i t y , Sven a t 2000° E , , the e q u i l i ­

brium constant i n d i c a t e s t h a t selenium dioxide would be only about 7 p e r 

cent decomposed i n t o selenium and oxygen. In the second p lace i t pos­

sesses very s t rong oxidiz ing power. Carbon, hydrogen and even hydrogen 
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selenido are readily/ converted to carbon dioxide, -water and selenium by 

selenium dioxide throughout the temperature range considered. 

The decomposition of selenium dioxide t o selenium monoxide and 

oxygen -was not examined extensively in th i s work, but i s discussed brief 

ly in Appendix VIII . Here i t i s shown that th is decomposition i s so 

s l ight that the conclusions reached in th i s thes i s are in no way i n v a l i ­

dated. 
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CHAJTER I I 

THE KCfcBCUIAR WEIOT OP GASEOUS SEIEKZTJM DIOKIDE 

Introduction 

In the course of the l i t e r a tu re search rr.ade in th is investiRation, 

i t -was observed that the variat ion of the vapor presence of seleniuia d i ­

oxide with temperature was somewhat abnormal. This i s shown in Figure 1, 

which presents the data of Janrek and Keyer*^ in the conventional manner, 

In general, t h i s re la t ionship between the logarithm of the vapor pressure 

and the reciprocal of absolute temperature for any substance i s l inear 

over a wide temperature range. In the care of selenium dioxide, however, 

the data conform to two lines of widely different slopes with a "break" or 

junction point around 500° K. I t was f e l t that some addi t ional i n v e s t i ­

gation was warranted in an effor t t o explain t h i s phenomenon. 

Discussion 

In considering the vapor pressure - temperature re la t ion of s e l e ­

nium dioxide, the Clapeyron equation 

d In P g AHfl (62) 
TTp" R 

T 

was applied, where AHg equals H(vapor) - H(sol id) . I t follows then t h a t 

the slopes of the l ines in Figure 1 represent the enthalpy difference be-

1 9 J . Jannek and J . Meyer, Zei tschr i f t fur anorganische und 
allpemeine Chemie, 83, n . 51, 1913. 
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tureen the gas phase and the solid phase divided "by the gas constant R. 

For th i s case the enthalpy difference between solid and gaseous selenium 

dioxide i s calculated to be £0,500 cal./g.mole above 500° K. and 2,770 

oal./g.mole below 500° K. This sudden change in enthalpy difference 

could be explained on the basis of e i the r a sudden inorease in the en­

thalpy of the gas phase or a decrease in the enthalpy of the solid phase* 

(Dr. W, H. Eberhardt of the Georgia I n s t i t u t e of Technology has pointed 

out that the break in the reported vapor pressure data for selenium d i ­

oxide could possibly be due t o the presence of a very small amount of a 

more vola t i le impurity in the selenium dioxide sample t e s t e d . ) 

Considering f i r s t the poss ib i l i ty of a decrease in the enthalpy 

of the solid phase, th i s i s +-antamount to assuming that selenium dioxide 

a t normal room temperature i s thermodynamioally unstable with respect to 

a second c rys ta l l ine modification. Invest igat ion of the l i t e r a tu re re ­

vealed no evidence of th i s condition ex i s t ing . Furthermore, the magni­

tude of the heat effect i s much greater than thpt normally associated 

with a t r ans i t ion of c rys ta l l ine phases. For these reasons, i t was con­

cluded tha t a change in c rys ta l l ine s t ructure resul t ing in a l ibera t ion 

of heat was unl ikely. 

Considering now the poss ib i l i ty of an increase in the enthalpy of 

the gas phase, di ssooiat i -n of the gas could quite readily effect an en­

thalpy change of the magnitude observed. Sinoe the data of Yost and 

Hatcher20 showed that no selenium vapors were present ahove selenium d i -

2^D. II. Yost and J . E. Hatcher, Journal of American Chemioal So­
ciety, 54, p . 151, 1932. 
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oxide a t 642° K., and that selenium dioxide i t s e l f was monorpolecular a t 

t h i s temperature, any dissociat ion then must be from a polymolecular form 

of selenium dioxide to the monomer. To confirm th is speculation., i t was 

decided to attempt t o , f i r s t , verify the vapor pressure data below 500° 

K., and, secondly, to determine the -vapor density in the same temperature 

range in order to calculate the molecular weight of the pas. 

Ieasurement of the Vapor Pressure of Selenium Dioxide 

The experimental determination of the vapor pressure of selenium 

dioxide a t elevated temperatures i s complicated by two f ac to r s . In the 

f i r s t place, selenium dioxide is quite toxic and dangerous to handle, 

while in the second place, i t is extremely aotive chemically. The power­

ful oxidizing nature of the compound precluded the use of mercury or any 

similar manometer fluid in di rect contact with the vapors. Thus, some 

technique radical ly different from a conventional vapor pressure deter­

mination apparatus was required. One such technique is that employed by 

Jannek and Uey^r^ in t he i r work in which the movement cf an extremely 

thin glass diaphragm was amplified and cal ibrated against pressure dif­

f e r e n t i a l . Unfortunately, such an apparatus requires a hi^h decree of 

sk i l l in the a r t of glass blowing, and such s k i l l was not at hand. After 

considerable del iberat ion, the system shown in Figure 2 and described in 

the following section was adopted. Basically, t h i s system involved the 

use of a molt an selenium metal bridge bstweeri the selenium dioxide and an 

ine r t gas, the pressure of which could be accurately determined. Sele­

nium appeared to be an ideal seal fluid for t h i s purpose. I t s melting 

point of 490° K. is very close to the temperature range to be inves t ! -

•Jannek and Meyer, _o£. o i t . , p . 51 . 
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gated, and i t s vapor pressure is only 0,07 mm. of meroury a t 550° F-., the 

maximum temperature under cors idera t ien . 

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 e l eo t r i ca l heating* wire and insulated with asbestos . A 

Variac was used to control and vary the e l ec t r i c a l energy input . Vessel 

E was a small one-half inch Fyrex glass U-bend containing selenium metal , 

This U-bend was a l so wrapped with nichrome heating wire and insulated 

with asbes tos . A small ve r t i ca l window was provided in th i s insulat ion 

to permit measurement of the selenium level in the manometer. Vessel C 

was simply a ten l i t e r s t ee l bomb containing nitrogen gas to act as a 

surge drum, A conventional mercury manometer D was attached t o th i s ves­

se l to measure the pressure, and connections were provided to both a vao-

uum 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 

sensi t ive galvanometer were used as shown in Figure 5 to control t h i s 

temperature to within *0,5° C, In t h i s oontrol system, the galvanometer 

G was connected in the lead l ines from the resistance thermometer T to 

the potentiometer P. A l ight source L was directed so as to impinge upon 

a mirror attached to the galvanometer suspension, A iDhotocell C was 

mounted so tha t the l ight reflected from th i s mirror would f a l l upon the 

act ive element of the photocell only when the current through the galva­

nometer was zero and the mirror was accordingly in i t s neutral pos i t ion , 

The photocell was used to operate a relay in the Variac e l e c t r i c a l supply 


