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1. INTRODUCTION

A large number of non-equilibrium phenomena have been successfully treated
by the thermodynamics of irreversible processes (Denbigh, 1951 ; de Groot, 1952).
Recently the Soret-effect in certain binary mixtures has been interpreted in terms
of non-equilibrium thermodynamic functions such as heats of transfer (Rutherford
and Drickamer, 1954). In previous communications (Srivastava, Rastogi and
Varma, 1954 ; Rastogi and Srivastava, 1955) expressions have been deduced for
thermal effusion and thermo-molecular pressure effect for species involving isomeric
reactions or the reactions of the type X, = nX. Expressions for the chemical
affinity and the deviation in concentration from the equilibrium values have been
derived for each chamber in the steady state. In the present paper we propose to
extend the treatment to the reaction of the type x4 = yB+2C, which is more
common.

2. EXNTROPY PRODUCTION AND THE STATIONARY STATE OF THE FIRST ORDER

Our system consists of two chambers, I and II, communicating with each other
through a narrow opening or a capillary. The two chambers are maintained at
different temperatures, chamber II being maintained at a higher temperature.
We suppose that the system contains a mixture of species 4, B and C, amongst
which the reaction x4 = yB-+2C takes place, where 2, y and z are the stoichio-
metric numbers. The superscripts I and II refer to the quantities in the corres-
ponding chambers. Following the terminology as used in previous papers, we get
the following expression for the entropy production :—

o=38 — _ (ATITYI = ATV = A (e TV o= A g/ T)5

dt
(AT T+ (AT . R ¢ )

where A refers to the difference of the quantity in the two chambers, and the sub-
seripts 1, 2 and 3 refer respectively to the chemical species 4, B and ( respectively.
The respective flows are defined as follows :—

3

Jy= — lekA(P-k/T)—Llu(AT/Tz)
k=1
3

Jo=— > Lof(us/T)—Lau ATIT?)

k=1
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3
Js= = > LasAlps/T)— Luu( AT/T?)
k=1
3
Ju= = Lus& (s T) =Ll DT|T?)
k=1
Jr = L (AT
Jir = L (A1) R )

The affinity 4 is defined by the relation 4 = zpu; —yus—2zu3, where p is the chemical
potential. In the above expressions L and L, represent the phenomenological
coefficients. L. and L'w are the coefficients associated with the chemical reaction

rate J.
Inserting equation (2) in equation (1) and making use of Onsager reciprocal
relations we obtain

o = Ly O (/T)} 24 Loo{ A (uo/T) V2 + Lag A (us/T) 2+ Lo ATIT}?
+2L12 A (py/T) - A (e T)4+2L13 A (1a/T) - A (pafT)+2L23 A (po/T) - A (ps/T)
+2L1, A(u/T) . (AT/T®) +2La, A(po/T) . (AT|T?+2L3, A (ps/THAT/T?)
+ Lo(AY|TT)24 Lo AT/ T11)2 N )

We shall consider the stationary state of the first order when AT is kept

constant. Corresponding to each of the independent forces, A(u/T), A(pe/T),
A(pg/T) and (A!/TT) we have the conditions

8o So $c S
B i — : ——— = M ————— T . ——. = 0 .. 4
SaGT) =" SateD) " A (ualT) S(ATT7) @)

But these forces are related by the relation
AT = AYTI 42, Ap/T)—y . Apo/T)—2. Alps/T) .. (5)

Using equations (4) and (5) we obtain the following set of relations from

equation (3) :— \
I

A
L11A(F1/T)+L12A(P-z/T)+L13A(F3/T)+L1u(AT/T2)—Lw X = 0

I

A
LipA (H/T)'*'LzzA(Fz/T)'*'LzsA(Fs/T)+L2u(AT/T2)+Lcc Y= 0 ()

Al
Lis A (pa/T)+ Log A (no/ T) + Lo A (ps/ T) + Lau( AT [TH) H Lee - 2. 757 = 0

Le;. AT '+ L, . AT[TT =0 )

For such a three-component system the chemical potential may be written in
the form ‘

2
AGu/T) = = AT +uA D+ Y () 8% @=123 .. @)
1=1 '

where h; and v, are the partial specific enthalpy and partial specific volume of the
component k, and c; is the mass fraction of the species ¢.
2
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On solving equations (6) we obtain

1

AT = T(ogds FoadaToady)” {1+ Ly)dy + (ho+ Le)dg+ (hs+ Ls)ds] - - (8

b
=

P 9 2
(R T T PR T PR

Lo _
AT T (vydy+vedo+vgds)
9)
[(h1+L1)(Vea 8—”3 )+(h2+L2)(‘U J‘*—l—‘v )+(h +L )(‘U 2y 3;41)]
Acg dc dc 89c, Yoc, 8T8\ "8, %dcq
AT T(”1d1+02d2+”3ds)
(10)
Al 1 L., 1% -
T AT = g PPl e ap = T qalelstyle—zla]
(11)
where

L= _ (aaLy+b1Lg, 46, Ls,) Lec - Lot (agLy,+bsLg,+¢oLs,)(Leot Leo)
XL . Lo+ ¥ (Leo+ Leo)

Ly = (b1Ly,+e1Loy+f1Ls,) Lec - Leot (b5 Ly, +es Loy +F: o L)L+ Les)
XLe. Lot ¥Y(LeotLec)

(e:Ly,+f1Leu+91Ls.) Leo - Lo (65 L1, +f2Lou+g2La) (Lect Lec)
XL,.. Lcc+ Y (LM+Lu)

Ly=

ay = 22Lgg—2yzLo3+y2Lgs ; ay = LopLag—Li,
by = —22Lyo+yeLlyg—x2Log+xyLlgg; by = LigLag—LyeLss
¢y = yzLyg—Yy2L13+22Los—2yLog; €3 = LygLlog—Ly3Lss

e; = 22Lyy +2x2Ly3+2%Lgs ; e = LyyLeg— L3,
f1 = —yzlyy—xzL1s—xyLyg—a%Leg; fo= LigLy3—Ly1Los
g1 = y2Ly1+2xyLio+22L4s; go = Lnng—sz .

X = —agr?—egy?—go22+2bgry+ 2coxz—2f pyz
Y= Lx1L§3+L22Lf3+Lsstz—Lansts'-L12L1sts

d =(_a_”£ ?f_‘i’_g’i_z ?!.‘_5.’)
1 dcy " Oce Ocy  Ocy

dy = (3#3 Op1 _ Ous ?g_;)
dc, " Ocg  Ocg " 06,

da = om Opg _ O ?ﬂ)
87 \09cy "0cg ey ey

The equations (8), (9), (10) and (11) are fairly comphcated and cannot be used
in practice. As shown previously we can get an expression for affinity which does
2B
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not involve phenomenological coefficients. Thus, from equaﬁons (8), (9) and (10)
we get

(AP Acy By, Acy ]

Ll:T_ﬁvl-*--A—T.a_Cl ATb_c;__kl . .o (12)
_ AP Doy pg, Acy Opg]

Lz-—T-AT’Uz'*‘AT.aCI AT.acz-—hz . . (13)
_ -_A_I_J, Ay Opg, Acy Ops]

La—-T-ATjg-l-Z—T".aCI Z‘T.'a—cz-—h;; .o .o (14)

Substituting the values of L;, Ly and Ly in equation (11) we obtain

A41 _L_ — L::C 1 AP ACI ( 6;43 al”'2 af”l)
TI' AT-—-L“+L;C.T2‘[T.AT-(203+yv2+xvl)+T. ﬁ z-a—c——+ —a_c-l—xE
Doy Opsy ks ?fﬂ)_ _ ]
+T. AT (z acz‘|'?/ dcq x P65 (zhg+yho—zhy)| .. .. (15)

If we consider a mixture of perfect gases, the above relation may be further
simplified. For then,
RT
=M, P

and h, can also be evaluated. For enthalpy we have earlier (Rastogi and
Srivastava, 1954) used the expression

5 (RT
-3 (5]

k

Strictly speaking this is true for the translational component of enthalpy. Even
in a monatomic gas the atoms possess internal vibrations, but the vibrational
energies are almost negligible and hence the above equation is correct for at
least monatomic gases, particularly at not too high temperatures. For diatomic
molecules there are three degrees of freedom of translation and two of rotation
about the two axes perpendicular to the line joining the atoms. If we do not take
into account the structure of atoms, we have

7 RT
hk _— é . T.M__k
Similarly for a triatomic gas we have,
4RT
W=,

k
since a triatomic molecule has three translational and three rotational degrees of
freedom. In this case we do not consider the vibrational degrees of freedom since
the vibrations are usually not fully excited.
Thus for diatomic molecules equation (15) yields

Ar 1 Le E[AlogP(iJ,_y__i)
TI-AT_L;C.'.L“'T AlOgT .M3 .M2 .M]_

1 244 _*i)]. 16
+-——-———-A Tog T (z4 log cg+yA log ca—a A log ¢1)— 3 (Ma w, M (16)
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From the definition of affinity it follows that

A = RT .5, [30+30] +RT%cq [50 - 1/6] e M
€ G 3 O
for 3¢, << c(lj and 8¢y << << cg where 8, is the deviation in concentration in a
particular chamber. Thus from equations (16) and (17) one can obtain a relation
between the deviation in concentration of the respective species in a particular
chamber and the temperature, pressure and the concentration prevailing in the
two chambers. The above relation (16) can be easily checked provided suitable
experiments are performed. In the next section equation (16) would be used to

calculate the free energy change in either chamber for the thermal decomposition
of deuterium iodide.

3. THERMAL DECOMPOSITION OF DEUTERIUM IODIDE

The kinetics of the reaction 2DI = Do+ 1, has been recently studied (Taylor
and Crist, 1941). The advantage in using this reaction is that L, and L.. can be
readily calculated as the specific rate constants for both the forward and back
reactions have been experimentally determined. In the following calculations
experimental data for two temperatures, viz., 666'8°K. and 698'8°K. have been
utilized for which the equilibrium concentration in moles/c.c. is given. We assume
that chamber I is maintained at 666-8°K. and chamber II is maintained at 698-8°K.
We further suppose that equilibrium concentrations and pressures are not affected
significantly if the two chambers are connected by a narrow opening. For the case

of thermal decomposition of deuterium iodide we shall have the following equation
for affinity :(—

a1 L .E(AlogP_Z)(L+L__2_)
T! AT—L:E'I'L::c T AlOg]’ 2/\ M4 My M,

1
+ m (& log cg+ A log cz—2 A log bﬂ]

Here
2
_L.” _ k[M (IJ]TI .
T R
Lee kMY
(M (1)] represents the mass at equilibrium and & and %" are the specific rate constants

for the decomposition at the two temperatures, 77 and 7. The following table

gives the values of affinity for different pressures and concentrations in each
chamber :—

TaBLE I

T = 666-8°K.; T — 698-8°K.

pl Pl I I 11 11 A
(atm.) | (atm.) Cl Cz Cs C1 02 03 (eal.)
1-099 1-333 0-857 0-00621 0-1202 0-8642 000771 0-1280 270-61
1-023 1-098 0-887 0-00991 0-1027 0-8816 0-00984 0-1084 63-06
1-064 1-125 0-872 0-00838 0-1200 { 0-8702 0-00858 0-1213 11-21
1-180 1-156 0-848 0-00630 0:1460 | 0-8563 0-00589 0:1362 —188-71
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ABSTRACT

The non-equilibrium thermodynamics of thermal transpiration of species involving the
reaction of the type x4 = yB+2z( has been developed by using Onsager reciprocal relations.
Expressions for affinity which do not involve phenomenological coefficients are deduced for
either chamber. The equilibrium date for the thermal decomposition of deuterium iodide

has been used to calculate the value of affinity in order to have an estimate of the shift from
thermodynamic equilibrium.
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