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The equilibrium conversion in a 
chemical reaction depends on the con- 
ditions under which the reaction pro- 
ceeds; if a reaction occurs in the sur- 
face of a liquid phase, the conditions 
for that reaction are different from 
those prevailing for the same reaction 
in the bulk liquid. For certain reac- 
tions, therefore, the equilibrium yield 
may be increased by operating the re- 
actor under conditions such that there 
is a high ratio of surface to volume 
within the reactor. We report here 
some brief preliminary studies of the 
effect of a surface on the equilibrium 
yield of a liquid phase reactor. 

Consider the following reaction oc- 
curring in a liquid-gas system: 

cC + dD eE + f F  

We consider nonvolatile components; 
the reaction in the gas phase is there- 
fore negligible. The equilibrium con- 
stant for reaction in the bulk liquid 
region is given by 

The activities adB have as their stand- 
ard state pure bulk liquid i as is the 
normal convention. The equilibrium 
constant for reaction in the surface 
phase is defined by 

The standard state for the activities 
urs is chosen as pure component i as a 
surface phase. This choice of standard 
state is responsible for the inequality 
of the equilibrium constants in the bulk 
and surface regions, even though both 
regions are at the same temperature. 
Further discussion regarding this dif- 
ference in equilibrium constants and 
the utility of various standard states 
may be found in the papers of Butler 
(1) and Eriksson (2).  

If it is assumed that the solution sur- 
face is a region of uniform composition 
located between the bulk li uid and 

relation between the surface tension 
and the activities of any component i 
in the bulk phase and in the surface 
phase ( 2 ,  4 ) :  

gas phases, we can derive the I ollowing 

At RT urs 

A$ A& uiB 
~ ~ = ~ ~ ~ + ~ l n -  (3) 

Here uM represents the surface tension 
of the mixture, ud the surface tension 
of pure component i, A* the molar sur- 
face area of component i, and A, the 
partial molar surface of component i in 
the surface solution. 

In order to obtain an estimate of the 
surface effect on the equilibrium yield, 
we assume that the ratio of the equilib- 
rium constants in terms of mole frac- 
tions, for the surface and bulk phases, 
is equal to the ratio of equilibrium con- 
stants in terms of activities; that is, we 
assume 

(4) 

Our studies of activity coefficients in 
bulk and surface phases lead us to be- 
lieve that this assumption leads to er- 
rors of less than a factor of two in the 
calculation of the ratio K,B/KZB. We 
make one additional assumption which 
simplifies the calculation, yet leads to 
small changes in this ratio, namely, we 
set At = A,. 

The following relationship may then 
be obtained from the preceding equa- 
tions: 

- 

K," 1 
K ,  RT 

InT = - [uM(eAE + fA, 

- CAc - dAD) + CACUC + dADUD 
- e A m  - f A m ]  ( 5 )  

We now want to illustrate Equation 
(5) with a numerical example. Con- 
sider the hydrolysis of ethyl acetate 
proceeding at 20°C. 
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CH,COOGH, + HoO + CHtCOOH + CJLOH 
C + D e  E + F  

Necessary parameters are 

c = d = e = f = J  

Molar surface areas, A.' (estimated 
from surface tension data on the vari- 
ous binary aqueous mixtures, by the 
technique in reference 2 )  

A c = 7 0  A g = 4 4  
AD = 18 A,=  72 

Stirface tensions, dyne/cm. 

uc =24  us = 28 
u n  = 73 up=22 

At a particular composition, such 
that U* = 35 dyne/cm. (low water 
concentration), using Equation (5) ,  
KZs/KmB = 17.5. For a high water con- 
centration, corresponding to uH = 65 
dyne/cm., Kzs/KzB = 140. 

It  thus appears that under certain 
conditions, sigdicantly higher yields 
may be obtained when carried out in a 
reactor with a large surface-to-volume 
ratio. A favorable change in equilib- 
rium yield is usually to be expected in 
liquid phase reactions where the sur- 
face tensions of the reactants are con- 
siderably larger than those of the prod- 
ucts. 

Mechanical processes which produce 
the dispersion of the liquid mixture as 
a mist or foam might lead to a ratio of 
surface phase volume to bulk volume 
of from 1 to lo%, the higher ratios 
corresponding to equipment utilizing 
foaming. Although these volume ratios 
are not large, creation of as much sits- 
face as possible in the reactor might 
be an attractive procedure for the pro- 
duction of fine chemicals, or else for 
enhancing the equilibrium yield of 
those reactions where an increase in 
temperature leads to the decomposition 
of the desired product. 
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NOTATION 

A, 

Ac 

a = activity 
C, D, E ,  F = components 
c,  d, e, f = stoichiometric coefficients 
K = equilibrium constant 
R = gas constant 
T = absolute temperature 

Greek Letters 
u = surface tension 

= molar surface area of compo- 

= partial molar surface area of 
nent i 

component i 

- 
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Subscripts 
a = activity basis 
C, D, E ,  F = components 
i = component i 
x = mole fraction basis 
Superscripts 
B =bulk liquid 

M = mixture 
S = surface 
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The Second Law. Caratheodory’s Principle with Simplified Mathematics 
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It is readily apparent that the phe- 
nomena of nature are for the most part 
iireversible. After a change takes place, 
such as the conduction of heat, diffu- 
sion, motion, or flow with friction, it is 
impossible to restore the initial condi- 
tions for both the system and its sur- 
roundings. The principle of Caratheo- 
dory takes as an axiom in the logical 
system, what is believed to be a law 
of nature, that is, the existence of ir- 
reversible phenomena. In its formal 
statement it uses the observed fact that 
a system can in any state be disturbed, 
or change spontaneously, in such a 
way that no adiabatic process can re- 
turn it to its original condition. For 
example, a small amount of work per- 
formed on the system in the presence 
of friction produces an irreversible 
change. The previous state of the sys- 
tem can only be restored by removing 
heat,. thereby effecting a net change of 
work into heat in the surroundings. 
The reverse of this process is not pos- 
sible (the Kelvin statement of the sec- 
ond law). Rather than dwell upon the 
forbidden process, we choose to exam- 
ine the original irreversible change. A 
state has been reached from which the 
return is impossible by an adiabatic 
process. The initial state is termed 
ndiabatically inaccessible from the final 
state. Since any system in any state 
may be adiabatically isolated, and an 
arbitrarily small irreversible process 
may be executed, the adiabatically in- 
accessible states may be arbitrarily 
close to any state. 

[A complete logical exposition 
would begin by definition of state, 
process, and adiabatic. Of these the 
most difficult is adiabatic. We will as- 
sume that a satisfactory definition has 
been made, such as a process is  adia- 
batic if the only external effects are 
work.] 

Vol. 12, No. 1 

FORMAL DEVELOPMENT 

Corotheodory’s Principle: In the 
Neighborhood of Every State There are 
Adiabatically Inaccessible States 

This is analogous to a statement 
which can be made about the real 
number system: in the neighborhood 
of every number there is a smaller 
number. We would like to be able to 
assign numbers to the states of a sys- 
tem which would rank them by adi- 
abatic accessibility. With real numbers 
we have the property that if A is less 
than B, B is not less than A .  The cor- 
responding property for states of sys- 
tems is taken as an auxiliary axiom. 

Auxiliary Axiom 1 :  There are no 
pairs of states which are mutually in- 
accessible by adiabatic processes. (If 
state A is inaccessible from B, then B 
is not inaccessible from A . )  

As a consequence of Caratheodory’s 
principle and the auxiliary axiom, there 
appears to be a correspondence or sim- 
ilarity between the adiabatic accessi- 
bility of states and real numbers. We 
may define a ranking of states accord- 
ing to adiabatic accessibility in which 
a larger number is assigned to a more 
accessible state, starting with an arbi- 
trarily chosen reference state. This 
ranking is the function called entropy 
in thermodynamics, but we will give it 
the name rank and the symbol R in 
this context to avoid prejudicing the 
case. A pair of states which are mutu- 
ally accessible will have the same value 
of R. Every state has a rank and the 
values of R form a continuum. For any 
possible adiabatic process dR 1 0. For 
those processes for which dR = 0, the 
reverse process is possible. 

In any physically possible adiabatic 
process, the sequence of states is al- 
ways such that each R attained is 
greater than all previous values of R .  
This may continue only until a maxi- 
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mum of R is reached. The existence of 
a constraint on the system such that R 
has a maximum from which all permis- 
sible displacements dR 6 0, and when 
R is a continuous function of state vari- 
ables this means that when R is at the 
maximum, dR = 0. A condition is 
reached which is called equilibrium, 
from which no change is possible as 
long as all the external constraints re- 
main unchanged. 

Let us examine the properties of R. 
Definition: The rank R for a com- 

posite system is the sum of the R val- 
ues of its parts. This has an interesting 
consequence. Since the only property 
required of R before this definition was 
that of order of the points, any mono- 
tonically increasing function of R 
would serve just as well as the original 
R.  The requirement of additivity puts 
a severe restriction on the acceptable 
forms for a function of R. In order to 
display this, we need a mathematical 
theorem. 

Theorem : 

If 

and 
z = x + y  (1)  

f ( z )  = az (3 )  

where a = constant 

Proof: Differentiate (2)  with re- 
spect to x 

dz 
dx 

f’ ( z )  - = f (x)  = independent of y 

(4)  
Differentiate ( 2 )  with respect to y 

dz 
f ’ (  z )  - = f ’ (  y )  = independent of x 

( 5 )  
dY 
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