THE STOICHIOMETRIC NUMBER OF A CHEMICAL REACTION

R. G. Frenburg UDC 541.121

Let us consider a reaction which takes place by several independent paths, each of which involves several
slow nonequilibrium stages,

The following notation is used: let A = —gf pcbetheDe Donder affinity [1,2] of the overall reaction, where
s

f are the stoichiometric coefficients of the materials in the chemical equation of the reaction; these coefficients

are posmve for the products and negative for the reactants; ug are their chemical (electro-chemical) potentials;
-
V=V-—- V isthe overallreactionrate, equal to the difference in the number of 1ts_£ran51ts in the forward and reyerse

direction in unit time; V0is the exchange rate of the overall reaction, i.e. V0=V = V when A = 0 Vp = VP— Vp

is the overall reaction rate by path p; V is the affinity of

p %is the exchange rate of the reaction by path p; Api

stage i in path p; v_. is the true stoichiometric number of stage pi, equal to the number of its transits occurring per

pi

transit of the overall reaction by path p; v, = vpi_vpi istherate of stage pi, equal to the difference in the number

pi
- -
of transits of the stage in the forward and reverse directions in unit time; Vp1 = Vp / vp Vpi— Vpi is the rate of
- -
stage pi, expressed as the equivalent number of transits of the overall reaction, whence Vpi =V pi/ "pi and Vpi =
-
Vpi/y pi
It is assumed that the same chemical equation of the overall reaction corresponds to the different paths, For
heterogeneous reactions taking place on an energetically nonuniform surface with a finite number of different
types of sites, at which the reaction takes place at different rates or even by a different mechanism, it is conven-

ient to relate these parts of the surface to different independent paths,

The equation valid for the elementary stage is [3]
Upilops = Vil Vs = exp (Api/ RT). )
Since in stationary conditions Vp =V pi’ then
Vo= Vit (Vii/ Vi — 1) = Vs [exp (4,s/RT) — 11
Di‘fferentiating this equation with respect to A we have, at A = 0,
(0V /0 A)amy = (Vi) RT) (0 Api/0 A) a=o- @)

Equation (2) can be obtained immediately by using the nonequilibrium thermodynamics equation [2]

—— o, .
Vpi = szApz/RTy (3)
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which applies when Api <« RT. Taking the expression for (34p;/0A)4 = o obtained from (2) and putting it into the

equation Eupi (aApi/aA )A = o= 1, which follows from
A’:Z"mApi, ' 4y
1

s 0 3 = =
we obtain (an/aA)A = o= I/RT iy,(ypi/v Pi). For independent paths V SE;VP and therfore (aV/aA)A =9

Z;)(an/aA)A = ¢, whence

vy _iwm 4t 1
(’5,4_).4=o_ RT ? S Ei0,) RT % S il V) (5)

A similar expression for the particular case of 2 single -path heterogeneous electrochemical reaction has been given
in [4].

There is an analogy between multistage reactions and a branched electrical circuit. In the framework of
this analogy the quantity (3V/dA) y = o G20 be called the conductivity of the reaction close to equilibriumn, For a

single-path reaction with one slow stage Horiuchi [3] has given an equation which enables the true stoichiometric
number of the slow stage r to be calculated from experimental data:

Ve = (VO/RT) / (6V/(’)A)A=o. (6 )

The value of V? can be determined directly in certain cases (for example by a radiochemical method) or by ex-
trapolating V from regions far from equilibrium, At certain slow stages the true exchange rate V® and the extra-
polated value Ve° must be different, In this case, at a different degree of nonequilibrium of the reaction, i.e. when

A is changing, a change may be observed in the rate of the determining stage and the possibility arises of deter-
mining several values of Veo. If the concentrations of the intermediate reaction products in the reaction zone
maintain limiting values over the whole range of A studied (i.e., when their mole fractions or degrees of surface
coverage are close to 0 or 1) or are not at all dependent on A, then Ve° coincides with VPi °, the rate of the deter-
mining stage.
In the general case, in addition to the so-called extrapolated stoichiometric number »°, which is calculated
using Veo, [5-8], it is useful to introduce also the value ”pi 0 defined as
% = (V3,/RT)/(3V 0 A )
Vpi = (Vi/ RT)/(0V /8 A) a=o,

which will subsequently be called the apparent stoichiometric number of stage pi ("pio will equal v' when V i° =

p
Ve®). In principle it is possible to calculate as many different ”pio as there are slow stages pi. The possibility

that several values of v* can be calculated was mentioned in [5,6].

Putting (5) in (7) we obrain ugi= Vgi IIE) [TE (upi/Vgi)] "1 from which

1

. e &)
P N )
i1 :
For a single-path reaction (8) has the form p> (ui/vio) = 1, while for a reaction involving several paths, in each of
which there is only one slow stage, E(v;/u;) =1,

Since, by definition, up and v _,%have the same sign, it follows from (8) that for the two cases mentioned

pi
Ui°2 v; and UP°S Vp. The experimental establishment of the inequalities may indicate the presence of several

slow stages, which may be consecutive or parallel, It is advisable to use Eq, (8) [and also (5)] as a criterion in se-
lecting a mechanism, When several values of » 0 have been determined, Eq. (8) can be used to check their agree-
ment with various probable stages in the reaction scheme, This checking should be carried out for serveral sets of
concentrations of the starting materials and reaction products,

The faster any stage of the reaction, the higher its exchange rate Vpio and therefore also v p; %, Therefore
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for a given path the termsin ui/vi0 corresponding to the fastest stages make the smallest contribution to (8), For

single-path reaction v/ vi® may vary from 0 to 1 and is characteristic of the relative slowness of this stage com-
pared to others close to equilibrium. Slower stages correspond to higher values of v,/ u1°. For parallel stages the
ratio upo/u plays a similar role, varying over the same limits. Here the faster stage corresponds to higher vp /up
It can be seen from (8) that "p1° = vpj only for a reaction with a single slow limiting stage.

Let us introduce into the discussion the quantity (aV /aA which we will call

oida = o= (BVp/0AL
the conduct1v1ty of stage pi. Differentiating (3) with respect toAn; andassumingAp; = 0,we ﬁnd (3Vpi /0Api )A = o=

Vpl /RT. Comparing this expression with (7) it can be seen that vplo is equal to the ratio of the conductivity of

stage pi to that of the overall reaction, The use of the analogy between a complex reaction and an electrical cir-
cuit makes it possible to write down (8) immediately.

For a single- path reaction the apparent stoichiometric number also shows to what extent the affinity of the
overall reaction is greater than the affinity of stage i, i.e., the quantity 1/v,%is the "energy fraction” of the stage
in the total energy balance of the reaction close to equilibrium. Putting (2) into (7) we obtain

9] = (9A4i/04)a=o ©)
(for a single slow stage (A = viAi),ui° = v, is equal ro the number of its repetitions for one transit of the overall
reaction [3,6]).

A stoichiometric number calculated using V® [6-8] has also been discussed in the literature (we will call this
number ), namely

§° = (V°/RT)/ (9V / 84) a=o. a0

Let us establish the connection between v and v i°. To do this we will use the relationship introduced by Temkin-
[9] for the overall reaction path; when the reaction paths are independent this relationship may apply to any of -
them:

Ea 1 v 1 1Vp2 g
V(.. SIS ) SENDITG L6 - BRI EPUN I | (11)
PAV, Vo1V s V1 Vo2V p3
At equilibrium (A = 0, V; = V ;) (11) becomes
UV = A (vpfth) = D(1/V5). (12)
Since V0= EVP , then
P
Vo= =) :
P 2 (vp,/vpn I 1/V° (13)
Comparing (7), (10), and (13) we obtain
P Z (% (14)

i

Although for a single path reaction vy ¥ may take as high a value as s may be desired, v is limited by the highest

and lowest values of v;. For a reactxon with a single slow stage r, Vo= v, 0= .

Let us consider in more detail the case of a single-path reaction, We will use the relationship

ViV= H(Vi/vi), (15)
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— - - - e
which was introduced in[9]., Combining (15) and (1) we obtain V/V = exp [Z(A;/RT)], from which vV = V=V = V.
i

[exp E(Ai /RT)-1]. Differentiating thisequationwith respect to A and assuming A = 0, we have (av/aA)A .
i =

(V°/RT) (aE.Ai/aA)A . Comparing this expression with (10) it follows that
1 -

¥ = (aA/aZAi) . (16)

i A=0

The concept of an average stoichiometric number was introduced in [9]:
v=A / Z A’l'.' (17)
i

It can easily be seen that ¥ 0is the limiting value of ¥ for A->0, Therefore the quantity u 9 should be called the
equilibrium average stoichiometric number of the reaction. The quantity ¥ may vary as A varies, but in the par-
ticular case of the equivalence of all v, among themselves we will have v = y?0 = vss ie., 2 does not depend on
A.

It follows from (7) and (10) that
VO /N =V v (18)

: \ . . 0 .

Using (18) v can be very easily calculated from the experimental values of V. and vio, referring here to only one
determining stage rate, it being unnecessary to measure the rates for other stages under conditions of equal v;

(7 = 99). Inthe general case the rate of the overall reaction close to equilibrium, in contast to [3], will be

V =V°A /VRT, (19)

where V9/UORT = (aV/aA)A = Equation (5) thus establishes a connection between the phenomenological coef-

ficient of the overall reaction [2], which is equal to its conductivity, and the same coefficients for the separate
stages,

The relationships introduced in this paper are applicable to reactions with independent paths, Therefore in
order to use them schemes of branched reactions (in which intermediate products formed in any one stage may be

consumed in several parallel stages) must be changed into schemes with independent paths, using in particular the
following stationary state conditions:

2Vi= A Vpits = 0 Vo, (20)
o D P

where index i refers to stages right up to the point of branching, and index i + 1 to stages immediately after it,
Equation (20) is analogous to Kirchhoff*s law for electrical circuits.
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