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SEMIGROUP-THEORETICAL STRUCTURE OF CHEMICAL REACTION SYSTEMS
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(Summary) Chemical thermodynamic systems in process of time
are examined from the algebraic theoretical point of view.

We consider the direction of chemical change explicitly by
means of only the additive transformation of reaction equations
instead of commonly used linear combinations of them. A
chemically reacting system becomes a semigroup, referred to as
a reaction semigroup hereafter, by use of an equivalence
relation often adopted by chemists; in a state of equilibrium
the system has a group-theoretical structure as its special
case. It is shown that not all additive transformations of
reactions keep reaction semigroups unchanged. Properties
for thermodynamic variables (chemical affinity, reaction rate,
entropy production, and so on) in relation to the semigroup
theory are discussed; the characteristic of reaction rates
under the base transformation of reactions is found, and is
applied to the analysis of two reaction systems (the

catalyzed synthesis of ammonia, and the synthesis of hydro-
bromic acid).

Introduction. Here are two examples for chemically reacting

systems:



-114-
Cps = {q1n 9} and  Cpot o= {q1l’ ap ]

where q, = "A — B", g, = "B — (", q,' = "A — C", and 9, =
9. Prigogine1 stated that the former is equally well
described by the latter from the macroscopic/thermodynamic
peint of view because one of them can be derived from the
other in terms of linear combinations of reaction equations;
he obtained the condition that the systems become equivalent
in the sense that the entropy production per unit time(dis/dt)
is invariant under the transformations. The former q, can
certainly be given by the subtraction of q2' from q1', and
conversely the latter q1' by the addition of a, to Q- The
subtraction of qz' implicitly suggests that the inverse
reaction equation of q2' should occur. Such imaginary
inverse changes should be removed from CRS' however, in cases,
such as irreversible thermodynamic processes, where the
direction in change is taken into account explicitly. Even
when directed reactions are assumed in a chemically reacting
system, only the additive transformation of reactions can be
adopted. Hence, the question arises whether diS/dt remains
unchanged or not under the assumption that only the additive
transformation is possible; this requires us to examine the
algebraic property of reaction rates Vi because diS/dt can

be expressed as E:Amvm/T (Am, chemical affinities). It

is necessary to investigate the mathematical structure of

reaction systems in process of time.

Algebraic Structure of Reaction Systems. Let us consider a




set of reaction equations:

RE = (g | reaction equations with the direction of change
= ordered pairs of molecules = "reactants (the left-
hand side) — products (the right-hand side)" }

wvhich represents a chemically reacting system. The follow=-
ing rules are regarded as valid in chemists' theory. (1)
The summation of two reaction eguations is possible; that is
to say, g + q' = q'' ¢ RE' Here the sign + means that the
left(right)-hand side of q' is added together the left(right)-
hand side of q. (2) The associative law of addition holds;
that is, g + (q' + g'') = (g + qg') + qg'', In other words,

Ro is a semigroup2 with respect to the additive operation.

E
Note that the semigroup is abelian (q + q' = q' + q), and

that the number of the members is infinite.

(Definition of reaction semigroups) Chemists often
eliminate common molecules from both sides of a chemical
reaction equation in question, and regard the resulting
equation as equivalent to the original one. The elimination
(and/or addition)of common molecules is an equivalence
relation on RE (hereafter denoted by the symbol =, e.g., "A

+ C — B+ C" = "4 — B") because it satisfys the reflexive,

the symmetric, and the transitive laws: (i) gq = q. (ii)

n

g = q' implies q' = q. (iii) g = q' and q' = q'' imply
q=q''. We can classify the members of Ry using this

equivalence relation, and then obtain the gquotient set:

R'/E = {I‘, r', ‘°‘} =RS
























