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ABSTRACT: Helmholtz and Gibbs function (or energy) differences, AA and AG, are
often invoked by their signs to describe conditions of spontaneity, nonspontaneity, and : s
equilibrium in chemical reactions. While their differences are necessary conditions to reaCtaEI

establish these behaviors, they are insufficient because they do not apply to local
situations where differential values, dA and dG, are appropriate. We here show that the
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differences are fully meaningful quantities, being important in examining overall reaction,

such as in chemical synthesis, where dA and dG may be irrelevant. Interpretation of the differences is readily understood in terms
of the van’t Hoff reaction box in which reactants are converted to products, without reference to kinetics or mechanisms, and
products are extracted as independent materials, each under their own specified conditions. This behavior can be attained in
practical situations where a product can be extracted in a phase separate from the reactants, such as a single gas, an immiscible
liquid, a precipitate, a new pure solid phase, or even in an electrochemical or fuel cell. This is illustrated in the case of the Haber—

Bosch industrial process for the production of ammonia.
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Bl INTRODUCTION

In important contributions to the Journal over recent times, a
number of authors' have discussed the common but incorrect
usage of differences of the Helmholtz (A) and Gibbs (G)
functions (or energies”) in supposed “predictions” of the
spontaneity of chemical reactions in closed systems and of
their conditions for equilibrium. In essence, these incorrect
procedures use integral differences, AA and AG, correspond-
ing to ranges of states, to make incorrect predictions about
local state situations which rather require differential values,
dA and dG. However, these publications have left in question
the correct and valuable use of the integral values in
thermodynamic application, and it is the purpose of the
present communication to demonstrate such correct applica-
tions.

To place this discussion in context, we first note the
following. In a process within a closed system in which no
pressure—volume work is performed, at fixed temperature and
fixed volume, dAry, < O are the necessary and sufficient
conditions for a spontaneous process under the specified local
conditions and at equilibrium, respectively. Similarly, at fixed
temperature and fixed pressure, dGy, < 0 are the necessary
and sufficient conditions for a spontaneous process under the
specified local conditions and at equilibrium, respectively. On
the other hand, the integral expressions AAr, < 0 and AGr,
< 0 provide no information concerning questions of
spontaneity or equilibrium at specific local points (see Figure
1). Similarly, the reverse integral conditions, AAr, > 0 or
AGyy, 2 0, tell nothing of the nonspontaneity or equilibrium
of the local situation. When AAry < 0 or AGp, < 0, the
process can be harnessed to produce useful work, as in an
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operating electrochemical cell, with the maximum useful work
being obtained when the process is performed in a quasi-
equilibrium sequence.

B CORRECT USE OF THE INTEGRAL TERMS

In the following discussion, we examine the correct use of the
integral terms. We focus on the Gibbs function alone for
convenience, but the issues discussed apply equally well to the
Helmholtz function. The extensive quantity AG refers to a
general process causing a change in Gibbs function, while A.G
refers to change in a balanced chemical reaction, which must
be specified for calculation.

The equilibrium constant, K,, in terms of dimensionless
activities gy, is expressed in the form

Ap® =Y yp = -RT K,
k (1)

with the chemical potential (the partial molar Gibbs function)
defined by p, = ("—G) .
T,p,n,.

ony,

A pu° is the difference of standard chemical potentials of the
reaction components, each in their standard reference states (at
1 bar pressure), weighted by their stoichiometric coefficients
for a specified reaction. The activity may be replaced by
dimensionless ideal gas pressure (p/p°), fugacity (f/f°), mole
fraction (x/x°), or concentration (c/c°), to generate
equilibrium constants K, Ky Ky, or Ky e as most
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Figure 1. Gibbs function, G (an extensive quantity), plotted as a
function of the extent of reaction (or degree of advancement), &, for
a reaction at constant temperature, T, and pressure, p, from
Reactants to Products. For example, aA + bB — ¢C + dD has the
extensive property change A,G = AG = (cAG¢ + dAGp) — (aAG,
+ bAGy), with dé = —dn,/a = —dng/b = dnc/c = dnp/d, where n,,
ng, N, np = number of moles and 4, b, ¢, d = stoichiometric
coefficient of component A, B, C, D, respectively, in the reaction
equation. The equilibrium condition occurs at the minimum of the
Gibbs function, where (0G/ 65)1}, = 0. This diagram is also invoked
in nonequilibrium thermodynamics, where the instantaneous slope
relates to the reaction rate.’ The process I — F depicted involves no
change in G but is not at equilibrium; the products simply have the
same value of Gibbs function as do the reactants.

appropriate. It should be noted that the right-hand RT term
in eq 1 is intensive, with units of energy per mole, so that
A, p° is necessarily also intensive.

To establish values for A, 4°, we note that the chemical
potential of a pure material k is simply the Gibbs function per
mole, so that

G N A¢Gy
e 1y ()

where the difference, A¢G,, reflects the fact that the formation
Gibbs function is defined relative to the constituent chemical
elements of k, each in their standard reference states at the
temperature of concern.

We note that, when K, = 1, A, ¢° = 0. Similarly, when K, >
1, A, u° < 0, while when K, < 1, A,u° > 0. How are we to
understand these thermodynamic relations when they apply to
an overall process? An appropriate way to conceptually model
a thermodynamic process is through use of a vant Hoff
reaction box (Figure 2)." In such a box, reactants are allowed
to enter in their defined states through semipermeable
membranes and leave, also in their defined states, through
other semipermable membranes. We do not enquire what
occurs within the reaction box, or the speed of reaction, but
note that the reaction box simply provides a mechanism for a
change in state, and the thermodynamics of a change in state
is independent of the detailed mechanism. For example, AG =
0 simply means that the sum of the Gibbs energies of
reactants entering the box is equal to the sum of the Gibbs
energies of the products leaving the box, without enquiring as
to how the Gibbs energies alter at intermediate steps in the
process.

It may be thought that the reaction box is simply a
convenient conceptual fiction since no real ideal semi-
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Figure 2. A vant Hoff reaction box.’ Reactants enter through
semipermeable membranes independently and under their separate
conditions, and products are removed independently through
semipermeable membranes and under their separate conditions.
We do not enquire into the processes inside the box. AP represents
the change in the value of a state function, such as enthalpy, entropy,
or Gibbs function, in the reaction.

permeable membranes can exist; however, it can be closely
approached in systems where a product can be extracted in a
phase separate from the reactants, such as a single gas
developing from a condensed reacting system in an open
vessel, an immiscible liquid from a fluid system, formation of
a pure solid product such as a precipitate, or even in an
electrochemical cell. (A working fuel cell provides an example
of such a process in a stationary state, with reactants being
continuously introduced and products continuously re-
moved.®) Since newly formed phases are continuously
removed in their production from such reacting mixtures,
the reaction can go essentially to completion, as in the
Haber—Bosch industrial process for the production of
ammonia discussed below.

Even if a pure phase cannot readily be extracted, AG for a
real chemical system still has a real meaning, and is of
particular significance in synthetic chemistry,”’ when one
wishes to establish in advance whether a proposed reaction is
thermodynamically suitable for preparing adequate propor-
tions of product: that is, if AGr, < 0. If this condition does
not apply, then it is purposeless to attempt the synthesis
under the conditions specified, and other conditions need to
be selected (such as coupling® the desired reaction with one
which has AGp, < 0 overall), but note that, if AGy, has a
small positive value (say less than ~20 kJ m01_1§, then
reaction can still proceed to some extent to produce a
possibly useful proportion of products. In this way,
thermodynamics avoids pointless exercises in preparation,
and guides the researcher in more feasible directions.

B THE HABER-BOSCH INDUSTRIAL PROCESS AS A
van't HOFF REACTION BOX

The Haber—Bosch industrial process for the manufacture of
ammonia from nitrogen and hydrogen gases proceeds by
mixing the reactant gases, pressurizing them to about 200 atm,
and passing them over an iron-based catalyst at temperatures
of about 450 °C. The high temperature increases the rate of
reaction but reduces the equilibrium constant of this
exothermic process, while the high pressure favors production
of ammonia, according to Le Chatelier’s Principle (since
reaction reduces the number of gas molecules). Under these
conditions, with an equilibrium constant, K, of about 5 X 107°
and rapid gas flow, only about 15% of the possible ammonia
is produced; this is continuously extracted by cooling and the
residual gases are recycled. Thus, overall we observe an
example of a van’t Hoff reaction box, with reactant gases
entering and product gas removed.
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The Gibbs function change at 450 °C may be calculated
according to eq 1, as follows:”

A,G°/kJ mol ™!
= ZAfGO(NH3, g) - A;G°(N,, g) — 3A;G°(H,, g)
=2(-193.9) — (—144.9) — 3(-100.7) = 59.3

Of course, this large positive value represents only a single
step in the overall process. A final cooling process is required
to separate ammonia by its liquefaction. For the overall
reaction at 25 °C, A,G° = —32.8 k] mol™!, and K = 5.6 X 10°.
Condensation of gaseous ammonia to liquid will further
reduce A,G° and increase K.
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