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Abstract: The educational content of physical chemistry can be a burden for students who are classified as sensing
learners (SL). Therefore, for SL, the lecturer must adapt the educational material reflected in standardizing certain
procedures (for example, performing and proving similar expressions—differential changes of thermodynamic
potentials) and visualization of abstract concepts and expressions. Here is presented the connection of differential
changes of thermodynamic potentials in isentropic conditions with useful work (in the system, there is one
exothermic reaction in the quasi-static regime) and with the differential change of internal energy in an adiabatic
and isochoric composite system (reactive system + corresponding reservoir) as well as with the differential change
of internal energy in the isochoric composite system. When defining an isentropic process (or system), the change in
entropy that is a consequence of heat exchange and the change in entropy that is a consequence of a chemical
reaction is considered. Differential changes in thermodynamic potentials are also shown schematically, facilitating
SL’s mastery of the material.

Keywords: curriculum; higher education; reaction entropy; de Donder’s affinity; learning styles; thermodynamic
potential

1 Introduction

There are several divisions in terms of learning style; one division is sensing learners (SL) and intuitive learnings
(IL).*? 1t is believed that SL students prefer observation, collection of data, like to learn facts, and participate in
experiments. SL students prefer standard and well-established methods in solving problems. During their studies, IL
students apply indirect perception, prefer principles, innovation, new theories, and dislike similar and repetitive
tasks. IL students accept symbols more easily than SL students." Lectures on physical chemistry and thermodynamics
are full of symbols (mathematical equations) which favors IL students. However, psychological and statistical
analyses show that most chemical engineering students belong to the SL group.>* Therefore, it is desirable to adapt
lectures to SL students. Although the material is full of mathematical formulas, proving (i.e., deriving) equations can
be simplified by standardizing mathematical derivation (suitable for SL). Research in the psychology of learning
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indicates that using visual aids, such as pictures, is effective in helping students understand abstract concepts.’
Consequently, during lectures in physical chemistry, we focus on illustrating the processes represented by specific
equations. The standard approach to learning involves visualizing the processes described by these equations.

The goal is to relate the differential changes in thermodynamic potentials (internal energy, enthalpy,
Helmbholtz free energy, and Gibbs compact energy) related to a system where one reaction occurs (reactive
system), considering different conditions in the reactive system. The desire is for students to have a visual
representation of differential changes in thermodynamic potentials and to show that if the goal is to obtain useful
work (isentropic conditions) — the portion of a chemical reaction’s energy changes that can be converted into
work usable for practical purposes, such as electrical work or other forms of energy transfer—then differential
changes in thermodynamic potentials are reduced to differential changes in the internal energy of a composite
system (a system in which the reaction takes place + the corresponding reservoir) that is adiabatic and isochoric
or to a composite system that is only isochoric. An identical approach is used for each thermodynamic potential,
standardizing the proof, which is convenient for SL students. The material presented in the discussion is suitable
for students who have previously completed the definitions of thermodynamic potentials and partial molar
quantities.

2 Discussion
2.1 Differential change in internal energy

Consider a closed reactive system in which only one reaction takes place to obtain useful work (analogously, the
supply of energy to perform some reaction can be observed).

In general, the differential change in the internal energy of a closed system (sy) — which only exchanges
energy with the environment (Figure 1) — can be the result of an infinitesimal change in entropy (dSsy), which is
related to the quasi-static transfer of heat between sy and the environment (¢, = TdSsy); an infinitesimal change
in the volume of the system (dVy) —i.e., the quasi-static differential pressure-volume work exchanged between sy
and the environment (§Wy = -pdV,,); and the infinitesimal change in the amount of the i-th reactive component
(dnisy) due to the quasi-static reaction® — dW oy = Zuidnisy where W,y denotes the change in internal energy in
sy due to of a quasi-static chemical reaction, i.e., it represents useful non-pressure-volume work obtained from
the system.”®

AUy = TdSyy - pdViy + Yuydn, = TdSy - pdVyy — AdE, = 8qg; + Wy + AW oy - 4))

174

In equation (1), T, p, and u are intensive quantities from the system sy and are, respectively, temperature,
pressure, and chemical potential-which is defined for each component from the system. In sy, the change in the
amount (mol) of reactive components that belong to the same reaction can be expressed in one extensive quantity
(¢sy) — the degree of progress of the chemical reaction—-extent of the chemical reaction.”'” The extensive quantity
&y as an intensive quantity corresponds to De Donder’s affinity of a chemical reaction (Appendix A).""**

A= Zreactantsvi.ui - Zproductsvjui (2)

v; denotes the stoichiometric coefficients of the reactive components in the observed reaction (3 eactionVil = 0)
from sy. Equation (1) is the total differential of internal energy in the system sy; therefore, it can be expressed with
partial differentials of internal energy:

AU, = (3U/S)y, ¢ dSsy + (3U/AV)g . AVey + (8U/8E)s ,, dE,, €)

Equations (1) and (3) obtain the definitions of intensive quantities using partial derivatives of internal energy:
(0U/ 0 8)v,e, =T, (8U/ 0 V)5, ¢ = —p and (9U/ 0 &)s, v, = —A. Using the subscript sy for the differential

changes of extensive quantities and the partial differentials—especially at the beginning—-makes it easier for
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students to relate the differential changes to physical space (the system where the changes take place) instead of
equations (1) and (3) being differential changes of an abstract meaning (Figure 1). Callen’ to equations (1) and (3) as
the fundamental thermodynamic equation in differential form and energy representation. As Kandepudi and
Prigogine™ noted, this equation originally came from Gibbs. Equation (1) illustrates the first law of thermody-
namics, which students typically recognize through its definition of the products of intensive quantities and the
differential changes of corresponding extensive quantities as infinitesimal heat and work.

According to equation (1), the quasi-static exchange of infinitesimal heat between system sy and the envi-
ronment (8¢sy) results in a differential entropy change in sy (dSsy):

i=0

The reaction!

*
AssnssEEnEnsnnnneaYEnnnnnngu@uEuunnnnnsn®
o

". O
mmmEmmammEmn® Figure 1: A closed system sy in
which a chemical reaction takes
place: the differential change in
the internal energy of the

system.

Well, we already learned that in physics,
it's the first law
of thermodynamics!

Uy, = 8y, = TSy — dSyy = dUY, /T. @

fsy Vsy -

However, there is also a differential change in entropy that is not covered by equations (1) and (3), which is a
differential change in entropy due to the infinitesimal progression of the chemical reaction from the system (dS;).
So, the total differential change of entropy in sy is (Figure 2):

dSy = Sy, + dS:. G

Suppose in sy, i.e., in equations (1) and (3), entropy S,y (entropy related to heat exchange) and volume V;y are
constant (Ssy,Vsy = const.). In that case, i.e., the system is rigid (isochoric) and adiabatic (the system does not
exchange heat with the environment: dSs, = 0—-TdS,y, = 8¢5y = 0), the differential change of internal energy in
system sy is:

vy, = -Adg,,. ®)

Let reaction Y vii = 0 from sy occur quasi-statically and isentropically (approximations for a reversible
thermodynamic process),”®"*'* which implies that the differential change of the total entropy in the system is
zero (dSr = 0). However, as the reaction proceeds in an adiabatic system (dSsy = 0), it follows that under isentropic
conditions-according to equation (5) - the equality dS; = 0 must also apply (Figure 2). In other words, if equality”
holds, in sy without heat exchange with the environment under the isentropic conditions, the reaction Y ;v;i = 0
does not change the system’s entropy. Under isentropic conditions in the case of dU?S'yVSy <0, the change in dU;Zsty

corresponds to the differential (useful) non pressure-volume work (dWy,,y) — differential work of a reversible
process (§Wiey), i.e., the maximum differential work that approaches the value of the differential work of a quasi-
static process -



436 —— M. Po3a: Differential changes of thermodynamic potentials DE GRUYTER

dsy

ds,, = 8q/T

Isentropic (reversible ) process:

Figure 2: The change in entropy
of a system of constant volume is
a consequence of the heat
exchange between the system
(sy) and the environment or the
occurrence of a chemical
reaction in the system or both
processes simultaneously.

dS;; = 0and dS; =0

dST=dSsy+dS§=0{ as,, = —ds,

dU?S]yVSy = _Adf sy = deonV =6 Wrev (7)

that can be obtained from system sy (Figure 3).

During the lecture, usually, a student, after the introduction of equations (6) and (7), asks the following
question: what if there is a change in entropy (dS;#0) during the quasi-static reaction ) ;v;i = 0 in a rigid adiabatic
(dSsy = 0) system? Answer follows from equation (5):

0 #dSy = dS;. ®)

Suppose equation (6) is valid, and there is a chemical reaction—a thermodynamic process—in a system with dSz#0.
In that case, the thermodynamic process in system sy cannot be isentropic or reversible (in a reversible process, the
total entropy does not change). Namely, there is no possibility for dS; compensation due to heat transfer between the
system and the environment. However, it should be emphasized to the students that even under conditions dSz#0, if
the observed reaction from sy is in the quasi-static regime, then equation (6) is still valid, and the same amount of work
is obtained as when dS; = 0, i.e., in the quasi-static regime, energy dissipation into heat is negligible. However, due to
equality,® the reaction generally belongs to an irreversible thermodynamic process in the quasi-static regime. Students
from earlier lectures know that if a thermodynamic process is non-isentropic (irreversible), then a smaller amount of
useful work is obtained than when the same process is isentropic (reversible), for example, during isothermal
irreversible expansion of a system, the environment receives a smaller amount of work in absolute value than during
reversible isothermal expansion. This means that if system sy in which the reaction ) ;vii = 0| : dS; # 0 takes place
would be isentropic (dSr = 0), then by absolute value, a higher value of useful work should be obtained than
| dU?S’Y VSY

these conditions, according to equations (1) and (3), the total differential of internal energy for system sy is:

= '—Adg‘sy|. Which is when the isochoric sy can quasi-statically exchange heat with the environment. Under
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S5y, Vsy = const.

Zvii=o|:ds;=o
i

vy, = -Adg, <0

Isentropic process:
0 = dS; = dS,, + dS;

(@Y

Environment where change in internal energy ...

... of a chemical reaction is used in form of work.

According to the absolute value,
the same value of useful work is
obtained even if the entropy of
the system changes during the
chemical reaction (dSg# 0), butit
is valid that the volume is
constant and there is no heat
exchange with the environment.

(B) sy

duy

SsyVsy

Zvii=0|:d55¢0
i

Sy Vsy = const. Figure 3: A closed rigid and
The reaction must be adiabatic system sy in which a

= —4dg, <0

quasl-staticl chemical reaction takes place
The reaction is irreversible but without under isentropic conditions
dissipation of useful work! (A) and under non-isentropic
conditions (B).
dU?,’;y = (aU/aS)Ssy,EsdeSY + (OU/OE)SSY, Vsydfsy = TdSsy —AdESy. 9

Of course, under isentropic conditions in sy, dS, = -dS; applies, so the total differential® is:
dU?}Zy = -TdS; - Ad¢;. (10)
It follows from equation (10) that if it is dS>0, then under isentropic conditions, the inequality holds:

|dU§,’;y

sy
>|du s

|dUssy Vsy

1

Steconst. :quasi-static

According to the inequality" in the case of an isentropic thermodynamic process (chemical reaction) from sy,
under the conditions Vs, = const., a greater amount of useful work is obtained by the absolute value for the
quantity |-TdS, i.e., for the amount of quasi-static heat required for dS;>0 compensation, than under adiabatic-
isochoric (Sgy,Vsy = const.) conditions (Figure 4).

If the thermodynamic process at Vg, = const. conditions in sy is not isentropic and quasi-static (reversible), then
TdS,, formally represents the thermal energy supplied to sy and represents the energy loss of the useful work -Adé, (for
example, if the useful work from the chemical reaction is used to drive the piston and if friction occurs when the piston
moves, then part of [-Adé,| is lost as frictional thermal energy |TdS,y, i.e., -Ad&,<0 and TdSs>0 are valid, Figure 4).

2.2 Differential change of enthalpy

In general, from the function of internal energy (U = fiS,V,§)=U(S,V,¢)), enthalpy (H) is defined by a partial
Legendre transformation”'*'® — in the state function U, the independent variable (extensive quantity) V is
replaced by the intensive quantity pressure p (whose values are easily monitored by manometer):
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Quasi-static regime and Irreversible process
isentropic system sy - dissipation of useful work

Vsy = const. (A) Vs = const.

Zvii=0|:d5§>0 Zvii=0
t i

—TdS; — Ad&,, < 0 cwf,ysy =TdS,, — Ad§, <0

Sy

Figure 4: An isochoric system
that is isentropic (A) or not
isentropic (B).

H=U[p] =U(S,V,& +pV > H=f(S,p, &) =H(S,p, ). (12)
Differentiation of equation (12) leads to the following expression:
dH = dU + pdV + Vdp. 13

If equation (13) refers to the system sy from Figure 1 (dH = dUsy + pdVy, + Vdpsy), then by introducing the total
differential of internal energy" we get:

dH = TdSsy - pdVyy — Ad¢,, + pdVsy + Vdpg, (13a)
dH = TdSs + Vdp,, — AdS. (14)

However, with equation (14), usually a student guesses: professor, you left out the subscript “sy” for the
symbol H. Then the professor says: let us wait a while longer; let the subscript be a mystery:

dH; = TdSy + Vdp,, - Adé,,. (14a)

In equation (14), the term TdSs, comes from equation (1) and, therefore, represents the exchanged heat
between isochoric sy and the environment: 8qy = (9U/ 8 S)y, ¢ dSs;. However, since equation (14) is the total
differential of enthalpy, the following expression applies to TdSy: Sq;gy*s“""““dmg"“thl’:“’"s" = (0H/ 3 S),, ¢, dSyy.
Therefore, the term TdS,, simultaneously corresponds to the exchanged heat between sy and the heat source both
at a constant volume of sy (Vsy) and at a constant pressure in sy (py):

TdSy = 8y, = q,owne Wit Pt = (9U/0S), . dSy = (0H/0S), . dSs, (15)
TdSy, = (a(U +pV/0S), . dSy = (0U/0S), . dSy+p(dV/dS), . dSi. (16)

Based on equation (15), it can be noted that during the heating of isochoric sy, the total supplied thermal
energy is spent on increasing the internal energy of the system, while when heating isobaric sy, a part of the heat
is spent on pressure-volume work (p (0V/ 8 5),,_¢, dS,y) and the remaining part of the heat increases the internal
energy of the system ((oU/ 0 S)p,,.£,4Ssy)- By introducing the total differential of the internal energy function
U(T,V): AUy, = CYdT + ni7dV (CY = heat capacity of the system at constant volume and 73 = internal pressure in
the system) into the partial derivative (0U/ o S)psy,fsy’ equation (16) changes to the form (Appendix B):

part of the heat ( aspV work) that escapes to the surroundings
TdSyy = CYdT + i VadT + p(aV/as), . dS (16a)

part of heat which stay in sy
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From the above equation (ay = (1/V)(aV/ T), is isobaric expansivity), it can be seen that part of the heat at
the constant pressure system (sy), which is not spent on pressure-volume work, remains in the system in the form
of the kinetic energy of particles (C}/dT) and the form of the potential energy of intermolecular interactions
(17 VaydT = 7 dV). If the same amount of heat is supplied at the constant volume system, then the total amount
of heat is spent on the kinetic energy of the particles. At the same time, the potential energy of intermolecular
interactions does not change since the system’s volume does not change (73 Va7 dT = 7;7dV = 0). Considering
equation (16) Sqf,zy*sumu“dmg withp=const. _ 5q;35’y, expression'* for the isobaric condition is often written in the form
dHy, = 6q2’y +68 W;Zy, where § W;Zy represents the useful work (non-expansion work) obtained from the reaction
(i.e., the maximum work under isobaric and reversible conditions), or the minimum work required for some non-
spontaneous reaction to take place—for example, the electrolysis of water.””** Of course, under isentropic
conditions in the quasi-static regime of the thermodynamic process, i.e., in the case of an infinitely slow reaction,
the equalities apply: 6q;fy = TdSsy and <SW§,3S’y = —Ad&.

If the pressure in sy is constant and if sy does not exchange heat with the environment (sy is adiabatic), then
equation (14) is:

dH?

ssypsy

= -Ad,,. an

However, as -Ad&, derives from the expression for the total differential of internal energy ! then the
following applies:

dH;sypsy = _Adfsy = (aH/aE)ssy)psydfsy = (aU/af)ssy Vsydfsy = dU?S]sty (18)

In order to understand equation (18) in more detail, it is necessary to return to the differential change in
enthalpy from equation (13a) under adiabatic conditions and constant pressure of the system:

2

dH; , = —pdV, - AdE,, + pdVy, (19)

sYpSy

Ifin exprcf:ssion,19 the two terms for pressure-volume work are not shortened, then it can be seen that the first
and second terms (-pdV;,-Ad&y) refer to the differential change of internal energy in sy, while the last term-as in
absolute value is equal to the first term, but has the opposite sign—it represents pressure-volume work in the
environment (i.e., the first term represents the work of the system on the environment, while the last term in
equation (19) is the work of the environment on the system). Furthermore, the environment can only change
volume at the expense of the system volume dVgy = -dVyrrounding: the environment and system sy have a constant
total volume (Vgy+Vsurrounding = €Onst.). In a quasi-static change of the state of the system, in order for the system
and the environment to be in mechanical equilibrium in each infinitesimal step (volume change), the pressures in
sy and the environment must be equal, which is possible if the volume of the environment is multiple (infinitely)
more significant than the volume of 8y (Vsurrounding™ Vsy). In this way, the change in volume in the environment
does not affect the pressure of the environment; therefore, the environment behaves as a reservoir of constant
pressure. The R symbol will be used as a subscript for physical quantities related to the reservoir (dV;, =-dVg). The
last term in equation (19), according to the total differential of internal energy,’ represents the differential change
in the internal energy of the reservoir when its composition does not change (there is no exchange of particles
with sy and with the environment of the total system (i.e., composite system: sy + R = Csy); also R is not a reactive
system, i.e., no chemical reaction takes place in R). According to equation (19), R does not exchange heat with the
system or with the environment of Csy, which means that R is an adiabatic system. Therefore, equation (19) is:

Teservoir reservoir
; —_—— —_— c
dHj , = -pdVy - Adgy —pdVx = -pdVy +dUS., —pdVr = dUY, +dUs, =AUy . (20)

system system

Therefore, dH?ssypsy represents the differential change in internal energy in both sy and R, i.e,, it defines the
differential change of internal energy in the entire composite system (sy + R = Csy), which is adiabatic (isentropic)



440 —— M. Po3a: Differential changes of thermodynamic potentials DE GRUYTER

Let's put sy in the

pressure reservoir R o

= s, =
Sgy, Vsy = const. syPsy

Zvii=0|:d5{=0
i

vy , = ~Ad¢ <0

Csy _ sy
dUs csyVesy dUS syVsy

syVsy

sy
du SeVey —

ZVii:0|:dS;:0
i

Ssy, Vg, = const. P, Ssy = const.

p = const.

Figure 5: An isochoric adiabatic
system (A) is placed in reservoir
R that provides a constant

Y
Csy
—pdVig >0

In the composite
system Csy, the
pressure -volume work
in Rand in sy
compensate each other.

p = const.

dvg <0

pressure in sy; formally, first the
chemical reaction takes place in
the adiabatic and isochoric sy
(B) and only then the adiabatic
volume changes in sy (system

! expansion, C) and R (reservoir
compression, C).

and isochoric (Figure 5). Therefore, instead of the question mark symbol in dHfssypsy, the composite system symbol
follows:

dHYY = dUu™ 1

ssypsy - ScsyVesy*

It is important to emphasize that enthalpy as a function H(Sy,psy.&sy) depends exclusively on the parameters
of system sy. In contrast, the differential enthalpy change (and the finite change) refers to the sum of the system
and the pressure reservoir, i.e., to the composite system. Of course, when students learn the properties of
enthalpy, in the course of further lectures, superscripts and subscripts for the symbol H are omitted (this also
applies to other thermodynamic potentials). Considering, equation (18) the above equality is:

dHY =dUuyY, =duy, ; (22)

Ssypsy - Scsy Vesy SsyVsy?

moreover, it has the following equality: (0H/ 9 ¢)s,, py, = (0U/0 §)s,,. vy Equations (17)-(22) refer to the
adiabatic system (dSgy = 0); therefore, for the chemical reaction in system sy to be an isentropic thermodynamic
process (dSt = 0), the system’s entropy must not change during the progress of the reaction (dS; = 0). It follows that
the observed reaction from the system is reversible (i.e., an infinitely slow quasi-static process), which means that
in the case of an exothermic reaction (degZyVSy <0), the differential change in internal energy of sy is equal to the
useful work (dUZZyVSy = §Wey) obtained from sy (from the chemical reaction). Let the same reaction from the
adiabatic isochoric system sy (Figure 5A) take place in the adiabatic isobaric system sy (which is in contact with
the pressure reservoir R). If, formally, in the adiabatic isobaric sy, the differential advancement of the chemical
reaction occurs first (d&z,>0) with a constant volume (Figure 5B) — which is allowed by the property of the total
differential,?® then the differential change of internal energy in sy is dU?s’yVSy, and after the d&y, change, the
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differential change of volume follows (let dV,,>0, Figure 5C). After these two infinitesimal steps (which actually
take place simultaneously), the differential change in internal energy in sy is:

AUy, = —pdViy +dUY . @3

If the differential changes of internal energy and volume are dUy , < 0 and dVs;>0, then 'dUi{y ' > ‘dU 5, vsy' is valid
according to equation (23). However, although the reduction of the internal energy of the adiabatic isobaric system is
more significant compared to the adiabatic isochoric system, the absolute value of the useful work is not greater than
that obtained from the adiabatic isochoric system. Namely, the pressure-volume work -pd Vs, from equation (23) is the
differential internal energy that goes from sy to R (in the case of dV,;>0). At the same time, -pdV = pdV is the
differential increase in internal energy in R so that in the composite system (Figure 4C), the pressure-volume works in sy
and R are mutually compensated,” i.e., in the composite system there has been a redistribution of internal energy
(pdVsy) which remains in the composite system. It follows that the differential change of the total internal energy of the
composite system Csy (dUSY SoyVesy )—which s equal to the differential change of enthalpy in the adiabatic isobaric system
(dH Csy ) — according to equation (20) is dU ngjp =Wy = dU and represents the differential useful
work obtalned from the adiabatic isobaric system (VVlth an isentropic thermodynamlc process) which is in the adiabatic
R of constant pressure and is equal to the change in the internal energy of the reaction from the adiabatic isochoric sy
(Figure 5).

If the isobaric sy is still located in the adiabatic reservoir of constant pressure R, but sy is no longer adiabatic,
then according to equations (14a) and (20) the differential change of enthalpy in Csy is:

dH,” = TdSy ~ Adé;, 24)

reservoir
dH;ij = TdSy — pdViy — AdE, —pdVy , (25)

system

of course, as with equation (20), it applies dV;, = -dVy. Let the differential change of entropy be dSz>0 during the
differential advancement of the reaction from sy (during the reaction, sy is formally adiabatic and isochoric). If
the thermodynamic process from sy is isentropic quasi-static (dSt = 0 — the maximum useful work is obtained),
then in each infinitesimal step of the reaction advancement from sy, the change in entropy dS; must be
compensated with the departure of heat g = (0U/ 9 S)y, ¢, = TdSsy < 0 from sy (formally, the reaction takes place
first at adiabatic and isochoric conditions in sy and then heat exchange follows at isochoric conditions between sy
and the environment-the environment of the composite system Csy, Figure 6). The differential change of internal
energy in the system due to these two thermodynamic processes (reaction and heat exchange) is
au ?}Zy = —TdS; — Ad&y, so equation (25) is:

reservmr reservoir
dHcsy dUSy - pdVy Tpdiy = dUﬁ,ysy - pdVyy +pdV, . (26)
system system

The reaction and heat exchange is followed by a change in the volume of the system and reservoir under
formally adiabatic and isobaric conditions. Since the total volume of the composite system (Csy) is constant, when
the volume of sy and R changes, the pressure-volume work compensates each other, meaning that equation (26)
turns into equality:

dH, = dUGY, = AUY, = Wiy @7

As the total entropy change is zero in the isobaric thermodynamic process (27), it follows that the internal
energy change of the composite system (enthalpy change at isobaric conditions) is equal to the maximum useful
work (§Wiy). From equation (27), it can also be concluded that the same amount of work is obtained (at isentropic
conditions) when the reaction takes place at isochoric conditions (dUi,Zy) or when the reaction takes place at

isobaric conditions (dH;fyy) (Figure 6).
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C:
dH,,:z = aluzysy =W,y <0

sy ds; =0 sy

sy _
duy = -Tds; - Adg,, <0

dU,, = ~TdS; — Adé,, — pdV,, <0

Zvii=0|:d5§>0
i

Vs, = const.

In isochoric and isobaric

reactions, the same p = const.
amount of useful work is Figure 6: The reaction in the
obtained. R dve <0 isochoric (A) and isobaric
X | (B) system sy, the isobaric system
Y and the reservoir R form the
Csy composite system Csy.

2.3 Differential change of helmholtz free energy

Legendre’s definition of Helmholtz free energy is”'* ¢

F=U[T]=US,V,§) - TS 28)

Therefore, the Helmholtz free energy is a function F = f{T,V,§)=F(T,V,{). By differentiating equation (28) and
introducing the total differential of internal energy related to system sy, the following equation is obtained:

dF = TdS,, - pdVy, — AdE,, - TdS, - SdT;, (29)

and if the volume and temperature in sy are constant, i.e., isochoric and isothermal sy is observed, then it is:

reservoir Teservoir
dF = TdS,y - A, ~TdSy = TdSy +dUY, -TdSy = -AdE, = dUY
T astem T ystem
= (8F/88),, y, A&y = (8U/ %), ,, A&y, (30)

Equation (30) corresponds to a chemical reaction during which the entropy of sy does not change (dS; = 0). Similar
to equation (20), in equation (30), the first and second terms refer to the differential change of internal energy in
the isochoric system sy: dUS‘}:y = TdSsy — Adggy. In each infinitesimal step of the quasi-static thermodynamic

process (reaction) accompanied by thermal fluctuation, the differential heat (TdSs,) is exchanged with the
thermoreservoir (R), which is isothermal, isochoric, and non-reactive. If R exchanges heat exclusively with sy,
then heat compensation (-TdSsy, = TdSg) occurs in the composite system (Csy = sy + R), and Csy remains an
isentropic system. Therefore, the last term in equation (30) is the differential change in the internal energy of the
thermoreservoir. So, according to equation (30), dF is equal to the differential change of internal energy in the
composite system Csy under isothermal and isochoric conditions:
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sy
dFyY = L AUy, = AUY, =AU, . 3D
Considering equations (18) and (30), the equality follows:
SWiew = (0H/0)5, , dEy = (0U]08)g , dE, = (9F/08),, ,, A&y = AU, (32)
or
~A=(0H/9¢)g,, = (0U/08); ,, = (OF/28), . (32)

Equation (32) can be interpreted in two ways. Indeed, during the progression of the exothermic reaction (if the
goal is to obtain useful work) from sy, the entropy of the isochoric and adiabatic system does not change (dSz=0). In
each infinitesimal step of the reaction progress, differential useful work is obtained §Wrey = (0U/ 0 &), , v, A<y,
which is also obtained if sy is in contact with the thermoreservoir or reservoir for pressure—the composite system as
the entire system (sy + R) is adiabatic and isochoric. Internal energy equivalent to an infinitesimal amount of heat or
infinitesimal pressure-volume work is differently distributed within the composite system. Another interpretation
of equality (32) is that during the progress of the reaction, not only does the entropy of sy not change, but neither
does the volume change nor does it exchange heat with R, i.e., sy has constant temperature, pressure, and volume.

A reaction whose progress results in a change in the entropy of the system (dSg0). If, for example, an
exothermic reaction occurs in an isothermal and isochoric system, then in some infinitesimal step of the quasi-
static reaction progress —Ad¢,,= dUZZyVSy <0 is valid, whereby each differential step of the reaction progress can
be formally considered to take place in an isochoric and adiabatic system (Figure 7A), the environment of Csy (the
global environment) from system sy receives the differential change in the internal energy of the reaction dUKy Vy

(in the case of an isentropic reaction, the equality dU?S'y vy = SW ey applies). If during the progress of the reaction

System sy is isochoric
and adiabaticl

sy
sy _
Uy, = —TdS; + TdS; —Adg,, < 0

0

Zivii=0|:d55>0 Zvii=0|:d5;>0
i

Vs = const.

Sy -
vy, = —Adg, <0

Figure 7: A formal illustration of
the differential change in
T, Vs = const. Helmholtz free energy: first,
under adiabatic and isochoric
conditions, the chemical reaction
(A) progresses infinitely, and the
entropy of the system increases
infinitely, which is then
compensated by the departure
of differential heat (in the form of
useful work) from sy to the global
T, Vg = const. environment at isothermal and
isochoric conditions (B), the lost
Y heat from sy is compensated
Csy from the thermoreservoir (C).

S

Heat from R

T, Vg = const.

C

dU} ¢, = TdSg = —TdS; < 0
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is dSz>0 and if the quasi-static thermodynamic process in sy is isentropic (dSy = 0), then according to equation (5),
the equality dSy = -dS; is valid, so that equation (30) is:

(leavsytosur. of Csy) (entertosyfromR) leavRtosy
dFgY, = -TdS; +TdS;  -Adg, -TdS; . (33)

system

Namely, in equation (30), TdSs, = >’ 8¢ can represents the exchanged heat between sy and other compart-
ments of the global environment, which means that the first term in equation (33) represents the heat leaving the
isochoric and isothermal sy (after the infinitesimal progress of the reaction in a formally adiabatic and isochoric
system, Figure 7A) to compensate for the infinitesimal increase in entropy (dSz>0) during the progress of the
reaction (Figure 7B). However, since sy is isothermal, heat TdS; enters the system from the thermoreservoir
(Figure 7C). At the same time, the same amount of heat leaves R (-TdSy) so that the heat that compensates for the
entropy of the reaction from sy comes from the thermoreservoir. It follows that equation (33) is equal to equation

(10), i.e., the differential change ngiyYVSY is equal to the differential change in the internal energy of the isochoric
system:

dFpYy, = -TdSe - Adgy, = AUy, = §Wyey = AU} | :dSr = 0. (33a)

Based on equation (33a), it can be concluded that if dS;is > 0 in the observed reaction from sy, then in each
infinitesimal step of the reaction progress, a higher differential useful work is obtained in absolute value than the
differential change in internal energy of formally adiabatic and isochoric systems (due to differential progress
reactions). On the contrary, if dS; < 0, the differential useful work is smaller in absolute value than -Ad¢;, since
part of -Ad&, goes to R as heat to compensate for the decrease in reaction entropy in system sy.”' If expressions
(10) and (24)-(27) are compared with expression (33a), then the equality follows:

SWrew = AFr)y = dH,Y = dUY = dUy) |:dSr = 0. (34)

Namely, if sy is in contact with the corresponding reservoir, then the exchanged energy (heat or pressure-
volume work) between the system and the reservoir is mutually compensated, i.e., the net effect is to move some
of the internal energy from one part of the composite system to another part. In each infinitesimal step of the
progress of the reaction, regardless of the presence of R, the system sy from the composite system behaves as an
isochoric system without R and with an infinitesimal change in internal energy: dUﬁ,ySy = —TdS¢ - Adg,. This
change in dUﬁZy in the global environment Csy represents the differential useful work.

2.4 Differential change of gibbs free energy

The definition of the Gibbs free energy from the internal energy U(S,V,¢) based on the Legendre transformation

jg714-16

G=U[T,p] =U(S,V,&) +pV —TS, (35)

which means that Gis a function: G = AT,p,)=G(T,p,). We arrive at the expression (36) by differentiating equation
(35) and introducing the total differential of the internal energy related to the system sy where one reaction
occurs:

dG = TdS,, - pdViy — A, — TdS,, — ATy, + pdViy + Vdp,, (36)

If sy is isotherm and isobar, then the above equation is:

reservoir
dG, )y, = TdSy — pdVy — Adg,, ~TdSy +pdViy = ~Adé,,
system

= (06/08);, , déy=dUYy, =AUy + avy, = dugy

sCsy VCsy :

(37
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In equation (37), the first three terms represent the differential internal energy change in sy. As the H and F
functions (thermodynamic potentials) show, appropriate reservoirs of intensive state quantities were required to
maintain the system’s constant pressure and temperature. Similarly, with the thermodynamic potential G, a p, T-
reservoir (R) is needed to maintain the constant temperature and pressure in sy. The last two terms in equation
(37) correspond to the differential internal energy change in R. Since the first term (TdSs,) and the fourth term
(-TdSy) in equation (37) are equal in absolute value, it means that R exchanges heat exclusively with sy (anal-
ogously, sy can exchange heat exclusively with R). Similarly, the second term (-pdVsy) and the last term (pdVsy) in
absolute value are equal to each other and represent the pressure-volume work exchanged between sy and R. It
can be concluded that the differential change of Gibbs free energy (37) under isothermal and isobaric conditions
represents a differential change of internal energy in the composite system Csy = sy + R (ngfnysy = dUEgVCSy).
Suppose the composite system Csy is adiabatic and isochoric. In that case, it follows that the entropy change of the
system (sy) during the reaction progress is zero-so that the thermodynamic process as a whole would be
isentropic-and the differential change in the internal energy of Csy, according to equation (37), is equal to the
change in the internal energy of the system (sy) itself (dGIfSSYYTsy = dU‘s:;nyCsy = dUy y, ). Energy fluctuations,
ie, thermal and pV fluctuation between sy and R, compensate for each other (if they exist). Therefore, the
differential change dG;f:nysy equals the differential change in internal energy of a formally adiabatic and isochoric
system. Suppose a change in the volume of sy and thermal fluctuation does not accompany the progress of the
reaction from sy. In that case, the isobaric-isothermal system is also isochoric-adiabatic (Figure 8). Considering
the expression (37) and equality (32), it follows the expansion of equality (32) with the term related to the Gibbs
free energy:

dpﬁj;,,sy = W,y <0 dHSY = 6W,., <0

Sy

sy
= <0
SsyVsy

Zviizo‘:dsfzo
i

SV T, p, = const.

T, Vg = const. p = const.
R R
The global environment of Csy | | |
sy _ Csy =d HCsy _ Csy R

-d -
SsyVsy TsyVsy SsyPsy PsyTsy T,p = const.

SyVsy T, p = const.

Figure 8: Suppose the reaction
Z'Vil = 0| :dS; = 0 progress from sy is not
12

accompanied by a change in the
= <0 system’s volume and a thermal
fluctuation with R. In that case,
Sy every system from the composite
system is also an isochoric-
=W.. <0 adiabatic sy and is equivalent to

desyTsy rev
\/ an isochoric-adiabatic system
without R.

SV s p,, = const.

Zvii=0|:dsf=0
i

sy Sy

= <0

ssyvsy SSYVSY

sy

Csy
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SWiew = (0U/08);, , A&,y = (0H/08) , déy= (9F/08),, , d&, = (9G/3¢),, , déy = dUSY

sCsy VCsy >

(38)

or
-A= (aU/aE)ssy, Ve = (aH/aE)Ssy,psy = (aF/af)Tsy,VSy = (aG/aE)Tsy,psy‘ (38a)

Let us now study the system (sy) with a p,T-reservoir when the reaction’s progress changes the system’s
entropy (dSz#0). If, formally, the infinitesimal progression of the exothermic reaction occurs first in a system that
is adiabatic and isochoric, then the differential change in internal energy of sy is: §Wiyey = dequvsy =
(0U/ 0 §)s,,, v,,d¢sy (Figure 9A). For example, during the reaction’s differential progress, the system’s entropy
increases infinitesimally (dSz>0). For the thermodynamic process to be isentropic, differential heat (-7dS;) leaves
sy to the global environment (in the form of useful work), whereby the reaction entropy in a formally isochoric
and isothermal system is compensated (Figure 9B). Since sy is an isothermal system, the lost heat is compensated
by the input of differential heat from the p,T-reservoir (Figure 9C). If, during the differential progress of the
reaction, the volume of sy decreases infinitesimally (dV,,<0) under isobaric and isothermal conditions (formally,
after the infinitesimal progress of the reaction and the process of infinitesimal heat exchange), then sy gains

sy
sy
AUy, = —TdS; + TdS; —Ad¢, <0

0

vy, = -Ad§ <0

SsyVsy

Z'Vii=0|:ds&'>0 zvii=0|;d5;>0
i i

Sy, Vs, = const.
5y sy T, Vs, = const.

Heat from R

The global environment of Csy m

Csy _ _
Gy = SWReX =—Adg,, + pdV,, —Tds; | o T, p = const.

A Y

AY
\
dU, = —TdS; + TdS; —Adé,, —pdV, + AU < 0 !
0 0 :
1
i
dvex <o | ZVii=0|:dS;>0 !
‘ i
1
T, p = const. H

i

1

- 1

1

1

/

ﬁ ,,

____________ ”’
AU} . =TdSy = —TdS; <0 Figure 9: A formal illustration of
R o T, p = const. the differential change in
equation (39).
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differential energy in the form of pressure-volume work (-pdVs,>0) from R (at the same time, R loses differential
energy in the form of pressure-volume work (pdV;,<0); Figure 9D), but as sy is isothermal, this differential excess
of internal energy (dU™ = pdV,,<0) from sy goes to the global environment as useful work (Figure 9E):

(leavsytosurr. of Csy) (entertosyfromR) (entertosyfromR) (leavsytosurr. of Csy)

dG,)r, =  ~TdS; +TdS; TpdVy  + (AUT = pdVy) -Adé,,
0 0
system
reservoir reservoir

~TdS; +pdVy =-Adé, “TAS;+pdVsy =—-AdEy,—TdS; +pdVey =dUY =SWm* =dHyy ~TdSy|:dSy=0. (39)

rev

(leavRtosy) (leavRtosy) system

In the above expression, the differential enthalpy change appears, which differs from the differential
enthalpy changes introduced by equations (22) and (27) (Figure 10):

sy
|dUSSYV5y
| Csy
P SSYpsy |
| Csy
TsyVsy
| Csy
PsyTsy
sy
SsyVsy TdS&' >0
N~ Y
sy
|auy,
sy _ Csy
|dussyvs,, = |dHSsyp5y TdS; > 0
Csy
|am;>
sy _ Csy
|':wssyvsy = | Frsyvsy . Tds, > 0‘
| Csy
TsyVsy
|du‘y = |dccsy
|pdvy| SyVsy| = |9V Top, TdS; > 0
N -
Csy
|dH 3
/
|dG,C7:§rsy| = |[6WrE Figure 10: Absolute values of differential changes of

thermodynamic potentials.
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dH™Y

C Cs

Sopy ¥ desyy *dH,;. (40)

Based on the expression (39), it can be concluded that the global environment of the composite system from
Csy receives the differential useful work partly from the system (-Ad&,) and partly from the p,T-reservoir
(-TdSg+pdVyy) (Figure 9). If it is dUZZsty = (0U/ 0 §)s,, v, dSsy = —AdSsy <0; dSg>0; dVsy<0 and dSy = 0, then in
relation to the other isochoric composite systems discussed so far (Csy where R is a thermal reservoir or a
pressure reservoir and Csy = sy—isochoric system without R, Figure 10), from the composite system with the p,T-
reservoir, the highest value of useful (non-pressure-volume) work is obtained by absolute value. Therefore, this

work is also called maximum non-expansion work (SW;5%), and it is valid (Figure 10):

C: Csy C I
de:nysy = (SWII:[;?/X * (S‘Wrev = dFTSyVSy = deSSs’ = dU?Zy = dUV?s’y : dST = O, (41)

and
i6W$?/X| > [6W eyl (42)

Let the goal be the carry-out of a non-spontaneous chemical reaction in the isentropic and quasi-static regime,
and let the differential changes be: dHISSTy >0, dG;:nysy >0 and dSg>0. Then, according to equation (39), the dif-

ferential change of enthalpy in some infinitesimal step of the progress of a non-spontaneous reaction is:'’

dH,; = dG,Y; +TdSe = SWy,' + TdSy. 43)

rev

The differential change in Gibbs free energy represents the minimum work (& W;‘;i;‘) that must be provided to
the system for the infinitesimal progression of non-spontaneous reactions. Because the system is isentropic, the
value of the infinitesimal change in enthalpy is compensated by the differential amount of heat from the reservoir

(surroundings): TdSg = -TdSg.

2.5 Reaction entropy

One more comment remains. Sometimes, during lectures, students ask what precisely the entropy change of a
reaction is. It is clear to the students that in exothermic reactions, chemical bonds of different energies are broken
and created, and the excess energy can be used as useful work or dissipated in the environment in the form of
heat. However, the entropy change during the reaction is quite mysterious for them. In the teaching of physical
chemistry and thermodynamics, there is a direction that tends to explain thermodynamic functions (i.e., their
changes), if possible (or at least to try) at the molecular (microscopic) level,”>* which we will also try. Let the
entropy change in the system (where the reaction occurs) with p,T-reservoir be followed, and for simplicity, let
the reaction mixture in the system (sy) behave as an ideal gas (IG). The partial molar entropy of some components
in the IG mixture at pressure p and temperature T and composition X = (xy...x;...) - the vector of mole fractions in
Sy—iSZ4’25

Si(p,T.x) =Si(p,T) -RInx;, (44)

where S; (p, T) corresponds to the molar entropy of the observed component in its pure state at a pressure and
temperature identical to the sy mixture’s pressure and temperature; at p,T = const. conditions, the entropy of a
mixture containing C components is (n = amount of components):

c
S(p.T.x) = Y nSi(p, T, X). (45)
i
Since the system contains a reactive mixture, the vector x changes as the reaction progresses. Every

component in the system is either a reactant or a product of the studied reaction, and no inert components are
present. If the amount (mol) of each component from the reactive mixture is expressed using the stoichiometric
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coefficient and the degree of progress of the reaction, then taking into account expression (44), equation (45) is

(x:(&=x; = fid)):

S Tx =£(8) = (0 + %) (S (p, T) - RIn x: (), 46)

S(p.T.x=f(§) = in?& (p.T) + i viS(p, T)E-R i (n) + vié)In x; (§). (46a)

The last term in the above equation represents the entropy of mixing depending on the degree of progress of
the reaction. As the values of the mole fractions in the mixture are less than unity, Inx;(§)<0 follows; therefore, it is:

C
DSuix (p, T, X = f (§)) = -R Y () + vi&)In xi (§) > 0 47
3
The second term (vaisi (p, T)®) in equation (46a) represents the entropy change at £ =1 when the reactants
and products are in a pure state, i.e., a hypothetical reaction without mixing. If the constant pressure of the
reaction mixture is equal to the standard pressure, then the second term of the equation is the standard change of
reaction entropy:
C
ASY(T) = Y vi§ (. T), (48)
i
or more generally at some constant pressure:
C
0S¢ (p.T) = XS (p T)- (482)
i
The first term (Zicn?Si (p, T)) from equation (46a) represents the entropy of the reactants of the observed
reaction in its pure state when it is £ = 0. The change in entropy during the progress of the reaction at a particular

value ¢ relative to the entropy of the state & = 0 is (Figure 11):

ASz(P,T,X=f(E))=§n?Si(p,T)+iviS(P, T)§ - RZ(n +vi)In x; (&) - Zn"S(p, T),

8S; (P T x = F(§) = X0 (p. T)E — RY (10 + v)In (8, (49)

that is, taking into account expressions (47) and (48a):

AS; AS¢
Asf(p' T x= f(f))

ASnix (0 T, x = f($))

p, T = const.

Figure 11: The change in entropy of the system during the
reaction progress in case ASgp,7) < 0; reactants at time t=0 are
in stoichiometric amount.

Il
[

§=0 §=4e ¢ ¢
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t

AS, AS;

Asf(pr T,X = f(g))

N/

ASmix(p' Tr X= f(f

p, T = const.

Figure 12: The change in entropy of the system during the
) ) -0 ) -
§=0 £ §=¢, £=1 .reactl.on.progre.ssm case ASdp,T) > 0; reactants attimet=0are
in stoichiometric amount.

AS; (. T.x =f(§)) = AS¢(p, T) — ASpix (0, T, X = f (§)). (50)

If the first term in equation (50) is zero (AS#(p,T) = 0) or |ASAp,T)<0|<ASpix(p,T.X = f&), then the increase in
entropy to the equilibrium state (£ = &) in the chemical reaction through a series of quasi-static changes of state
between ¢ = 0 and ¢ = &, (Figure 11) is a consequence of the entropy of mixing (ASyix(p,T.x = f(¢))>0), which is
compensated by the departure of heat from the composite system-an isentropic process—into the global envi-
ronment as useful work that is superimposed on the useful work that originates from the change in the internal
energy of the exothermic reaction (Figure 9). During the quasi-static change of the system’s state during the
reaction progress to the equilibrium state,’ in each infinitesimal step of the progress of the exothermic reaction,
the infinitesimal change in the system’s internal energy enters the differential useful work-isentropic process. Of
course, if AS{(p,7)>0 and this is the case when the energy is distributed over a more significant number of the
product’s quantum states than there are reactant’s quantum state numbers-the partition function of the product
increases concerning the partition functions of the reactants—or by in classical mechanics, energy is distributed
over a more significant number of product’s degrees of freedom, then ASgp,T) is superimposed on
ASnix(p,T,X = fl§) and the entropy of the reaction increases to & = &>& = 0.5¢ = £,>& = 0.5 (Figure 12).2

3 Conclusions

Here, differential changes of internal energy and other thermodynamic potentials in a system in which an
exothermic reaction takes place are discussed with the aim of obtaining differential useful work. Equations and
symbols are derivated for SL students, who, when mastering the material, can follow and analyze in detail every
step of a given teaching unit.

What is necessary for every student to take away from this teaching unit is that the differential changes
in thermodynamic potentials refer to the differential change in the internal energy of the composite system
(system + reservoir). If the composite system is adiabatic and isochoric and the thermodynamic process in the
systemisisentropic, then the reaction’s progress does not accompany the system’s entropy (reaction entropy)
change. The composite system’s differential change in internal energy is equivalent to an adiabatic and

isochoric system’s (without a reservoir) differential change in internal energy: Wy = (0U/0¢)s, v, d&sy =
(0H/08)s, ,p, Asy= (0F/ &)1, v, A&y = (0G/ 081, p A5y = dU(S:;‘;VcSy (Figure 10).

Suppose the entropy of the system increases during the reaction progress. In that case, in order for the
thermodynamic process to be isentropic, the reaction entropy must be compensated by the departure of heat
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from the composite system to the global environment where it contributes to useful work so that the composite
system is only isochoric (not adiabatic). The differential change in the internal energy of an isochoric composite
system (due to the infinitesimal progress of the reaction from the system) with a pressure reservoir or a
thermoreservoir is equal to the differential change in the internal energy of an isochoric reactive system (without

areservoir) §Wrey = dFyy, = dH,Y = d Uy =dUy) |:dSt = 0.

The isochoric composite system, in which the reactive system is simultaneously in contact with a pressure
reservoir and a thermoreservoir, deserves special attention. Namely, in this case, the most significant differential
change in internal energy in absolute value (isentropic conditions) is obtained from the composite system, i.e., the

highest absolute value of the differential useful work (maximum non-expansion work) if the entropy of the
system increases during the progress of the exothermic reaction, and the volume of the system decreases at the

) c , i i i
same time dG;fnysy =dUu f,zy = SWhX # §Wyey = dFTSyV = dHIESYy =dU ?,ysy (Figure 10). In this case, the differential
sy Vsy

change in the internal energy of the isochoric composite system (dG;sSnysy =dU CViyy) is not equal to the differential

change in the internal energy of the isochoric system, i.e. system without p,T-reservoir (dUS‘Zy). For students,

Figure 10 can show the importance of setting (i.e., choosing) conditions in the composite system (in which sy the
observed reaction takes place) to obtain maximum non-expansion work.
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Appendix A

The extent of reaction ¢, considering the reaction equation as it is written, may be calculated by dividing the
number of times the chemical transformation occurs by the Avogadro constant, which means that it has the
dimension of mol (sometimes denoted by mol-rxn).’ The extent of a chemical reaction is an extensive variable
whose value ranges from zero to the theoretical maximum value. The amount of some reactant r and some
product p belonging to the same reaction in time ¢ if the extent of reaction has the value &(¢) is:

n; (t) = ne (t = 0) — |v[E(2) (AD)

ny (t) = fo(t) (A2)

In the above equations, v.<0 and v,>0 are the stoichiometric coefficients of the selected reactant and product

in the observed reaction. Before the start of the reaction, the amount of reactant r is n.(t = 0); this amount of the

observed reactant decreases with the progress of time during the reaction. Equations (A1) and (A3) follow the
definition of the extent of reaction:

&) = (ne(t=0)—n (0)/ || = (A3)
E(t) = np(t)/Vp (A4)

If the initial amount of each reactant is equal to the stoichiometric coefficient, then the extent of the chemical
reaction if the total stoichiometric amount of reactants is converted into the stoichiometric amount of products
(i.e., one mole of the observed reaction takes place), according to equations (A3) and (A4), is:

E(0) = Epax = (Ve = 0)/[ve] = 1and E(t) = Epy = Vp/Vp = 1
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Suppose the reactants are in a non-stoichiometric relationship. In that case, a normalized extent of reaction
can be introduced (normalization to a value of 1), which is explained in detail in the literature references.’*
The change in Gibbs free energy of a reaction at constant temperature and pressure is:

dG = Yudn; = Y uv,dé (A5)
(0G6/08); , = ByG = At = Y v (A6)

The slope of the Gibbs free energy function from the extent of the chemical reaction according to De Donder’s
equation (2) is:

(0G/0E), , = AG = Dpt = -A (A7)

Appendix B

(0U/95),, ¢, = (8(CYAT +77dV)/85)

. = ¢} (87/99),,

sy
Py &, T (6V/68)psy)fsy

= 1¢} /¢ + 77 (8V/oT), . [(3S/0T), . =TCY[cy+Tnivay [cy

Multiplying the above equation by dSgy, gives:
(0U/05), . dSy =6q=(CV/C))TdSy + (n7VaF [C)Y)TdSyy = CY(8q/C)) + miVay(8q/C))

= CYdT + 7y Va7 dT.
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