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RESUMO

A mudanca do potencial quimico fornece um critério para prever a espontaneidade de qualquer
processo fisico e quimico. Se for pedido para calcular a mudanga do potencial quimico de um sistema no qual
varias forgas variam, um estudante pode achar a tarefa bastante complicada a primeira vista. No entanto, o
potencial quimico é uma funcao do estado. Esta propriedade permite uma definicao precisa da contribuigao de
cada forga para o potencial quimico quando todos os outros parametros relevantes sdo mantidos constantes. A
alteracao total do potencial quimico pode ser facilmente calculada somando as contribuicbes acima. Apds uma
breve revisdo do papel desempenhado por alguns pardmetros do sistema, como atividade (a) dos
componentes, temperatura (7), pressao (p) e tensao superficial (y), assim como campos externos como, por
exemplo, gravitacional (Mgh), centrifugo (Mcp) e campo elétrico (Fz; @), uma equagéo para a computagao do
potencial quimico (u) incluindo todas as contribuicbes acima é relatado: u; = #; "+RT Ina; +Vi(p—p° ) —
Si(T—T°)+Mgh+Mcp+ Fz;® + 2yV, % onde u; se refere ndo somente para p = p° =1 bar, mas também

para um valor escolhido de T, h, p, ® e r. Finalmente, exemplos aplicativos sao ilustrados.

Palavras-chave: Potencial Quimico; Fungdo de estado; Campo externo.
ABSTRACT

The chemical potential change provides a criterion for predicting the spontaneity of any physical and
chemical process. If asked to calculate the chemical potential change of a system in which several forces vary,
a student might find the task quite complicate at first glance. However, the chemical potential is a state function.
This property permits a precise definition of the contribution of each force to the chemical potential when all
other relevant parameters are kept constant. The total chemical potential change can easily be calculated by
summing up the above contributions. After a brief review of the role played by some parameters of the system,
like activity (a) of the components, temperature (T), pressure (p) and surface tension (y), as well as of external
fields, i.e. gravitational (Mgh), centrifugal (Mcp ) and electric field (Fz; ®), an equation for the computation of the

chemical potential (u) including all the above contributes is reported: p; =pu; '+ RT Ina; +Vi(p —p° ) —
S(T—T°)+Mgh+Mcp+ Fz; ® + 2yV, % where y;' refers not only to p = p° =1 bar but also to a chosen value
of T, h, p, @ and r. Finally, applicative examples are illustrated.

Keywords: Chemical potential; State function; External field.
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INTRODUCTION

As reported in thermodynamics textbooks
(Atkins et al. 2017; Capasso 2012; De Voe,
2014), Gibbs equations for open systems have
the following forms:

dU =TdS — pdV + 3¢, wdn; (Eq.1)
dH = TdS +Vdp + Y% wdn; (Eq.2)
dA = —SdT — pdV + ¥, widn; ( )
dG = —SdT + Vdp + ¥¥_, widn; ( )

where U, T, S, p, V, H, A and G are the internal
energy, thermodynamic temperature, entropy,
pressure, volume, enthalpy, Helmholtz energy
and Gibbs energy, respectively, and yu; the
chemical potential (Gibbs, 1878) of the system
components. The “potential” is ability of a system
to perform work. Z{-‘zluid n; is frequently referred
to as the “chemical work”. It follows from eq.(4)
that the chemical potential of a component in a
solution is defined by the relation

w = (5

where G; is the partial molar Gibbs energy and y;
the rate at which the (extensive) Gibbs energy of
the solution increases as the number of moles
(extensive) of the component in question
increases; y; is expressed in energy units per unit
mass (Joule/kg), per mole (Joule/mole), or per
molecule of the substance considered: in this
paper we will refer to moles. Other relations that
define the chemical potential can be obtained
from egs.(1) to (3) as follows:

Ui = (Z—i) y Ui = (2—::)

Gw)

-G,

T.pnjzn;

(Eq.5)

y Ui =

Spnjen;

(Eq.6)

S,V,n]-¢ni
T,V,njini

One of the most frequent uses of the
chemical potential is to define the equilibrium or
distribution criterion of a component between two
or more phases. It measures the "escaping
tendency" for a component in a solution, i.e. the
tendency of a compound to escape by moving to
another point of the same phase or another
phase, or by reacting.

Before being introduced to the notion of

chemical potential, undergraduate students
usually have already met different types of
potential, notably the electric potential and
gravitational potential. In each case the product
of the potential difference between two points and
the amount of what is transferred (electric
charges and matter for the electric and
gravitational potential, respectively) gives the
work (or energy) necessary for the shift to take
place in a reversible manner, or produced by the
shift. Likewise, if between two points or two
states a and B of a system there is a difference in

the chemical potential of the compound i (uf and
uf), the product between (uf - uf) and n; is the
minimum work necessary for the transition, by a
chemical or physical process, of n moles of the
compound i from o to B (or the maximum amount
of non-expansion work that can be extracted).
This relation between chemical potential and
work allows the assessment of the contribute of
external fields on p (Yeats et al., 2017; Job and
Herrmann, 2006; Guangze and Janjia, 2018;
Lepori et al.,, 2018; Kaptay, 2017; Sevilla and
Olivarez-Quinoz, 2012; Salvestrini et al., 2014;
Salvestrini et al., 2015).

From chemical thermodynamics we know
that the chemical potential is related to the
activity of a compound in a condensed phase (or
to the concentration for an ideal solution, or to the
fugacity, or pressure, for gas) by the relation:

i = u; + RT Ina; (Eq.7)

where u; is the chemical potential of i in the
standard state. This equation supposes that all
the other variables that affect thermodynamic
properties of i are constant.

The aim of this paper is to put together the
contributes of all the variables involved in a single
equation.

CHEMICAL POTENTIAL AS AFFECTED BY
DIFFERENT PARAMETERS

Gibbs energy is a function of all the
variables that affect the system:
G = f(Xl'XZ' ,Xn) (EQS)

From (Eq.5) and (Eq.8) we obtain, for the
compound i in a system characterised by n
independent variables:
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=y (dxm) dx,, (Eq.9)

where X is the m'" variable. Let us now consider
a system in which y; is affected by the activity (or
fugacity for a gaseous system) (a;), pressure (p),
and temperature (T), whereas all the other
variables are constant; from eq.(9) we obtain:

dG;
du; = (— da; + dp +
Hi (dai)p,T.le;tn (dp)ai,T,njini P
aG;
dG; Eq.1
(dT)ai,P'"jstni ar (Fa-10)
du; = %dai + Vidp — $;dT (Eq.11)

where S; and V; are the molar entropy and molar
volume, respectively.

The change in the chemical potential
between state 1 and state 2 due to activity,
temperature and pressure can therefore be
expressed as:

i2 RT T;
wi(2) = (D) = [ dag + [72Vidp — [ 2 SidT

(Eq. 12)

If other forces act on the system, e.g. a
gravitational field or electromagnetic field
(Ambrosone and Fontana, 2005) their
contribution to the change in Gibbs energy and
chemical potential should be added into egs.(4,
10, 11). Let us examine the contribution of
gravitational field, centrifugal field, electric field
and surface tension.

It is known that the differential chemical
potential of an object of molar mass M in a
gravitation field with gravitational acceleration g
varies with the height h (keeping constant all the
other parameters that affect Gibbs energy) as
follows (Han and Wang, 2013):

du; = Mgdh (Eq.13)

The same applies for a centrifugal field:
= Mcdp

du; (Eq.14)

where c is the centrifugal acceleration and p the
radial distance from the rotation axis.

The differential chemical potential for
charged species can be expressed as:

where F is the Faraday constant, z the charge of
ion i, and @ the electric field potential.

It is known that in a closed container
saturated with the vapour of a specific liquid, the
smaller drops disappear while the larger ones
increase in size. This is due to the fact that Gibbs
energy varies with the surface area (once again
by keeping constant all the other parameters)
according to the relation:

dG = yds (Eqg.16)

where vy is the surface tension and s the surface
area. For a spherical drop, we may express the
rate of change of s with volume V as

ds _ 8mrdr _ 2

av ~ 4mr?dr ot (Eq-17)
which leads to

2 2 5
ds = ;dV = ;Vidni (Eq1 8)

where r is radius of the drop. It follows that an

infinitesimal change in the chemical potential

arising from an infinitesimal change in the surface

area is (Lewis and Randall, 1961)
= 1

Therefore, the total chemical potential change

due to changes in the activity, pressure,

temperature, gravitational field, centrifugal field,
electric field and surface tension is given by

d ~.
. Y p,T,h,p,P,snjxn;

(&) dp +(52) dT +

ap /g, $Thp,®,snjen; ar a;p.hp,®,snjxn;
(29 dh +(22) dp +

dh ap,p,T.p,®P,snjzn; dp ayp,T.h,®,snj.n;
(h) do +(52) ds

d a;,p,T,h,p,snjxn; ds a;,p,T,h,p,®njxn;

(Eq.20)
S g = 1y(2) — (1) = [ 2 da; +

[} Vidp - szSdT+f Mgdh+fp2Mcdp+

f¢2led¢+f 2yV,d~

1

(Eq.21)

If we assume that y;° refers not only to p = p° =1
bar but also to a chosen standard state of a (a° =
1), T (e.g. T°=25°C), h (h° = 0), p (p° = 0), ® (P°
= 0) and r (r° = +«, i.e. plane surface), and
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indicating this state with the symbol y;°’, we have
from eq.(16) that the chemical potential of i at
some a, p, T, h, p, ®and ris:

i i RT = T =

flfio ’d[li = f;lia a—idai +f;o Vldp _fTa SLdT+
h P (0]

Sy Mgdh+fpo Mcdp + [ F zd @

1
+ + 1 2yVid~

(Eq.22)
pi=p; '+ RTIna;+Vi(p—p° )= Si(T-T" ) +
Mgh + Mcp + Fz; @ +2yl7i% (Eq.23)

where V;, S;, g, ¢ and y have been assumed
constant relative to p, T, h, g, p and r,
respectively.

The above equation allows an easy
computation of changes of p when different
parameters such as electric field, gravity,
temperature and pressure act on the system.

Let us examine possible applications of
the equation above.

EXAMPLES

Example 1. Consider an anionic polymer,
molecular mass = 100,000 g mol™, in the sodium
form (P™ Na;}). Its aqueous solution, 100 mg L™
is put in an osmometer, with a membrane
permeable to Na* ion and water molecules but
not to P™ anions. A constant pressure of 10.0 bar
is applied to the polymer solution (phase ), the
pressure on the other side (phase B) being 1.0
bar. At the equilibrium, T = 25 °C, the membrane
potential (electrical potential difference between
phase B and phase o is 0.100 V and the sodium
concentration in the phase a is 0.01M. Knowing
that the partial molar volume of Na* (Vy,+) = -
6.62 mL mol' (Marcus, 2009), calculate the
concentration of Na* in the phase B at the
equilibrium.

Solution: At the equilibrium the chemical
potential of Na* is, of course, the same on either
side of the osmometer, i.e. W, nat = Upnat-
Under constant electric, gravitational and
centrifugal fields (or in their absence), under
constant temperature, and assuming that the
solutions on both sides of the membrane have
planar surface and ideal behaviour, eq.(23) gives:

o I N+a _ °
K +RTln([ fM] )+VNa+(pa_p ) —

Sya*t(T=T° )+ Mgh+ Mcp + Fzy,+®, =
7 [Na*] 5 o
i '+ RT In (Tol) + Uy (pp —p° ) -
Snat(T =T° )+ Mgh + Mcp + Fzy,+ ®p
(Eq.24)

After simplification and solving for [Na*]g
we obtain:

[Na*]g = [Na*]exp o= [Vna+ (pa — Pg) +

Fzygr(®q — cpﬁ)]} (Eq.25)
[Na¥]p =

1
OOIMexP {8.3145 Pam3 mol~1K~1298.15K [_662 X

107°m3 mol~1(10 — 1) x 10°Pa +
96485Cmol~! x 1 x (—0.100)V]} =2.04x107*M
(Eq.26)

Example 2. In a chemical plant, two tanks
contain water kept at constant temperature and
pressure: the first tank at T = 30 °C and the
second at T = 50 °C; the first is under a pressure
of 1.0 bar, the latter of 10 bar. If the two tanks are
separated by a permeable membrane to water,
predict the direction of flow.

Standard molar entropy of water (at 298K) (5°): =
69.91 J K'mol" ~
Molar volume of water (VV): 18 mL mol

Molar heat capacity of water (C,): 75.2 J K" mol
)

Solution: In this example, py depends only
on pressure and temperature, hence from eq.(22)
we obtain:
¥ dw = [7. Vdp - [ SdT (Eq.27)

The effect of temperature on entropy can
be taken into account, assuming that C;, does not
vary with temperature, by:

§=3"+Cyln (Eq.28)

By substituting into and

integrating, we get

eq.(28) eq.(27)

=, +Vp—p° )-S5 (I, —T") -
= T
C,Ty (ZnT—3—1) (Eq.29)

o =t +V(p,—p°)=S§° (T, —T°) —
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CpT, (In2— 1) (Eq.30)
where p,; and u, are the chemical potential of
water in the first and second tank, respectively,
and u, ' is the standard chemical potential of
water.

The difference in chemical

between the two tanks is
‘uZ - ‘ul = _1456] mOl_l < 0

potential

(Eq.31)

Therefore, although the pressure in the second
tank is much higher than that in the first tank,
water will flow in the opposite direction, i.e. from
the first (cold) towards the second (hot) tank. In
this example, the decrease in the chemical
potential with temperature overcomes its increase
with pressure. A similar direction of mass trasport
(from cold to hot area) may be observed, for
example, for the thermodiffusion of molecules
with sufficient high molar entropy (Kocherginsky
and Gruebele, 2016; Barragan and Kjelstrup,
2017).

CONCLUSIONS:

We have shown that the calculation of
chemical potential as simultaneously affected by
several thermodynamic parameters, can be
easily calculated by summing up the individual
contribution of each parameter.
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