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The Context

In this contribution, which is the result of a recognition by the
Swiss Chemical Society who intended to underscore the innova-
tive character of our didactical approach, we present an overview
of the development of our work during the past two decades and
its current status. The implementation in Ticino of the reform of
the Swiss Ordinance on the Recognition of the Baccalaureate at
the end of the 1990s and the profound reorganization of the natu-
ral science teaching at high school level led to a total revision of
the biology, chemistry and physics curricula with the objectives
to arrive at a good coordination of the three subjects and to justify
the introduction of a single grade. It was soon clear that we were
in the presence of a unique opportunity to give a new impulse to
the teaching of these branches, important and formative, but often
feared and neglected by the students. The focus soon turned to the
problem of how to organize the coordination and in particular how
to follow up the desire to provide students with tools for think-
ing rather than individual notions, trying to highlight the overall
coherence of the disciplinary framework.

In this context, instead of seeking for coordination based on a
series of point requirements for individual disciplinary aspects (a
model of propaedeuticity that proved ineffective), we focused our
attention on the search for central ideas and transversal concepts
as cognitive organizers, a choice that later proved extremely fruit-
ful.l-31 The adoption of an approach based on analogies and the
conviction of the need for a profound revision, even at the level
of disciplinary content, were then the first results that emerged
from the reflections of the various groups working on this school
reform.

Additionally, we chose to keep a strongly experimental didac-
tic approach. We were convinced that it was necessary to ensure
maximum rigour on both the epistemological and linguistic level.
Finally, we also aimed to find tools (graphically and computation-
ally) to conveniently support the quantitative dimension, espe-
cially for younger students. All this then resulted in the proposal
of a conceptual framework that is essentially based on two distinct
elements.

The first element is the model used to introduce the energy
concept, the main objective being to underline its function as a
regulative principle: through the balance equation, energy con-
servation allows one to analyze quantitatively processes which
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are manifestly not directly comparable, but are clearly linked by a
cause and effect relationship.

The second element characterizes the proposed approach to a
number of natural phenomena: hydraulic, mechanical, electrical,
thermal, chemical. Here we notice the usefulness of introducing
from the beginning a couple of physical conjugate quantities: inten-
sive and extensive. By observing and discussing a number of wise-
ly chosen experiments it is possible to develop, with the students,
models and interpretations based on the idea that (a) the intensive
quantity measures a level, while (b) the corresponding extensive
quantity allows one to establish a balance equation. This choice
highlights analogies and differences with respect to the traditional
approach. In fact, while, for example, in electricity both quantities
are traditionally presented (electric potential and electric charge),
when considering thermal phenomena, temperature is present but
entropy is usually avoided and similarly, when considering chem-
istry, chemical amount is present but chemical potential is miss-
ing. Thus, the traditional approach is not only quite different, but
also completely asymmetrical, thereby ruling out the possibility of
building a coherent and unified picture of natural phenomena.

This unsatisfying situation led us to explore a didactical ap-
proach which, by introducing the concepts of entropy and chemi-
cal potential, would allow us to introduce a conceptual frame al-
lowing us to overcome these disciplinary barriers.

In the following, although only briefly, we will present a pos-
sible way to introduce the concepts of entropy and chemical po-
tential from the very beginning. Then we will describe two more
conceptual elements: the balance equation and the quantification
of energy flows. Finally, we will discuss three typical examples
in order to illustrate the potentiality of referring to different disci-
plines. With these examples, additionally, we can illustrate a fur-
ther conceptual instrument very useful for modeling phenomena:
the process diagrams.

Entropy from the Beginning: From Entropy Production
to Process Irreversibility

A few simple experimental situations (such as thermal con-
duction, the approach to thermal equilibrium, the working of heat
pumps, the melting of ice, a burning candle) will show the ne-
cessity to introduce (in addition to the absolute temperature T
‘measuring’ the thermal level) an extensive thermal quantity, the
entropy S, characterized by the following properties: it may be
stored, may flow from one object to another, e.g. in the presence
of a temperature difference, may be produced (e.g. in the pres-
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ence of mechanical friction, in a combustion) but it cannot be
destroyed.*3] As we will see in detail later, this property allows
one to distinguish two kinds of processes: reversible (no entropy
production) and irreversible (with entropy production).

Chemical Potential from the Beginning: From
Spontaneous Chemical Reactions to Chemical
Equilibrium

For the description of processes involving the transformation of
substances, in addition to the usual extensive quantity, the chemi-
cal quantity n, it is very useful to explicitly introduce the intensive
quantity describing its level, the chemical potential u. Experimental
observations allow one to determine its properties: it describes the
tendency of a substance to react with other substances, to change
its state, or to spread out in the available volume. For example, if
we wish to examine a chemical reaction, given the stoichiometry of
the process to examine (assuming that for the substances involved
we have the information necessary to determine the variation of
their chemical potential with temperature, pressure and concentra-
tion changes) we can determine the total chemical potential of the
reactants {r} as well as that of the products {p}. Their difference:

Ay = )~ 1y
provides simply and clearly the necessary condition for a spon-
taneous process:

A Ug <0

Similarly, the requirement of zero driving force, Au, = 0, char-
acterizes the final situation reached by the system, when the pro-
cess tends towards chemical equilibrium. With 1.}, = pif}, given
the external constraints of temperature and total pressure, we may
determine the compositions of the reactants at equilibrium, as well
as the law of mass action and the equilibrium constant. With the
temperature dependence of the equilibrium constant we can, at
least qualitatively, predict the system’s response to equilibrium
perturbations (Le Chatelier’s principle).l6-7]

The Balance Equation

A powerful instrument underlining the usefulness of our
conceptual picture and of quantitative approaches is the balance
equation relating the variations of a given quantity to the exchang-
es occurring between system and outside world and to production
(or destruction) processes occurring within the system.[®91 Fig. 1
shows the situation for the three extensive quantities of interest in
this work: chemical quantity n, entropy S and energy E.

>IE!0)‘

Fig. 1. Schematic representation of the elements used in process modeling: a) chemical quantity n; b) entropy S; c) energy E. All three cases rep-
resent a situation where the instantaneous rate of change of the quantity (represented respectively by 71(¢), S(¢), and E (¢)) is positive. Exchanges
between the system and the environment are represented by arrows: the intensities /(t) are taken positive for incoming flows, negative for outgoing
flows. The width of the arrows increases with increasing flow magnitude. 7(t) is the internal production rate (positive) or destruction rate (negative) of

the quantity.
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Formally, we are dealing with the following equations (for
more details see, for example, Ch. 4 in ref. [8] and Ch. 3 in ref. [9]):
— the balance equation for the chemical amount connects the

rate of change 7 () with the production/destruction rate 7t ()

(which takes negative values when the species under consider-

ation is a reactant, positive if it is a product) and with the total

strength of exchanges between the system and its environment

I (0 (accounted positive when incoming and negative when

n to

outgoing):

n (t) - In tot (t) + T tot (t) (1)

— the balance equation for entropy has the same basic structure
with the important difference that the rate of internal produc-
tion, because of the second principle of thermodynamics, it
can never be negative. It is zero for reversible and positive for
irreversible processes:

Syt () =Is, () +75(t)  with 7s(1)20 @

— since energy is a conserved quantity, production or destruction
terms never appear in the balance equation. Therefore, any
change in internal energy of the system under consideration
must necessarily be linked to exchanges with the environment:

Esyst (t) = IE tot (t) (3)

Energy Flows, Released and Uploaded Power and
Second Law Efficiency

The connection between energy and extensive quantities is
established by considering the fact that all energy exchanges be-
tween a system and its surroundings are accompanied by the ex-
change of at least one other extensive quantity (which may there-
fore be called energy carriers). For example, for thermal exchang-
es due to conduction, we have (see ref. [8] Ch. 4, or ref. [10] p.
318):

1, (1)=TOL0

E therm

“

where T is the absolute temperature (the ‘thermal level’) of the
entry (or exit) ‘point’ of the entropy into (or out of) the system at
the considered time. For a convective exchange of a given chemi-
cal substance i we have:

IEchem(t):ﬂi(t) ]ni(t) (®)]

where u, represents the chemical potential at which the chemical

species under consideration is exchanged (i.e. enters or leaves the

system at the time under consideration).

Aiming to develop a quantitative description valid in the pres-
ence of dissipative processes too, we introduce the following three
concepts:

— released power Q’re/, this allows to account for the fact that
not necessarily all the energy that enters the system is of itself
useful: the amount is often limited by some law of nature. This
is, for example, the situation for thermal engines, for which
the impossibility of destroying entropy means that — at steady
state — in addition to the incoming flow of entropy there must

also be an outgoing flow that takes with it part of the energy

that had entered the engine. The value of the rate at which

energy is released can then be expressed as the difference be-

tween incoming and outgoing energy flows: in the example of

the heat engine, we will therefore have

q)th/erm =1 E thermin — I E therm out

or in the case of a chemical reactor:
(E’Zem = IE chemin — ‘]E chem out

— uploaded power Q’u/ to obtain the rate at which energy is actu-
ally made available by the process under consideration, it must
be taken into account that not all of the energy released can
be uploaded to the desired energy carrier, since any process
is generally non-ideal, i.e. accompanied by dissipative effects
(entropy production). Notice that in order to deal with positive
values — which makes things much easier for students — the
arrow in the symbol is reversed: obviously (Pu; = —Q)u; .

— second law efficiency ¢: finally, we define the second law effi-
ciency € of a process as the ratio of uploaded to released power:

'd

£= Ty
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This value tells us how close the concrete realisation of the
process comes to the ideal case (& = 1) and in general it is related
to the technological level used to carry out the process.

We would like to briefly illustrate these ideas with three con-
crete examples.

Example 1: Thermal Engines: First and Second Law
Efficiency - Process Diagrams

Eqn. (4) tells us that, in the case of conductive heat exchanges,
a given entropy flow is associated with an energy flow whose
value depends on the temperature at which it occurs. Consider the
example of an ideal thermal engine (for instance a reversible
Carnot engine, without entropy production) working in a station-
ary state between two reservoirs at temperatures 7, and 7 . Then
the entropy balance equation tells us that the magnitudes of the
incoming and outgoing flows are equal: |Ig ol =15, = 1. This
implies that in addition to the incoming thermal energy flow
e = Ll there is necessarily also an outgoing thermal en-
ergy flow I, =TI this directly explains the reason why
(taking up the Kelvin-Planck’s formulation of the second princi-
ple of thermodynamics) it is impossible to carry out a process
whose only result is the transformation of heat taken from a uni-
form source into work. It is then straightforward to find out the
efficiency of such an engine by noticing that energy conservation

implies that the useful mechanical energy is:

=IT,-IT, (6)

Emech — "E therm in | E therm out |

By defining as usual the first law efficiency n of the engine
with the ratio of the mechanical energy made available to the ther-
mal energy furnished to the engine, we get:

_ \lgmech I T,-IgT, T,-T,

<1
Is T, T,

@)

IE thermin

a well-known result, which may be derived in this approach in all
its generality rapidly and efficiently.

In the case of the ideal thermal engine (Carnot cycle) energy
conservation requires that the released thermal power is given by:

@ﬂizrm :1Ethermin _‘[Ethermout :IS T;I _IS T; :]S [Th _T;]:_IS AT (8)
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Fig. 2a illustrates the situation: since there is no entropy pro-
duction and therefore |IS m| =1, =1, in the I(T) = [T graph
the points representing the situation at the entry and the one at the
exit from the engine lie on a unique (blue) line.

Further, since the considered process is reversible, 100% of
the released thermal power (vertical yellow downward arrow)
may be used, i.e. for the uploaded mechanical power (the yellow
upward arrow in Fig. 2a) we have: @), , =P, . This means that
the second law efficiency of this process is 100%.

Fig. 2b shows the process diagram: red arrows indicate the
energy exchanges between the system (grey area) and its sur-
roundings, while the green and pink lines with arrows represent
the flows of the energy carriers. The yellow downward (upward)
arrows represent the released (thermal) and uploaded (mechani-
cal) power.

These representations are particularly useful when the pro-
cesses occurring within the system are partially or totally dissipa-
tive, i.e. when there is entropy production. Considering again
only stationary states, the outflow of entropy will therefore be
larger than the inflow |IS ol =1, + 7, so that the thermal en-
ergy outflow will be larger than in the reversible case and the
available mechanical energy will be less. Taking into account the
dissipated power @, we now have:

(Pth/erm = q)m/ech + q)dz(ss : (9)
With the second law efficiency ¢ of the process, the uploaded
power becomes @, . =& P, . while the dissipated power is
Py =[1-€] By One can show that the dissipated power is re-
lated to the entropy production rate by:

Pies =T, 75 (10)

where T is the temperature at which the entropy leaves the sys-
tem. Figs. 3a and 3b show the situation in the presence of partial
dissipation, (0 < € < 1), as is the case in a real thermal engine. In
Figs. 3c and 3d we consider the extreme situation where all the
released power is dissipated (& = 0), i.e. where the maximum pos-
sible entropy production occurs. An example is thermal conduc-
tion, a process totally irreversible and dissipative.

Example 2: The Electrochemical Cell and Nernst’s Law

We consider an electrochemical zinc/silver cell operating (at
constant temperature) according to the following reaction:

2Agl, +Ing - Zn?;q)+2Ag(s)

a)
t [therm ]S] = |].5‘2
Etharmin == TS : e
therm H.l-e‘f‘ll'f
i
Ethermout === """=m=om=mmooy AR g
1 :
a
T T P

Based on the chosen stoichiometry, the transformation rates
m , of the different chemical species involved are related to each
other by:

o) _ )| _ Foan®y _ Fuag)

- (11)
Tn®) =7 1 1 2

By the oxidation of one mole of Zn(s) and the reduction of two
moles of Ag* ions, 2 moles of electrons e~ flow across the elec-
trodes. Therefore the electrical current /,, flowing in the circuit is:

where N, = 6.022 x 10* mol™' is Avogadro’s constant, e = 1.602
x 107" C is the elementary charge, F = 9.65 x 10* C mol™ is
Faraday’s constant and z is the number of electrons exchanged
between the reducing agent and the oxidant, according to stoichi-
ometry. In this case z = 2.

To simplify matters somewhat, we assume a constant tempera-
ture and that the processes taking place are reversible (i.e. without
entropy production). Fig. 4 shows the resulting process diagram
for the electro-chemical part (for simplicity, entropic aspects are
not represented).

Under the assumed conditions the efficiency is 100%, so that
all the released chemical power can be uploaded to the external
circuit: B, =B = Ag I, Therefore:

Mg Tyry =A@ 2 F 7y, (13)

Since the cell operates at constant temperature and the chemi-
cal potentials of solids remain constant during the process, adopt-
ing the usual first order approximations for chemical potential for
the ions in the solution, we obtain for Ay, 47!

Apg = {/1an+ 2, }*{#Zn +2 /tAg+}

_ o 2+ o o o +
_{yzn2++RTln|:Zn :|+2;1Ag }—{,uZn +2,uAg++2RT]n|:Ag }}

(14)
=Aug +RTIn [Zn2+ l
[a']
b)
I E therm in E mech
] Sin - [ »
' r 3 ]
ATl L
: < Aw
S out - ~ o
] ; Q?hef'm = Q)mech l
E therm out

&

Fig. 2. Ideal thermal engine: a) representation of the flows; b) process diagram. Notice that Fig. 2a) allows us to obtain Eqgn. (7) in a purely geometri-

cal way.



SCS MaJor AwarDps / SCS FaLL MeeTing 2023

505

CHIMIA 2023, 77, No. 7/8

'y |IS out ]S in +* ES
Etherm
ISFN
I T Y A - v )
o i
E therni otit ==={==m=cmcmeccnnce - mmmnn gt cmeens Rl o HH’(T-‘J
P
& dliss
¢ ) T
a)
3 |IS our ‘ ]S in *+ 7?5
Etherm
ISFN
E therm in
E therm out P e
1 therm qjm by

c)

Fig. 3. Energy flows and process diagram for a real thermal engine (a and b) and for a pure thermal conduction process (c and d).

where we have used Apig = {'u;n“ +2 ‘u?\g }_{'u(;n +2 ﬂig } It is
worth noting that inserting Eqn. (14) in Eqn. (13) an expression
totally equivalent to the well-known Nernst equation is obtained.
Once again the proposed approach provides us with an explana-
tion for a relationship otherwise often received by students as un-
related to the overall context. It also allows to determine the volt-
age drop across the cell. With concentrations of 1.0 M we find:

A0 -1
Ap= Aup 301,28 kJ mol

= (15)
zF 2 -9,65x10*C mol™

=156 V

in good agreement with experimental results.
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Fig. 4. Process diagram for the ideal electrochemical cell. Notice in par-
ticular how the process that leads to the manifestation of an electrical
potential difference is supported by the process that is generated by the
chemical potential difference.
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Example 3: Osmosis

To conclude we would like to at least mention an example that
opens up to biology: osmosis. Again, the basic goal is to show how
van ‘t Hoff’s law can be derived through simple considerations
based on chemical potential, in this case that of water. To do this,
we will use:[7!

1) the relationship that gives the pressure dependence of the
chemical potential of a fluid, which in the linear approximation
and neglecting the solute’s own volume takes the form:

(p)= ;f,(p")+V[p—p"}

where Vis the molar volume of the fluid and p = p° + p, , is
the total pressure at the point under consideration, i.e. atmospheric
pressure added to the corresponding hydrostatic pressure;

2) the relationship:

Hy(xg) =) =RT xg
which indicates how the chemical potential of the solvent varies
in the presence of a solute B at low concentration (i.e. X; <<1 ).

Fig. 5 shows a typical situation: the two compartments shown
are separated by a membrane that is permeable for water, but
through which the solute cannot diffuse. Initially (Fig. 5a) in the
two compartments the water reaches the same level, and at points
A, and A, located near the membrane the water chemical poten-
tial is the same. Assuming that the external atmospheric pressure
equals the reference pressure, the pressure difference is given by
the hydrostatic pressure, and we will have an equilibrium situa-
tion with: . .

M A) =) +V prghy=u’ +V pr g b= 1y (A,).

When solute (e.g. sugar) is dissolved in the left compartment,
this equilibrium is perturbed: the chemical potential of the water
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Fig. 5. Schematic diagram of the experimental situation for the study of osmosis: a) initial situation: the water level in the two compartments is the
same; b) a certain amount of solute is dissolved in the left compartment; c) final equilibrium situation.

in the left compartment is lower than that of the water in the right
compartment.

Therefore, this difference in the water’s chemical potential
acts as a driving force that causes the water to start flowing from
the right to the left compartment (blue arrow, situation b). This
displacement generates a level difference between the two com-
partments, which in turn results in the appearance of a second
driving force, directed in the opposite direction to the previous
one. When this second ‘mechanical’ driving force exactly coun-
terbalances the ‘chemical’ one, equilibrium is reached (purple ar-
row, situation c): between points A, and A, there is no longer a
potential difference: 17(A,) = 1/ (A,).

Using the above relations explicitly, at equilibrium must there-
fore hold

WAV o gh—RT xg=1'+V p ghy (16)

For the pressure difference Ap across the membrane (osmotic
pressure) we get:

RT
I}

Ap=p g Ah=p; g[h—h]= Xg (17)

That is, the well-known van 't Hoff equation.

Conclusion and Outlook

The tools provided to students outlined here enable them to
reinvest basic approaches and ideas that are cross-cutting in mul-
tiple areas, such as in describing the attainment of equilibrium or
determining an energy balance. This brings not only a saving of
time in the classroom, but more importantly it provides students
with the skills to move with some autonomy within a known and
coherent conceptual framework, so that gradually their attention
is less and less focused on the specific formalism but can be di-
rected to the essence of the phenomenon under consideration.

From a cross-curricular sustainability education perspective,
this approach also provides students with important conceptual
tools, enabling them, for example, to distinguish clearly between
first law efficiency 1 and second law efficiency € of a given pro-
cess (the former limited by laws of nature, the latter dependent
on the state of technology). It is also important to notice that this
approach can be extended not only by broadening it to the exami-
nation of a multitude of other experimental situations, but that,
by providing the appropriate tools in a natural way, it can provide
a solid basis both for the more formal introduction of coupled
potentials (e.g. gravito-chemical or electro-chemical) and for in-
troducing students to aspects more directly related to the time
evolution of processes through dynamic modeling.l'!]
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