Chapter 5
Influence of Temperature and Pressure
on Transformations

The chemical potential can be regarded as constant only in a first approximation.
Frequently, temperature and pressure have a decisive influence on the chemical
potential and therefore on the course of chemical processes. Water freezes in the
cold and evaporates in the heat. Ice melts under the blades of ice skates and butane
gas (the fuel of a cigarette lighter) becomes liquid when compressed. Therefore, a
more detailed approach has to consider the temperature and pressure dependence of
u. Often linear approaches to these dependencies suffice. If the corresponding
temperature and pressure coefficients are given, it is easily possible to predict the
behavior of the substances when they are heated, compressed, etc. The melting,
sublimation points, etc., can be calculated, but also the minimum temperature
needed for a particular reaction. Only the pressure coefficient of gases shows a
strong pressure dependence itself; therefore, the linear approach is only valid in a
small pressure range. For wider application, a logarithmic approach has to be used.

5.1 Introduction

Until now, the tabular values we have used were the so-called standard values based
upon room temperature and standard pressure (298 K and 100 kPa). For dissolved
substances, the standard concentration is 1 kmol m>. Up to this point, our
statements about the possibility of a transformation have been valid for these
conditions only.

However, temperature and pressure often have a decisive influence on the
chemical potential and therefore on the course of chemical processes. Water freezes
in the cold and evaporates in the heat. Cooking fat melts in a frying pan and pudding
gels while cooling, ice melts under the blades of ice skates, and butane gas becomes
liquid when compressed. The chemical potential i is not a material constant, but
depends upon temperature, pressure, and a number of other parameters.
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Fig. 5.1 Chemical potential of table salt and chemical drive to decompose according to
NaCl — Na + Y, Cl, depending upon temperature (at constant pressure p°©).

5.2 Temperature Dependence of Chemical Potential
and Drive

Introduction To begin, let us consider as a typical example the change with
temperature in the chemical potential of table salt (NaCl) (Fig. 5.1). For compar-
ison, the graphic also shows the temperature dependence of the chemical drive of
table salt to decompose into the elements 4(NaCl — Na + %,Cl,).

It is striking that the chemical potential falls more and more steeply with
increasing temperature. Except for a very few exceptions of dissolved substances
(e.g., Ca2+|w), all substances exhibit this behavior. The tendency of a substance to
transform generally decreases when it is put into a warmer environment.

The chemical drive A(T), which is calculated from the temperature-dependent
potentials, exhibits a noticeably more linear gradient than the u(T) curves. Both
curves intersect at the standard temperature T because the chemical potential of a
substance at standard conditions corresponds to the drive to decompose into the
elements (here sodium and chlorine).

The drop of potential appears, at first glance, to contradict the observation that
reactions progress more readily and more quickly at higher temperatures than at
lower ones. But it should be noted that a higher rate of reaction does not necessarily
mean a stronger chemical drive. This can also be caused by a smaller or
even vanishing inhibition as is actually often the case in chemical reactions. The
strong decrease of inhibition resulting from an increase of warming masks the
mostly weak change to the drive 4. Moreover, it should be remembered that 4 is
determined by the difference of the chemical potentials of the starting substances
and the final products, and not by the absolute levels of potentials. Since the
potentials of the starting substances as well as of the final products decrease as a
result of an increase in temperature, the potential difference which is alone
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responsible for the reaction drive does not necessarily decrease. It can remain
constant or even increase, as in our example.

Temperature Coefficient In order to describe the drop of potential with increas-
ing temperature, we will be content with a simple approach at first. For example, if
one wishes to show how the length / of a rod changes with temperature, this can be
done with the help of a temperature coefficient which tells us by how much the
length increases when its temperature is changed by 1 K. The increase in length for
a temperature increase from an initial value of T, to a value of T can be described by
a linear equation as long as AT =T — T is not too large:

[=1ly+e- (T —T). (5.1)

The initial value of the length is represented by /; and & represents the temperature
coefficient.

To indicate the change of chemical potential as a result of warming, we proceed
exactly in the same manner:

u=po+a- (T—To). (5.2)

Here, uq characterizes the initial value of the chemical potential. This represents a
value at arbitrarily chosen values of temperature Ty, pressure pg, and concentration
co (in contrast to the standard value ). However, standard values often serve as the
initial values of a calculation, so that in special cases, u, = u“, but this is not
necessarily the case. The temperature coefficient a represents the slope of the
function u(T) at the point (Ty; po) (it is therefore strictly valid only for the reference
temperature 7)), and is therefore almost always negative, as we have seen.
For the temperature dependence of the chemical drive 4 of a transformation

B+B' +...-D+D'+...
we obtain analogously:

The temperature coefficient « of the drive can be calculated by the same easy to
remember procedure as the drive itself:
a=aB)+aB)+...—a(D) —aD)—... (5.4)
(Remember : 4 = u(B) +u(B') +... — u(D) —pu(D') —...).
If we take room conditions as the starting point, the error is about 1 kG for low-

molecular substances for AT values of about 100 K. This approximation remains
useful for rough estimates up to AT~ 1,000 K and above, although u(T) falls
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sharply with rising temperature. This remarkable and (for applications) important
circumstance is based upon the fact that it is not the potentials that are decisive in
chemical processes, but the drives. When taking the difference
A= Hreactants — 2 Hproduets» the progressive contributions of the functions u(T)
largely cancel.

If higher precision is desired, the approach can be easily improved by adding
more terms to the equation:

/4:/40—|—aAT—|—a/(AT)2—|-OlN(AT)3+ (55)

Of course, there are other possible approaches; reciprocals for instance, or loga-
rithmic terms. However, we do not wish to go into mathematical refinements of this
type here because it is astounding how far one can actually go with the linear
approximation. It is our goal here to show this.

Table 5.1 shows the chemical potential 4 as well as its temperature coefficient a
for some substances. Along with the already mentioned basic rule which states that
the temperature coefficient a is (almost) always negative, another rule (which
almost all substances follow) becomes apparent when the a values are compared
for changes of state of aggregation. The temperature coefficient a of the chemical
potential of a substance B becomes increasingly negative when the phase changes
from the solid to the liquid and finally to the gaseous state. The jump corresponding
to the second transition (represented by the sign <) is considerably greater than the
one corresponding to the first one. For a substance in an aqueous solution, a is
mostly similar to that of the liquid state. The values scatter more strongly, though,
so that we cannot easily fit a(B|w) into the other a values:

Table 5.1 Chemical Substance Formula 4 (kG) a(GK )
potential £ and its temperature
coefficient a for some Iron Fels 0 —27.3
selected substances at Fe|l 53 —35.6
standard conditions (298 K, Felg 368.3 —180.5
100 kPa, diSi(;lVCd substances Graphite C|graphite 0 —57
at 1 kmol m ™). Diamond C|diamond 2.9 —24
Todine L|s 0 —116.1
L1 33 —150.4
Lg 19.3 —260.7
L|w 16.4 —137.2
Water H,O0ls —236.6 —44.8
H,0|l —237.1 —70.0
H,0|g —228.6 —188.8
Ammonia NH;|1 —10.2 —103.9
NH;|g ~165 1925
NH;|w —26.6 —111.3
Calcium(II) Ca**|w —553.6 +53.1
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«(Blg) << a(B|l) < a(Bls) <0.
“aBw) —*>

For clarification, we will single out the values for iodine at standard conditions
given in G K~ from Table 5.1:

-260.7 <<-150.4 <-116.1 <0.
-137.2

(As we will see in Sect. 9.3, the temperature coefficient a corresponds to the
negative molar entropy Sy, i.e., @ = —Sp,. Anticipating this can help us to remem-
ber the two rules above more easily: First, in Chap. 3, we demonstrated that the
molar entropy is always positive; the negative sign of the temperature coefficient
easily results from this (the rare exceptions mentioned above will be discussed in
detail in Sect. 8.4). Second, the fact that the molar entropy of a liquid is greater than
that of a solid, and the molar entropy of a gas is much greater than that of a liquid
(see Sect. 3.9), leads to the sequence above.)

Phase Transition The chemical potential of gases therefore decreases especially
fast with increase in temperature. Their tendency to transform decreases most
strongly so that, by comparison to other states, the gaseous state becomes more
and more stable. This simply means that, as a result of temperature increase, all
other states must eventually transform into the gaseous state. At high temperatures,
gases possess the weakest tendency to transform and therefore represent the most
stable form of matter.

We will use water to take a closer look at this behavior. Under standard
conditions, the chemical potential of ice, water, and water vapor has the following
values:

HOls H,0|l H,Olg
42 (kG) —236.6 —237.1 —228.6

One sees here that under these conditions, ice melts, and water vapor condenses
because water in its liquid state has the lowest chemical potential and therefore the
weakest tendency to transform. However, this changes if the temperature is raised
or lowered sufficiently. For easy calculation, we will consider a temperature change
of £100 K. The following results are obtained using the linear approach:

H,0ls H,0|l H,O|g
a(GK™) —45 -70 —189
1398 K)(kG) —241 —244 —248
(198 K)(kG) —232 —230 —210
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Fig. 5.2 Chemical a MHy0
potential of water in various 198 K
states at 198, 298, and -210 :
398 K. !
i
i
Most stable H
kG state !
298 K
=230
-240
t— 398 K
-250 1
Solid Liquid Gaseous

We see that at 398 K (125 °C), the chemical potential of water vapor has the
smallest value and that water vapor must result from the other forms, while at 198 K
(=75 °C), ice must develop. This result is represented graphically in Fig. 5.2.

Phase Transition Temperatures How to calculate the phase transition tempera-
tures now appears obvious: If a substance like lead is solid at room temperature, this
is because its chemical potential has its lowest value in the solid state. The potential
of liquid lead has to exceed that of solid lead; otherwise, at room temperature, it
would be liquid like mercury. We will now visualize this in a diagram (Fig. 5.3).

u(Pbls) as potential of an element at room temperature (and standard pressure) is
equal to zero since this value has been arbitrarily chosen as the zero point of the y
scale. Under these conditions, #(Pb|l) must lie above this. The chemical potentials
decrease with warming. This happens more quickly in the liquid state than in the
solid (according to the sequence presented above: a(B|l) < a(B|s) <0). For this
reason, the curves must intersect at some point, say at the temperature 7. This Ty is
the melting temperature (melting point) of lead because below T§;, the most stable
state of lead is the solid state; above T§;, however, the most stable state is the liquid
state. In order to indicate the phase transition in question, the symbols for the
corresponding states of aggregation are inserted as indices (see also the comment in
Sect. 3.9).

We can calculate the temperature T§;. In order to do this we have to consider the
melting process
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Ty is the temperature at which the chemical potentials of solid and liquid phase are
just equal,

Hs = Hr- (56)

At this temperature, the two phases are in equilibrium. The temperature dependence
of y is expressed by the linear approximation:

Hso+ a5 (Tq —To) = py o +ar- (T — To).
By transforming this, we obtain
Hso — M0 = —(as —ar) - (T — To)
and finally

_Hs0=Ho _ Ao

Ty =To To—~". (5.7)

as —
The derivation is somewhat shortened when the equivalent of Eq. (5.6),
A =pu, —pu =0, is used as a starting point for the existence of a state of equilib-
rium. If the temperature dependence of the chemical drive is taken into account
[Eq. (5.3)], we have
Ao+ a-(Tg—To) =0

and therefore in the end as above
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Tg=To —&-
«

Of course, strictly speaking, this mathematical relationship is not completely
accurate because our formula for temperature dependence is only an approxima-
tion. The smaller AT (:=Ty —Ty) is, the more exact the calculated value will
be. The melting point of lead is actually 601 K. Based on the tabulated standard
values (Sect. A.2.1 in the Appendix), our calculation yields

0 — 2220 G
Ty = 298K — = 620K.
! (—64.8) — (—71.7) GK"!

The result is surprisingly good for the rather rough approximation.

We will now complete the u(T) diagram above by adding the chemical potential
of lead vapor (Fig. 5.4). At room temperature, the chemical potential of vapor lies
much higher than that of the liquid phase. However, with rising temperature,
u(Pbl|g) falls rather steeply, as is usual in all gases. At some temperature T}, the
potential of lead vapor intersects with that of liquid lead. When this temperature is
exceeded, the melted lead undergoes a transition to vapor because now vapor is the
most stable state. T}, is nothing other than the boiling temperature (boiling point) of
lead melt. The boiling temperature can be calculated in the same manner as the
melting temperature, only now the potentials and their temperature coefficients for
liquid and gaseous states will be used.

There are substances for which the chemical potential of the vapor is relatively
low compared to that of the melt. The potential of the vapor can then intersect that
of the solid below the melting point. This means that there is no temperature (for a
given pressure) at which the liquid phase exhibits the lowest chemical potential and

Gaseous

Liquid

Solid

Fig. 5.4 Temperature

dependence of the chemical
potentials of a substance as I
solid, melt, or vapor.

¥ v Vapor
stable . stable | stable
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is therefore stable. Such substances do not melt when warmed but transform
immediately into the vapor state (Fig. 5.5). This phenomenon is called sublimation.

An excellent example of such a substance is frozen carbon dioxide which has the
characteristic of vaporizing without melting. Because of this it is also called “dry
ice.” Sublimation temperatures (sublimation points) T, can be calculated based on
the same procedure as used for melting and boiling temperatures, respectively.

Other transitions can be dealt with in the same way. A good object for demon-
stration is the already mentioned mercury iodide (cf. Sect. 4.6):

Hgl|yellow Hgl,|red
1% (kG) —101.1 —101.7
a(GK™") ~186 ~180

When heated, the temperature coefficient of the yellow form decreases more
quickly than that of the red one because a(Hgl,|yellow) < a(Hgl,|red) < 0, so that
above a certain temperature, u(Hgl,|yellow) falls below p(Hgl,|red), making the
yellow form the more stable modification. The transition temperature (about 398 K
or 125 °C) can be calculated just like the melting temperature of lead and can be
easily verified by experiment (Experiment 5.1). The property of some substances to
change color due to a change in temperature is called thermochromism.

Reaction Temperatures Chemists are mostly interested in “real” chemical reac-
tions. Because the temperature changes in gases have the strongest effect on their
potentials, they are what shapes the behavior of reactions. Processes which produce
more gas than is used up (so-called gas forming reactions) benefit from the strongly
negative temperature coefficients a of gases when the temperature rises. In contrast,
the chemical drive of a gas binding reaction is weakened by a rise in temperature.
Consider the example of thermal decomposition of silver oxide:


http://dx.doi.org/10.1007/978-3-319-15666-8_4#Sec6
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Experiment 5.1 Thermo-
chromism of Hgl,: A test
tube containing red-orange
mercury(Il) iodide is slowly
heated in a glycerine bath.
At 398 K the iodide
undergoes phase transition
from the red-orange to the
pale yellow modification.

Hgl,
Red-+Yellow

Experiment 5.2 Heating
of silver oxide: When the
blackish brown silver oxide
is heated by a burner, the
generation of a gas is
detectable by the slow
blowing up of the balloon.
Subsequently, the gas can
be identified as oxygen with
a glowing splint. White
shiny silver metal remains
in the test tube.

Burner

2Ag0ls —>4Agls + O)g
1°(kG): 2x(=11.3) 4x0 0 = 29=-22.6 kG
a(GK™D: 2x(=121)  4x(-43) -205 =« =+135GK!

The decomposition does not take place at room temperature due to the negative
drive. However, since a gas should be formed, we expect that this process begins at
a high enough temperature (Experiment 5.2). The minimum temperature T, for the
decomposition of Ag,0 is obtained from the condition that the combined chemical
potentials of the initial and final substances must be equal or alternatively the
chemical drive 4 = 0:

ﬂ:ﬂ0+x'(TD—To)=O.

In analogy to Eq. (5.7), we obtain for the decomposition temperature

TD:TO—@.
24

Based on the initial values Tg = T (= 298 K) and 4y, = 4°, we obtain by inserting
the 4° and « values calculated above a decomposition temperature T~ 465 K (i.e.,
192 °C).
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Fig. 5.6 Schematic of a F9203 +7C 7 CO
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The same procedure can be used, for example, to calculate how strongly a
compound containing crystal water must be heated in a drying oven in order to
dehydrate it. Industrially important processes such as smelting of iron ore in a blast
furnace (Fig. 5.6) can also be captured descriptively.

If the technical details are left out, a blast furnace can be considered a chemical
reactor where iron ore, coal, and oxygen are introduced and furnace gas and pig iron
exit. If this process uses the minimum amount of coal (in the conversion formula
simplistically represented by carbon C|s (& graphite) it cannot take place at room
temperature due to its negative chemical drive.

Fe;O3)s +3Cls — 2Fels + 3CO|g

1e(kG):  —741.0  3x0 2x0 3x(-137.2) = .4°=-329.4kG
a(GK™): -87 3x(=6)  2x(=27) 3x(-198) = a =+543 GK!

However, a gas is formed, so we expect that the reaction should be possible at
higher temperatures. If one wishes to find out if the 700 K in the upper part of the
shaft of the furnace is hot enough, the drive must be approximated for this
temperature according to A= Ay + o« (T —To) [Eq. (5.3)]. With a value of
—111 kG, the drive is noticeably less negative, i.e., the potential difference between
the reactants and products has become smaller, but the reaction still cannot take
place. Again, the minimum temperature T needed for the reaction can be
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approximated by an equation which appears very familiar to us [entirely equivalent
to Eq. (5.7)]:

Tg = To — 22
29

We therefore obtain a value for T of ~ 900 K. Extra coal is needed for the furnace
to reach this temperature. The chemical drive of the whole blast furnace process,
beginning and ending with all substances at room temperature, is strongly positive
because of the additional consumption of carbon:

Fe,O3ls + 7Cls + 2 Oylg — 2 Fels + 7 CO|g
18(kG):  -741.0 Tx0 2x0 2x0  7x(-137.2) = A°=+219.4 kG

Of course, all of these calculations depend upon access to the necessary data.

5.3 Pressure Dependence of Chemical Potential and Drive

Pressure Coefficient As previously stated, the value of the chemical potential of a
substance depends not only upon temperature but upon pressure as well. Moreover,
the potential generally increases when the pressure increases (Fig. 5.7).

In a small range of pressures, all the curves can be approximated as linear,
comparable to the way in which we described the influence of temperature:

p=po+p-(p—po)- (5.8)

Ho is the starting value of the chemical potential for the initial pressure po. The
pressure coefficient f is almost always positive.

Analogously, the pressure dependence of the chemical drive A4 of a
transformation

prigT=T7"

Gaseous

/ Liquid

Fig. 5.7 Pressure . " Slope §
dependence of the chemical ——/—"‘ Solid
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state.
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B+B +...-D+D+...
results in
A=Ao+ B (p— po); (5.9)

where the pressure coefficient f is:
B=pB)+pB)+...—p(D)—-pD)—.... (5.10)

The linear approximation is useful for solid, liquid, as well as dissolved substances
and for the drives of the corresponding transformations up to Ap~10° kPa
(=1,000 bar). For obtaining general approximations, it is useful even up to
10° kPa (= 10,000 bar). In the case of gases and the drives of transformations in
which gases participate, A p/p < 10 % is considered acceptable because the slope 8
of the corresponding curve changes relatively strongly with pressure. For greater
ranges of pressure Ap, another approach must be applied to which we will be
introduced later on (Sects. 5.5 and 6.5).

Table 5.2 shows the  values for the substances of Table 5.1. A rule similar to the
one for temperature coefficients a is valid for pressure coefficients f. It is very
useful for qualitative considerations:

0<pBls < B <<<<f(Blg) .
«—— BBw)—>

Table 5.2 Chemical

) _ Substance Formula u° (kG) p (nG Pafl)
potential y and its pressure
coefficient f3 for some Iron Fels 0 7.1
selected substances at Fe|g 368.3 24.8 x 10°
standard conditions (298 K, Graphite C|graphite 0 55
100 kPa, dissi(;lved substances  Diamond C|diamond 2.9 3.4
at 1 kmol m). Nitrogen Nole 0 248 % 10°
Todine L|s 0 51.5
L1 33 60.3
Llg 19.3 24.8 x 10°
Llw 16.4 ~50
Water H,Ols —236.6 19.8
H,0|l —237.1 18.1
H,0lg —228.6 24.8 x 10°
Ammonia NH;|l —10.2 28.3
NH;g -16.5 24.8 x 10°
NH;|w —26.6 24.1
Calcium(II) Ca®*|w —553.6 —-17.7
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Experiment 5.3 Boiling of
lukewarm water at low
pressure: A suction flask is
filled to one-third with
lukewarm water, closed,
and subsequently evacuated H,0
with a water aspirator. The 30..40°C
water begins to boil.

To make this clear, we will again single out the values for iodine at standard
conditions, this time given in pG Pa™':

0<51.5< 60.3 <<<<24.8x103
~ 50

Like any rule, this one has exceptions. For instance, f for some ions in an
aqueous solution is negative and sometimes—as in the case of water—/ in the
solid state is greater than in the liquid state. This is exactly the opposite from what
the rule would lead us to expect.

(In this case, as well, there is a relation to a molar quantity, namely the molar
volume V;: We have =V, (compare Sect. 9.3). Because all molar volumes are
basically positive, the pressure coefficient always has a positive sign. (The very few
exceptions and their cause will be discussed in detail in Sect. 8.2.) The molar
volume of a gas is far greater (by a factor of 1,000) than that of the condensed
phases (liquid and solid). On the other hand, the molar volume of a liquid phase is
usually greater than that of the solid phase so that the sequence above results.)

Phase Transition Raising the pressure generally causes the chemical potential to
increase although, as already stated, the increase varies for the different states of
aggregation. In the solid state, it is smallest and in the gaseous state, greatest. As a
rule, the higher the pressure is, the more stable the solid state is compared to the others
and the greater the tendency of the substance to undergo a transition to the crystalline
state. Conversely, a pressure reduction results in a preference for the gaseous state.

Let us once more consider the behavior of water from this new viewpoint. The
following table summarizes the necessary chemical potentials and pressure
coefficients:

HzO‘S H20|l HZO\g
1°(kG) —236.6 —237.1 —228.6
p(107°GPa™!) 19.8 18.1 24.8 x 10°

One sees that lukewarm water can boil at low pressure (Experiment 5.3),
although, at room conditions, p(H,Oll) < u(H,O|g), meaning liquid water is the
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stable phase. But if the pressure is lowered enough by pumping the air above the
water out of a closed container, x(H,O|g) will at some point fall below p(H,O|l),
because f is especially great for the gaseous state. The reduction of pressure
becomes noticeable by a strong decrease of chemical potential and the water begins
to transform into water vapor by boiling.

But low pressure can also be created by cooling down water vapor which is in
equilibrium with liquid water in a closed flask (Experiment 5.4). In the process, a
part of the vapor condenses, leading to a decrease in pressure.

Phase Transition Pressure We shall take a closer look at a further example of the
transition of a substance under pressure. Diamond is a high-pressure modification
of carbon which should never appear at normal pressure. The most stable modifi-
cation of carbon, the one with the lowest chemical potential, is graphite which we
know from pencils. A characteristic of graphite is that its chemical potential
increases more strongly with pressure than the potential of diamond so that, at
one point, u(C|graphite) should exceed u(C|diamond) making it possible for dia-
mond to form (Fig. 5.8).

At normal pressure and room temperature, p(C|graphite) equals zero because
this value has been arbitrarily set as the zero point of the u scale. The u(p) curve is
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steeper for graphite than for diamond. Therefore, the two curves must intersect at a
pressure pp, Which we will call the transition pressure. The index aff indicates that
the transition of one modification a (here graphite) into another modification f§ (here
diamond) is considered. Below p,g, graphite is more stable; above it, diamond is
more stable.

The pressure p,g can be calculated because pqg is the pressure for which

o = iy (5.11)
The pressure dependence of u is expressed by a linear relation,
Ha,0 + Pa (Pap —po) = Hpo + Py (Paﬁ — Po);
resulting in
Fo0 = Hp0 = —(Ba = Bp) - (Pop — Po)
and finally

Ho,0 — Hp0 Ao
po=py— el TR0, 20 5.12
o 0 ﬂ(x _ﬂﬁ 0 ﬁ ( )

The expression shows a great formal similarity to the one for determining a
transformation temperature whether it applies to a phase transition, a decomposi-
tion, or something else.

Inserting the tabulated values results in pag ~ 14 x 10° kPa (= 14,000 bar). Strictly
speaking, this result cannot be accurate because the linear relations only represent
approximations. However, as a general tool for orientation, it is quite useful.

5.4 Simultaneous Temperature and Pressure Dependence

There is nothing stopping us from expanding our ideas to transformations in which
temperature and pressure change simultaneously. In this case the chemical potential
can be expressed as follows:

p=py+a- (T—To)+p-(p— po)- (5.13)
Correspondingly, the chemical drive takes the form
A=Ay +a-(T—To)+p-(p— po) (5.14)

The dependence of transition temperatures upon pressure can be described by these
equations as well. Here is a familiar example representative of many others. Ice
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Experiment 5.5 Ice melting under pressure: A
wire loop with a heavy weight hanging from it
slowly “melts” its way through a block of ice.
The process is supported by the high entropy
conductivity of the steel wire (see Sect. 20.4).
The water formed below the wire under high-
pressure flows around the wire and freezes again
above it because of the lower pressure there. The
ice block will remain intact even after the wire
passes completely through.

melts under high pressure [if it is not too cold]. The chemical potential of ice is the
same as that of ice water (u(H,O|s)=pu(H,O|1)) at 273 K (0 °C) and standard
pressure. However, because of S(H,Ols) > p(H,0|l), the value of u(H,Ols)
increases above that of u(H,Oll) as the pressure increases, and the ice begins to
melt (Experiment 5.5).

As mentioned, water is among the few exceptions where f in the solid state is
greater than in the liquid state. This special characteristic of ice is responsible for
the ability of a glacier to flow downward a few meters per day in a mountain valley
like slow moving dough. Where the ice is under especially high pressure, it melts
and becomes pliable so that it gradually moves around obstacles.

But a block of ice does not totally melt when compressed because it cools down
during melting. The reason for the drop in temperature is that the entropy required
for the phase transition solid — liquid is not supplied from outside (cf. Sect. 3.5). It
has to be provided by the system itself, leading to a lowering of temperature. The
chemical potentials increase because of the negative temperature coefficients a.
Because of a(H,Oll) < a(H,O|s) < 0, the effect is stronger in water than in ice. The
potential difference due to excess pressure is compensated and the process of
melting stops. Again, there is equilibrium between the solid and the liquid phase,
but this time at a lower freezing point. Only when the pressure is further increased
does the ice continue to melt until additional cooling balances the potentials again.

To illustrate this, let us take a look at Fig. 5.9. If the pressure is increased, the
chemical potentials of the solid and the liquid phase increase, but this increase
is much more pronounced for the solid than for the liquid phase [because of
0 < (Bl < A(B|s)]. Thus the intersection point of the curves (T%) shifts to the
left, i.e., the freezing point is lowered by ATy,.

It is easy to calculate the lowering of temperature in compressed ice, i.e., the
freezing-point depression of water under pressure. The condition for equilibrium
us =y takes the following form:


http://dx.doi.org/10.1007/978-3-319-15666-8_20#Sec4
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Fig. 5.9 Temperature
dependence of the chemical
potentials of a solid and a Liquid
liquid phase at different
pressures (in case of

0 < pi < ps). The
intersection point of the
u(T) curves at the pressure
considered and hence the
freezing-point shifts with
increasing pressure to lower
temperatures (lowering of
freezing point).

7}

'y

pso +as - (T —To) + Py (p— po) = o+ - (T —To)+ B - (p— po)
or shortened:
Hso+as- AT + f- Ap = o+ a - AT + - Ap.

If the freezing point of water at standard pressure (T, =273 K) is chosen as the
initial value, then p;¢ and u;o are equal and drop out of the expression. The
following relation remains with the change in temperature AT as the only unknown:

AT:_MAPZ_E
as — 0 29

Ap. (5.15)
For Ap=10* kPa (100 bar), the lowering of the freezing point due to pressure
results in AT =—0.67 K (calculated with the numerical values for ice and liquid
water from Tables 5.1 and 5.2).

However, for most substances, the melting temperature increases with increased
pressure [because of 0 < f(B|s) <p(B|)] (see Fig. 5.10). Correspondingly, the
shifts in potentials cause higher pressure to raise the boiling point and lower
pressure to lower the boiling point [because of 0 < (B|l) <<<< B(B|g)]. This is
also valid for water as we have seen in Experiments 5.3 and 5.4. Again, the change
AT can be approximated with the formula derived above. The value of f for boiling
is roughly 10* times greater than for melting, whereas the « values do not vary so
drastically. Therefore, even small changes of pressure are enough to noticeably
shift the boiling point. To achieve a comparable change of the freezing point, much
higher pressures are necessary. A pressure increase of about 10 kPa (0.1 bar)
already results in a shift of the boiling point of water of about +2.0 K, while for a
comparable change of the freezing point (AT = —2.0 K), a pressure increase of
more than 3 x 10* kPa (300 kbar) is necessary.
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Fig. 5.10 Temperature
dependence of the chemical
potentials of a substance in
solid, liquid, and gaseous
states at low pressure (lower
curves) and at high pressure
(upper curves) (in case of
0<fs<pi<<<<fy). The
intersection points of the
u(T) curves and hence the
freezing- and boiling-point
shift with increasing
pressure to higher
temperatures (raising of
freezing and boiling point).

Fig. 5.11 Opposing effects
of temperature and pressure
in the Earth’s interior: The
temperature increase toward
the middle of the Earth

(> 5,000 K) causes the

iron core to melt. The
pressure, which grows to
3.6 x 10® kPa, turns it into a
solid again at the very
center (standard melting
and boiling points of iron
are about 1,809 and

3,340 K, respectively).

b

7]

~Gaseous

We will close this section with a look at our “home planet.” It represents a very
good example for the effect of increasing pressure and temperature upon the
chemical potential and therefore the melting and freezing of substances (Fig. 5.11).
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5.5 Behavior of Gases Under Pressure

As already stated, the chemical potential of gases is especially sensitive to changes
of pressure. For this reason, the pressure coefficient f is greater by several powers
of ten than those of solid or liquid substances. At the same time, f itself is strongly
dependent upon pressure. For these reasons, the linear approximation is only
applicable to a very narrow range of pressures (Ap/p < 10 %). This is far too
limiting for most applications so a formula must be sought that spans a much wider
range of pressures. A look at the tabulated values shows that 4 has not only a large
value but the same value for all gases at standard conditions. Apparently, the
pressure coefficient f of gases is a universal quantity. For given T and p, it is the
same for all gases in all milieus. Moreover, it is directly proportional to the absolute
temperature T and indirectly proportional to the pressure p of the gas in question.
This remarkable fact can be expressed as follows:

RT
p=— where R=8314GK ' (5.16)
p

R is a fundamental constant and is the same for all substances. It is called the
“(general) gas constant” because it was first discovered in a law valid for gases
(Sect. 10.2). The relation above is based upon the phenomenon called mass action
in chemistry. We will go more deeply into this in the next chapter. (Note:
corresponds here to the molar volume of a so-called ideal gas, as we will see in
Sect. 10.2).

Inserting f into the relation (5.8) yields the following equation:

RT
ﬂzﬂo+7‘(17—1’0)- (5.17)

Those proficient in mathematics immediately see that there is a logarithmic relation
between u and p:

4= o+ RTInL. (5.18)
Po

The pressure coefficient § of gases is nothing other than the derivative of the
function p(p) with respect to p. If we take the derivative with respect to p of the
function above, we retrieve indeed Eq. (5.16).

For those interested in mathematics: Equation (5.17) can be transformed to result in

RT RT
H—po=—-(p—py) or Au=—-Ap.
p p


http://dx.doi.org/10.1007/978-3-319-15666-8_10#Sec2
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For very small (infinitesimal) changes, the relation is

RT
du =—dp.
p

If we wish to calculate the change of the chemical potential from the initial value g to
the final value y for a change of pressure from pg to p, we must integrate both sides. (The
concept of integration will be described in more detail in Sect. A.1.3 in the Appendix.) The
following elementary indefinite integral will serve well for this:

1
[— dx = Inx 4 constant.
Jx

Inserting the limits results in:

1
du=RT|=dp
P

F —x
S —

and finally,

4~y = RTIn L.
Po

We tend to consider a logarithm as unfamiliar and therefore complicated. This is
unjustified. Basically, the relation is as simple as a linear one (cf. Sect. A.1.1 in the
Appendix). In contrast to the linear approximation, this still relatively simple
logarithmic formula spans the much wider range of pressures from between 0 and
10* kPa (100 bar). The range of validity will be discussed in more detail in Sect. 6.5.

Let us take a closer look at these relations using the example of butane (the fuel
in a gas lighter) (Fig. 5.12). The u(p) curve of gaseous butane shows the expected
logarithmic relationship [cf. Eq. (5.18)]. Furthermore, we can see from the figure
that, when compressed at room temperature, butane turns into liquid relatively
easily. The so-called boiling pressure pjg, i.€., the intersecting point of the potentials
for the liquid and the gaseous phase, lies only a little above 200 kPa. This
intersecting point characterizes the state of butane in a lighter at room temperature.
However, further important information can be derived from the figure: The u(p)
curve for a liquid is an almost horizontal line. (Its slope is very small.) For this
reason, the chemical potential of condensed phases (liquids and solids) can be
considered nearly independent of pressure in most cases when they are present
together with a gas. Furthermore, the chemical potential of a gas continues to
decrease with falling pressure. The u value approaches negative infinity if the
pressure approaches zero.

This leads to the following remarkable conclusions. We can infer, for example,
that calcium carbonate CaCOj3 cannot be stable if the CO, pressure in the surround-
ings falls to zero. In this case, the chemical potential of CO, would have the value
—o0. The reaction


http://dx.doi.org/10.1007/978-3-319-15666-8_6#Sec5
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Fig. 5.12 Pressure M
dependence of the chemical T “Boiling pressure” at 298 K

potential of butane in liquid it
and gaseous states at room I T ' T T —> P
temperature (298 K). i 100 500 kPa 1000
/____f_,,-----"'/\\ Gaseous
kG o __Liquid
-15
- A
]
20 - Gaseous
Butane
T Liquid
-00
CaCO3ls —» CaO|s + CO»lg
1°(kG): -1128.8 -603.3 -394.4 = 4°=-131.1 kG
a(GK™1: -93 -38 -214 =a =+159 GK,

which cannot take place at standard conditions, would have a positive drive. The
sum of potentials on the left would be higher than on the right. However, decom-
position produces CO,, so that the CO, pressure must rise in a closed system. The
process continues until the CO, pressure has reached a value for which the chemical
potentials on the left and right sides balance. This CO, pressure is called the
decomposition pressure of calcium carbonate.

The decomposition pressure can be easily calculated. If the chemical potentials
satisfy

Hcaco, = Hcao T Hco,

we have equilibrium. We ignore the pressure dependence of solid substances
because, in comparison to gases, it is smaller by three orders of magnitude. We
only take the dependence for CO, into account, and that at first for 7= T:

p
Hcaco,,0 = Hcao,0 + Hco,,0 T RTI“;O-
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Fig. 5.13 Dependence of P
CO, pressure upon

temperature during

decomposition of calcium
carbonate (comparison of KPa -
the calculated curve with .
measured values).
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* Measured
g values
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0 500 K 1000
This results in

p
Hcac0s,0 ~ Hca0,0 — Hco,,0 = RTIn—

Do
Ao
as well as
exp& = exp ln£
RT Po
and finally in the following exponential relation:
Ao
D = Do€Xp—. (5.19)

RT

In order to calculate the decomposition pressure for a temperature different from
the initial temperature T\, the x values in the exponents only need to be converted to
the new temperature. The linear formula for temperature dependence used so far is
generally good enough for this:

. Ao+ «(T —Ty)
P = PoeXPT~
With the help of corresponding data, i.e., the standard values and the corresponding
temperature coefficients from Sect. A.2.1 in the Appendix, the p(T) curve can be
determined (Fig. 5.13). This curve gives the decomposition pressure of calcium
carbonate as a function of temperature:

—1.311 x 10° + 159 - (T /K — 298)

— 100kPa -
P a-exp 8314 -T/K
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