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24. Rate of Reaction and Chemical Potential

To begin with, here is a definition of chemistry:
Chemistry deals with the transformation of
substances. For example, it describes the reaction
of gasoline and oxygen producing carbon dioxide
and water, i.e., the burning of gasoline:

Gasoline, oxygen — carbon dioxide, water

This definition of chemistry is somewhat tentative
because chemists do not deal exclusively with the
transformation of substances and because there are
substance transformations that are not considered
chemical but belong to the area of nuclear physics.
However, for the time being, the definition above
suffices.

Chemistry and physics are closely related and
could reasonably be considered a single field of
science. However, they have been split into two
separate school and university subjects, and
physicists and chemists have different jobs. There
is a practical reason for this: Chemistry and physics
combined into one subject would simply be too
extensive for one person to master.

Physicists and chemists use many closely similar
methods. The same theoretical tools are used in
chemistry that are applied in physics. Chemical
reactions can be described by use of physical
quantities and the relation between them. The part
of chemistry that is especially oriented toward
physics is called physical chemistry.

You already know some of the quantities used in
physical chemistry from the physics you have
learned: temperature, pressure, and entropy. There
are some new quantities that will be added as well.

When we were dealing with thermodynamics we
introduced a quantity for measuring amount of heat
called entropy S, Table 24.1. Likewise, in
electricity there is a quantity that measures the
amount of electricity called electrical charge or
electricity Q. The quantity in mechanics that
measures the amount of motion or momentum of
a body is momentum p.

In the same manner we will now use a quantity in
chemistry with which we can measure the amount
of a substance. It is called amount of substance
and is abbreviated to n.

Each of the parts of physics just mentioned has yet

another quantity characteristic of it that describes
from where to where the quantity in question
flows.

Temperature tells us in what direction entropy
flows, namely from higher to lower temperature.
Electric potential tells us in what direction
electricity flows, and the velocity of bodies allows
us to see from which body to which body
momentum flows in the process of friction.

We will find a corresponding “chemical” quantity
that shows in what direction a chemical reaction
proceeds. This quantity is the chemical potential,
abbreviated to the Greek letter u. The chemical
potential tells us, for example, whether the
following reaction runs by itself from left to right
or from right to left:

? .
Hydrogen, nitrogen <> ammonia,

meaning whether ammonia is produced from
hydrogen and nitrogen or whether ammonia
decomposes into hydrogen and nitrogen.

24.1 Amount of substance
and currents of substance

As the name indicates, the quantity called amount
of substance measures the amount of a substance.
The unit of amount of substance is the mole
(symbol: mol). A one mole portion of substance
contains 6.022 - 1023 particles.

It is not always easy to decide what these particles
of a substance are.

Table 24.1 Overview of some physical and chemical quan-
tities

Mechanics p = momentum (amount of motion)
Electricity Q = elektric charge (amount of electricity)
Thermodynamics S = entropy (amount of heat)

Chemistry n = amount of substance




The smallest particles are often molecules. 1 mol of
hydrogen gas contains 6.022 - 1023 H, molecules.
The smallest particles of some substances are
atoms. Helium gas is an example of this. One mole
of helium is composed of 6.022- 1023 He atoms.
The situation is somewhat more complicated with
most solid substances. A common salt crystal
could actually be described as one gigantic
molecule. This crystal is made up of just one
“smallest” particle. In this case it is common,
however, to describe the smallest particle as a
single Na ion together with one Cl ion. Such a
“NaCl unit” is not, in the strictest sense, a molecule
at all. In the future, when we refer to 1 mol of
common salt, we will always mean 6.022 - 1023 of
such NaCl units.

Instead of saying that a substance is composed of
smallest particles, we can say that it has a smallest
possible amount of substance that can be expressed
in moles. The smallest amount of a substance is
called the elementary quantity. The following is
valid:

6,022-107 particles: 1 mol

1 particle: ol

6.022-10°
= 1,66-10* mol
or:

elementary quantity = 1,66-10* mol.

Chemists measure the quantity of substances in
moles. Why do they do this? Why don’t they do
what any reasonable person would do and measure
a portion of substance in kilograms or liters?
Chemistry is much simpler when quantities of
substance are given in moles and when amount of
substance is used and not mass or volume.

Here is a discussion between a musician, a
physicist and a chemist that will illustrate this
point:

There is powdered iron in one test tube and sulfur in another.
Musician: What are those, iron and sulfur?
Physicist: Yes, that is obvious.

Musician: Aha. There is more sulfur than iron, just about
twice as much. That is easy to see.

Physicist: That’s ridiculous. Hold them in your hands. Can’t
you feel that the iron is heavier? Now look, the scale shows that
the iron weighs 14 g and the sulfur weighs only 8 g.

Chemist: What are you talking about? I see it very differently.
Look. (She mixes the two substances and heats up the mixture
with a bunsen bur ner . By the glowing of the mixture we can see
that areaction is taking place.) There is neither iron nor sulfur
left over after the reaction. This is the proof that exactly the
same amounts of iron and sulfur were present. By the way,
they were each exactly 1/4 mol.
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From this conversation you probably noticed that
the classification of “more” or “less” depends upon
what measure of amount is being used as the basis.

In order to better understand the discussion of the
three persons let us consider the reaction equation
for the reaction that the chemist initiated:

Fe + S — FeS.

This equation makes a simple statement about the
balance of the reaction, assuming that the
substances are being measured in moles. The
equation states that the amount of the reacting iron
is exactly equal to the amount of reacting sulfur,
and that the resulting amount of substance of iron
sulfide is equal to the vanishing amount iron (and
therefore also to the amount of vanishing sulfur).

Assuming we have 1 mol of iron, then:
1 mol Fe + 1 mol S — 1 mol FeS.

If the amount of substance is measured in kg,
meaning that mass is being measured, then the
balance appears more complicated. For example,
we let 1 kg of iron react. In order to do this, we need
0.5741 kg of sulfur, and 1.5741 kg iron sulfide is
the result:

1 kg Fe +0.5741 kg S — 1.5741 kg FeS.
The values of mass of sulfur and iron sulfide are
“odd numbers.”

We will use another example to make clear what
the reaction equation is saying. We consider the
reaction of hydrogen with oxygen which produces
water. You know from chemistry class that the
corresponding equation is

2H, + O, —2H,0. (D

This equation tells us what the proportion of each
of the reacting substances is, assuming that the
amounts are being measured in moles (and not, say,
in kg). Itis:

nHy) : n(0y) : n(H,0)=2:1:2.

Equation (1) only tells us something about the ratio
of the quantities n(H,), n(0,), and n(H,O). The
equation doesn’t necessarily have to mean:

2 Mol H; + 1 Mol O, — 2 Mol H,0.

It could also mean

3 Mol H, + 1.5 Mol O, — 3 Mol H,0O

or

520 Mol H; + 260 Mol O, — 520 Mol H,O.

Because the reaction equation only expresses the
ratios of the amounts of substance, such equations
can be written in many different forms. Instead of
equation (1), it is possible to write



4H, + 20, —4H,0, )

10H, + 50, — 10H,0. 3)

All three equations, (1), (2), and (3), make the same
statement. Generally, however, one writes reaction
equations so that the smallest possible integer
numbers are before the substance symbols. In our
case, equation (1) would be the one to use. This
form of the equation is called the standard form.

In the following we will use the quantity #, i.e.,
the amount of substance, as the measure of the
quantity of a substance. However, we do not have a
measuring device for determining values of
amounts of substance that is as simple as the one for
determining mass values. (Mass is determined
with a scale.) In order to determine the amount of
substance, a detour needs to be taken. In the
periodic table (see Appendix, page 111), the mass
of one mole for every basic chemical substance is
listed. The upper of the two numbers in front of the
element symbol is the mass per amount of
substance, meaning the quotient m/n. Please note
that this value is not given in kg/mol but in g/mol.
For example in copper:

63,546
29 Cu.

Therefore, for copper,
m/n = 63.546 g/mol.

This means that 1 mol of copper weighs 63.546 g or
in other words: One substance portion of copper
with an amount of substance of 1 mol has a mass of
63.546 g.

In order to determine the mass of a mole of a
chemical compound, one simply adds the m/n
values of the basic substances making up the
compound. If a type of atom appears twice or three
times in a molecule, the corresponding m/n
values have to be counted twice or three times.

Example:
‘What is the mass of 1 mol Fe>O3?
In the periodic table, we find for iron

55,847
6 Fe

and for oxygen

15,993 O .

Therefore, the mass of 1 mol is Fe,Os is
m=2-55847g+3-15999 g=~159,7 g.

Reactions often run continuously. Examples of this
are the burning reaction in the flame of a candle or
the burner of an oil fueled central heating unit.
Most reactions in the chemical industry are
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continuous as well. In order to tell someone how
much of a substance is produced in such a reaction,
it is not possible to give an amount of substance
because the amount of substance, as a product of
the reaction, increases continuously. A reasonable
measurement in this case would be amount of
substance per time. This would be, for instance, the
number of moles which are produced per second,
or the number of moles flowing per second out of
the reactor.

We call this quantity the current of amount of
substance I». Therefore

n
In=7.

The unit of current of amount of substance is
mol/s.

Exercises

1. What is the mass of one mole of each of the following
substances?

H>O (water)

Oz (oxygen)

CO3 (carbon dioxide)

Ag>S (silver sulfide)

Pb(NO3); (lead nitrate)

C12H22011 (cane sugar)

2. How many moles of sugar are in 100 g of candy? (The
candy is just about 100% cane sugar.)

3. What is the amount of substance of 1 1 of water?

4. A gas bottle contains 12 kg of propane (C3Hg). How
many moles is that?

24. 2 Conversion .
and rate of conversion

We have the reaction
C+ 02 —> C02

(the burning of carbon), take place twice. The first
time, 1 mol of carbon is burned:

1 mol C + 1 mol O, — 1 mol CO,.

The second time, we burn 5 mol of carbon:5 mol C
+ 5 mol O, = 5 mol CO.,.

Larger amounts of substance were converted the
second time. We can say that the conversion

resulting from the reaction was five times as great
the second time around than the first time.

Now we will compare two completely different
reactions with each other: The burning of alu-
minum

4Al + 30, = 2Al1,05 4)
with the production of ethyne and calcium
hydroxide from calcium carbide and water

CaC2 + 2H20 —> Ca(OH)2+ C2H2. (5)



Let us assume that, in the first case, 8 mol of
aluminum are oxidized, meaning that

8 mol Al + 6 mol O, — 4 mol Al,Os. (6)

In the second case, 3 mol of ethyne are produced,
therefore

3 mol CaC, + 6 mol H,O

— 3 mol Ca(OH);+ 3 mol C,H,. @)

Which reaction converted more? If the reactants
are compared, the first reaction appears to convert
more: 14 mol. The amount of reactant in the second
reaction is only 9 mol. If, however, the end product
of the conversion is measured, the second one
wins. The second reaction produces 6 mol, the first
one only 4.

It would certainly be advantageous if we had a
clearly defined measure for conversion.

Let us consider the reaction of equation (6). Below
the reaction equation that describes the conversion
of the individual substances in moles, we write the
standard form of the equation:

8 mol Al + 6 mol O, — 4 mol ALLO;3

4A1  + 30, 2A1,0s.

We will choose an arbitrary substance appearing in
the reaction equation, for instance aluminum. We
divide the amount of aluminum being converted by
the number that is before the Al in the standard
form:

—

8 mol

= 2 mol.

If we do this for another substance taking part in the
reaction, we obtain the same result. For oxygen, the
result is:

6 mol

=2 mol

and for aluminum oxide, it is
4 mol

=2 mol.

This result, which we obtained in three different
ways, is called the conversion of the reaction, and
we use the symbol n(R). Therefore:

amount of X being converted

n(R) = - .
number before X in standard form

Here X stands for an arbitrary substance
participating in the reaction. We apply the method
to the reaction equation (7):

3 mol CaC, + 6 mol H,O

— 3 mol Ca(OH), + 3 mol C,H,
CaC, + 2H,0 — Ca(OH), + C,H..
We randomly choose H,O as our substance. This
results in
n(R) = 6 mol/2 = 3 mol.
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Again, the result is the same as with the other
substances.

We now wish to compare continuous reactions
with each other. It is no longer possible to describe
such reactions by their conversion because it
increases continuously. What needs to be
measured is the conversion per time span, the
conversion rate g,

n(R)

In(R) = _t

The unit is mol/s.
We assume that the reaction
2H, + O, —=2H,0
proceeds with a conversion rate of
I,®)y = 0,02 mol/s.
The equation is multiplied in its normal form
(which it is already in) by 0.02 mol/s:
0,04 mol/s H, + 0,02 mol/s O,
— (0,04 mol/s H,O.
At a conversion rate of 0.02 mol/s, 0.04 mol of

hydrogen react per second with 0.02 mol of oxygen
resulting in 0.04 mol of water.

Exercises

1. Complete the following reaction equation and give the
conversion of the reaction:

8 mol Fe + Oy — Fe O3

2. Carbon dioxide can react with magnesium resulting in
carbon and magnesium oxide:

CO; +2Mg — C + 2MgO

a) 4 g of carbon are produced. Write the reaction equation

with the pertaining amounts of substanc.

b) How many grams of carbon dioxide react with how many
grams of magnesium?

¢) How many CO; molecules disappear?
d) What is the conversion of the reaction?

3. 0.1 mole of water is produced per second in a methane
flame. What is the rate of conversion?

4. Gasoline is burned in the cylinders of a car engine. For
simplicity’s sake, we will assume that the gasoline is
composed of pure octane:

2CgHjg + 2502 — 16CO7 + 18H0.

What is the rate of conversion when a distance of 100 km is
driven, producing 10 I of water, and the car is driven at
50 km/h?



24.3 Chemical potential

The substances Al, A2, A3, ... should be able to re-
act with each other in principle, producing B1, B2,
B3, ... . The expression “be able to react with each
other in principle” means that the reaction is not
forbidden by the reaction equation.

(So the reaction

Cu+S —CuS

is not forbidden in principle but in the reaction
Cu+S — Cu,S

the copper balance does not add up.)

So we have

Al +A2+A3+...—B1+B2+B3+...

We write this reaction in the abbreviated form:
A —B. ®)
This means that

A=A1+A2+A3+...

and

B=Bl1+B2+B3+...

Now when the reaction balance does not forbid re-
action (8), then it also does not forbid the reverse
reaction:

B — A ©)

Which of the two reactions (8) and (9) is taking
place, though? Is it the combination of substances
in A transforming into the combination of substan-
ces in B, or is it the reverse? What direction does
the reaction

?
A < B,
proceed in? From left to right or from right to left?

A new physical quantity gives us information
about the direction of a reaction: the chemical po-
tential u. u has a certain value for each of the
two combinations of substances. If the chemical
potential u(A) of the combination of substances
A is greater than the chemical potential u(B) of
the combination of substances B, the reaction pro-
ceeds from left to right. If u(A) is smaller than
w(B), then the reaction proceeds from right to
left. If u(A) and w(B) are equal, there is no reac-
tion. We have a state of chemical equilibrium.

u(A) > u(B): A disappears, B is produced;
u(A) < u(B): B disappears, A is produced;

u(A) = u(B): no reaction,
chemical equilibrium
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This is a little less exact, but easier to remember:

A reaction runs by itself from a higher to a lower
chemical potential.

The difference u(A) — u(B) is called the chemi-
cal tension of the reaction A — B. In order for the

reaction A — B to take place, the chemical tensi-

on must be greater than zero. This can also be ex-
pressed by:

Chemical tension represents a drive for a reac-
tion.

The unit of the chemical potential is the Gibbs,
abbreviated to G and named for J. W. Gibbs who
introduced the chemical potential.

Every substance has a specific chemical potential.
For now we will deal with the chemical potential of
pure substances and not combinations of substan-
ces.

The chemical potentials of pure substances can be
found in tables. The chemical potential changes
with pressure and temperature of the substance.
Tables usually contain the chemical potential for
standard conditions, or in other words, a pressure
of 1 bar and a temperature of 25° C. The tables in
the appendix on pages 113 — 126 contain the poten-
tial values for about 800 different substances.

Measuring the chemical potential of a substance
can be rather involved. Later on we will see how to
go about doing this. For now, we will take the po-
tentials directly from the table.

We are looking for the chemical potential of etha-
nol. We need to look under the empirical formula
C,H¢O. We find:

1 (C;HeO) = — 174, 89 kG.

The unit kG means kilogibbs. The chemical poten-
tial for water is found under OHs:

u (OHy) =-237.18 kG

It is not possible to do much with the chemical po-
tential of pure substances alone. Our problem was
to see whether or not one combination of substan-
ces transforms into another combination of
substances. What we actually need is the chemical
potential of a combination of substances.

The chemical potential of a combination of
substances

A=A1+A2+A3+...

is now easy to calculate when the chemical potenti-
als of the pure substances Al, A2, A3... are known.
Itis

w(A) = u(AD) + u(A2) + w(A3) + ...

If a substance appears with a factor, this factor is
applied in the sum of chemical potentials. Here is



the burning of methane (the main component in na-
tural gas) as an example:

CH4+202 - C02+2H20
A B

w(A) = w(CHa) + 2 1(02)

=-50,81 kG +2-0kG

=-50,81 kG

u(B) = u(COy) + 2 u(H,0)
—394,36 kG + 2(- 237,18) kG
— 868,72 kG (10)
The values of w(CHi), u(0O2), u(CO,) and
uw(H>O) were taken from the table.

The fact the factors multiplying a substance have to
be applied in the formula for the chemical potential
of a combination of substances can be easily under-
stood. It is possible to write the reaction equation
(10) in the form

CH4+02+02 - C02+H20+ Hzo

A B
We now generate the chemical potentials u(A)
and u(B) by adding up the chemical potentials of

the parts of the combinations of substances A and
B:
W(A) = w(CHa) + u(O2) + u(0>)
= w(CHy4) +2 u(0,)
u(B) = u(COy) + u(H,0) + w(H,0)
= w(COy) + 2 u(H,0)

and obtain the same expressions as before.

(10)

We are now able to decide in which direction the
chemical reaction can run. We consider reaction
(10). Does methane react with oxygen into carbon
dioxide and water or is the reverse true? We have
already determined that the chemical potential of
the combination of substances A is greater than that
of the combination of substances B. Therefore, the
reaction runs from A to B or from left to right.

In order to get used to this new method, we will
apply it to some reactions where you already know
in which direction they run.

Detonating gas reaction

2 H2 + 02 —2 Hzo
%/_J H_J
A B
H(A) =2 u(Hs) + u(05) = 0 kG
w(B) =2 u(H,0) = 2(-237,18) kG
=-474,36 kG
WwA) — u(B) =474,36 kG

The chemical tension is positive, as expected. The
reaction runs from left to right. Hydrogen burns to
water.

Burning of carbon

C+0,—CO,
— —_

A B
wA) = w(C) + w(02) =0 kG
u(B) = u(COy) = — 394,36 kG
w(A) - u(B) = 394,36 kG

There are no surprises here either. The reaction
runs from left to right.

Rusting of iron

2F6203 - 4Fe+302

A B
W(A) =2 u(Fe,03) = 2(- 742,24 kG)
=-1484,48 kG

u(B) = 4 u(Fe) + 3 w(0,) =0 kG
w(A) — u(B) = — 1484,48 kG

The chemical potential of A is smaller than that of
B. Therefore, the reaction runs from right to left.
Iron rusts, as everybody knows.

Gold does not oxidize

2AUZO3 — 4 Au+ 302
A B
W(A) =2 u(Aw05) = 2 - 163,30 kG
= 326,60 kG

uB) =4 w(Au) +3 u(02) =0kG
w(A) — u(B) = 326,60 kG

This reaction runs from right to left. Gold oxide de-
cays by itself. Gold does not “rust.”

The zero point of the chemical potential

When you were looking for chemical potential va-
lues you certainly noticed that the chemical poten-
tial of the chemical elements is always 0 kG. This is
not by chance, they have been so assigned. This is
done in just the same way that the zero point of the
electric potential, the temperature, and the speed
have been arbitrarily assigned. What is special
about the chemical potential is that there are as
many zero points as there are chemical elements.

We must bear one thing in mind though: The che-
mical potential of a substance is 0 kG when the sub-
stance is in its most stable form. For example, the



chemical potential u(H) of the strongly unstable
atomic hydrogen is not set at zero, but at the chemi-
cal potential u(H,) of molecular hydrogen is.

Producing substances with high chemical potenti-
al out of substances with low chemical potential.

A reaction runs by itself from high to low chemical
potential. It “runs down the potential hill.” Howe-
ver, if one is not careful, the following wrong con-
clusion could be drawn: Every product of a reac-
tion has a lower chemical potential than every reac-
tant. The following example will show that this is
not necessarily so. As an example we will use the
production of ethyne from calcium carbide and wa-
ter.

CaC,+2H,0 — Ca(OH), +C,H,

A B

u(A) = u(CaCs) + 2 u(H0)
=- 67,78 kG + 2(-237,18)kG
= 542,14 kG

u(B) = u(Ca(OH),) + w(C,H,)

=-896,76 kG + 209,20 kG
=-687,56 kG

w(A) — u(B) = 145,42 kG

The chemical potential of the combination of sub-
stances A is greater than that of B so the reaction
runs from left to right. However, one of the pro-
ducts, ethyne, has a higher potential than either of
the two initial substances. This high potential is ba-
lanced out by the very low chemical potential of the
other product, calcium hydroxide.

Dissolving as a reaction

The dissolving of one substance in another one is
also a chemical reaction. An example of this is the
dissolving of table salt in water.

NaCl - Na*"+ CI”

A B

The table also contains the chemical potentials of
ions making it possible for us to calculate the che-
mical tension of a dissolving process. However,
the chemical potential of a dissolved ion is depen-
dent upon the concentration of those ions. The po-
tential values of ions shown in the table are for 1 M
solutions in water (1 mol of solute in 1 kg of water).
From this we can only determine whether it is pos-
sible to produce a 1 M solution in water.

The result for our table salt solution is:

w(A) = u(NaCl) = — 384,04 kG

u(B) = u(Na*) + w(Cl)
=-261,89 kG + (-131,26 kG)
=-1393,15 kG

w(A) — u(B) = 9,11 kG

u(A) is greater than w(B). This means thata 1 M
salt solution can be produced: 1 mol of table salt per
1 liter if solution. Of course it is also possible to dis-
solve less NaCl. However, the values in our table
do not allow us to see whether or not it is possible to
dissolve more than this.

Exercises

1. Determine the chemical tensions for the following reacti-
ons and indicate whether or not the reaction can take place un-
der standard conditions.

a) 2Mg(solid) + O(gaseous) — 2MgO(solid)
b) 2Hg(liquid) + O2(gaseous) — 2HgO(red, solid)
¢) CsHyo(liquid) + 8 Oz (gaseous)
— 5COx(gaseous) + 6H,O(liquid)
d) 12C0Ox(gaseous) + 11H>O(liquid)
— C12H22011(solid) + 1202(geasous)
e) CuO(solid) + Zn(solid) — Cu(solid) + ZnO(solid)

2. Show reactions where CuO is reduced. Calculate the che-
mical tensions.

3. Which of the following substances allow the production
of a 1 M solution in water?

I, KOH, NH4Cl, NH>, AgCl.

24.4 Chemical potential
and rate of conversion

We compare three related reactions: dissolving of
three bivalent metals in hydrochloric acid.

Mg + 2H" + 2CI" — Mg** +2CI"+H, (11)
Zn+2H"+2C1° — Zn*t+2CI +H,  (12)

Cu+2H"'+2CI" — Cu™+2CI"+H, (13)



First we calculate the chemical tensions:

for (11) u(A) — u(B) = 456,01 kG
for (12) u(A) — u(B) = 147,03 kG
for (13) Ww(A) — u(B) =- 65,52 kG

The tension in the first reaction is high, the second
one is lower, and the third one is negative.

We attempt to carry out the reactions. The magne-
sium dissolves quickly while hydrogen is produ-
ced rather violently. Zinc takes very long to dissol-
ve and the production of hydrogen takes place
much less violently than with magnesium. Nothing
at all happens with copper.

We draw the following conclusion:

The higher the chemical tension, the greater the
rate of conversion.

Although this sentence is correct, it is incomplete
and could lead to some wrong conclusions. Con-
version rate depends upon more than just chemical
tension. This is true in the same way that an electric
current is not only dependent upon voltage and an
entropy current is not just dependent upon tempe-
rature difference.

24.5 Reaction resistance

If we only take chemical tension into account, a re-
action sometimes does not go like it should. Gasoli-
ne can be in an open container without burning. Hy-
drogen and oxygen can be mixed without an explo-
sion taking place. You might say that it doesn’t burn
because it must first be ignited, and you would be
correct. However, why don’t the substances react
unless they are ignited? Why don’t the reactions run
from high to low chemical potential?

We see that the availability of a driving force for a
reaction may not be enough. This is basically not
surprising, as could have been expected from the
outset. After all, the air in a tire doesn’t usually flow
out of it although the pressure outside is less than in-
side. Although a driving force exists, the wall of the
tire hinders it from flowing, Fig. 24.1

The electricity on the left-hand sphere in Fig. 24.2
does not flow where it actually wants to go, mea-
ning to the right-hand sphere. The electric resistan-
ce of the air between the two spheres is too high.

When a chemical reaction does not take place alt-
hough there is a chemical tension, it is due to a resis-
tance that is too high. We say that the reaction
resistance is too high and the reaction is inhibi-
ted.
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High pressure

Low pressure

Abb. 24.1. Air does not flow from the place of high pressure
(inside the tire) to where the pressure is lower (outside the
tire).

Reaction resistance can be high or small or even
very high or very small. Two reactions with the
same chemical tension can run very differently.
They can have very different conversion rates de-
pending upon how high the reaction resistances are.

The higher the reaction resistance of a reaction,
the smaller the conversion rate.

A simplified description of what chemists do would
go like this: They want to allow certain reactions to
take place, and to hinder others.

One way of influencing the process of a reaction is
to set up an appropriate resistance—smaller or hig-
her—depending upon what is needed.

It is similar in electrical engineering. In this case,
connections are established through a wire made of
a material with low resistance. Currents are preven-
ted from flowing by materials which are bad con-
ductors.

‘What does the resistance of a chemical reaction de-
pend upon? How can this resistance be influenced?

Fig. 24.3a shows a glass of hydrochloric acid with a
piece of magnesium next to it. If it really only de-
pended upon chemical tension, the two substances
would have to react with each other. Naturally they

=15 000V =0V
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Abb. 24.2. The electricity does not flow from where the
electric potential is higher (left-hand sphere) to where the
electric potential is low (sphere on the right).
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Abb. 24.3. (a) Magnesium and hydrochloric acid do not react
because the reaction is inhibited. (b) Magnesium and hydro-
chloric acid react.

don’t do this. The reaction is inhibited. In this case,
it is very simple to lower the reaction resistance. It is
enough to put the two substances together by tos-
sing the piece of magnesium into the glass of hydro-
chloric acid, Fig. 24.3b, or to pour the hydrochloric
acid over the magnesium.

The reaction resistance can be further lowered by
improving the contact between the reacting
substances. Mixing them well with each other is a
way of doing this. Solid substances must be well
pulverized before doing so. A large NaCl crystal ly-
ing quietly in water will dissolve very slowly. The
reaction resistance is very high. However, if the
crystal is made into powder, poured into the water
and well stirred, the resistance to the dissolution
process is much less and the conversion rate is
much greater.

Mixing lessens reaction resistance.

Often, though, even good mixing doesn’t help. The
reaction

Cu+S —CuS,

which has a positive chemical tension, just doesn’t
happen despite intensive mixing. Heating it (rai-
sing its temperature) finally gets it going.

It suffices to ignite the reactants at a single location.
As soon as the reaction has started, entropy is pro-
duced. The temperature of in the vicinity increases,
and the reaction is initiated here as well. Thus the
reaction progresses. We can conclude:

Raising temperature reduces reaction resistan-
ce.

There are many reactions of this type that only be-
gin to run when the initial substances are ignited.
Burning of all fuels—heating oil, coal, gasoline,
natural gas, hydrogen—all belong to this class of
reactions.

There are other, more elegant, ways of reducing the
reaction resistance. A catalyzer can be added to
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the substances that are supposed to react. The cata-
lyzer causes the reaction to proceed. Its amount
does not change during reaction. In other words, ad-
ding a catalyzer turns a reaction on and removing it
turns the reaction off.

A catalyzer reduces the reaction resistance.

Here is a simple example. The tension of the reac-
tion

2H,0, — 2H,0 + O,

is positive. If only chemical tension counted, hy-
drogen peroxide H>O, should dissolve by itself in
water but it doesn’t because the reaction is inhibi-
ted. We now put a type of catalyzer used in cars into
the test tube with the hydrogen peroxide. Gas im-
mediately begins to form, Fig. 24.4. Testing with a
glowing end of a piece of wood shows that this gas
is oxygen. In this reaction, the amount of the cataly-
zer doesn’t change. The reaction runs as long as the-
re is hydrogen peroxide left.

There are pollutants in the exhaust fumes of gasoli-
ne engines. These are mainly nitrogen monoxide
NO, carbon monoxide CO, and unburned gasoline.
These substances are contained in the exhaust be-
cause the burning process inside the engine is not
completed. If the burning process went according
to the chemical tension, none of these substances
would be produced. For this reason, the exhaust fu-
mes are let flow through a catalyzer. This causes the
rest of the gasoline to burn:

2C8ng + 2502 —> 16C02 + 18H20

(CsHis is octane, a major component of gasoli-
ne.) A catalyzer also actuates the reaction

2CO + 2NO —N; + 2CO,

in which the poisonous substances CO and NO are
transformed into non-toxic N, and CO,. By the
way, CO, also has damaging effects upon the en-
vironment in that it contributes to warming of the
atmosphere.

a b
7
= —
; o~ Oxygen
~Catalyzer
Hydrogen peroxide Hydrogen peroxide

Abb. 24.4. (a) Hydrogen peroxide does not decay. (b) The re-
action is switched on by adding a catalyzer.
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Abb. 24.5. Relation between Conversion rate, Chemisal ten-
sion, and Reaction resistance

Catalyzers are especially important to reactions in
biological systems. Thousands of reactions can
take place in such systems, and if it only depended
upon chemical tension, they would all actually take
place. As a result, after a short period of time, an or-
ganism would be made up of only carbon dioxide
and water. However, most of these reactions are in-
hibited and would never take place on their own.
They are only made possible by catalyzers, and
each reaction needs a different catalyzer. These ca-
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talyzers are called enzymes. A biochemical reac-
tion is controlled by enzymes that function like a
complicated system of chemical switches.

In this and the previous section we have seen that
the conversion rate of a reaction depends upon two
things:

1. chemical tension and
2. reaction resistance.

We have also investigated what a reaction resistan-
ce depends upon. In Fig. 24.5 all of these dependen-
cies are summarized.

Exercises

1. Name some reactions that, even when well mixed, have a
high reaction resistance.

2. Name some reactions that have a small reaction resistance
if the reacting partners are brou ght into contact with each other.

3. An explosive is a substance that can decay by itself into
other substances. Its chemical potential is higher than the pro-
duct of decay. What can be said about the resistance to the reac-
tion?



25. Amount of Substance and Energy

25.1 Reaction pumps

We have found that “A reaction runs by itself from
high to low potential”. Sometimes, however, it is
desirable to have a reaction run in the opposite di-
rection. We want to let run a reaction so that that the
chemical potential of the combination of products
is greater than that of the initial combination of
substances.

For example, one might wish to decompose water
into hydrogen and oxygen. The reaction

2H,O = 2H, + O, (1)

should run from left to right, meaning against its na-
tural drive. Another example would be to produce
sodium out of cooking salt by

2NaCl = 2Na + Cl.

The reaction runs by itself from right to left, but we
want it to run from left to right.

Actually, the problem we want to solve is one we
have seen earlier: Sometimes it is desirable to have
air flow against its natural inclination from low to
high pressure. This can be accomplished by using
an air pump, Fig. 25.1. Another example would be
to transport entropy from a lower to a higher tempe-
rature. This can be done with a heat pump, Fig. 25.2.
What we need to have a reaction run from a lower to
a higher potential is also some kind of pump: a reac-
tion pump.

Refrigerator

Abb. 25.2. The heat pump transports entropy from places of
lower to places of higher temperature.

Such pumps actually do exist and they play an im-
portant role in chemical technology. They are cal-
led electrochemical cells.

Fig. 25.3 shows an electrochemical cell that can de-
compose water. It is a reaction pump for reaction
(1). The process of decomposing a substance with a
reaction pump is called electrolysis.

A reaction pump must be plugged into an electric
energy source in order to function, just as an air
pump or a heat pump must be.

Compressor

Abb. 25.1. An air pump transports air from places of low
pressure to places of high pressure.

Abb. 25.3. An electro-chemical cell functions as a “reaction
pump”.
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Abb. 25.4. Energy flow diagram of a reaction pump

25.2 Conversion rates and
energy currents

Fig. 25.4 shows the energy flow diagram of the
electrochemical cell in Fig. 25.3. For comparison,
the flow diagram of a water pump is shown in Fig.
25.6. Fig. 25.7 shows the flow diagram of a heat
pump. We see that a reaction pump is an energy ex-
changer. It receives energy with the carrier electri-
city and gives it up again with the reaction products.

Energy enters the cell along with the initial reaction
substances. More energy flows out with the pro-
ducts than went in with the reactants. The diffe-
rence is equal to the energy taken over from the
electricity.

Clearly, the more energy introduced into the cell,
the greater the amount of substance that is conver-
ted. Because the energy that flows into the cell co-
mes out again, we can say that the more energy flo-
wing through the cell, the greater the amount of
conversion.

This statement can also be formulated quantitative-
ly. Fig. 25.7a shows an electrochemical cell. An
energy current with a given strength flows through
this cell, and the reaction has a certain conversion
rate. Fig. 25.7b shows two cells connected in paral-
lel. Both of them are identical to the one in Fig.
25.7a. An electric current naturally flows through
them that is twice the one in Fig. 25.7a and twice as

ENERGY Water || ENERGY
um
—— puimp ——p———p high
D C—q—p low

Electricity Water

Abb. 25.5. Energy flow diagram of a water pump

Abb. 25.6 Energy flow diagram of a heat pump

much is converted. The two cells connected in pa-
rallel could be considered as one large cell, Fig.
25.7¢c. From the comparison of the small cell in Fig.
25.7a and the large one in Fig. 25.7c, it follows that
the rate of conversion of a cell is proportional to the
strength of the energy current flowing through it:

P~ L. (2

We are still missing the proportionality factor. Let
us consider two cells in which different reactions
occur. In one, water is being decomposed, and in
the other, hydrogen and chlorine are being produ-
ced from hydrochloric acid. The reactions run so
that the rates of conversion in both cells are the
same. We find that the cells use different amounts
of energy: For the same /), P is different. The
proportionality factor that would turn (2) into an
equation is dependent upon what reaction is taking
place in the cell. It has different values for different
reactions.
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Abb. 25.7. (a) An electro-chemical cell. (b) The rate of con-
version and the energy current in two cells connected in par-
allel are twice that of just one. (c) The cells connected in par-
allel are considered just one large cell.




We know that different reactions differ from each
other in their chemical tension. Indeed, the relation
between rate of conversion and the strength of the
energy current is simply this:

P =(u(A) - u(B)) * Luw). ®)

This means that the factor of proportionality is the
chemical tension. There is a simple reason why the
chemical tension is given here: The chemical tensi-
on, and the chemical potential with it, are defined
by Equation (3). This means that the equation can
be used to measure a chemical tension. The energy
current P and the conversion rate /&) are measu-
red, and their ratio is determined:

P
wWA) - wB) =—.

n(R)

u(A) is the higher and w(B) is the lower chemical
potential.

If the chemical tension of a reaction is known, equa-
tion (3) can be used to calculate how much energy
per second is being transferred from the electricity
to the products of the reaction.

In equation (3), we use

and

n(R)
I aR) = .

t
and obtain
E= (u(A) - u(B)) - n(R)
This equation tells us how much energy is necessa-

ry per converted mole so that the reaction A <= B
runs against it’s nature.

Example:

How much energy is needed to electrolyze 1 kg of
water?

The reaction

2H2 + 02 - 2H20

should “be pumped” from right to left. For water,
m/n =0.018 kg/mole.

1 kg of water contains 55.56 mole. The reaction
conversion is

n(R) = n(H,0)/2 = 55,56 mol/2 = 27,78 mol.

We calculated the chemical tension of the reaction
earlier:

(W(A) — u(B)) = 474.36 kG.
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We obtain

E= (u(A) - u(B)) - n(R)
=47436 kG - 27,78 mol = 13178 k] = 13 MJ

You remember that we used a formula very similar
to (3) in order to calculate how much energy per se-
cond is transferred from the electricity to the entro-
py in a heat pump:

P=(T(A) - T(B)) - Is

(T = absolute temperature, Is = entropy current)

We also know another formula of this type. In order
to calculate the strength of an energy current trans-
ported by an electric cable, the following formula is
used:

P=(¢p(A)—@B)) 1

(@ = electric potential, I = electric current)

Exercises

1. How much energy is needed to get 1 kg of sodium from
cooking salt?

2. How much energy is needed to get 2 moles of lead from
lead chloride?

25.3 Reversing a reaction pump

A reaction pump transfers energy from one carrier
to another. The energy goes into the cell with
electricity and leaves it with the reaction products.
Just as with every other energy exchanger, reaction
pumps can be reversed. Such a device is well
known to you and you encounter it in many diffe-
rent versions and under many different names: Bat-
tery, rechargeable battery, mono cells, fuel cells,
etc.

These devices are also called electro-chemical
cells. Electro-chemical cells can run in two directi-
ons: either as “reaction pumps” —see the last secti-
on—or as “electricity pumps”.

Figs. 25.8a and b show the energy flow diagrams of
two electro-chemical cells. The one in Fig. 25.8a

works as the reaction pump for the reaction B —
A. The cell in Fig. 25.8b acts as an electricity
pump. In this case, the reaction runs from A to B,
meaning in the natural direction. Therefore, electri-
city is transported from lower to higher potential.

There are many technical terms for electricity
pumps.
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Abb.25.8. Energy flow diagram of areaction pump (a) and an
electricity pump (b)

Fuel cells

If the reactants are continuously fed into a cell and
the products are continually extracted, the cell is
called a fuel cell. One example would be a hydro-
gen fuel cell where hydrogen and oxygen react into
water.

A fuel cell essentially does what a thermal power
plant does. It receives energy with the combination
of substances “fuel + oxygen” and emits it with
electricity. A fuel cell has great advantages over a
thermal power plant: It has less energy loss and it
works silently. Despite this, fuel cells for supplying
electric energy are not in use yet because they can-
not be run using coal or heating oil which are the
most common fuels.

Mono cells, baby cells, and button cells.

Here, the initial substances for the reaction are alre-
ady in the cell and the reaction products are not di-
scharged. When the initial substances are used up,
the cell becomes unusable.

Such cells are often called batteries. This term is, as
we will soon see, incorrect.

Accumulator

An accumulator or rechargeable battery is a cell
that can run both ways, as a reaction pump and as an
electricity pump. The initial substances and reac-
tion products stay in the accumulator.

For this reason, an accumulator can be used as an
energy storage unit. When it is being charged with
energy, a chemical reaction is pumped from low to
high potential which is opposite to the natural direc-
tion. During the process of discharging, the reac-
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tion runs from high to low potential. In the process,
electricity is transported from low to high potential.
The most well known accumulator is the lead stora-
ge battery in a car, the car battery.

Batteries

When several cells are connected in series, we call
it a battery. A 12 V car battery is made up of six 2-V
cells connected in series and a 4.5 V flat battery is
composed of three 1.5 V cells connected in series.

The relation between energy current and rate of
conversion in chemical electricity pumps is natu-
rally the same as with reaction pumps. This means
that here, too

P =(u(A) — u(B)) * Lr).

Again, u(A) is the higher and u(B) the lower po-
tential. P is the energy current flowing into the cell
with the substances and out again with the electrici-
ty. Here, as well, the following holds for the relation
between amount of energy and converted amount
of substance:

E= (u(A) - u(B)) - n(R).

Example

We consider the reaction taking place in a hydrogen
fuel cell:

2H2 + 02 - 2H20

How much energy does the electricity carry out of
the cell when 1 kg of water is produced?

We have already performed the calculation in the
last section when we asked how much energy is
needed to electrolyze 1 kg of water. The result was
E=26M1J.

Exercises

1. In a fuel cell, methane reacts with oxygen producing car-
bon dioxide and water. How many joules does the cell produce
per second at a conversion rate of 1 mole/s?

2. The following reaction is taking place in a lead storage batte-
ry (accumulator):

Pb + PbO2 + 4H* + 2504~ = 2PbSO4 + 2H,0,

It runs to the left during charging and to the right while dischar-
ging.
(a) What is the conversion rate when the accumulator emits

100 joules per second?

(b) While charging, 2 kg of lead sulfate is transformed into
lead and lead oxide. How much ener gy is stored in the process ?



