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Preface

The problems have been designed to challenge and stimulate the students who take

part in the 36™ IChO in Kiel, Germany. They cover a wide range of subjects but most

of them can be solved by applying a basic knowledge of chemistry. Problems and

answers are very detailed to give students the opportunity to learn and to understand

the background.

You will find the problems on the internet: www.icho. de ... Chemistry (without

solutions). The solutions will be published on the site at the end of May 2004.

On the same page (... Participation) you will find

- the regulations of the IChO

- the syllabus for the practical and the theoretical part

- the safety rules and recommandations set up by the International Jury

- the hazard warning symbols, their designations and their explanations, R-ratings
and S-provisions.

A note to the mentors:

The periodic table of elements and roughly the same list of constants and useful
formulas as in the preparatory problems will be provided in the theoretical exam. If
you want to have additional or different material please mail.

In the exams the students get a booklet with exam questions and separate answer
sheets. Everything written in the boxes on the answer sheets will be marked but
nothing else.

During the examination an official English version of the problems will be available on
request but only for clarification.

Every answer which needs calculation can only be graded if the calculation is shown.

We place great importance on safety. On page 45 preceding the practical problems
you will find a list of rules concerning safety precautions and procedures to be
followed in Kiel. At the registration in Kiel, we will ask the headmentors to sign a form
saying that the students in their teams know these rules and are trained and able to
follow them.

Finally, despite proof reading efforts you will uncover some mistakes. Please let us
know. We welcome any comments concerning the problems. (Hampe@t-online.de)

Welcome to the 36™ IChO, welcome to Germany, welcome to Kiel.

Wolfgang Hampe
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Problem 1: Combustion Energy

1.1 Write down the chemical equations for the total burning of propane and butane
gas in air. Indicate whether the substances are liquid (l), gaseous (g), or solid (s)
under standard conditions.

1.2 Calculate the combustion energies for the burning of 1 mol of propane and
butane. It can be assumed that all reactants and products are obtained under
standard conditions.

1.3 How much air (volume composition: 21% of oxygen and 79% of nitrogen) is used
up in this process?
Assume that oxygen and nitrogen behave like ideal gases.

The products are usually not obtained under standard conditions but at increased
temperatures. Assume for the following that the products are produced at a temperature of
100° C and at standard pressure, while the reactants react at standard conditions.

1.4 Calculate the combustion energies for the burning of 1 mol of propane and
butane gas in air under these conditions.

1.5 What is the efficiency in % of the process in 1.4. compared to 1.2. and how is the
energy difference stored?

1.6 Calculate the efficiency of the combustion process as a function of the
temperature of the products between 25°C and 300°C. Assume that the water
does not condense. Plot the efficiency as a function of the temperature
(reactants still react at standard conditions).

1.7 Compare the combustion energy stored in a 1 liter bottle of propane and butane.
Assume that the product temperature is 100°C.
The density of liquid propane is 0.493 g cm™, while the density of liquid butane is
0.573 gcm™.

Thermochemical data:

Propane (g): AH°=-103.8 kJ mol™ C,=73.6 Jmol'K"
Butane (g): AH° =-125.7 kJ mol” C, = 140.6 J mol'K™
CO,(g): AH° = -393.5 kJ mol™ C,=37.1 Jmol'K"
H,0 (1): AH° = -285.8 kJ mol™ C,=75.3 J mol'K"
H,0 (g): AH° = -241.8 kJ mol C, = 33.6 J mol'K"
0, (9): A#H° =0 kJ mol” C, =29.4 J mol'K"
N (9): AH° = 0 kJ mol” C,=29.1 J mol'K"

Problem 2: Haber-Bosch Process

Ammonia is one of the most important intermediates. It is used, for example, for the
production of fertilizers. Usually, ammonia is produced from hydrogen and nitrogen in the
Haber-Bosch process.

2.1 Write down the chemical equation for this reaction.



2.2

2.3

2.4

2.5

Calculate the thermodynamic properties (reaction enthalpy, entropy, and Gibbs
energy) for this reaction under standard conditions. Use the values in Table 1. Is
the reaction exothermic or endothermic? Is it exergonic or endergonic?

What will happen if you mix nitrogen and hydrogen gas at room temperature?
Explain your reasoning.

Calculate the thermodynamic properties (reaction enthalpy, entropy, and Gibbs
energy) for this chemical reaction at 800 K and 1300 K at standard pressure. Is
the reaction exothermic or endothermic? Is it exergonic or endergonic?

The temperature dependence of the heat capacity and the entropy are described by
CiT=a+bT+cT?and S(T)=d + e T+ fT2 The values of the constants a-f can be
found in Table 2.

Calculate the mole fraction of NH; that would form theoretically at 298.15 K,

800 K and 1300 K and standard pressure.

Assume that all the gases behave like ideal gases and that the reactants are added in
the stochiometric ratio.

In an industrial process, the reaction has to be fast and result in high yields. Task 2.3 shows
that the activation energy of the reaction is high and task 2.5 shows that the yield decreases
with increasing temperatures. There are two ways of solving this contradiction.

2.6

2.7

2.8

The reaction can proceed at lower temperatures by using a catalyst (for example
iron oxide). How does the catalyst influence the thermodynamic and kinetic
properties of the reaction?

It is also possible to increase pressure.
How does the pressure change influence the thermodynamic and kinetic
properties of the reaction?

What are the best conditions for this reaction?

Table 1:
Chemical Substance AH®( kJ mol™)?! S%(J mol'K")" CpY (J mol 'Ky
N, (9) 0.0 191.6 29.1
NHs (g) -45.9 192.8 35.1
H, (9) 0.0 130.7 28.8
Table 2:
Chemical a b c d e f
Substance | (Jmol'K")" | (Jmol'K?)" | (Jmol'K?®)" | (Jmol'K')" | (Jmol'K?)" | (Jmol'K?)"
N, (g) 27.3 5.2:10° -1.7-10° 170.5 8.1-10% -2.3:10°
NHs (g) 24.2 4.0-10% -8.2:10° 163.8 1.1:10" -2.410°
H, (9) 28.9 -5.8-10" 1.9-10° 109.8 8.1-10% -2.410°




Problem 3: Thermodynamics in Biochemistry

Muscle cells need an input of free energy to be able to contract. One
biochemical pathway for energy transfer is the breakdown of glucose
to pyruvate in a process called glycolysis. In the presence of
sufficient oxygen in the cell, pyruvate is oxidized to CO, and H,0 to
make further energy available. Under extreme conditions, such as
an Olympic 100m sprint, the blood can not provide enough oxygen,
so that the muscle cell produces lactate according to the following
reaction:

Maurice Greene, AFP

(O O (O O
N/ N/
C Lactate C
. dehydrogenase N
O:(|: + NADH +H HO—(|3—H + NAD
CH; CHs;
Pyruvate Lactate

AG® =-25.1 kJ mol

In living cells the pH value usually is about pH = 7. The proton concentration is therefore
constant and can be included into AG° which is then called AG®, a quantity commonly used
in biochemistry.

3.1 Calculate AG° for the reaction given above.

3.2 Calculate the reaction constant K’ (the proton concentration is included again in
the constant, K’ = K - ¢(H")) for the reaction above at 25°C and pH = 7.

AG? indicates the free enthalpy of the reaction under standard conditions if the concentration
of all reactants (except for H*) is 1 mol L™". Assume the following cellular concentrations at
pH = 7: pyruvate 380 pmol L', NADH 50 pmol L™, lactate 3700 pmol L™", NAD* 540 pmol L™

3.3 Calculate AG’ at the concentrations of the muscle cell at 25°C!

Problem 4: Heat Conductivity

When considering the design of houses, the heat conductivity through walls, roofs, and the
floor plays an important role. The heat conductivities (A) of some building materials are
described in Table 1.

4.1 Calculate the heat flow through a wall of 150 m? (typical of a single-family house
in Central Europe) that consists of a brick layer with a thickness of d = 24 cm and
through the same wall that consists, however, of a brick layer with a thickness of
d =36 cm. There is a temperature of 25°C inside and 10°C outside.



4.2 The heat loss can be minimized by using a layer of polystyrene foam.
Calculate the heat loss through a 10 cm polystyrene insulation foam. The wall
area again is 150 m>.

It is advantageous to use the heat resistance A~ for the calculation of the heat conductivity
through a wall consisting of different layers:

1—i+i+d3 +...

AN Ak
For the different parts of the house (window, wall) the diathermal coefficient can be
calculated as:

_ A + Az, + Ashy +o.
Atot Atot Atot

Energy-saving actions are of vital importance to decrease the energy requirements of the
world. Good insulation is not only positive for the environment (reduction of CO, emissions)
but also good for the economy. Presently, an energy-saving house has a maximum
diathermal coefficient of 0.50 W-m2K"’

4.3 Calculate the thickness of a wall that only consists of brick to achieve this
requirement.

k

4.4 The wall thickness can be minimized by insulation layers. A typical wall consists
of a brick layer that has a thickness of d; = 15 cm at the outside, a concrete layer
with a thickness of d; = 10 cm, an insulation layer (polystyrene foam) of
thickness ds and a gypsum layer with a thickness of d, = 5 cm on the inside of
the wall. Calculate the thickness of the insulation layer and the total thickness of
the wall to fulfil the requirements of an energy-saving house.

4.5 Windows increase the mean value of the energy loss. Assume a wall of 15 m*
constructed as in 4.4 including a window of 4 m? with a mean diathermal
coefficient of 0.70 W-m%K™".

By what percentage has the thickness of the foam layer of 4.4 to be increased in
order to achieve the same average k-value?

Table 1: Heat conductivity of different materials
Material A (WmTKh
Concrete 1.10
Building brick 0.81
Polystyrene insulation foam 0.040
Linoleum (floor covering) 0.17
Gypsum 0.35

Formula:

Heat flow through a wall: P, = SK(T2 -T;)

Area A, heat conductivity A, temperature T, thickness d

10



Problem 5: “Green” Chemistry — The Use of Supercritical CO,

Recently, reactions in supercritical carbon dioxide (critical temperature T, = 304.3 K; critical
pressure p. = 72.8-10° Pa) have received significant attention. The density of a liquid can be
easily tuned near the critical point. Moreover, it can be regarded as a “green” solvent that can
replace organic solvents. This solvent has actually been used for caffeine extraction for quite
a long time. The fact, however, that carbon dioxide has to be compressed is one of the few
disadvantages.

5.1 Calculate the energy needed to compress carbon dioxide from 1 bar to 50 bar
(final volume is 50 ml, 298 K, ideal gas).

Real gases can be described by the van-der-Waals equation (although it is still an
approximation):
2 constants for COy:
[p + a(ﬂw W(V—nb) =nRT a = 3.59 -10° Pa dm® mol?
v b = 0.0427 dm® mol”

5.2 Calculate the pressures needed to achieve a density of 220 g dm™, 330 g dm’,
and 440 g dm™ at temperatures of 305 K and 350 K.

Properties, such as the solvent power of carbon dioxide and the diffusivity of reactants, are
strongly dependent on the density of the fluid. The calculation in the previous task shows that
the density can be tuned by pressure variations.

5.3 In which region can these properties of the fluid be tuned more easily — near the
critical point or at higher pressure/temperature (consider the critical constants
and the results of 5.2)?

The oxidation of alcohols by molecular oxygen in supercritical carbon dioxide, e.g. the
oxidation of benzyl alcohol to benzaldehyde, is a supercritical process. The reaction takes
place in the presence of a Pd/Al,O; catalyst with a selectivity of 95%.

5.4 a) Write down the balanced reaction equation of the main reaction path.
b) Which reactions can occur during further oxidation (except total oxidation) ?

The use of carbon dioxide both as a solvent and as a reactant instead of phosgene or carbon
monoxide is another example of supercritical processes. Both the catalytic formation of
organic carbonates and formamides have already been described.

5.5 a) Write a balanced equation of the formation of dimethyl carbonate by the
reaction of methanol with carbon dioxide. How can dimethyl carbonate form if
phosgene is the reactant?

b) Formyl-morpholine can be synthesized from carbon dioxide and morpholine
using an appropriate catalyst. Which additional reactant is needed? Write down
the reaction scheme.

How would the scheme change if carbon monoxide was used instead?

5.6 From the point of view of “green chemistry” — why should reactions be carried
out in CO, instead of using carbon monoxide or phosgene (2 reasons)?
Apart from the compression of carbon dioxide, what is the main obstacle in
using CO; as a reactant in comparison to CO or COCI, (1 reason) ?
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