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Preface

This book is the result of teaching a one semester course in Applied Chemistry
(Chemistry 224) to second year engineering students for over 15 years. The contents of
the course evolved as the interests and needs of both the students and Engineering
Faculty changed. All the students had at least one semester of Introductory Chemistry
and it has been assumed in this text that the students have been exposed to
Thermodynamics, Chemical Kinetics, Solution Equilibrium, and Organic Chemistry.
These topics must be discussed either before starting the Applied subjects or developed
as required if the students are not familiar with these prerequisites.

Engineering students often ask “Why is another Chemistry course required for
Non-Chemical Engineers?”

There are many answers to this question but foremost is that the Professional
Engineer must know when to consult a Chemist and be able to communicate with him.
When this is not done the consequences can be a disaster due to faulty design, poor
choice of materials or inadequate safety factors.

Examples of blunders abound and only a few will be described in an attempt to
convince the student to take the subject matter seriously.

The Challenger space shuttle disaster which occurred in January 1986 was
attributed to the cold overnight weather which had hardened the O-rings on the
booster rockets while the space craft sat on the launch-pad. During flight the O-ring
seals failed, causing fuel to leak out and ignite. The use of a material with a lower glass
transition temperature (T)) could have prevented the disaster.

A similar problem may exist in automatic transmissions used in vehicles. The use
of silicone rubber O-rings instead of neoprene may add to the cost of the transmission
but this would be more than compensated for by an improved and more reliable
performance at —40°C where neoprene begins to harden; whereas the silicone rubber
is still flexible.

A new asphalt product from Europe incorporates the slow release of calcium
chloride (CaCl,) to prevent icing on the roads and bridges. Predictably, this would have
little use in Winnipeg, Canada, where —40°C is not uncommon in winter.

The heavy water plant at Glace Bay, Nova Scotia was designed to extract D,O
from sea water. The corrosion of the plant eventually delayed prodiiction and the
redesign and use of more appropriate materials added millions to the cost of the plant.

A chemistry colleague examined his refrigerator which failed after less than 10
years of use. He noted that a compressor coil made of copper was soldered to an
expansion tube made of iron. Condensing water had corroded the — guess what? — iron

vii



Have you heard of the Magnatron? Using 17 oz of deuterium (from heavy water)
and 1.5 oz of gallium will allow you to drive an engine 110,000 miles at a cost of $110.
Are you sceptical? You should be, because it is an example of the well-known Computer
GIGO Principle (meaning garbage in = garbage out). :

An engineer responsible for the application of a thin film of a liquid adhesive to 3

of He compared to O, and N, in the solvent. Everything is soluble in a]l solvents, only
the extent of solution varies from non-detectable (by present methods of measurement)
to completely soluble. The same principle applies to the permeability of one substance
through another,

INH,OH + Al - AOH), + 3NH, + 1.5H,

produces hydrogen which exploded when the welding arc ignited the H,/O, mixture.
The broad explosive range of hydrogen in air makes it a dangerous gas when confined.

Batteries are often used as 2 back-up power source for relays and, hence, stand idle
for Jong periods. To keep them ready for use they are continuously charged. However,
they are known to cxplode occasionally when they are switched into service because of
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the excess hydrogen produced due to overcharging. This can be avoided by either
catalyzing the recombination of the H, and O, to form water

2H, + 0, — 2H,0

by a nickel, platinum or palladium catalyst in the battery caps, or by keeping the
charging current equal to the inherent discharge rate which is about 1% per month for
the lead-acid battery.

It has recently been shown that the flaming disaster of the Hindenburg Zeppelin
in 1937, in which 36 lives were lost, may have been caused by static electricity 1gniting
the outer fabric. This was shown to contain an iron oxide pigment and reflecting
powdered aluminum. Such a combination, known as a Thermite mixture, results in the
highly exothermic Gouldshmidt reaction (first reported in 1898)

Fe,0; + 2Al » AL,O; + 2Fe  AH® = — 852 kJ/mol of Fe,0,

In the early days of the railway, rails were welded with the molten iron formed in this
reaction. The combination of powdered aluminum and a metal oxide has been used as
a rocket fuel and evidence has been obtained to indicate that after the disaster the
Germans replaced the aluminum by bronze which does not react with metal oxides.
Thus, the bad reputation hydrogen has had as a result of the accident is undeserved
and the resulting limiting use of the airship was due to faulty chemistry and could have
been avoided.

The original design and structure of the Statue of Liberty, built about 100 years
ago, took into account the need to avoid using different metals in direct contact with
each other. However, the salt sea spray penetrated the structure and corroded the iron
frame which supported the outer copper shell. Chloride ions catalyzed the corrosion of
iron. The use of brass in a steam line valve resulted in corrosion and the formation of
a green solid product. The architect was apparently unaware of the standard practice
to use amines such as morpholine as a corrosion inhibitor for steam lines. Amines react
with copper in the brass at high temperatures in the presence of oxygen to form
copper-amine complexes similar to the dark blue copper ammonium complex,
Cu(NH,)2*.

Numbers are a fundamental component of measurements and of the physical
properties of materials. However, numbers without units are meaningless. Few quanti-
ties do not have units, e.g., specific gravity of a substance is the ratio of the mass of a
substance to the mass of an equal volume of water at 4°C. Another unitless quantity is
Reynolds Number, R, = pol/n where p is the density; v is the velocity: # is the viscosity
of the fiuid and ! is the length or diameter of a body or internal breath of a pipe. The
ratio n/p = u the kinematic viscosity with units of 12/t. R = vl/u and has no units if the
units of v, I, and u are consistent.

To ignore units is to invite disaster. Two exampies will illustrate the hazards of the
careless- or non-use of units. During the transition from Imperial to SI {metric) units
in Canada, an Air Canada commercial jet (Boeing 767) on a trans Canada flight (No
143) from Montreal to Edmonton on July 23, 1983 ran out of fuel over Winnipeg.
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Appendix A. This is designed to keep the student constantly aware of the need to watch
and be aware of units. :

University of Manitoba who took pencilled scrawls and converted them into legible
and meaningful text. These include Cheryl Armstrong, Tricia Lewis and Debbie

accept full responsibility for any errors or omissions, and I would be very grateful if
these would be brought to my attention. g

Some general references are listed below:

Kirk & Othmer, Encyclopedia of Chemical Technology, 4th Ed., 30 Vol, J. Wiley & Sons, New
York (1995).

Ullmann’s Encyclopedia of Industria] Chemistry, 26 Vol, VCH, Germany (1992),

Encyclopedia of Physical Science and Technology. 15 Vol, + Year Books, Academic Press,
Orlando, Florida (1987).

V. Hopp and 1. Hennig, Handbook of Applied Chemistry, Hemisphere Publ. Co., Washington
(1983).

McGraw-Hill Encyclopedia of Science and Technology. 15 Vol., + Year Books, Ndew York

(1982).
W. Steedman, R.B. Snadden and 1. H. Anderson, Chemistry for the Engineering and Applied
Sciences, 2nd Ed,, Pergamon Press, Oxford (1980). :

I. P. Muklyonov, Editor, Chemical Technology, 3rd Ed, 2 Vol, Mir Publ., Moscow (1979), in
English.

F. G. Butler and G, R. Cowie, A Manuai of Applied Chemistry for Engineers, Oliver and Boyd,
London, (1963),

L. A. Munro, Chemistry in Engineering, Prentice Hall, Englewood Cliffs, New Jersey (1964).
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E. Cartwell, Chemistry for Engineers-— An Introductory Course, 2nd Ed. Butterworths, London,

(1964).
E. S. Gyngell, Applied Chemistry for Engineers, 3rd Ed., Edward Arnold, London (1960).
Thorpe’s Dictionary of Applied Chemistry, 4th Ed., 11 Vol, Longmans, Green, London, (1957)

The World Wide Web is an excellent source of technical information though it is
important to recognize that discretion must be exercised in selecting and using the
information since the material presented is not always accurate or up-to-date. Some
selected web sites are added to the Further Readings lists at the end of each chapter,
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Abbreviations Used in this

AAGR
AAS
ABS
AEM
AFC
AFR
AGR
ANFO
ASTM
bbl

BC
BET
BLEVE
BOD
BP
BWR
CANDU
CASING
CC
CEM
CN
CNG
COD
CPVC
CR
DC
DNA
Dp
DR
DR
DTA
ECE
ECM

Average annual growth rate

Atomic absorption spectrometry
Acrylonitrile-butadiene-styrene polymer
Anion exchange membrane

Atomic fluorescence spectrometry

Air fuel ratio

Advanced gas reactor

Ammonium nitrate fuel oil

American Society for Testing and Materials
Barrel for oil, see Appendix A
Bimetallic corrosion
Brunauer-Emmett—Teller

Boiling liquid expanding vapor explosion
Biochemical oxygen demand

Boiling point

Boiling water reactor

Canadian deuterium uranium reactor
Crosslinking by activated species of inert gases
Crevice corrosion

Cation exchange membrane

Cetane number

Compressed natural gas

Chemical oxygen demand

Chlorinated polyvinylchloride
Compression ratio

Direct current

Deoxyribonucleic acid

Degree of polymerization

Drag Reducer

Distribution ratio

Differential thermal analysis

Economic Commission for Europe
Electrochemical machining
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EDS
EHL
EIS
ENM
EO
ER
ETBE
EV
EV
FAC
FEP
FP
GAC
GBC
GNP
GR

hv
HAR
HDI
HLW
HMN
HRI
HWR
ICAPS
ICE

Is
LEL
LH,
LNG
LWR
M-85
MDF
MeV
MI
MMT
MON
MPC
MPN
MTBE
MW
NMOG
NTP
OB
OECD
ON
OPEC
OTEC

Exxon Donner Solvent
Elastohydrodynamic lubrication
Electrochemical impedance spectroscopy
Electrochemical noise method
Extreme pressure (lubrication)
Electrorheological fluid

Ethyl tert butyl ether
Expected value

Electric vehicle

Free available chlorine
Hexafluoropropylene + PTFE
Flash point

Granulated activated carbon
Grain boundary ¢orrosion
Gross National Product

Gas cooled reactor

photon

High aspect ratio

Hexane diisocyanate

High level waste
Heptamethylnonane
Hydrocarbon Research Inc
Heavy water reactor

Abbreviations Used in this Text

Inductively coupled argon plasma spectrometry

Internal combustion engine
Specific impulse

Lower explosion limit
Liquid hydrogen

Liquified natural gas

Light water reactor
Methanol with 15% gasoline
Macro defect free

Million electron volts
Machinability index

Methylcyclopentadiene Manganese 11 tricarbonyl

Motor octane number

Maximum permissible concentration
Most probable number

Methyl tertiary butyl ether
Megawatt, 10° W

Non-methane organic gases

Normal conditions of temperature and pressure, 25°C and I atm pressure.

Oxygen balance

Organization for Economic Cooperation and Development

Octane number (average of MON -+ RON)

Organization of Petroleum Exporting Countries

Ocean thermal energy conversion
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{ PAH Polynuclear aromatic hydrocarbons
‘ PAN Polyacrylonitrile
; PC Pitting corrosion
’ PCB Polychlorinated biphenyl
! PF Phenol-formaldehyde
: pH pPH = —log,, [H*], neutral water has pH=7
E PMMA  Polymethylmethacrylate
‘ ppm parts per million, pg/g or mL/m?
PS Polystyrene
PTFE Polytetrafluoroethylene
PV Pressure volume (product)
PVAc Polyvinylacetate
PVC Polyvinyl chloride
PWR Pressurized water reactor
Quad Q, Unit of energy, see Appendix A
Rad Radiation absorbed dose
RBE Relative biological effectiveness
RDX Cyclonite or hexogen
Rem Roentgen equivalent to man
rpm Revolutions per minute
RO Reverse osmosis
RON Research octane number
SAN Styrene-acrylonitrile copolymer
SCC Stress corrosion cracking
SCE Saturated calomel electrode
SHE Standard hydrogen electrode
SI Spark ignition
SIT Spontaneous ignition temperature
SNG Synthetic natural gas
SOAP Spectrographic oil analysis program
SP Smoke point
SRC Solvent refined coal
% SSPP Solar sea power plants
i STP Standard condition of temperature and pressure, 0°C and 1 atm pressure
TDC Top dead center
TDI Toluene diisocyanate
TEL Tetraethyl lead
TGA Thermal gravimetric analysis

j THM Trihalomethanes

!' TLV Threshold limit value
: TML Tetramethyi lead
TNG Trinitroglycerol

TNT Trinitrotolluene

TOE Tons of oil equivalent (energy)
W Terawatts, 102 W

ucC Uniform corrosion

UEL Upper explosion limit
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UFFI
UN

uv
V(I

VI
VOC
VOD
WHO

Urea-formaldehyde foam insulation
United Nations

Ultraviolet light, 2 <380 nm
Vapor corrosion inhibitors

Viscosity index

Volatile organic compounds
Velocity of detonation
World Health Organization

Abbreviations Used in this Text
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Energy: An Overview

1.1. INTRODUCTION

World energy pundits have long proclaimed that the fossil fuels in the Earth’s crust are
limited and will be exhausted some day. This argument is. similar to the accepted
pronouncements of cosmologists that “the entropy of the Universe is increasing
towards a maximum” or that “the sun will one day burn itself out.” The world energy
crisis of 1973 was precipitated when OPEC curtailed oil production and fixed their own
price for oil for the first time, and within a year the price of oil went from about
$1.20/bbl to about $10/bbl. This was aggravated by the increase in oil imports to the
USA, which ceased to be self-sufficient in oil in the late 1960s. The present world price
for o1l is about $30/bbl (after reaching a maximum of about $40/bbl and dropping to
less than $15/bbl) and it is expected to eventually increase again. The price of oil will
depend on demand as well as the financial needs of the oil producers. The successful
development of alternate energy sources, e.g., fusion, could bring the price down to
$5/bbl. Since energy is an integral part of every function and product from food (which
requires fertilizer) to plastics which are petroleum based, to steel or other metals which
require energy for extraction, beneficiation, reduction and fabrication, worldwide
inflation can be directly attributed to the rising price of oil.

An illustration of the importance of energy to the economy of a country is shown
in Fig. 1.1, where the annual Gross National Product (GNP) of a country is plotted
against the total annual energy consumed by that country per unit population. Some
small anomalies are apparent but in general the higher the GNP* of a country the
larger is its per capita energy consumption. Energy is essential to progress and there is
no substitute for energy. Society’s use of energy has continuously increased but sources
have invariably changed with time. This is illustrated in Fig. 1.2.

It is interesting to note (see Fig. 1.3} that the per capita use of commercial energy
for UK and USA has been essentally constant for 100 years whereas that for Germany,
Russia, and Japan showed an exponential growth (doubling time of 12 years) towards
the constant US/UK values. The effect of the world’s population growth on energy
usage is obvious.

Energy can conveniently be classified into renewable and nonrenewable sources as
shown in Fig. 1.4. Such a division is quite arbitrary and is based on a time scale which
distinguishes hundreds of years from millions. The world’s reserve supply of oil is

*The Gross National Product (GNP} is the sum total of the market value of goods and services produced
per annum for final consumption, capttal investment or for government use.
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FIGURE 1.1. Relationship of GNP to energy available per capita in 1994 for various countries.
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FIGURE 1.3. The commercial (industrial) energy consumption per capita in Gigajoules per
person per year is plotted (note logarithmic scale) as a function of time,

estimated at about 5.8 x 10* Quads and that of natural gas at about 5.1 x 10® Quads
(see Table 1.1). Oil and gas production has still been slowly rising with oil production
expected to peak in 2035. Gas production is expected to peak by 2050 and so will last
slightly longer, assuming that more oil and gas resources are made available. Coal is
the major fossil fuel on earth and consists of over 75% of the available fossil fuel energy
(see Table 1.1). Recent world energy consumption is given in Table 1.2
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HYdCr);motic\\r | / _Thermal

enewahle olar ——Biomass
Ocean Thermal/n : Photdgalvanic

1 Photovoliaic
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FIGURE 1.4. A classification of CNErgy Sources.
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TABLE 1.1
World Reserves of Fossil Fuels in Quads (1998)
Area Natural Gas Qil Coal
North America 297 . 395 7900
Latin America 221 430 660
Western Europe 166 110 2755
East Europe, CIS 1950 355 8000
Africa 350 425 1870
Middle East 1723 3770 5
Australia, Far East 430 290 8910
Total 5137 5775 30,100

Conservative considerations of our energy consumption predict that coal will
supply 1/4 to 1/3 of the world’s energy requirements by the year 2050. Its use can be
relied upon as an energy source for about another 200 years; however, other consider-
ations (such as the greenhouse effect and acid rain) may restrict the uncontrolled use
of fossil fuel in general and coal in particular.

The increase in use of fossil fuel during the past few decades has resulted in a
steady increase in the CO, concentration in the atmosphere. This is shown in Fig. 1.5.
In 1850 the concentration of CO, was about 290 ppm :d by the year 2025 the
estimated concentration will be about double present values (350 ppm) if fossil fuels are
burned at the present rate of 5 Gton of C/year. By the year 2025 the world’s energy
demands will have increased to over 800 Quads from 250 Quads in 1980. If a large
fraction of this energy is fossil fuel, ie., coal, then the annual increase in the
concentration of CO, in the atmosphere is calculated to be greater than 10 ppm.

The CO, in the atmosphere is believed to have an adverse effect on the World’s
climate balance. The atmosphere allows the solar visible and near ultraviolet rays to
penetrate to the earth where they are absorbed and degraded into thermal energy,
emitting infrared radiation which is partially absorbed by the CO,, water vapor and
other gases such as CH, in the atmosphere (see Fig. 1.6).

There is at present a thermal balance between the constant energy reaching the
earth and the energy lost by radiation. The increase in CO, in the atmosphere causes

TABLE 1.2
World Consumption of Energy by Sources in 1986, 1995, and 1997 (Quads)
1986 % 1695 % 1997 %
O1l 126.6 404 141.1 389 148.7 393
Coal 86.3 27.5 71.5 214 9238 246
Natural gas 62.3 199 931 257 839 222
Hydroelectric energy 213 6.8 257 7.2 26.6 7.1
Nuclear energy 16.3 5.2 232 6.4 240 6.3
Renewable sources 0.7 0.2 1.6 0.4 1.8 0.5

Total 3135 100 3622 100 37118 100
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time (®) and a plot of the total annual world’s energy use against time (M). The extrapolated
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an increase in the absorption of the radiated infrared from the earth (black body
radiation) and a rise in the thermal energy or temperature of the atmosphere. This is
called the greenhouse effect. Temperature effects are difficult to calculate and estimates
of temperature changes vary considerably, although most agree that a few degrees rise
in the atmospheric temperature (e.g., 3°C by the year 2025) could create deserts out of
the prairies and convert the temperate zones into tropics, melt the polar ice caps and
flood coastal areas. For example, for a 1°C rise in the earth’s temperature the yield of
wheat would be expected to drop by 20%, though rice yields might rise by 10%. If the
average temperature of the oceans increased by 1°C, the expansion would cause a rise
in sea level of about 60 cm (assuming no melting of glacier ice).

One uncertain factor in the modelling and predictions is that there is a lack in a
material balance for CO,, i.e., some CO, is unaccounted for indicating that some CO,
sinks (i.e., systems which hold or consumed CO,) have not been identified. The oceans
and forests (biomass growth) consume most of the CO, and it is possible that these
sinks for CO, may become saturated or on the other hand some new sinks may become
available. With such uncertainties it is obvious that reliable predictions cannot be made.
However, the climate changes which will occur as the CO, concentration increases are
real and a threat to world survival. Recent measurements by satellites of the tempera-
ture of the upper atmosphere over a ten-year period have indicated no overall increase
in temperature. This measurement has yet to be confirmed.

Coal 1s considered the “ugly duckling” of fossil fuel as it contains many impurities
which are released into the atmosphere when it is burned. An important impurity is
sulfur which introduces SO, and SO; into the atmosphere, resulting in acid rain that
can actually change the pH of lakes sufficiently to destroy the aquatic life. The acid rain
is also responsible for the destruction of the forests in Europe and the eastern parts of
Canada and USA. The clean conversion of coal to other fuels may circumvent the
pollution problems but would not overcome the greenhouse effect since CO, ultimately
enters the atmosphere.

Thus, the depletion of fossil fuels may not be soon enough and tremendous efforts
are being made in the search for viable economic alternatives such as nuclear energy,
or renewable energy such as solar, wind, tidal, and others.

1.2. RENEWABLE ENERGY SOURCES

Ultimate sources of renewable energy are the earth, which gives rise to geothermal
energy, the moon, which is responsible for tidal power, and the sun, which is the final
cause of all other—hydro, wind, wave, thermal, and solar photodevices. A brief
discussion of each source is essential for an overall appreciation of the difficulties we
are facing and possible solutions to our energy requirements.

1.3. GEOTHERMAL

Thermal energy from within the earth’s crust is classified as geothermal energy. At
depths greater than 10 km the temperature of the magma is above 1000°C and is a
potential source not yet fully exploited. The temperature of the earth's core is about
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FIGURE 1.7. Schematic representation of Geothermal Energy.

4000°C. Drilling to depths of 7.5 km is presently possible and may some day reach 15
to 20 km. The surface source of thermal energy is due to the’ decay of natural
radioactive elements and to the frictional dissipation of energy due to the movement of
plate tectonics. The heat is usually transmitted to subsurface water which is often
transformed into steam that can force water to the surface. Old Faithful at Yellowstone
National Park, WY, USA, is an example of a geyser erupting 50 m every hour for 5
min (see Fig. 1.7). Geothermal energy is exploited near San Francisco where a 565 MW
power plant is run on geothermal steam and 15 MW of thermal energy from hot water
reservoirs is used for heating and industrial heat processes. At present there are five
geothermal plants in operation in Mexico with a total output of more than 500 MW,
Similar uses of geothermal energy have been developed in Italy, Japan, Iceland, USSR,
and New Zealand, and it is rapidly being exploited in many other parts of the world.

It has been estimated that the geothermal energy in the outer 10 km of the earth
is approximately 10%? kJ or about 2000 times the thermal energy of the total world coal
resources. However, only a small fraction of this energy would be feasible for
commercial utilization. Estimates of geothermal energy presently in use and converted
into electrical power is about 2 x 10> MW. The greater use of geothermal energy could
help save much of our energy needs and would reduce the rate of increase of CO, in
the atmosphere.
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1.4. TIDAL POWER

Tidal power 1s believed to have been used by the Anglo Saxons in about 1050.
Tidal power is a remarkable source of hydroelectrical energy. The French Rance River
power plant in the Gulf of St. Malo in Brittany consists of 24 power units, each of
I0MW. A dam cquipped with special reversible turbines allows the power to be
generated by the tidal flow in both directions (see Fig. 1.8).

Several tidal projects have been in the planning stages for many years and include
the Bay of Fundy (Canada-USA), the Severn Barrage (Great Britain), and San Jose
Gulf (Argentina). Though tidal power is reliable, it is not continuous, and some energy
storage system would make it much more practical. However, as the price of fossil fuels
rises, the economics of tidal power becomes more favorable.

1.5. SOLAR ENERGY

The Sun is approximately 4.6 x 10° years old and will continue in its present state
for another 5 x 10? years. The Sun produces about 4 x 10?2 kJ/sec of radiant energy,
of which about 5 x 102! kJ/year reaches the outer atmosphere of the earth. This is
about 15,000 times more than man’s present use of energy on earth. We are fortunate
however that only a small fraction of this energy actually reaches the earth’s surface

FIGURE 1.8. An aerial view of the dam during construction of the Rance Tidal power plant.
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(see Fig. 1.6). About 30% is reflected back into space from clouds, ice, and snow, about
23% is absorbed by O,, O,, H,O, and upper atmosphere gases and dust, and about
47% 1s absorbed at or near the earth’s surface and is responsible for heating and
supporting life on earth. Of the energy absorbed by the earth about 56% is used to
evaporate water from the sea and plants (evapotranspiration). Another 10% is
dissipated as sensible heat flux. The remainder is radiated back into space, about 10%
into the upper atmosphere and about 24% is absorbed by our atmosphere. A small but
important fraction of the Sun’s energy, about 0.2%, is consumed in producing winds
and ocean waves. An even smaller fraction, 0.02%, is absorbed by plants in the process
of photosynthesis of which about 0.5% of the fixed carbon is consumed as nutrient
energy by the earth’s 6 x 10° people. The variation in solar intensity reaching the Earth
due to its elliptical orbit about the Sun is only 3.3%. The production of fixed carbon
by photosynthesis is about 10 times present world consumption of energy by human
society. Thus, solar energy is sufficient for man’s present and future needs on earth. The
main difficulty is in the collection and storage of this energy.

Solar energy can be utilized directly in flat bed collectors for heating and hot water,
or concentrated by parabolic mirrors to generate temperatures over 2000°C. The
thermal storage of solar energy is best accomplished with materials of high heat
capacity such as rocks, water, or salts such as Glauber’s salt, which undergo phase
changes, e.g.,

Na,S0,10H,0,,, — Na,80,, + 10H,0,,  AH = 81.5kJ/mol of salt (L.1)

(The transition temperature for Glauber’s salt js 32.383°C).

Solar energy can also be directly converted into electrical energy by photovoltaic
and photogalvanic cells, or transformed into gaseous fuels such as hydrogen by the
photoelectrolysis or photocatalytic decomposition of water.

The Sun consists of about 80% hydrogen, 20% helium, and about 1% carbon,
nitrogen, and oxygen. The fusion of hydrogen into helium, which accounts for the
energy liberated, can occur several ways. Two probable mechanisms are:

The Bethe mechanism: (1939) Q(MeV)
2C 4+ 'H- BN+ 1.94
PN BC+e* +v(1,,, = 9.9 min) 1.20
BC+'H- N+ 7.55
14N+1H—+150+y 7.29
PO UN+et + v (ty;, = 2.2 min) 1.74
N+ TH - 12C 4 4He 4.96
4'H - *He + 2e* + 2v 24.68
2e” + 27 - 2y(+2 x 1.02) 2.04
Total energy 26.72
The Salpeter mechanism: (1953) Q(MeV)
'H+ 'H—>2H +¢e* ++ 042
H+ 'H-*He + y 5.49
*He + *He - *He + 2'H 12.86

4'H > *He + 2e™ ¥ 2y 24.68
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Both reactions occur, though the Bethe mechanism requires a higher temperature and
therefore predominates in the central regions of large stars.

The solar constant is 2.0 cal/em? min or 1370 W/m? above the earth’s atmosphere
and about 1.1 kW/m? normal to the Sun’s beam at the equator. At other latitudes this
value is reduced due to the filtering effect of the longer atmospheric path. Two maps
shown in Fig. 1.9 indicate the world’s distribution of solar energy in July and January
at sea level. The spectral distribution is given in Fig. 1.10 where the black body
radiation from the earth is also shown.

Ideal sites for solar energy collection are desert areas such as one in northern

Chile which has low rainfall (1 mm/year) and 364 days/year of bright sunshine. The
Chile site (160 x 450 km?) receives about 5 x 107 kJ/year (1 kJ/m?/hr x 60 min/h x 8
h/day x 365 day/year x 72,000 km? x 10°m?/km?). This is about a third of the world’s
use of energy in 1995. Thus, theoretically the desert areas or nonarid lands could be
used to supply the world with all its energy requirements and there is no doubt that
before the next century has passed solar energy will probably dominate a large portion
of the world’s energy sources.

Figure 1.4 shows the subclassification of solar energy into thermal, biomass,
photovoltaic and photogalvanic. The most familiar aspect of solar energy is the
formation of biomass or the conversion of carbon dioxide, water and sunlight into
cellulose or food, fuel and fiber. Thus, wood was man’s major fuel about 200 years ago
to be displaced by coal, the modified plants of previous geological ages. Wood is a
renewable energy source but it is not replenished quickly enough to be an important
fuel today. A cord of wood is 128 ft° (8 x 4' x 4') of stacked firewood. It is not
recognized as a legal measure. A cord contains about 72 ft* of solid wood or about
4300 1b to which must be added about 700 Ib of bark or a total of about 5000 1b,
varying with the wood and its moisture content. The thermal energy of wood is from
8000 to 9000 Btu/lb. It has been argued that biomass used for fuel is not practicable
because it displaces land which could be used for agriculture—a most essential
requirement of man whose nutritional demands are continuously increasing. This
objection is not valid if the desert is used, as in the case of the Jojoba bean which
produces an oil that has remarkable properties, including a cure for baldness, lubri-
cation, and fuel.

Plants which produce hydrocarbons directly are well known —the best example is
the rubber tree which produces an aqueous emulsion of latex —a polymer of isoprene
(mol. wt. 2 x 10® D) (see Fig. 1.11). The annual harvest of rubber in Malaysia was
200 Ib/acre/year before World War I but by improving plant breeding and agricultural
practices, the production has increased to 10 times this value.

Melvin Calvin, Nobel prize winner in Chemistry in 1961 for his work on the
mechanism of photosynthesis, has been one of the principal workers in the search for
plants which produce more suitable hydrocarbons, e.g., a latex with a mol. wt. of 2000
Daltons which can be used as a substitute for oil. One plant he has studied, Euphorbia
(E. Lathyris) yields, on semiarid land, an emulsion which can be converted into an oil
at about 15 bbl/acre. Another tree, Capaiba, from the Amazon Basin, produces an oil
(not an aqueous emulsion) directly from a hole drilled in the trunk about 1 m from the
ground. The yield is approximately 25 L in 2 to 3 hours every 6 months. This oil is a
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C,s terpene (tri-isoprene) which has been used in a diese] truck (directly from tree to
tank) without processing.

Recent studies have shown that oils extracted from plants such as peanuts,
sunflowers, maize, soya beans, olives, palm, corn, rapeseed and which are commonly
classed as vegetable oils in the food industry, can be used as a renewable fuel. These
oils are composed primarily of triglycerides of long chain fatty acids. When used
directly as a diesel fuel they tend to be too viscous, clog the jet orifices, and deposit
carbon and gum in the engine. Some improvement is obtained by diluting the oil with
alcohol or regular diesel fuel or by converting the triglycerides into the methyl or ethyl
esters. This is done in two steps: (1) hydrolysis and (2) esterification. The methyl or
ethyl ester produced is more volatile and less viscous but is still too expensive to burn
as a fuel.

The energy ratio for biomass energy, i€, the energy yield/consumed energy for
growth and processing is variable and usually between 3 and 10. Plant breeding and
genetic engineering should greatly improve this ratio.

Grain, sugar cane, and other crops containing carbohydrates can be harvested for
the starch and sugar which can be fermented to ethyl alcohol. The residue which is
depleted in carbohydrates but richer in protein is still a valuable feed stock.

Thus, the Energy Farm, where a regular crop can be utilized as a fuel, is obviously
a requirement if stored solar energy is to replace dwindling fossil fuels.

L6. PHOTOVOLTAIC CELLS

The direct conversion of solar energy into electrical energy is accomplished by
certain solid substances, usually semiconductors, which absorb visible and near
ultraviolet (UV) light, and by means of charge separation within the solid lattice a
voltage is established. This generates a current during the continuous exposure of the

-cell to sunlight. Typical solar cells are made of silicon, gallium arsenide, cadmium

sulfide, or cadmium selenide. The main hindrance to widespread use of solar
cells is their high cost, which is at present about $400/m? of amorphous silicon
(13% efficient) $50/m? would make such solar cells economic and practical. The
reduction in cost to some composite cells of CdS/Cu,S have been reported. Even lower
costs may be expected as a result of the major efforts being made to develop inexpensive
methods of forming the polycrystalline or amorphous materials by electroplating,
chemical vapor deposition, spray painting, and other processes to dispense with the
expensive single crystal wafers normally used. A typical photovoltaic cell is shown in
Fig. 1.12.

A 6 x 9 m? panel of solar cells operating at 10% efficiency with a peak output
capacity of 5 kW at midday would yield an average of 1 kW over the year —more than
the electrical energy requirements of an average home if electrical storage was utilized
to supply energy for cloudy and rainy days and during the night. More recently, a solar
powered airplane crossed the English Channel using photovoltaic cells to power an
electrical motor. This clearly demonstrates the potential power of solar energy.
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FIGURE 1.10. Electromagnetic spectrums of solar and terrestrial radiation. Note that the
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Chapter 1

Langley (Ly) is a mcasure of solar encrpy density and is equal to 1 cal/cm? of irradiated surface.

1.7. PHOTOGALVANIC CELLS

Celis in which the solar radiation initiates a photochemical reaction, which can
revert to its original components via a redox reaction to generate an electrochemical
voltage, are called photogalvanic cells. This is to be distinguished from a solar
rechargeable battery where light decomposes the electrolyte which can be stored and

recombined to form electrical energy via an electrochemical cell, e.g.,

FeBr; + hv— FeBr, + 1/2Br,

FeBr, + 1/2Br, — FeBr,

§°=0316V

(1.2)
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FIGURE 1.11. A tapper at Goodyear’s Dolok Merangir rubber plantation on the Indonesian
island of Sumatra uses an extension knife to draw latex from a rubber tree. The bark of a rubber
tree is cut up part of the year and down the rest to allow the tree to replenish itself. The rubber
is sold by Goodyear to other manufacturers for making such diverse products as surgical gloves,
balloons, overshoes, and carpet backing.

Photogalvanic cells usually consist of electrodes which are semiconductors and a
solution which can undergo a redox reaction. The band gap of the semiconductor must
match the energy of the redox reaction before the cell can function. Light absorbed by
the electrodes promotes electrons from the valence band to the conduction band where
they migrate to the surface (in n-type semiconductors) where reaction with the
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SILICON  @coNTACT JUNCTION
P-TYPE SILICON

FIGURE 1.12. Typical solar cell 100 mm in diameter.

electrolyte can occur. This is shown in Fig. 1.13 for the system in which two
photochemically-active semiconductor electrodes are used, one in which the p-type

oxidizes Fe(Il) to Fe(IIl).

Fe** > Fe* +e” (1.3)

The reverse reaction occurs at the other n-type electrode. Many such cells have been
prepared but the efficiency is very low due to the limited surface area of the electrodes.
More recently porous transparent semiconductor electrodes have been made which can
increase efficiency by some orders of magnitudes and it remains to be seen if these
systems are stable over long periods. Such cells when shorted can be used for the
photoelectrolysis of water or the production of hydrogen, but more will be said about

this later.
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FIGURE 1.13. A photogalvanic cell using n-type and p-type semiconductor electrodes and a
regenerating redox system (M*"=M?*" + ¢7) to carry the current.
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1.8. WIND ENERGY

Wind first powered sailing ships in Egypt about 2500 B.c. and windmills in Persia
about 650 A.p. The use of windmills for the grinding of grain was well established in
the Low countries (Holland and Belgium) by 1430 where they are still used to this day.

The maximum power available from a horizontal axis windmill is given by

P...=3pAV3 (14)

where p=density of air, 4=cross-sectional area of the windmill disk, and V= air

velocity.

However, to maintain a continuous air flow past the windmill implies that the
extractable power, P,,, must be less than P_,_ and it can be shown that P, =
(16/27)P,,,, or 59.3% is the optimum extractable power available and usually 70% of
this value is realized practically. The energy which is usually extracted by an electrical
generator or turbine can be stored in a bank of batteries for future use. Several very
large windmills have been built to generate electrical energy but costs are still too high
to make them commonplace. The vertical axis windmill is much simpler than the
horizontal axis type but large units have not as yet been tested.

Wind farms have been successfully operating in California where many small
windmills are located on exposed terrain (see Fig. 1.14). The continuous wind at about
17 mph is sufficient to make the generation of electrical energy a viable project. Three

FIGURE 1.14. A wind-farm in Tehachapi Pass, CA with an overall installed capacity of 650 MW,
enough electricity for more than 140,000 homes.
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regions: Altamont Pass east of San Francisco, Telachapi south of Bakersfield, and San
Gorgonis near Palm Springs, east of Los Angeles produced 30% of the world’s
wind-generated electricity in 1995. The wind-generated electricity cost 7.5 cents per
kWh in 1993. By 2005 the estimated cost is expected to be less than half this value,

1.9. HYDRO POWER

Hydro power relies on the conversion of potential energy into kinetic energy which
1s used to turn an electrical generator and turbines. The development of highly efficient
turbines has increased the output of power stations and allowed for their installation
in many new areas. The main disadvantage in hydro power is that the transmission of
electrical energy over long distances results in losses which effectively place a limit on
such distances. Also, it is not convenient, because of environmental factors, to store the
potential energy or the electrical energy. Several methods have been used, such as
storing water behind a dam, pumping the water into another reservoir, compressing air
in a large cavern, or electrolyzing water and transporting the hydrogen in a pipeline.
This latter alternative has an interesting by-product, namely heavy water which is
essential for the CANDU nuclear reactor. During the electrolysis of water, the lighter
isotope 'H is liberated as H, more readily than the heavier °H or deuterium D, gas.
Hence the heavy water accumulates in the electrolyte and can eventually be purified by
distillation,

1.10. OCEAN THERMAL

The oceans cover over 70% of the earth’s surface and are continually absorbing
solar radiation. The penetration of the solar energy is only 3% at 100 m. This results
in a temperature gradient (shown in Fig. 1.15) which can be used to generate electrical
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FIGURE 1.15. Typical ocean temperature profile at various depths. The surface layer, which is
about 200 m deep obtains its heat {rom the sun and stays at about 25°C. The cold water at the
lower depths comes from the Arctic region and can be as low as 5°C.
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TABLE 1.3

Estimated Annual Yield of a Solar Pond

Area 1 km?
1. Insolation 2000 GWh(t)
2. Pond heat yield 400 GWh(t)
Equivatent fuel oil 43,000
3. Power yield 33 GWhe)
Source temperature 87°C
Sink temperature 0°C
H-X drops 10” total
Carnot effect 13.2%
Turbine factor 0.6
Overall thermal energy ca. 8%

19

Equivalent cont. power 0.4 MW
(58% load factor) 4.7 % i0* m?
4. Desalinated water {12,900 m*/day)

energy. A variety of schemes have been proposed and some experimental units have
been tested as early as 1929 off Cuba and more recently near Hawaii. The main
disadvantages to Ocean Thermal Energy Conversion (OTEC) or Solar Sea Power
Plants (SSPP) are: (1) the need to operate turbines with a very low temperature
gradient of about 15°C to 20°C, (2) the corrosive nature of seawater, and (3) the usually
large distances from shore that the plant has to be located. The Carnot thermodynamic
efficiency* of the heat engine is only about 3% but by using ammonia or a low boiling
organic compound as the boiler fluid it is possible to approach maximum conversion
efficiency.

It is possible to magnify the solar thermal gradient by using nonconvecting solar
ponds. Much of the recent development work has been done by Tabor in Israel wheie
Dead Sea brine is used to establish a density gradient in a pond approx. 1 m deep. The
bottom of the pond is dark and absorbs the solar energy, heating the more dense lower
layer. With temperature differences of more than 50°C it is possible to achieve a Carnot
efficiency of over 13%. A schematic diagram of a solar pond is shown in Fig. 1.16 with
an estimate of the operating parameters shown in Table 1.3, The diffusion of salt tends
to destroy the density gradient and hence will allow convection to upset the tempera-
ture gradient. To maintain the density gradient, salt-free water is added to the surface
and salt-enriched water is fed into the bottom layer. The flash chamber can also yield
desalinated water as a by-product as indicated in Fig. 1.16 and Table 1.3. The electrical
energy is obtained from a Rankine cycle turbine which was developed for such solar
energy conversion and which runs on an organic vapor.

The problems associated with solar ponds involve: (1) Surface mixing due to winds
which tend to create convecting zones near the surface. This can be reduced by adding
a floating netting grid to the surface. A floating plastic sheet cannot be used because it
acts as a collector of dust and becomes opaque in a few days. (2) Ecological factors

*The Carnot efficiency is the theoretical maximum efficiency by which a heat engine can do work when
operating between two temperatures. The greater the difference in temperatures the greater is the efficiency
by which heat can be converted into work.
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FIGURE 1.16. Schematic representation of the “falling pond” method of extracting heat from
the bottom of a pond.

must be considered since brine may be slowly lost through the bottom of the pond to
the aquifer. Hence the location of the pond in flat sterile land is preferred.

Solar ponds are presently being tested in Israel where plans are in progress for a
large unit located at the Dead Sea (see Fig. 1.17).

1.11. WAVE ENERGY

Wave energy has been described as liquid solar energy since it originates from the
sun, which causes wind, which in turn forms waves. Wave energy has enormous
potential and presents a tremendous challenge to the engineer. Its presence on the high
seas is almost continuous. It has been estimated that the power available along a
kilometer of shore can be over 20 MW. Several devices have been tested and usually
operate air turbines which generate electricity. The power take-off and mooring are still
problems to be solved. An example of a simple wave energy device is shown in Fig.
1.18. A one-way flap allows a head of water to be stored over 5 to 100 waves. When
the full head is reached the water is released and allowed to drive the turbine as it
cmpties.

As a renewable energy source, wave power is an untapped source which could help
alleviate the rising cost of energy and its continued development must be encouraged.

1.12. OSMOTIC POWER

As a river empties into the sea it is possible to extract hydro power by converting
gravitational potential energy into kinetic energy —mechanical energy and electrical
energy. At the same time, the difference in salt concentration between the river and the
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FIGURE 1.17. Solar pond in Israel.

sea results in a difference in chemical potential or Free Energy (AG) which can be
exploited by means of the osmotic pressure,

The osmotic pressure of a solution is the pressure exerted by the solution on a
semipermeable membrane which separates the solution from pure solvent. The semiper-
meable membrane allows only the solvent to pass freely through it while opposing the
transport of solute. This is illustrated in Fig. 1.19. The solvent tends to dilute the
solution and passes through the membrane unti equilibrium is established, at which
point a pressure differential, x, exists between solution and solvent. This pressure
differential is called the osmotic pressure,

At equilibrium the osmotic pressure, 7, of a solution relative to the pure solvent is
given by a relation which resembles the Ideal Gas Law (PV = nRT) where

aV =nRT or n = (n/V)RT = CRT (1.5)
where V' = volume of solution, R = Ideal Gas Constant (0.0821 L atm/°K mol),

C = concentration of solute (molar mass/liter), n = mols of dissolved solute, ions, etc.,
T = absolute temperature (273° + 107) = 283 K.
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FIGURE 1.18. Wave-powered generators convert kinetic energy of waves to electricity. Scripps
wave pump amplifies effective height of wave by trapping water in reservoir on each downward
plunge of the buoy; water in long standpipe surges through one-way flapper valve because it
oscillates out of phase with up-and-down motion of waves. When enough water is trapped (after
about nine waves), it 1s released to spin the turbine-generator. '

The average molar concentration of salt in seawater is about 0.5 M and since 1t
may be assumed that the salt is primarily NaCl, then the total molar concentration of
solute is 1.0 M (ie.,, 0.5 M Na* + 0.5 M Cl7). Hence

7= 1.0mol/L. x 0.0821 L, atm/K, mol x 283 K = 23 atm

This osmotic pressure represents a hydrostatic head of water of about 700 ft (30
ft/atm x 23 atm) or over 200 m. A schematic diagram of osmotic power is illustrated in

X Y X Y
-
AP
_ S A
Solvent g Solution Solvent % Solution
Initially At equilibrium

FIGURE 1.19. Development of osmotic pressure is illustrated by the difference between an intial
state and the equilibrium state. Solvent, but not solute, passes through the semipermeable
membrane, tending to dilute the solution and thereby allowing a differential pressure, AP, to
ievelop At equilibrium the differential hvdrostatic pressure is equal to the osmotic pressure. 7.
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FIGURE 1.20. Diagram of an osmotic salination energy converter used to extract power from
the natural flow of freshwater into the sea. The river, or part of its flow, must pass through the
membrane as it tends to dilute the salt in the seawater.

Fig. 1.20 where seawater is pumped into a pressure chamber al a constant rate
depending on the flow of the river. The river passes through the membrane, diluting
the seawater and creating the hydrostatic head which can then turn a water wheel and
generate electricity. The membrane area must be enormous to accommodate the
permeability of the river. An estimate of power output 1s 0.5 MW/m? of input flow
resulting in an amortized cost of about 5 cents/kWh. Lower costs are expected if the
salt concentration gradient is higher, e.g., seawater (x = 23 atm) emptying into the
Dead Sea (n = 500 atm) to produce electrical power from the gravitational as well as
the chemical potential. The potential power from various rivers is listed in Table 1.4.

TABLE 14
Potential Power due to Salinity Gradients

Flow rate Power
Source (m3/s) (watts)
=23 am
Amazon River (Brazil) 2 x 10% 44 x (0!
La Plata-Parana River (Argentina) 8 x 10* 1.7 x 10!
Congo River (Congo/Angola) 5.7 x 10* 1.2 % 10!t
Yangtze River (China) 22 x 10* 4.8 x 10'®
Ganges River (Bangladesh) 2 x 10* 4.4 x 1080
Mississippi River (USA) 1.8 x 10* 40 x 1010
USA waste water to oceans 500 1.1 x 107
Global run-off 1.1 % 10 2.6 x 1012
= 500 atm
Salt Lake 5.6 x 10°

Dead Sea 1.8 x 10°
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Only with the developments in membrane technology as a result of work in reverse
osmosis will osmotic power become a significant factor in world energy supply.

It has been estimated by the Scripps Institution of Oceanography that world power
needs in the year 2000 will be about 33 million megawatts (33 TW). The seas can

provide all this and more: wave energy 2.5 TW, tidal power 2.7 TW, current power
5 TW, osmotic power 1400 TW, OTEC 40,000 TW.

With such optimistic projections and present day technology it may soon be
possible to rely on our renewable energy resources with confidence and assurance so
fong as we continue to minimize the environmental effects.

EXERCISES

1. Pick a country the name of which starts with the same letter of the alphabet as your
own family or given name and obtain the latest data for Fig. 1.1. Give the source.

2. Explain why geothermal energy is classed as both a renewable and nonrenewable
energy source. Do you agree with this explanation?

3. Complete Table 1.1 with references to uranium available as a nuclear fuel, 860
Quads from the earth and 10° Q from seawater.

4. It has been argued that the CO, absorption band in the atmosphere is almost
saturated and if more CO, is produced there will be no additional absorption.
Explain why this is incorrect. ‘

5. From Figs. 1.6 and 1.10 it would appear that water is more important than CO,
in governing the Greenhouse Effect. Comment on this.

6. Explain why burning wood and burning coal are not equivalent as far as the
Greenhouse Effect is concerned.

7. The normal energy requirements of a house in Winnipeg in winter is 1 million
Btu/day or 10° kJ/day. (a) What weight of Glauber salt would be required to store
solar energy for one month of winter use? (b) If the optimum conditions for using
the Glauber salt 1s a 35% by weight (Na,SO,) solution in water, what volume of
solution would be required? (Note: Density of GS solution is 1.29 g/mL.

8. Canada produces over 700 million pounds of vegetable oils per annum. If this were
to replace all Canadian pefroleum oil used, how long would it last?

9. If a typical home has 1200 ft* of floor space and a sloping A-type roof at 45° to
60" for optimum solar collection, the roof area facing the sun would be approx.
850ft?. Calculate the energy per day available as heat and as electricity via
photovoltaic cells (assume 5% efficiency) for both summer and winter.

10. What would be the rise 1n sea level if the average temperature of the oceans
increased by 1°C at 20°C. The density of water at 20°C is 0.99823 g/mL and at 21°C
the value 15 0.99802 g/mL. Assume no ice melts and that the ocean area docs not
increase. The average depth of the ocean is 3865 m.

11. Reverse electrodialysis is a method of extracting electrical energy directly from the
flow of a fresh water river into the sea (salt water). Jon-exchange membranes are
used to separate the flow of fresh and salt water, Draw a diagram of the system
and explain how 1t works. Sce Section 15.5.
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Solid Fuels

2.1. INTRODUCTION

Fuels are conveniently classified as solids, liquids, and gaseous fuels. Solid fuels include
peat, wood, and coal and can encompass solid rocket fuels as well as metals. The
earliest fuels used by man were nonfossil fuels of wood and oil from plants and fats
from animals. The windmili and water wheels were other sources of energy.

Sources of power have changed with the years and will continue to change as
shown in Fig. 1.2. In 1992 approx. 7% of the world’s power was supplied by
hydroelectric plants and the remaining 92.5% from fuels. Natural gas provides 22% of
the total power, petroleum, 40%, and coal, 25% (of which 7% is derived from hard coal
and 18% from the soft coals) and nuclear fuels provide about 7%. Qil, which has
displaced coal as the major fuel, will soon be replaced by natural gas which in turn will
eventually be replaced by nuclear energy. A-

The origin of coal is not known with certainty. One popular theory claims that
coal originated about 250 million years ago as a result of the decay of vegetation
primarily from land and swamps and not of marine origin. Bacterial action undoubt-
edly helped with the reduction process. The first step following the exclusion of oxygen
was the formation of peat-—a slimy mass of rotting organic matter and debris. Under
the pressure of sediments the peat became dehydrated and hard, forming low grade
coal, called lignite. Under further pressure and time the reactions of condensation and
consolidation (50-fold decrease in volume) converted the lignite into a higher grade
coal —bituminous coal. A highest grade coal — anthracite — has the highest percentage
of carbon. A simplified flow description for coal formation is shown in Fig. 2.1. The
three component ternary phase diagram for the C, H, and O content of the various
grades of coal is shown in Fig. 2.2 where comparison is made with cellulose and lignin,*
the general precursor to coal. The simple weight percentage point of cellulose is
indicated by a filled triangle (A) and the atom percentage is shown as a filled square
(M). The bond-equivalent points are meant to account for the bonding (valency) of the
elements, namely 4 for C, 2 for O and 1 for H. The atom percentage multiplied by the
bond factor and normalized (to 100% for all the elements) is called the bond-equivalen:
percentage and is shown as filled circles (®). The values for CH,, CO,, and H,0 are
also shown in Fig. 2.2 as open ctrcles (). The direction from cellulose to anthracite
shows clearly that the loss of water and oxygen must occur during the coalification
process.

T Wood consists of about 25% lignin which acts to hind the cellutose fibers together.

27
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VEGETABLE MATTER & WOOD

Fermentation + Heat CH, + CO,; + H,0 evolved
PEAT

Fermentation & Pressure CO,+H,0 evoived
1
LIGNITE

Condensation & Consolidation CO,+H,0 evolved
L
BITUMINQUS COALS

Pressure + Heat CH, + H;O evolved
ANTHRACITE COALS

FIGURE 2.1. Possible route for the formation of coal from plant matter.

Wood was obviously man’s first fuel, followed by animal fats and vegetable oil.
There is evidence that candles were used during the first Minoan civilization about
3000 B.c. Coal was used by the Chinese about 100 B.c. and the “black stone”
was reported to be used by Greek smiths about 250 B.c. The Romans in Great Britain
also used coal. Marco Polo describes the mining of “black stone” in his travels
1271-1298 AD.

Coal is primarily known as a fuel but it is also a valuable chemical. It can be
reacted with lime, CaQ, at high temperatures (electric arc) to form calcium carbide,

FIGURE 2.2. The 3-phase ternary bond-equivalent diagram for C—O-H showing the transition
from celiulose to anthracite. Cellulose (C,H,,Os), is also shown as A for weight % and as B
for atom % in the diagram. The other points are bond-equivalent %.
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TABLE 2.1
World Coal Resources and Use {Dec. 1996)

Recoverable reserves Uses
(107 tons) (10° tons)
Hard® Soft” Total Production Consumption
Russia _ 54 119 173 331 284
USA 126 149 275 1087 1028
China 68.6 57.6 126.2 1690 1532
Germany 26.4 47.4 738 286 277
Australia 52.1 475 99.6 276 135
UK 1.1 0.5 1.6 62 78
Canada 5.0 4.5 9.5 87 62
Poland 134 24 15.8 232 195
South Africa 61.0 — 61.0 230 169
India 80.2 2.2 824 352 342
Rest of the world 715 927 170.2 922 1167
Total 565.3 5228 10881 5625 5269

?Hard = anthracite and bituminous; soft = lignite and subbituminous.

CaC,, which when hydrolyzed forms acetylene (C,H,):

3C + Ca0 - CaC, + CO | @

CaC, + 2H,0 — Ca(OH), + C,H, (2.2)

Coal is also used to prepare active carbon which is used for the purification of air and
water and in numerous industrial processes,

The distribution of coal in the world is given in Table 2.1. The recoverable reserves
consist of the coal which can be economically mined with presently known technology
and conditions. The proven reserves are the coal known to be present, within +20%,
by extensive drilling and experience and is about twice the recoverable reserves. The
estimated total world coal resources are about § times larger and is based on
geologically favorable formation within the earth’s crust and on previous experience
within the countries concerned. It excludes under sea or under ice sites.

Of the world’s reserves, the distribution between hard and soft coal is about equal
on a global basis. There is enough coal to last the world for 200 to 1000 years
depending on the rate of usage and the rate of exploration.

Coal in 1947 was at a record high price of $4.16 per ton at the mine. More than
600 Mtonne were mined that year in the USA, but already oil was beginning to displace
it. The old steam engines, which used 2 ton of coal for every 4 miles hauling a heavy
freight, consumed a quarter of the coal production (125 Mtonne). By 1960 when the
railroad had almost completely converted from coal to diesel, the rajl industry used
only 2 Mtonne of coal.
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2.2. WOOD AND CHARCOAL

Wood, a renewable source, is not an important industrial fuel today. However, its
us¢ continues in some rural areas where it is often supplemented with liquid propane.
In some underdeveloped countries wood is still the principal source of energy. Dry
wood contains from 1% to 12% moisture whereas green wood contains from 26% to
50% water. The resinous woods, like pine or cedar, yield about 18.5 MJ/kg of air-dried
wood or, allowing for the moisture content, about 21 MJ/kg on a dry weight basis.
Hardwoods have a heating value of about 19.4 MJ/kg. The energy available in present
forest stocks is estimated to be equivalent to about 270 x 10° tonnes of coal or about
2/3 of the equivalent oil reserves.

Wood-burning fireplaces have become a popular form of heating in the past few
years. The normal open hearth fireplace is not an efficient producer of heat since its
draft sends most of the hot air up the chimney creating a partial vacuum pulling cold
air into the home. The recent introduction of glass doors to close in the fire and the
introduction of outside air to the fire for the combustion process has improved the
efficiency of the fireplace, especially with forced air circulation around the fire chamber.

Open fires, however, are a source of pollution since the smoke produced contains
large quantities of polynuclear aromatic hydrocarbons such as benzo(a)pyrene, a
carcinogen also found in cigarette smoke. In some communities it has been necessary
to restrict the burning of wood because of the resulting air pollution.

2.3. PEAT

Peat is formed when dead vegetation is saturated with water which prevents the
action of aerobic bacteria. Thus, most of the carbon of the cellulosic matter is retained,
and with ageing, peat is formed. It accumulates at an average rate of 0.7 mm/year or
world wide at 210 Mtonne of carbon. Canada (40%) and Russia (36%) have more than
3/4 of the world’s peat land (320 Mha or 150 x 10° Mtonne of carbon). In Russia peat
deposits occupy about 1/10 of the total country’s terrain. It is a spongy watery mass
when first obtained from the peat bog. Six tonnes of dry peat yield about one tonne of
fuel. A commercial grade of peat contains about 25% water. Air-dried peat has a
heating value of about 16.3 MJ/kg. Peat is rich in bitumens, carbohydrates, and humic
acids and as a chemical source it can yield waxes, paraffins, resins, and oils. Peat also
1 a source of pharmaceutical and curative preparations as well as a livestock feed
supplement.

Peat is not used in North America as a fuel to any great extent, but in Europe it
has been employed in domestic heating for centuries. Peat is often harvested by massive
machinery for industrial use (Fig. 2.3). The machine deposits the cut and macerated
peat in long furrows, which are then cross-cut into blocks and conveyed to dry storage
or dryers. Ireland harvests 4 Mtonne annually as fuel for generating 20% of the nations
electricity. In Finland about 3 Mtonne of peat, with an energy content of 30 x 10° MJ,
is used annually. This is about 6% of the total fossil fuel energy used. Peat as a primary
fuel was used in 15 power plants in 1983 to generate 950 MW. Peat is also used to
generate power for electricity in Russia.
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FIGURE 2.3. This machine cuts and macerates the peat and then sends it along the extended
arm which deposits it in rows. The peat is cut into blocks by the discs as the equipment moves
forward.

The pyrolysis of peat in the absence of oxygen is being studied in New Zealand,
where the oil-wax product is then hydrogenated to form the equivalent to a common
crude oil. New Zealand has enough peat to produce 400 Mbbl of oil.

The growth of peatlands consumes CO,; and the harvesting of peat and its
combustion as a fuel has a 2-fold adverse effect on the CO, balance in our atmosphere,
first by releasing CO, into the atmosphere and second by removing it as a sink for CO,.

24. COAL

Coal, the generic term applied to solid fossil fuels, ranges from lignite, which is
basically a matured or modified peat, to meta-anthracite, which is more than 98%
carbon. The qualities of different coals are classified in different ways either depending
on the chemical composition, the heating value, or even the ash content and its fusion
temperature. The International Classification of Hard Coals by Type (1956) has been
widely accepted. The criteria used include volatile matter and calorific value as well as
the sweiling and caking properties of the coal. The Economic Commission for Europe
has proposed its own classification and codification system. In North America the
common classification of coals is by the ASTM method. The rank classification system*
is based on the application and commercial use of coal, namely in combustion for
electric power generation and in the preparation of coke for the metaliurgical industry.

*The ASTM (American Society for Testing and Materials) has provided detailed definitions (ID121-85) and
tests (D-388-88) for rank classification.
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2.5. ANALYSIS OF COAL

The elemental analysis of coal, 1e., its C, H, O, N, S, and ash residue may be
important to a chemist who wishes to use coal as a chemical or source of carbon, but
to an engineer who wants to burn the coal in a heat or power generating plant or a
coking oven other parameters are more important— most notably its heat of combus-
tion, moisture level, volatile matter, carbon and sulfur content as well as the ash. This
1s called the proximate analysis and it is determined as follows:

Moisture Content A sample of coal is ground to pass 20/60 mesh and weighed. It is
dried in an oven at 110°C and reweighed. The loss in weight represents the moisture
content of the coal.

Volatile Content The coal sample is heated in an inert atmosphere up to 900°C. The
loss in weight varies with the temperature since some of the coal is decomposed into
oils and tars which volatilize at various temperatures.

Ash Content A coal sample is heated in a muffle furnace at 900°C in the presence of
air to combust the coal leaving the ash residue which is heated to constant weight.
If the sample of coal is first freed of volatile matter then the loss in weight represents
the fixed carbon in the coal.

Heat Content This is determined in a bomb calorimeter where a dry sample of coal
1s burned in an excess of oxygen and the heat evolved is measured. This 1s often
referred to as the caloric value or the heat content of the coal. This includes the
combustion of the volatile and tar components as well as the fixed carbon and is
therefore related to the actual heat generating value of the coal The heat of
combustion of pure carbon is 32.8 MJ/kg.

2.6. ASTM CLASSIFICATION

An abbreviated version of the ASTM classification of coal by rank is shown in
Table 2.2. The highest rank —meta anthracite—contains the highest percentage of
carbon and the lowest amount of volatile matter. The four classes are divided into 13
groups according to carbon content and heating value. Thus, in the bituminous class
there may be gas coals, coking coals, and steam coals. The proximate and ultimate
analysis of typical coals are given in Table 2.3. It is possible to calculate the heat
content of coal from its ultimate analysis. From the standard heats of formation of CO,
{—393.5 kJ/mol), H,0 (—285.8 kJ/mol), and SO, (—296.8 kJ/mol} it is possible to
derive the formula

Q@ = (1/100)[32.76C + 142.9(H — O/8) + 9.35] (2.3)

where Q is the exothermic heat evolved in the combustion of the coal in units of kl/g
and where C, H, O, and S represent the weight percentage of the element in the coal.

Oxygen, which 1s assumed to be present as H,O, is normally determined by difference.
The assumption concerning oxygen is not too unreasonable since more than half of the
oxygen in coal is normally present as —OH. If the ash content is significant then a
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TABLE 2.2

Classification of Coals by Rank®

33

Fixed carbon,

Volatile matter,

Calorific value,

Class/group C (%) V(%) AH (MJ/kg)
Anthracite

Meta-anthracite ML C V<2

Anthracite 92 < C <98 2<V<8

Semianthracite 36<C<92 E<V<l4

Bituminous

Low wvolatile bituminous 18<C<86 M<V <22

Medium volatile bituminous 0<C<78 22<V <3l

High volatile A bituminous C<69 3t<V 326 < AH

High volatile B bituminous
High volatile C bituminous®

Subbituminous

Subbituminous A coal
Subbituminous B coal
Subbituminous C coal

Lignitic
Lignitic A
Lignite B

302 < AH < 326
267 < AH < 302
244 < AH < 26.7

244 < AH < 267
221 <« AH < 24,4
193 < AH < 2211

147 < AH < 193
AH < 147

“Based on dry, moisture and mineral fres (ash free basis).
*Variable values depending on the agglomerating properties of the coal when freed of volatile matter,

TABLE 2.3
Proximate and Ultimate Analysis of Five Canadian Coals (Moisture Free)

BC NS NS Sask Sask
Proximate analysis
Volatile carbon 26.1 34.6 354 435 41.4
Fixed carbon 58.6 4938 61.7 43.1 46.1
Ash 153 15.6 29 134 12.5
Ultimate analysis
Carbon 74.4 66.0 847 61.1 66.1
‘Hydrogen 43 4.5 56 36 2.2
Sulfur 038 4.9 13 1.1 0.6
Nitrogen 1.2 14 1.3 1.0 13
Ash 15.3 15.6 2.8 134 12,5
Onxygen® 4.0 1.6 43 19.8 17.3
Calorific value® MJ/kg 28.6 238 339 17.3 18.3

“Determined by difference.
*Coal sample as received.
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correction must be made for it. The nitrogen content of coal is usually small and often
ignored. Since AHY(NO,) = 33.2 kJ/mol the added term to the equation would be
2.4 N. Several other formulas have been proposed which are correct for some of the
structural aspects of coal.

2.7. ASH

The combustion of coal results in the formation of an ash—the noncombustible
component ol coal — part of which is carried off with the combustion products as very
fine particulate powder called fly ash. The heavy ash remaining in the combustion
chamber is called bottom ash or boiler slag. The continuous mining process produces a
coal containing about 28% ash. Coal used to generate steam usually has about 15%
ash.

The ash is an undesirable component of the coal and is usually reduced during the
cleaning process that coal is normally subjected to after being shipped from the mine.
This cleaning process removes the rocks, clay, and mincrals which invariably mix with
the coal.

Some applications such as chain-grate stokers require a minimum of 7-10% ash
to protect the metal parts of the furnace. One of the most important characteristics of
the bottom ash is its melting point (or fusion temperature) which determines the ease
with which it is removed from the furnace. The melting point of these inherent
impurities in a coal can be represented by a three component phase diagram of oxides
such as Fe,0,, Al,O,, and SiO, or by minerals such as Al,O;-2510, (clay), S10,
(quartz), and MgO-Al,0,-2-58i0, (feldspar) where lines join the common melting
points of the various mixtures. The choice of the components depends on the coal and
the impurities in the ash. A high fusion ash melts above 1316°C whereas a low fusion
ash melts below 1093°C. In some instances, iron oxide or sand (8i0,) is added to the
coal to increase the melting point of the ash so as to favor clinker formation which
resuits in easy removal. Ash with a low fusion temperature can form an undesirable
glassy coat of the furnace and grill. In the case where steam is generated the deposition
of this adherent glassy deposit on the fireside of the steel boiler tubes causes the ash to
insulate the steel tubes from the heat and thus reduce the efficiency of steam generation.

Fly ash is usually precipitated by a Cottrell electrostatic precipitator and/or
cotlected in filter bags. The composition of the fly ash usually differs from the bottom
ash due to thermal fractionation of the oxides. This is illustrated in Table 2.4 where the
composition of the bottom ash is compared with various fractions of the fly ash which
is classified into 5 groups:

(a) the alkali and alkaline earth meztals
(b) refractory metals

(¢c) transition metals

(d) halogens

(e) the volatile elements.

In 1995 the U.S. utilities produced 65 Mt/y of fly ash. The 21 coal-fired thermal
generating plants in Canada produced 16.6 GW consuming 37.8 Mt of coal of which

>

“Value
bEtert
‘Filrer

ol



35

Stack?
ash

1700
23,000
8

4800
13,300
90
4000
1100

103,000
10
6
3
7
30
2
2
3
3
12
9
4

370

60

170
70,000
510
340

20

40
6000
240

12,000
900,000
33,000
1300

30
300
2600
20
140
200
500
300

Solid Fuels
TABLE 2.4
Trace Element Analysis of Coal and its Various Combustion (ash) Fractions? (ug/g)
Bottom Precipitated® Bag
Element Coal ash ash ash
A. Barium Ba 150 1200 1600 1540
Calcium Ca 4000 49,000 34,000 21,000
Cesium Cs 038 10 7 5
Magnesium Mg 420 4700 5400 440
Potassium K 1220 16,000 13,000 11,000
Rubidium Rb 23 75 160 %0
Sodium Na 500 7100 4600 3400
Strontium Sr 120 1200 1200 1000
B. Aluminum Al 11,000 100,000 112,000 103,000
Beryllium Be 09 — 8 10
Dysprosium Dy 1.0 6 10 5
Europium Eu 03 3 3 3
Hafnium Hf 0.7 — 9 3
Lanthanum La 5.0 70 60 30
Lutetium Lu 0.2 1 2 0.6
Samarium Sm 1.0 10 12 9
Tantalum Ta 0.3 2 3 1
Terbium Th 0.3 4 4 0.8
Thorinm Th 14 20 15 10
Uranium U 0.7 — 9 8
Ytterbium Yb 04 4 5 3
C. Chromium Cr 12 160 140 220
, Cobalt Co 3 20 40 35
Copper Cu 6 20 84 142
Iron Fe 6300 140,000 90,000 70,000
Manganese Mn 24 360 270 250
Nickel Ni 4 70 35 200
Scandium Sc 3 — 40 20
Silver Ag 2 50 40 7
Titanjum Ti 560 5000 6500 6000
Vanadium \' 20 130 180 240
D. Bromine Br 14 Nil 6 30
Chlorine ClI 1200 Nil Nil 800
Fluorine F 80 — 100 400
Iodine I 1 Nil Nil Nil
E. Antimony Sb 0.5 3 6 11
Arsenic As 12 35 90 230
Boron B 16 — 220 2000
Cadmium Cd 0.3 3 2 4
Gallium Ga 10 30 60 140
Lead Pb 6 70 50 160
Mercury Hg 04 0.2 0.5 0.5
Selenium Sc 3 2 14 14
Zinc Zn 27 — 330 380

1100

*Values rounded off — average of several coals.
*Electrostatic precipitators 99% efficient.
‘Fiiter bags.
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TABLE 2.5
Chemical Analysis of Fly Ash (Saskatchewan)
Component Content (%) Component Content (ug/g)
Na (as Na,0) 3.02 As <1
K (as K,O) 048 B 291
Ca (as CaQ) 10.87 Cd 2
Mg (as MgO) 1.09 Cr 20
Al (as ALLO3) 21.02 Cu 26
Si (as Si0,) 57.64 Co 13
Fe (as Fe,0,) 2.81 Ga 107
Ti (as TiO,) 0.76 Pb 36
P (as P,0,) 0.09 Mn 292
S (as SO,) <01 Hg <0.5
Mo <50
Ni 32
Ag 29
A 72
Zn 48
Se <05

10% was ash. The fly ash produced was 2.5 Mt. The composition of the fly ashes varies
considerably. One particular fly ash from Saskatchewan (see Table 2.5) was recently
tested for the extraction and recovery of gallium which can be converted to GaAs. In
the near future GaAs will be replacing silicon as the sernicondut;tof of the electronic

industry.
Another potential use of some f

bauxite which is being exhausted at an ever increasing rate.

y ash is as a source of alumina (A1,0;), replacing

2.8. COAL AND ITS ENVIRONMENT

Though coal is cheap and plentiful 1t is a “dirty” fuel which contaminates our
environment and contributes to the CO, imbalance in our atmosphere as well as oxides
of nitrogen from the combustion process. The principal contaminant in coal is sulfur
which burns to form sulfur dioxide (SO,) which is oxidized to sulfur trioxide (SO,) in
the atmosphere. In the commercial production of sulfuric acid, sulfur (S) is burned to

form SO,.

S+ 0,—50, (2.4)

The SO, can dissolve mn water to form sulfurous acid (H,SO3). The SO, is also
catalytically converted to SO, using V,0; as a catalyst:

280, + 0, — 280, @5)

The SO, is then treated with water or sulfuric acid solution to form H,SO,.
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Similar reactions can occur in the atmosphere with the resulting formation of acid
(H,50,) rain which can fall considerable distances from the source. Thus the acid rain
failing in Norway and Sweden primarily originated from coal burning in the Ruhr
valley and the UK. Similarly the acid rain reaching Ontario comes primarily from the
US iron and steel centers and industrial Ohio Valley though it is claimed that a large
part of the SO, is also coming from the nickel smelters in Sudbury, Ontario. A joint
US—Canadian study has determined the sources and recommended appropriate sol-
utions to prevent the lakes from becoming too acidic to support aquatic life (fish).

Acid rain is not the only environmental contaminant from coal burning. The
average concentration of mercury in coal is about 0.3 #g/g (i€, less than 1 ppm). A 755
MW steam turbine driven power-station burns approx. 7100 tonne of coal per day. This
corresponds to about 2.5 kg/day of mercury being sent up the stack. With present
North America estimates of coal consumption at about 10'° tonne/year, about 3000
tonne of mercury is put into the environment. This is about 4 times the natural source. *

Coal also contains uranium and thorium and their radioactive decay products.
Though as much as 98% of the fly ash is precipitated, the 2% remaining escapes up the
stack. For a power plant burning 2 x 10* tonne/day if there is approx. 10% of fly ash
then approx. 40 tonne/day fly ash escapes up the stack. Measurements have shown that
this contains about 500 uCi 225Ra per day. The fly ash behaves like ordinary smoke
and its dispersion follows standard equations. If we assume a wind speed of 1 m/s, a
stack of 120 m high will result in a maximum concentration at ground level at 400 m
from the stack of 9 x 10714 ,Cj 226R, per cm® air. The maximum permissible
concentration (MPC) for 2?%Ra in air is 10~ !! #Ci/cm®. Thus the concentration of
*2°Ra is 2 orders of magnitude lower than the MPC, but since fly ash contains other
radionuclides (**°U, 2'°Pb, etc.) the long-term effects on those living close to or
downwind from coal burning power plants must be carefully monitored.

The use of fly ash in concrete does not solve the disposal problem but only shifts
it to another locale. If cement is composed of 30% fly ash, it has been estimated that
the radon diffusing out of the concrete (porosity =5%) into a room (10 m x 10m x 4 m)
would be about 1072 uCi/cm®— 100 times lower than the MPC. However, with higher
porosity concrete and lower ventilation rates the margin of safety decreases and it
means that concrete containing fly ash should not be used in structures for habitation
though it would be permissible for use in foundations, bridges and roads,

A recent coal fired power station located between Los Angeles and Las Vegas has
shown that it is possible to burn coal with as much as 3.5% sulfur without contamina-
ting the environment with SO, and NO,. This is done using two existing technologies,
coal gasification and combined cycle generation, ic., generating electricity simulta-
neously from turbines running on gas and steam. The plant pulverizes 1000 tonnes of
coal per day, which is converted to synthesis gas by reaction with water and oxygen.
The ash and minerals fuse and are removed whereas the H,S is removed after the gas
is cooled by generating steam. Water is then added to the clean gas to reduce NO,
formation upon combustion and more steam is generated to drive the turbines. The
cost of power for a 600 MW plant is estimated to be 4 to 5 cents per kWh.

*The average concentration of mercury in rock is about 0.1 #g/g and since about 10'° tonne of rock js
weathered annually it is estimated that about 800 tonne of Hg is put into the atmosphere each year. This
mercury is distributed uniformly around the earth and presents little environmenta! danger. It is the
nonuniform or concentrated dumping of mercury that is dangerous and must be avoided.
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2.9. FLUIDIZED BED COMBUSTION

The fluidized bed reactor is about 60 years ofd but only in recent years has its
application to coal combustion taken on commercial significance. The fluidized bed is
the dispersion of a solid, usually in powder form, by a gas, under flow conditions such
that the solid takes on the properties of a gas. Such reactors can be designed to operate
continuously. Thermal conduction (heat transfer) in such systems can be high and, as
a result, in the case of coal and air, the combustion can occur at much lower
temperatures than in the fixed bed system. Thus, the addition of limestone (CaCO,) or
dolomite (CaCO;-MgCO,) to the fluidized bed system can result in the reduction of
oxides of sulfur and oxides of nitrogen.

This is accomplished by the reactions which can occur in the combustion bed.

CaCO, — CaO + CO, 28
CaO + SO, — CaSOy, .4y, (2.7

The lower combustion temperature keeps the equilibrium for the NO reaction toward
the O, + N,. See Exercise 18.

O, + N, = 2NO (2.8)

This would mean that high sulfur coal could eventually be used in combustion
processes without contaminating the environment. o

Unfortunately the effect of increased CO, levels in the atmosphere will still
contribute to the greenhouse effect. Only the combustion of biomass, H,, or renewable
energy sources do not enhance the greenhouse effect.

Recent work by the Coal Utilization Research Laboratory in Leatherhead,
England, has shown that a slurry of 68% coal in water burned very well in a pressurized
fluidized bed reactor. However, much more work remains to be done before such
mixtures can be pumped through pipelines and burned directly in specially designed
reactors.

2.10. COKE

Coke 1s produced when a bituminous coal is devolatilized by heating (in the
absence of air) to temperatures ranging from 900 to 1200°C. As the temperature is
slowly raised, physical and chemical changes take place. Adsorbed water is lost at
temperatures up to 250°C. Some CO and CO, is liberated up to 300°C with some
pyrogenic water. Above 350°C the coal becomes plastic, and begins to decompose
between 500 and 550°C to form gases and tars. The product at this point is called
semicoke which still off-gases up to 700°C where the hot coke acts as a catalyst for the
decomposition of the volatile products. Above 700°C the coke is hardened and
agglomerated. The by-product consists of coke-oven gas (55-60% H,, 20-30% CH,,
5-8% CO, 2-3% heavy hydrocarbons, 3-5% N,, and 1-3% CO,, as well as traces of
0,) having a calorific value of about 17 MJ/m?.
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Coal tar is also produced during the coking process. It contains over 300
substances which usually include 5-10% naphthalene, 4- 6% phenanthrene, 1-29;
carbazole, 0.5-1.5% anthracene, <0.5% phenol, ~1% cresol and ~ 1% pyridene
compounds and other aromatie hydrocarbons. About 50-60% of the tar consists of
high molecular weight hydrocarbons.

The principal use of coke is in the blast furnace for steel making, the manufacture
of calcium carbide (CaC,), and other metallurgical processes. The annual world
production of coke has been at about 4 x 10* tonnes for the past 10 years. US
production of coke has decreased from 46 Mtonne in 1980 to 22 Mtonne in 2000 as
steel production moved to Asia and the far east. The coals used for coke production
are usually a blend of two or more coals consisting of a high-volatile coal blended with
low-volatile coals in a ratio of from 90:10 to 60:40. Such blends increase the rate of
coking and produce a better product. The large sized fused coke (~75 mm) is used in
blast furnaces whereas the smaller sized (~20 mm), called breeze, is used in boiler-
firing, iron ore sintering, electric smelting and other applications where a purer grade
of carbon is required.

The ash content of a metallurgical grade of coke must be less than 10% with a
sulfur content <1.5% and a volatile component <1%. The calorific value of such coke
is between 31.4 and 33.5 MIJ/kg. One tonne of coal normally produces from 650 to
750 kg of coke.

The development of the coal gasification process allows for the removal of
contaminants which make the coal a “dirty fuel.” If a new sink for CO, can be invented,
the need to go fully nuclear could be delayed.

EXERCISES
1. Discuss the statement “Coal is a dirty fuel.”
2. What is the difference between a primary and secondary fuel?
3. What does charcoal and coke have in common? Compare their properties.
4. Describe a laboratory experiment by which wood could be converted into coal.
5. Explain why the proximate analysis of a coal is useful.
6. Explain why chloride salts should be washed from coal before it is used in

combustion processes.

7. Wet coal can be air dried at room temperature. How does this differ from the
moisture content of a coal?

8. Explain why the components in an ash from a coal has a different relative
concentration compared to the initial coal.

9. Two recent formulas have been proposed to evaluate the heat of combustion of
coals:

—AH (k)/g) = 357.8C + 1135.7H + 594N + 111.9S — 84.50 (2.9)
Lloyd and Bavenport

—AH (kJ/g) = 351C + 116.1H + 62N + 104S — 1108 (2.10)

Boie’s formula
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TABLE 2.A
Elemental Analysis of Some Solid Fuels
wt.%
—AH, (kl/g)
C H N S 0 measured

1l shales
(A) Australia 84.6 11.5 0.56 0.30 3.0 43.70
{B) France 85.1 114 1.12 0.32 206 43.19
{C) Sweden 85.0 9.0 0.71 1.72 36 40.58
Coal
(D) South Africa 84.3 59 2.50 0.70 6.6 35.60
{E) Athabasca tar 82.5 10.0 0.47 4.86 1.7 41.14
Sand
(F) Syncrude oil

(a) 87.8 10.1 0.34 0.12 1.6 42.54

{b) 79.2 5.1 1.30 1.30 131 32.36

10.

Compare the accuracy of these formulas with Eq. (2.3) using the data given in Table
2.A.

The three component terniary phase diagram of a bottom ash is shown in Fig. 2.A.
(a) How much sand (Si0,) must be added to each tonne of coal (type A)
(point x) if the melting temperature of the ash is to be raised from 1000°C
(point x) to 1200°C (point y)? The ash content of the coal is 10% and the
oxides in the ash are graphed as weight %. (b) A second coal (type B) has
15% bottom ash with a composition as shown in Fig. 2.A (point z). What

.
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FIGURE 2A. A = SiO,, B = Al,0;, C = Fe,0;. Ash at point X has a melting point of 1000°C

and

at point Y the melting point is 1200°C.
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FIGURE 2B. Proximate analysis of a coal by TGA.

would be the composition of the ash if a blend of the coals was burned A:B
of 2:1?

The proximate analysis of a coal can be determined automatically by Thermal
Gravimetric Analysis (TGA). This method involves the automatic recording of the
mass of a coal sample while the temperature of the sample is programmed and the
atmosphere of the sample controlled. This is illustrated in Fig. 2.B where the mass
of the sample is recorded at 25, 110, and 900°C under the inert atmosphere of
nitrogen. Air or oxygen is then introduced while the sample is still at 900°C. (a)
Describe the changes which occur at each temperature stage. (b) Determine the
proximate analysis of the sample from the results in Fig. 2.B.

Explain why the elements listed in Table 2.4 are classified into the five specific
groups.

Explain why the calorific value of the volatile fraction of a coal (per unit mass) is
normally greater than that of the fixed carbon of the coal.

What is coal gas?

Explain why coal is often used as a source of active carbon.

Why do some coals have a higher calorific value than pure carbon?

Explain why using peat for fuel has an adverse effect on the CO, balance of our
atmosphere.

The equilibrium constant, Kp for the reaction N, + O, = 2NO as a function of
temperature was determined experimentally to be: logKp =g - b/T where
a =163, and b = 9.452 (K). Calculate the equilibrium pressure of NO when air is
heated to 800, 1000, and 1200 K.
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Crude Oil

3.1. INTRODUCTION

Oil is a major liquid fuel and it is aiso the basis of most other liquid fuels. It is formed
by refining petroleum or crude oj] which is a very complex mixture of components
composed of many different types of hydrocarbons of various molecular weights. Crude
oils are usually classified by the major type of hydrocarbons in the oil. The three major
classes are: (1) paraffinic (alkanes); (2) aromatic with naphthenic and asphaltic
components; and (3) mixed oils containing significant quantities of both aliphatic and
aromatic compounds. Typical gas chromatograms of two crude oils are shown in Fig,.
3.1. Such chromatograms are often used as a “fingerprint” of an oil in identifying the
origin of oil spills. The origin of petroleum is not known with certainty. It is believed
to have formed from the accumulation of various marine organic deposits which by
partial bacterial decay, heat, and pressure, eventually formed the crude oil which
migrated through the pores, cracks and fissures in the rocks, forming oilfields in
underground structures illustrated in Fig 3.2

Crude oil varies in its properties and composite from one country to another and
from field to field. The differences are due to viscosity, volatility, and composition (e.g.,
sulfur content). A list of 14 different crude oils and their primary distillation products
is given in Table 3.1,

3.2. EARLY HISTORY

Petroleum and its products, notably asphalt, has been used to waterproof boats
since 6000 B.c.. The Bible refers to many applications from Noah’s Ark to Moses’
basket. Job refers to “the rock poured me out rivers of oil” (Job 29:2) and even today
one can find asphalt floating up to the surface of the Dead Sea. The Egyptians used
asphalt in the construction of the pyramids. It is believed that the Chinese were drilling
for oil in the third century A.D. In North America the native Cree Indians used bitumen
from the Alberta oil sands to seal their canoes as well as for medicinal purposes. Oil
Seepage on the surface were the earliest sources of crude oil. The first to use petroleum
products commercially was Dr, Abraham Gesner of Nova Scotia. He distilled a
kerosene fraction (about 1840) to use as an lluminating fuel. This coal oil replaced the
smoky smelly fuel from whale oil and vegetable oils used for lighting. Seventy plants
were producing coal oil for lighting by 1861. However by 1855 a Canadian company
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FIGURE 3.1. Typical gas chromatograms of two crude oils where each peak represents one (or
more} individual compounds. The height (or area) of the peak is proportional to its concentration
in the injected sample. The time taken for the substance to elute from the column, which is
temperature programmed to speed up the analysis, is used to 1dentify the substance. The presence
and the ratio of the two branched hydrocarbons, pristane (2,6,10,14-tetramethylpentadecane) and
phytane (2,6,10,14-tetramethylhexadecane) can be used to identify the source of the oil.

was producing a better grade of kerosene from oil seepages near Sarnia, Ontario where
the first o1l producing well was drilled (15 m) in 1858. By 1863 there were 30 refineries
in Ontario productng oil for $4/bbl which rose to $11/bbl in 1865. However, the oil
found in Pennsylvania proved to contain less sulfur and thus produced a better quality

kerosene. The Canadian oil price then dropped to $0.50/bbl.

3.3. WORLD PRODUCTION OF CRUDE OIL

In 1950, world oil production was 519 Mtonnes or 10 million bbl/day. This
doubled by 1960 (1.05 Gtonne) and doubled again by 1970 (2.3 Gtonne). The
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FIGURE 3.2. Oil formation in sedimentary basins where natural gas is usually trapped with
the oil.

production continued to increase (3.0 Gtonnes or about 22 billion bbl in 1979) and
seemed to level off at about 20 billion barrels during the 1980s reflecting the changing
attitude towards energy. However, the world’s annual production of crude oil has gone
to over 22 billion bbl in 1992 in spite of an economic slump. The percentage contributed
by different geographical areas in 1998 js shown in Fig. 3.3. The 1992 production and
consumption levels for the major producers and consumers 1$ given in Table 3.2.

The United States used to be the world’s leading producer of crude oil (7.75 M
bbl/day in 1965, approx. 8.7 M bbl/day in 1980, and 7.2 M bbl/day in 1992). The
decrease in production was more than balanced by increased imports of 7.0 M bbi/day
in 1992. Thus, the percentage contributed by the United States to the world supply,
decreased from 45% in 1956 to 13.7% in 1979 to less than 12% in 1992. Even though
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FIGURE 3.3. Percentage of world crude oil production for various countries in 1998 {(World
total = 75 Mbbl/day).

Canada increased its production during this same time period, 3% in 1956 went to 2.6%
of the total world production in 1997, In the same interval new producing areas were
developed, notably in the Sahara, the Arctic, Australia, and the North Sea. The Middle
East also showed a marked increase in oil production from 11.6 M bbl/day in 1983 to
17.6 M bbl/day in 1992. Russian production of crude oil increased from 9.3% of the
world’s oil in 1956 to about 20% in 1992, -

The Russian oil reserves are as vast as the country. The major producing areas are
West Siberia and the Volga-Urals region which produce about 400 Mtonnes and 200
Mtonnes per year, respectively. Many of the oil fields of northern Siberia are not
connected by pipelines and thus await further development. This is similar to Canada
where arctic gas and oil fields are not as yet being tapped.

World oil production and consumption is projected to reach 774,824, and 86.5 M
bbl/day in the years 2000, 2005, and 2010, respectively. Total world reserves have been
estimated to be about 10'2 bbl. Based on projected uses and available reserves at
present prices, it would appear that oil will be available for only 30-50 years or until
the year 2040. It must be pointed out that all these predictions are based on present
technology and in the USA alone there is an additional 3 x 10!! bbj of oil which can
only be economically recovered when the price of oil has risen to about $30/bbl,

Another source of oil is oil shales and tar sands which require special processing
to extract the oil. Tar sands are found throughout the world and deposits are known
to exist in 49 countries. Major deposits are found in Venezuela and Canada. Alberta’s
tar sands contain an estimated 9 x 10! bb| of crude bitumen from which about
3 x 10! bbl of synthetic crude oil can be obtained. The tar sands consist of particles
of sand held together by a water and oil coating as shown in Fig. 3.4, The process by
which the oil is separated from the water and sand involves subjecting the mixture to
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TABLE 3.2
World Crude Oil Reserves and Marketing (1997)
Reserves Production capacity Consumption
10° bbl 10° bbl/day 10° bbl/day

Algeria 11.2% 12 0.23
Australia 2.0 06 0.82
Brazil ' 6.0" — 1.8
Canada 5.1° 1.9 1.8
China 29¢ 32 38
Egypt 3.7 0.8 0.5
India 3.9¢ 0.6 1.8
Indonesia 7t 1.5 09
Iran 91° 37 1.1
Iraq 106/ 1.1 0.5
Japan — — 5.7
Kuwait g4 2.1 0.1
Libya 28 1.4 0.2
Mexico 40¢ 31 1.9
Nigeria 19°? 2.3 0.3
Norway* 11°¢ 30 0.2
Russia 51¢ 58 28
Saudia Arabia 262° 36 1.2
South Korea — — 24
UK 5 25 1.8
United Arab Emirates B5¢ 23 0.3
USA 27 6.4 18,5
Venezuela 604 35 " 0.5
Other 51 _ -
Total 1020 66.1 730
*North Sea

Uncertaimy.i:a:1.b=2,c=3,d=4.e=5,f:6,g=10.
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FIGURE 3.4. Typical structure of tar—-sand consisting of an oil-sand—water mixture,
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hot water and steam and skimming off the oil. Since over 90% of the oil sands cannot
be surface mined economically, more elaborate techniques are being developed. For in
situ mining, the steam can be injected into the drill holes to heat up the sands and
fluidize the oil. Other processes involve controlled ignition of the tar sands and ajr
pressure to drive the freed oil towards the production holes.

3.4. CRUDE OIL PROCESSING

Crude oil is treated by physical and chemical processes to produce the various
petroleum products. The early use of oil was in the preparation of kerosene. This was
accomplished by batch distillation which separated the mixture of hydrocarbons by
boiling points (vapor pressure). The modern distillation process (see Fig. 3.5) is
designed to operate continuously. The temperature gradient of the column separates
the crude oil into fractions according to specific boiling point ranges. These are shown
in Table 3.3.

~{CONDENSER
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FIGURE 3.5. Distillation, the first step in oil refining, separates crude ojl Into a number of
products. First, the crude oil is heated by being pumped through pipes in a furnace. The resulting
mixture of vapors and liquid goes to a tower where the vapors rise, condense on trays, and are
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TABLE 3.3

Primary Distillation Fractions from Crude Petroleum
Fraction Boiling point range (°C) Composition Uses
Gras up to 25 C,-C, Petrochemicals fuel
Petroleum ether 25-60 C.-C, Solvent
Gasoline 0-17 Co-C,, Fuel for ICE
Kerosene : 17-220 C,,.-C, Jet fuel
Heating oil 220-250 C,-Ce Fuel oil
Lubricating oils 350-400 Ci6-Cyo Lubricants and grease
Paraffins 400-500 Cios Candles
Asphalts > 500 Cags Road surfaces

The demand for the various fractions in a crude oil seldom coincide with the
distillation yields. Hence it is necessary to chemically alter the various proportions of
the natural oil fractions. This 1s called reforming and is accomplished by the use of
vartous catalysts. The main reactions are;

(a) the dehydrogenation of cyclic paraffins to aromatic hydrocarbons and H,

{b) isomerization of normal paraffins to branched paraffins (alkylation)

(c¢) hydrocracking of paraffins and cycloparaffins to short chain alkanes

(d) visbreaking reduces the viscosity of the oil by cracking the heavy components

(e) polymerization is the formation of large molecules from the catalytic recombina-
tion of two or more smaller ones.

These reaction are designed to provide the fuels required and the chemicals needed
for the petrochemical industry. Other reactions which are important in reformulation is
the removal of sulfur from the oil as H,S by catalytic reactions of Co and Mo on Al,O,.

Nitrogen forms NH; on Ni/Mo catalysts.

3.5. PETROLEUM PRODUCTS

The principal consumer of petroleum products is the transportation industry with
the Internal Combustion Engine (ICE) the major application. This is shown in Table
3.4. The ICE includes the spark ignition and diesel engines, common for the automotive
~<nlicle, and the gas turbine used for aviation and industrial applications. Each class of
engine requires a special type of fuel. The heats of combustion of the fuels may not be
significantly different but the composition of the components and their rates of
reactions with oxygen could determine its application. The characteristics of gasoline
and diesel fuels are discussed in Chapter 4 and lubrication oils and greases are discussed
in Chapter 8. Aviation fuel has not changed much since its early use in the jet engine.
The stability of the fuel has improved, and specific corrosion inhibitors, antioxidants,
and anti-static additives have been included in formulations. Combustion in a gas
turbine 1s continuous in contrast to the intermittent combustion of the ICE and thus
the “anti-knock” quality of the fuel is not important. The thrust of the engine is
generated by the energy released during the combustion process which takes place at
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TABLE 3.4
Consumption of Petroleum Products in Canada (in thousands m?/day)

1933 1990 1994
Motor gasoline 91.0 1035 109.1
Aviation turbo fuel 10.7 15.7 13.0
Diese] fuel 384 46.2 49.8
Light fuel oil 235 17.6 155
Heavy fuel oil 252 29.1 19.8
Lubricating oil 2.6 2.5 24
Lubricating grease 0.10 0.083 0.062
Total domestic demand 236.1 267.3 2713

constant pressure. The heat generated thus causes an increase in volume and gas flow
to the turbine blades. An important restriction is the material of construction which
must withstand the high temperatures developed.

The jet fuel must have a low tendency to deposit carbon which can lead to high
thermal radiation causing damage to the engine components. Likewise, sulfur in fuel
must be very low since it enhances carbon deposition and corrosion. These factors and
the physical properties require the fuel to have a low freezing point and be free of wax
which at low temperatures can precipitate out and clog fuel lines. At high altitudes
temperatures as low as —50°C are normal and —60°C is the specified maximum
freezing point for aviation fuel. Similarly water must be absent. Anti-icing additives are
present in the fuel to ensure that at low temperatures any water which does come out
of the fuel will not form large ice crystals which can clog the fuel lines.

Aviation fuel (avogas), which is designed for use in piston engines, still contains
lead [0.53 mL of tetraethyl lead (TEL) per liter of fuel]. One hazard, tolerable on the
ground but deadly in the air, is the vapor lock, and special care is taken to ensure that
this does not happen. Hence automotive fuel, though often equivalent to avogas but
half the cost, cannot be used as a substitute.

Oil seepages on the surface were the early sources of crude oil. Kerosene was
initially used primarily for lamps. Today it is generally used for heating as space heaters,
where a catalytic surface maintains a hot radiating source of heat. In countries where
electricity is expensive, e.g., J apan and Israel, it is not uncommon to see such appliance
heaters in homes and offices. Such open flames are sufficiently hot to produce NO, as
well as some hydrocarbon products which are readily detected by their odor. The main
characteristics of a domestic grade of kerosene, which burns on a catalytic surface, is
low sulfur, and controlled smoke point and volatility.

Coal for heating was replaced by oil during the 1940s and oil was replaced by
natural gas soon after. The natural gas pipeline however cannot reach every home and,
as a result, fuel oil as well as bottled gas (propane) is still used in many locations.The
fuel oil differs only slightly from diesel fuel and because its ignition property is not
important, it usually-contains more aromatics and olefins than diesel fuel. The most
important property of fuel oil is its storage stability, and additives prevent sludge
formation. Viscosity is another controlled characteristic of the fuel because the size of
the droplets in the burning spray is critical for efficient combustion.
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World production of petroleum wax is about 2 Mtonnes per year. The major
product i1s candles (about 25%), replacing beeswax and tallow used a century ago. The
present applications include coating on cartons for juice, milk and other food products,
and for water-proofing and preserving freshness. The major concern with the use of wax
or any petroleum product for food and edibles is the need to have it completely free of
the Polynuclear Aromatic Hydrocarbons (PAH). Trace amounts have been detected in
liquid petroleum used for oral consumption. However, our daily diet usually contains
much more PAH than what is in a spoonful of liquid petroleum taken occasionally.
Bitumen or asphalt is the black or dark brown solid residues from the distillation of
crude oil. Naturally occurring bitumen is found in USA, Europe and other parts of the
world. Commercial bitumen comes in various degrees of hardness and softens at a
temperature of 25-135°C. When air is blown into molten bitumen, oxidation or
dehydrogenation occurs and the material becomes rubbery and more penetrating than
the regular grades. Bitumens can be applied as a melt, emulsion or from a solution. The
application of bitumen to roads usually involves the inclusion of sand and gravel and
in North America this is normally referred to as asphalt.

The inclusion of other aggregates which have been tested and added for various
road systems include sulfur, shredded discarded tires, limestone (<200 mesh), and
crushed concrete. Other applications of bitumen are in roofing, flooring, and as an
anticorrosion coating on surfaces exposed to corrosive atmosphere, aggressive soils,
and chemicals. The main advantage of bitumen, in many of its applications, is that it
is cheaper than alternative materials. The world production of bitumen in 1993 was
about 17 Mtonnes. .

The reserves of oil are limited and its uses as a fuel for its heat value may eventually
become a luxury which few will be able to afford. The petrochemical industry supplies
the plastics and resins we use daily, the synthetic fibre for our clothes, and the
detergents for our soaps and washings as well as the chemicals and solvents for
industrial use. World petrochemicals amount to about 1/7 of total steel production and
about 7 times the aluminum produced by weight.

3.6. SYNTHETIC OIL

It is possibie to produce oil from coal either by direct hydrogenation at high
temperatures and high pressures or by the syngas route followed by the Fischer-
Tropsch process. Though these processes can make an oil which 1s more expensive than
well-head crude, in exceptional strategic circumstances (e.g., war, oil embargo, etc.) it
has been produced and used as a viable substitute.

The first process was studied by Berthelot in 1867 and was further developed in
Germany by Bergius in 1910. The early Bergius process involved the reaction of H,
under atmospheric pressure with pulverized coal suspended in an oil heated to about
450°C in the presence of a catalyst such as stannous formate or Mo. The liquid oil
product is separated from the solid residue and processed as ordinary crude oil
Modern developments in this coal liquefaction approach include: (1) Exxon Donner
Solvent (EDS) process, (2) the HRI H-Coal process, and (3) the Gulf Solvent Refined
Coal SRC-II process. The major improvement of these processes over the Bergius
process is in the catalyst used, allowing for milder reaction conditions.
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Octahydrophenanthrene

m:l Hexahydrophyrene
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The EDS system is a direct liguefaction procedure in which coal is chemically
reacted at about 540°C for 30-100 min with a recycle solvent that is rehydrogenated
between passes to the liquefaction reactor. Each tonne of dry coal can give up to 3 bbl
of synthetic crude oil. Some examples of donor solvents are given in Table 3.5. A
schematic block diagram of the overall process is shown in Fig. 3.6. A pilot plant
processing 225 tonnes/day has been in operation since June 1980 and the product yields
obtained are given in Table 3.6. The advantage of the EDS process is that it makes
maximum use of petroleum refining technology, uses a wide range of coals, and has no
catalyst to be poisoned or recycled.

TABLE 3.6
EDS Products and Their Disposition

Stream

Disposition

Yield (% of liquids)

C4~177°C naphtha

Motor gasoline
Chemicals

177-204°C distillate Jet fuel

204-399°C solvent

399-538°C vacuum gas oil

Coker gas oil
Scrubber liquids

Turbine fuel

Home heating oil
Fuel oil blendstock
Fuel oil blendstock

Fuel oil blendstock

40-80

10-30

10-30
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- gas{for fuel and
e liquefaction L separation H, manufacture)
prepared —— raw coal liquids
coal rocycle spent product {C,—540°C)
solvent solvent
*_ﬁ__J bottoms
H,
solvent hydrogen
hydrogenation H, manufacture
——p» ash

FIGURE 3.6. Simplified block diagram of the EDS process.

The H-coal process was developed by Hydrocarbon Research Inc. and uses a
catalytic ebullated reactor. The pulverized coal-oil slurry is mixed with hydrogen (150
atm) fed into the reactor (450°C) where the Co/Mo catalyst converts the coal and
hydrogen to oil.

The SRC-II process, like the EDS process, is claimed to be free of catalysts and
the problems associated with their use. A schematic diagram of the process is shown in
Fig. 3.7. The coal is dissolved in a process-derived solvent at elevated temperatures and
reacts with hydrogen under pressure to form the oil. The solvent is recovered by
vacuum distillation and the residue (ash plus insoluble carbon) is separated.

The second method by which synthetic oil can be made is by the Fischer-Tropsch
process. This can use either coal or natural gas as the starting material since the process
uses synthesis gas (a mixture of CO and H,) which can be made from coal by the water
gas reaction.

C+H,0-CO+H, AH® = 131.28 kJ/mol (3.1)
or natural gas or other hydrccarbon blends by steam reforming
CH, + H,O0 - CO + 3H, AH® = 206.1 kJ/mol (3.2)
The syngas 1s then balanced for a preferred H,/CO ratio of 2 since the reaction is
2H, + CO -~ (CH,), + H,0 (3.3)

The reaction occurs on various catalysts such as iron oxide which is the most
commonly used material. Some oxygenated compounds such as alcohols and acids
(1%) are also formed.

The Fischer-Tropsch process involves the following steps:

Manufacture of syngas.

Gas purification-removal of S, H, 0, etc., and H/C balance.
Synthesis of oil on fresh catalyst.

Condensation of liquids and removal of light fractions (gasoline).
Distillation of remaining products: 35% gas—oil and 30% paraffins.
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FEED COAL

COAL LOCK
RECYCLE TAR

SCRUBBING
COOLER

DISTRIBUTOR-

GRATE-J
GRATE DRIVE+»{R

WATER JACKET

STEAM
OXYGEN ASH LOCK

FIGURE 3.8. A Lurgi dry ash gasifier.

The gasoline 1s primarily straight chain hydrocarbons of low octane rating and must
therefore be reformulated for use. '

The only commercial plant converting coal into oil is in South Africa and known
as the Sasol I and II. Sasol I was built in 1956 and produced 10,000 bbl/day of synthetic
crude oil using fixed bed (with precipitated iron catalyst) and fluidized bed (with
powdered iron catalyst) reactors. A typical gasifier is shown in Fig. 3.8.

The construction of Sasol II plant was started in 1976 and completed in 1980, it
cost $3 x 10° and produced 40,000 bbl/day oil from 36 gasifiers each of which
processed 1200 tonnes/day of coal. The third plant, Sasol 1II was designed to be the
most advanced conversion plant in the world, it cost $5.5 x 10% and is set to produce
slightly more than Sasol II. Total synthetic crude oil production was expected to be
120,000 bbl/day and represented over half of the country’s needs. A simplified flow sheet
of Sasol II and III 1s shown in Fig. 3.9. A photograph of Sasol II is shown in Fig. 3.10.

It should be noted that the production cost of the synthetic crude oil is higher than
the world price for well-head crude but the value of independence cannot be assigned
a simple price.

EXERCISES

. The populations of USA, Canada, and Japan in 1992 were approx. 250 M, 28 M,
and 124 M, respectively. Calculate the annual per capita oil consumption for each
country (see Table 3.2) and comment on the differences.
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FIGURE 3.9. Sasol Synthol process: simplified flowsheet for Sasol II.

. Calculate the time required to exhaust the world’s oil reserves if the 6 billion people

on earth all consume oil at the rate of 28 bbl each per year.

. Explain the shape of the theoretical depletion curve of world oil reserves. (Fig. 3A).
- Discuss the problems associated with the use of waste glass as an aggregate in

asphalt for roads.

. Write the reaction for the syngas production from ethane.
. The reaction CO + H,0 — H, + CO, is called the water-shift reaction and is often

used in the Fischer-Tropsch process. Explain why this reaction is used in this
process.

. Why is the direct liquefaction of coal with hydrogen to form oil a more sensible

process than the production of crude oil via the Fisher-Tropsch process for the
production of synthetic fuel?

. Estimate the standard heat of reaction for reaction 3.3,
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FIGURE 3.10. General view of Sasol 11 at Secunda in the Easterﬁ Transvaal.
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FIGURE 3.A. World consumption of oil and theoretical depletion curve for world oil reserves.
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Liquid Fuels

4.1. INTRODUCTION

Liquid fuels are a major energy factor which determines the course of transportation
and the automobile is one of the most important consumers of such fuel. These Iiquid
fuels include diesel oil, gasoline, liquid propane, alcohol (both methyl and ethyl) as well
as the less common liquids such as ammonia and hydrazine. Though the boiling point
of propane (—42°C) and ammonia (—33°C) are below ambient temperature (in most
places) these substances are still classed as liquids because they can be stored as liquids
at room temperature (25°C) at the modest pressure of about 10 atm.

Whale oil was used for lighting and heating long before the extensive use of
petroleum oil. Similarly, vegetable oils (or biomass liquids and saps) are also potential
fuels (see Chapter 1) but their modest production at present precludes their wide spread
use. Perhaps when the energy farm has developed it will be possible to consider biomass
fuels as an alternative to fossil-based fuels.

Of the various liquid fuels, diesel oil requires the minimum of preparation from
petroleum crude oil and therefore is usually the cheapest of the fuels.

4.2. DIESEL ENGINE

The diesel engine was described in a patent in 1892 by Dr. Rudolf Diesel who
originally designed it to operate using coal dust as the fuel. However, the characteristics
of such fuel were not very reproducible and it was quickly replaced by oil.

In the diesel engine, air is pulled into the cylinder and compressed to approx. 35
atm. This compression is effectively adiabatic and causes the temperature of the air to
increase to about 550°C. At the end of the compression stroke, when the piston is at
the top of the cylinder [Top Dead Center (TDC)] an oil spray is injected into the hot
air where it ignites on vaporization. The heat of combustion raises the temperature of
the gas mixture which now expands at constant pressure as the piston moves down,
increasing the volume of the gases. The heat generated and the larger volume of product
gases thus further increases the volume as the pressure drops.

Anideal PV diagram for a diesel engine is shown in Fig. 4.1 where the 4 strokes are:

I Compression 1 - 2

2 Expansion/combustion 2 — 3 -» 4
3 Exhaust4 —»1-35

4 Air intake 5 - 1
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Pressure

Volume

FIGURE 4.1. Ideal PV diagram of a 4-stroke diesel engine. (1) Compression 1 —2. (2)
Expansion/combustion 2 — 3 — 4. (3) Exhaust 4 —= 1 — 5. (4) Air intake 5 — 1.

In the compression stage air is compressed to about 1/20 of its initial volume, i.e.,
the engine has a compression ratio (CR) of at least 20 and this high ratio accounts for
the high efficiency of the engine.

Diesel engines are classified into indirect and direct injection engines. The former
have a precombustion chamber where the fuel is initially injected and where combus-
tion starts after an induction delay. The fuel rich flame then expands into the main
chamber. Such engines are common in high speed diesel passenger cars.

Direct injection engines are normally used in larger engines with lower speed and
with cylinder bores greater than 12 cm in diameter. They are more efficient and easier
to start than indirect injection engines of comparable size.

Diesel engines are also classified according to their speed (rpm). Low-speed engines
run at 100-500 rpm and are usually large stationary installations or marine engines.
Mecdium-speed engines operate from 5001200 rpm and arc usually installed in power
generators, power shovels, tractors, and locomotives. The diesel—electric locomotive
runs at about 20-28% efficiency, compared to the coal fired steam engine which was
only 5-8% efficient, or the electric powered engine which is about 23% efficient. The
high-speed diesel engines run at 1200-2000 rpm and are found in the automobile, light
trucks and buses, and aircraft. The type of fuel used in a diesel engine is determined, to
a great extent, by the speed of the engine.

4.3. DIESEL FUEL

The diesel fuel injected into the hot compressed air ignites only after a short delay.
This ignition delay depends on the composition of the fuel. It is longer for aromatic
hydrocarbons and cycloparaffins than for olefinic and paraffinic fuels, Thus the best
grade of diesel fuel consists of long straight chain hydrocarbons which can sponta-
neously ignite in the hot compressed air. The absence of an induction period is
important since it results in a loss of efficiency. Long ignition delay times result in rapid
combustion and sharp pressure rise, causing the engine to run roughly. The grade of
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diesel fuel is determined by an empirical scale and is based on the ignition characteristi-
cs of the fuel, which is compared with a blend of hexadecane (cetane) rated as 100 and
I-methyl naphthalene («-methyl naphthalene) which is rated at 0. The recent use of
2,2,4,4,6,8,8-heptamethyl nonane (HMN), CN = 15, has been introduced as a low
cetane standard because it can be obtained easily in high purity. Low grade fuels have a
cetane number (CN) equal to about 20 which is suitable for low speed engines whereas
a high grade fuel will have CN = 70. High speed engines require a fuel with CN = 50 or
more. Table 4.1 shows some of the performance characteristics of diesel fuel.

A crude indication of the CN of a fuel can be obtained from its density. A plot of
CN against density for various grades of fuel is shown in Fig. 4.2. In general the CN is
reduced by the presence of aromatics in the fuel.

Corrosion inhibitors and gum reducers are other additives designed to improve the
quality of a fuel. In cold weather it is customary to add ethanol to the fuel (not more
than 1.24 mL/L}) to prevent ice from clogging fuel lines.

The addition of barium compounds to diesel fuel has been shown to reduce the
emission of black smoke. However, its use is limited, and proper engine maintenance
can do much to reduce smoke in the exhaust.

Additives can be incorporated to improve the quality of diesel fuel. For example,
cthyl nitrite, ethyl nitrate, and 1soamylnitrite when added to an oil will increase its CN
value. The addition of 2.5% by volume of amylnitrite to a diesel oil (CN = 26) increased
the CN to 44. Additives such as amylnitrate (C;H,,ONO,) when added at about 0.1%
by volume will increase the CN by 4 and 0.25% will add 7 to the CN of the fuel. Other
nitrates such as heptyl and octyl nitrates are also ignition improvers. A similar effect is
obtained when ammonium nitrate is added to oil. A 2% by weight addition of a solution
of 5 M NH,NO, in water can increase the CN of a diesel fuel from 39 to 42. Other
additives will prevent gum formation, decrease surface tension permitting a finer spray,
or reduce the change in fuel properties due to changes in temperature.

Diesel fuel is a complex mixture of hydrocarbons which includes paraffins,
naphthenes, and aromatics, and at low temperatures phase separation can occur causin g
engine failure. The temperature, Tps, at which phase separation occurs is called the cloud
point and is determined under standard conditions of cooling, e.g., 1°C/min. Long chain
polymer additives at as low as 0.1% can lower the cloud point, Tps, by several degrees.

The recommended cloud point of a fuel is 6°C above the pour point, which is the
temperature at which the fuel ceases to flow readily. A fuel is normally blended so as
to make the pour point at least 6°C below normal driving temperatures. The ASTM
(D-975-78) specification of diesel fuel oils is given in Table 4.2.

Vegetable oils are composed primarily of glycol esters of fatty acids with the
general formula

o)
Hzc—o—<“:~R'
H(':_O;C—R"
(ll)
H,C—0C—R

I



Chapter 4

H4

S VR E U S5 o ~F o
y3iH Y3 gy 21BIOPON io0d 7 £ 4 sonewore 3ury-¢
ysty Yy Y3t 21B19pOy 1004 8 8T 8 SONBWOIE FUIy-T
y3ry REL S Yty A1BIPON 1004 9¢ 123 81 saudzuaq [AN1y

IteISpOy Mo M0 pooD) Mo SUya|O)

21BIIPOIN I1BIZPOW a1eIapO N poon) 21eI2pOIN LE 91 pe sauayiyden]

Mo poon) Mo SULYBIE J-0SI
MA0T 207
MO Mo MO 100 poon L1 61 6€ SULJRIR U
Aouapusl Ausua( JWN[OA 13108182 Lienb (%% 1M) (9% 1Mm) {4 1M)
Furyowg Aq MO[ PIOD uenud| fen) o sed [ony [asa1p
quIod Y [asaIp paxaRI)) [BUONIUIAUCD)

mayiuig

$INSUIORIBY ) DURWIONS Pue [an  [3s3K(] W siuatodwo)) jo uosiredwory
I't A'1dV.L



Liquid Fuels 65

I R
‘ | | | |
J |
S R
— | \ |
Z ﬁ*_ [ 1. | ]
: : !
Ssl. | @ L. |
W | |
Z
£ qofo -
S |
O
30ﬁ __ﬁ._|_,
|
20t L.
10,L . ‘
0.8 0.85 0.9 0.95 1

FUEL DENSITY, (g/cm?)

FIGURE 4.2. General relationship between cetane number (CN} and density of the fuel.

where R, R”, and R are the same or different alkane or alkene radicals with carbon
chains from 16 to about 20. The triglycerides are too viscous and of too high a
molecular mass and too low a vapor pressure to be a useful diesel fuel. However, it js
possible to convert the triglycerides to monomethyl esters by a transesterification
process which can be represented by the equation

0
H,C—0- L' H,C—OH 0
HC—0—C—gr +3cH,00 s HéE_om 4 3R—g?%0‘CH3 @n
5 H,¢—-OH
H,C—O—C —R
(I:J)

The methyl esters are usually straight chain hydrocarbons and have relatively high
cetane values shown in Table 4.3. The ethyl esters are between 2 and 5 units higher than
the corresponding methyl esters. Such diesel fuel, though effective, is still too expensive
and not competitive with petroleum based fuels.

4.4. IGNITION TEMPERATURE, FLASH POINT, FIRE POINT, AND
SMOKE POINT

Four important tests which are used to characterize an engine fuel are the
spontaneous ignition temperature (SIT), flash point, fire point, and smoke point. These
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TABLE 4.2
North American Specification for Diesel Fuel (average of US and Canadian)
ASTM
Type AA Type A Type B i-D 2-D 4-D
Flash point *C min. 40 40 40 38 52 54
Cloud point °C max. —48 —34 — — — —
Pour point "C max. -5l -39 — — - —
Kinematic viscosity 40°C ¢St min 1.2 to 1.3 1.4 1.3 1.9 5.8
max— 4.1 4.1 2.4 4.1 264
Distallation
90% recovered °C max. 290 315 360 288 282° min to
338 max
Water and sediment, % vol. max. 0.05 0.05 0.05 0.05 0.05 0.5
Total acid number, max. 0.10 0.10 0.10 — — —
Sulfur, % mass max. 0.2 0.5 0.7 0.5¢ 0.5 2
Corrosion, 3hr @ 100°C max. No. 1 No. | No. 1 No. 3 No. 3 —
Carbon residue (Ramsbottom) .15 0.15 0.20 0.15 Q.35 —
on 10%° bottoms, % mass max.
Ash, %Wt max. 0.01 0.01 0.01 0.01 0.01 0.1
lgnition quality, CN, min. 40 40 40 407 407 30

“Specifications provide for modification of these requirements appropriate for individual situations.

tests are standardized and specalized fuels have specific requirements as defined by
these tests. The SIT is dependent on the composition of the fuel and the conditions of
the walls of the cylinder. Diesel fuels require low SIT with short delay times of the order
of 1 -2 msec. The SIT of heptane (CN = 60) is 330°C whereas benzene with CN = ~ 10
as a SIT of 420°C.

The flash point of a fuel is obtained by slowly increasing the temperature
(5.6"C/min) of the liquid fuel in a standard container (flash cup) until sufficient vapor
is given off to produce a flash as a flame is passed over the mouth of the cup every 30
sec. The temperature of the oil at which this occurs is the flash point. This is an index
of the volatility of the oil or liquid. It is used as an indication of the fire hazard of
combustible liquids. For example, the Canadian specification for heating fuel oil

TABLE 4.3
Experimental CNs for Selected
Transesterified Vegetable Oils

(Methyl esters)

Oil CN
Babasu 63
Palm 62
Peanut 54
Soybean 45
Sunflower 49
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TABLE 44
Boiling Point (BP), Flash Point (F'P), Spontaneous Ignition Temperature (SIT),
and Smoke Point (SP) of Selected Substances

Substance BP (°C) FP (°C) SIT* (°C) SP (mm)
Acetone 56.5 —18

Benzene 80 —11 560 8
n-Pentane 36 —49 308 150
n-Hexane 69 —-23 247 149
n-Heptane 98 —4 447 147
iso-Pentane 28 -51 420 ~ 135
Neopentane 6.5 — 440 ~ 140
1-Pentane 30 —28 298 84
Toluene 110 4 536 6
p-Xylene 138 27 464 5
PCB 3804+ 10 222 — —
Kerosene 260+ 10 54 -— 27
Diesel 2-D — 52 — —
10-W-30 — 226 — —
“In air.

stipulates a minimum flash point of 43°C whereas the flash point of diesel fuel varies
from 38 to 52°C. The flash point and boiling point of various substances are compared
in Table 4.4.

The fire point is the temperature to which the oil must be heated so that the vapor
pressure is sufficient to maintain the flame after the flame source is removed.

The smoke point of a fuel is an arbitrary scale related to the height of a flame of
the fuel burning in a standard lamp without smoking. Some values are given in Table
4.4 and show that aromatic hydrocarbons have low smoke point values whereas
saturated normal alkanes have the highest smoke points. Additives such as ferrocene
[Fe(CsHy),] increase the smoke point. Fuels that have low smoke points tend to
deposit carbon during the combustion process.

Water emulsified in diesel fuel can reduce smoke in the exhaust and carbon
deposits in the engine. It was shown that, while 5% or less water increased the fuel
consumption, more water showed an increase in the thermal efficiency, the maximum
increase being 9.7% when the fuel contained 22.5% water.

The internal combustion engine is a notorious polluter but the diesel engine has
the additional emission of particulate matter (10-25 pg/m®) which is rich in polynuc-
lear aromatic hydrocarbons such as phenanthrene, fluoranthene, benzo(a)pyrene, and
benzoperylene— all of which are carcinogenic.

4.5. THE SPARK IGNITION INTERNAL COMBUSTION ENGINE

The four-stroke cycle spark ignition (SI) internal combustion engine (ICE) was
initially proposed by Beau de Rockas in 1862 and first built by N. A. Otto in 1876.
This engine has become the major piston engine in use today. The PV cycle of the
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Pressure

Volume

FIGURE 4.3, Ideal PV diagram of the 4-stroke spark ignition ICE. (1a) Compression | — 2. (1b)
Spark ignition, constant volume combustion 2 — 3. (2a) Expansion of product gases 3 -+ 4. (2b)
Exhaust at constant value 4 — 1. (3) Exhaust of cylinder 1 — 5. (4) Induction stroke air/fuel

intake 5 — L.

engine is shown in Fig. 4.3 where the 4 strokes are indicated.

la Compression of the air/fuel mixture 1 — 2

1b Spark ignitions, constant volume combustion 2 — 3
2a  Expansion of product gases 3 — 4

2b Exhaust at constant volume 4 — 1

3 Exhaust of cylinder 1 — 5

4  Induction stroke air/fuel intake 5 — 1

The efficiency of the engine is a maximum of about 25% at a CR of about 15. Fuel
injection, as in the diesel engine, means better control of the air/fuel ratio under variable
temperature conditions.

The use of fuel injection with the 2-stroke SI engine has added a new dimension
to small and efficient engines. The major advantages over the 4-stroke engine are lower
cost, and low weight/power ratio. These engines have been primarily used in motor-
cycles, outboard motors, lawn mowers, chain saws, and similar lightweight engines.
Similarly the rotary 2-stroke Wankel engine has reached the production stage in the

Mazda car but further extension of its use has not materialized. Two-cycle diesel

engines have also been produced.

4.6. GASOLINE FUEL

The fuel for the SI-ICE was in the early years centered around alcohol. In 1895
Nikolaus Otto recommended that alcohol be used in his engine. One of Henry Ford’s
first models, the quadaicycle, was meant to run on alcohol. His later model “T” was
designed to run on either alcohol or gasoline requiring only a simple adjustment of the
carburetor. Efforts in 1906 to extend the use of alcohol in the USA as a fuel for the
automobile by rescinding the 40 cent/gal. liquor tax failed. A 50/50 mixture of alcohol
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gasoline was used in France after World War I due to the oil shortage. The Great
Depression of the 1930s made farm-produced alcohol a cheap fuel which was available
in 2000 midwestern service stations,

However. the cheaper oil eventually predominated and gasoline has become the
common fuel for the automobile. The quest for greater power and efficiency has resulted
in an increase in the CR from about 5 in 1928 to over 13 1n 1995. This has resulted in
the need to reformulate the fuel to meet the stringent demands of the newer engines.

The problem in the pre-1920 years was the tendency of the engine to “knock” —a
violent explosion in the cylinder which, at times, cracked the cylinder head and pistons.
This knock was shown to occur after ignition by the spark and it was believed that the
delayed vaporization of the fuel droplets caused the post-ignition explosion. Thomas
Midgley Jr., a mechanical engineer working for Dayton Engineering Laboratory Co.
(Delco), decided to add a colored component to the fuel and selected iodine. This had
a beneficial effect and eliminated the engine knock. When several red dyes were tested
they showed no improvement whereas ethyl iodide reduced the knock, proving that the
iodine was the effective element. However, iodine and its compounds were too expensive
and corroded the engine, and so a search was on for a simple alternative. By 1919 the
research team found that 2 mL/L of aniline was better than I g of iodine. On December
9, 1921 after testing about 33,000 compounds they found that 0.025% tetraethyl lead
was a superior antiknock substance when compared to the 1.3% aniline which was the
comparison standard. Thus, a smooth running fuel became a reality.

One difficulty caused by the added lead was the buildup of the yellow lead oxide
(PbO) in the engine which coated the spark plugs and valves. This problem was solved
by adding ethylene dibromide to the fuel, which converted the lead to the more volatile
lead bromide (PbBr,). The first sale of “ethyl” gas was on February 1, 1923, A list of
antiknock additives is shown in Table 4.5. The present interpretation of knock has
recently been reached by photographing the combustion process through a glass-top
cylinder and observing the smooth propagation of the flame front from the spark to
the farthest part of the combustion chamber. The gas to be burned last is calied the end
gas and is usually located in the combustion chamber furthest from the spark plug. This
end gas is heated by compression, by the combustion taking place and by the
approaching flame front. The spontaneous ignition of this end gas results in an
explosion and knock unless the normal flame reacts and consumes the end gas before
it ignites. This is shown in Fig. 4.4.

Thus, antiknock additives are inhibitors of autoignition. The lead oxide aerosol
which forms in the combustion is a free radical trap and prevents the chain reaction
from branching and progressing to explosive rates.

47. GRADING GASOLINE

As the automobile engine developed it became necessary to grade the gasoline on
a realistic scale. This was established by determining the behavior of various organic
substances as a fuel in a standard engine and observing the onset of knock as the CR
1s increased. Figure 4.5 shows the effect of structure on the critical CR for the various
isomers of heptane. The best isomer —trimethyl butane (called Triptane) — proved to
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TABLE 4.5
Relative Effectiveness of Antiknock Compounds and
Some Antiknock Fuels (Based on Aniline = 1)

Benzene 0.085
Iscoctane (2,2,4-trimethylpentane) 0.085
Triphenylamine 0.090
Ethyl alcohol 0.101
Xylene 0.142
Dimethyl aniline 0.21
Diethylamine 0.495
Aniline 1.00
Ethyl 10dide 1.09
Toluidine 1.22
Cadmium dimethyl 1.24
m-Xylidine 1.40
Triphenylarsine 1.60
Titanium tetrachloride 32
Tin tetracthyl 4.0
Stannic chloride 41
Diethyl selenide 6.9
Bismuth triethyl 238
Diethyl telluride 26.6
Nickel carbonyl 35
Iron carbonyl 50
Lead tetraethyl 118
MMT 2000

be too difficult to make in the large quantities required for testing though it is superior
to isooctane. The octane was selected as the rating of 100 on the octane scale. The
compound n-heptane was selected as the 0 rating.

Other octane enhancers such as methyltertiarybutyl ether (MTBE) can act in a
different manner by suppressing cool-flame reactions by consuming OH free radicals.

h;
E1

ar
T:
wl
au
FIGURE 4.4. Flame propagation from a spark in a SI-ICE. (Time increases from left to right.) n¢
A: Normal process —the flame move uniformly from the spark to the end gas. B: Knock

condition where the end gas ignites at B3 before the flame reaches the end gas. s
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MTBE is sufficiently soluble in water to contaminate the aquifer when MTBE/fuels
have been spilled. As a result efforts are under way to ban MTBE as a fuel additive.
Ethanol is considered to replace it.

A good illustration of the global contamination by lead is a comparison of the lead
and mercury content of the Greenland ice field at various depths. This is shown in
Table 4.6 where the level of Hg in the ice has not changed significantly in 3000 years
whereas the level of Pb has increased 200 fold, showing the direct effect of the
automobile. This implies that the contamination by mercury is of regional interest and
not of global importance,

Because of the poisonous properties of lead and its compounds, some countries
have replaced lead by other octane enhancers. One such additive is methyl cyclopen-
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TABLE 4.6
Mercury and Lead Concentrations in the Glacial Samples’

Time of deposition Mercury content” Lead content®
800 B.C. 62 1
1724 75 10
1815 75 30
1881 30 —
1892 66 —
1946 53 —
1952 153 200
1960 39 —
1964 (fall) 87 —
1964 (winter) 125 —
1965 (winter) 94 —
1964 (spring) 230 + 18
1965 (summer) 98 —

"The sample deposited in 1724 was recovered from Antarctica, the others from

Greenland.
*Nanograms {Hg/Pb) content (per kilogram of water}.

tadiene manganese (III) tricarbonyl (MMT).* This substance is probably as toxic as
the lead compounds but since much smaller quantities are used (1/20 of lead) it is
argued that it is safer than lead. Actually manganese will be contaminating the
environment just as lead has done if its use 1s continued. Aromatic hydrocarbons such
as benzene and toluene also act as octane enhancers even though they are known

carcinogens.
The addition of water to gasoline is reported to improve the quality of the fuel.

The water is sucked up into the carburetor and vaporized as it passes around the hot
exhaust manifold and enters the intake manifold. As with diesel fuel the mechanism by

which the water acts is not fully understood.
The mechanism of oxidation of hydrocarbon (which can be represented by RH and

RCH,CH,CH,) involves the formation of peroxides (ROO) and hydroperoxides
(ROOH) by the following series of reactions:
1 Initiation by spark
RCH,—CH,—CH, —» RCH,—CH; + 'CH;
0,-20
2 Chain branching
RCH,—CH,—CH, + O - RCH,—CH—-CH, + "OH
3 Peroxide formation
RCH,—CH; + O, = RCH,CH,0;
RCH,CH—CH, + O, - RCH,CHCH,
;
CH; + O, - CH,0;

*MMT, as well as lead, is no longer used as fuel additives in Canada.
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4 Hydroperoxide formation

RCH,—CH,0; + RH - RCH,CH,0,H + R*

RCH,~CH—CH, + RH - RCH,—CH~CH, + R’

| |
o—Or O—0O—H

CH;03 4+ RH -» CH,00H + R°
5 Hydroperoxide decomposition
RCH,CH,0.H - RCH,CH,O" + OH

RCH,—CH--CH, - RCH,—CH—CH, + OH
|

l
O,H O

CH,00H - CH,0" + OH
RCH,CH,0" - RCHj + CH,0
RO + RH — ROH + R*
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Recent kinetic modeling of the combustion mechanism involving about 2000 reactions
has made it possible to calculate RON values. A list of comparable values is given in

Table 4.7.
TABLE 4.7 _
Comparison of Calculated and Measured Research Octane Number for Various Hydrocarbons
Ignition
Measured Predicted time, ms
Fuel Formula RON RON alter TDC
n-Heptane (PRF 0) C.H¢ 0 0 550
n-Hexane C.H,, 25 20 55.2
PRF 25 25% CgH, 5+ 75% C,H, 25 25 55.3
2-Methyl hexame C,H,, 42 40 35.5
PRF 50 30% CgH, 5 + 50% C,H,, 50 50 55.8
n-Pentane C,H,, 62 55 559
3-Ethyl pentane C,H,, 65 80 574
2-Methyl pentane C4H,, 73 80 57.3
3-Methyl pentane CeH,, 74 80 57.2
PRF 75 75% CgHy5 + 25% C,H,, 75 15 56.7
3,3-Dimethyl pentane C.H,, g1 50 55.7
2,4-Dimethyl pentane C.H,, 86 75 56.4
2,2-Dimethyl] propane C.H,, 83 70 56.2
PRF 90 90% CyH, 4 + 10% C,H 90 %0 58.0
2-Methy! butane C.H,, 92 100 59.1
2,2-Dimethyl butane CsH,, 92 100 59.9
2,2-Dimethyl pentane C.H,, 93 >90 No ignition
n-Butane C.H,, 94 85 57.6
2,3-Dimethy] butane CeH,, 100 90 58.0
1s0-Octane (PRF 100) CgH,, 100 100 59.5
iso-Butane C,H,, 102 =>90 No ignition
Propane C,Hy 112 >90 No ignition
2.2,3-Trimethyl butane C.H,, 112 >90 No ignition
Ethane C,H 115 =90 No ignition

s
=
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TABLE 4.8

Gasoline Prices and Tax Component in the OECD,” 1992 and 2000*

Gasoline prices Tax component
Country ($US/L) (% of total)
Australia 0.499 46.2
Austria 0.970 64.8
Belgium 0.987 70.0
Canada 0.455 (0.48) 46.2
Denmark 0.961 67.2
Finland 1.013 68.0
France 0.992 (1.04) 712
Germany 0.981 (0.97) 724
Greece 0.820 69.1
[reland 1.001 66.6
Haly 1.236 (1.00) 75.8
Japan 0.977 (0.94) 46.1
Luxembourg 0.746 62.0
Netherlands 1.141 724
New Zealand 0.5411 46.6
Norway 1.284 71.4
Portugal 1.083 754
Spain 0.943 (0.76) 69.8
Sweden 1.137 69.2
Switzerland 0.759 62.5
Turkey 0.745 63.7
United Kingdom 0.882 (1.00) 69.5
United States 0.298 (0.36) 339

“QECD = Qrganization for Economic Cooperation and Development.
tValues in { ) refer to year 2000.

The price of gasoline in various parts of the world is given in Table 4.8. The major
single component of the cost to the motorist is a government tax which varies from
about 33% to 75%. The cost of gasoline should be compared to other liquid products
such as bottled spring water which can sell for $0.50-80.75 per liter or distilled water
at about $2.00 per gallon (4.5L) in Canada. Considering the processing involved in
marketing gasoline compared to water, one must conclude that gasoline is still a
bargain in most countries.

The problem of environmental contamination by vehicle exhaust is further
illustrated by the presence of lead compounds in French wines from a vineyard at the
intersection of two major autoroutes. It was recently shown that triethyl lead and
trimethyl lead were present in older wines and a graph of their concentration for
different vintage wines is shown in Fig. 4.6. The trimethyl lead and triethyl lead
originate from the tetramethyl lead (TML) and tetracthyl lead (TEL) which were added
to gasoline as antiknock agents. The fall-off in the lead is due to the discontinued use
of lead in gasoline which was phased out in the beginning of the 1980s. The sharp rise
in TML in 1962 is associated with the introduction of TML as an octane enhancer in
1960. The levels of lead in the wines are still at least 10—100 times less than the 0.5 ug/L
limit of lead in drinking water.

-
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FIGURE 4.6. Changes in the concentration of (a) trimethyl lead and (b) triethyl lead as a
function of vintage.

Some general properties of gasoline and diesel fuel compared to some alternate
fuels are given in Table 4.9. A major parameter which is missing from the table is the
unit cost, which to a great extent, determines the choice to be made.

EXERCISES

I. Smoke emission from a diesel engine is environmentally undesirable. Explain why,
and discuss methods which can eliminate this aspect of diesel fuel use.

2. How can the ignition temperature (SIT) of a fuel be altered?

3. Calculate the air/fuel ratio for gasoline. (Note: Assume gasoline can be represented
by nonane [C,H,,].)
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4. The TLV (Threshold Limit Value) of mercury in Canada and USA is 0.1 mg/m?®. If
a droplet of mercury (density = 13.6g/mL) 3 mm-in diameter is spilled and allowed
to evaporate completely in a room 3 m x 3 m x 2.5 m. What will its concentration
be, relative to the TLV?

Show how dimethy! ether can be prepared from methanol.

Compare the energy density of dimethyl ether with diesel fuel.

What advantages are there in using dimethyl ether in a diesel engine?

Discuss the special characteristics and requirements of aviation fuel in comparison
to automotive fuels.

00 N Ov
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Alternate Fuels

3.1. INTRODUCTION

The search for alternate fuels has been stimulated by environmental concerns about the
emissions in exhaust from gasoline and diesel fuel engines. Urban air pollution due to
the automobile is due to excessive production of CO, NO_, and hydrocarbons which
in sunlight can give rise to ozone and smog. NO, is formed during all high temperature
combustions using air (see Exercise 2.18). Thus low temperature combustion processes
result in lower NO, emission because of the equilibrium

N, + 0,=2NO (5.1)

Similarly the presence of oxygen in the fuel, e.g., methanol or ethanol, reduces the
emission of smog-forming hydrocarbons. '

The relative emission characteristics of fuels are shown in Table 5.1 and indicate
that the electric vehicle is the least polluting energy source. However, this implies that
the origin of the electrical energy used in recharging the batteries is environmentally
benign.

The alternate fuels in use today are propane, methanol and ethanol.

3.2. PROPANE

The fuel properties of propane, also referred to as bottled gas, are shown in Table
4.9 and show that the boiling point of the liquid is —42°C. At 20°C the vapor pressure
is 8 atm and thus the fuel must be stored in a pressurized cylinder meant to withstand
at least 21 atm, 62°C if mounted in an enclosed space.

About 80% of the propane is obtained from natural gas where it occurs in
concentrations which vary from 1 to about 5%. The other 20% is formed during the
catalytic cracking of petroleum oil. The world production of propane in tabulated in
Table 5.2 and shows an average annual growth rate (AAGR) of about 1.5%, Canada’s
consumption of about 3 x 10° L/year is less than half its production. In 1990 Canada
exported 4.1 x 10° L/year to USA. For comparison the annual Canadian consumption
of gasoline and diesel fuel is 3.5 x 10'° L. and 1.8 x 10" L, respectively. Hence all the
Propane available can only satisfy about 1/5 of the total gasoline usage in Canada. The
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TABLE 5.2
World Annual Production of Propane (GL)
AAGR®

1990 1995 (%)
United States 70.0 66.0 (1.6)
Western Europe 34.8 349 0.2
Japan 5.0 4.9 —
Canada 7.8 8.0 0.9
Latin America 26.9 29.5 29
Africa 11.2 14.5 8.7
Asia/Australia 18.7 i9.8 29
Middle East 331 41.0 72
Eastern Biock 0.8 0.8 —
World total 208.3 2194 14

“Average annual growth rate (%).

amounts produced are small in comparison to the gasoline used and therefore as an
alternate fuel it has limited use. This applies to the other alternate fuels where
production is still at a fraction of the ful] requirements. Propane is, like natural gas, a
clean burning automotive fuel with a low ozone-forming potential, good fuel economy,
and low emission of toxic organic hydrocarbons such as benzene and formaldehyde.
However, acetaldehyde and olefins are some of the adverse components found in the
exhaust. :

The cost of propane is usually less than gasoline on a volume basis and major users
are the fleet operators such as taxis, delivery trucks, and vans. Liquid propane is readily
available in most locations. Its use is however restricted to ICE-SI engines and not for
the diesel engines.

3.3. METHANOL

Methanol was produced by the destructive distillation of wood until about 1923
when BASF in Germany showed that methanol can be formed by the catalytic
reduction of CO with H,.

catalyst

CO + 2H, CH,0OH AH® = —90,77kJ/mol (5.2)

This is the method used commercially today where the syngas is usually prepared from
natural gas by the steam reforming reaction

catalyst

CO +3H,  AH®= +206.2kJ/mol (5.3)

CH, + H,0,,

The energy intensive step s the formation of syngas and as a result the economics
of the overall process is favorable only for large scale plants producing more than 1500
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tonnes/day methanol. It seems wasteful to break 4 C-H bonds to form CO + H, and
then reform 3 of the C—H bonds. This can be avoided by the direct partial oxidation
of CH, to CH,OH at high pressures. It was shown by Bone in 1930 that at high
pressures (30-100 atm) miethanol is a major intermediate product in the oxidation of

natural gas. This has been extensively studied at the University of Manitoba since 1982
by the author. A small pilot plant has operated in Kharkow, Ukraine from 1985 to
1990 producing 100 tonnes/year methanol. A larger plant designed to produce 10,000
tonnes/year is in the planning process. The bench top optimum efficiency is achieved
at about 50 atm, 10% O,, and 400°C where 80% selectively and 12% conversion results
in a 10% yield of methanol. The process is represented by the reaction

3CH, + 230, - 2CH,0H + CO + 2H,0 (5.4)

The present uses of methanol are shown in Fig. 5.1 and given in Table 5.3 which
shows that the formation of formaldehyde is still the major application of methanol.
The direct use of methanol as a fuel is expected to surpass this in the near future. The
octane enhancer methyltert-butylether (MTBE) is capable of satisfying the oxygen
requirements in gasoline and to replace lead (TEL) as an additive. It is made by
reacting methanol with isobutene

CH, CH,
/ l
CH,0H + CH,=C - CH,OCH,—CH (5.5)
\ |
CH, CH,

The ethanol equivalent, ethyltertbutylether (ETBE) is less soluble in water and thus less
likely to contaminate water supplies when the fuel is spilled. Its higher cost, however,
limits its use in fuel.

The present optimistic predictions of methanol production and demand are shown
in Fig. 5.2 where it can be seen that the demand may soon exceed production. The
construction of a full sized conventional methanol plant (2000 tonnes/day) takes at least
3 years from start to full time on-stream and requires a suitable source of natural gas.
Small gas fields which usually accompany crude oil production are normally vented or
flared. The extent of such wasted energy is shown in Fig. 5.3 and it is this lost gas which
can be readily converted to methanol by the direct partial oxidation process.

The main apparent disadvantage of methanol is its low energy density by volume,
16.6 kJ/L, about half that of gasoline. This does not imply that the fuel tank must be
twice as large because if the engine was designed for methanol consumption, the
methanol fuel economy would be close to that of gasoline.

The use of gasohol or methanol (or ethanol) with gasoline (M-%5) has become the
intermediate stage in the extensive use of alcohol fucls. Because of the possibility of
phase separation when water is present in 10% methanol in gasoline, a cosolvent such
as tertbutyl alcohol (TBA) must be added. M-%5 docs not require a cosolvent though
the emissions are worse than M-100.

Cold starting difficulties with methanol fuel are due to its high heat of vaporization
and low volatility. Proper engine design can make up for such deficiencies. Another

-4
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problem is corrosion due to the acid
methanol and all fuel and en
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FIGURE 5.1. Uses of Methanol.

¢ whereas M-85 (15%

appearing more like a yellow gasoline flame.

(formic acid) formed by the oxidation of the
gine components must be carefully selected. The methanol
gasoline) has the advantage of
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TABLE 53
Conversion of Methanol into Various
Products (%)

1982 1994
Formaldehyde 31 39
Methylamine 4 —
" Chloromethanes 9
Acetic acid 12 7
Methyl ester 8 6
Solvent 11 7
Fuel-antifreeze 25 2
MTBE — 13
26

Miscellaneous —

The aldehyde emission from alcohol fuel must be destroyed by a catalytic
afterburner if environmental contamination is to be avoided. Methanol has been used
in diesel engines though it has a CN between 0 and 5. However, because it is not readily
self-ignited special engine design must make up for such deficiencies. A glow-plug or
fuel additive can aid self-ignition. Partial conversion of the methanol to dimethyl ether
is another approach to the problem which has recently been studied.

A major problem in the use of gasohol is in the materials of construction of the
fuel system. Alcohol tends to dissolve the oxidation products and gums from gasoline
and special precautions must be taken when first switching to gasohol in an old vehicle.
This is even more important when pure methanol is used as the fuel. Special gaskets

Methanol
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FIGURE 5.2. The world total capacity for methanol production (M) and the world demand (@).
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World Dry Natural Gas Production '§
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FIGURE 5.3. The total world production of dry natural gas (®) at various years and the
percentage of gas vented and flared (H).

and O-rings are required. However, these present no problem if design and construction
is started with such fuel in mind. Besides, being independent of petroleum, alcohol offers
other inherent advantages, such as cooler cleaner combustion, improved power,
reduced carcinogens and NO, emission, reduced hydrocarbon emission which can be
photochemically activated and smog forming, and smaller and lighter engine designs
are possible.

Ethanol and methanol have cetane values of from 0 to 5 making them poor
compression ignition fuels for a diesel engine. However, alcohol—diesel fuel blends have
been used successfully and emulsifiers have been added to help blend the two
components which have limited miscibility.

When methanol is catalytically converted to CO and H,

CH;OH,, »COy, + 2H,,,  AH® = 90.7 kJ/mol (56)

the resulting synthesis gas has a higher heat of combustion (—766 kJ) than the
methanol (—676 kJ). If the exhaust heat is used to decompose the methanol then a
higher energy fuel is obtained, ie., approx. 20% increase in fuel economy has been
proposed. This is valid if only thermal energy is considered. In an internal combustion
spark engine the air and fuel is compressed (which requires work) and the combustion
then expands the gas and work is done. Hence the ratio, R = moles of gaseous
products/moles of gaseous reactant, must be used to normalize differences in fuels.
Assuming N,/O, = 4 and no excess O,:

CH,0H + 1.50, + 6N, —» CO, + 2H,0 + 6N,
8.5 moles — 9 moles R, =1.058
CO + 2H, + 1.50, + 6N, - CO, + 2H,0 + 6N,
10.5 moles — 9 moles R, =0.857, R,/R, = 1.235

(5.7

5.8)

The product gases have the same volume in each reaction. Hence the additional
work of compression (W) is essentially due to the PAV or AnRT where n = 2 moles.
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The remaining question is, what is the value of T? We can select 400°C as an estimated
value of the temperature. This value can be calculated from an adiabatic compression
of the gas (mostly air) from T = 350K and assuming that CR = 10.

It is worth considering an extension to this argument by considering the increased
fuel economy if we remove the nitrogen {rom the combustion process. First, a higher
temperature is obtained and second, less work is done in compressing the gas. 1f we
assume that gasoline is represented by octane, Cg4H,;, then in air, the reaction is:

CgH, g + 12.50, + 50N, - 8CO, + 9H,0 + 50N,
63.5 moles — 67 moles R, = 1.055
CgH, g + 12,50, = 8CO, + 9H,0 (519)
13.5 moles — 17 moles R, = 1.259, R, /R; = 1.19

(5.9)

The difference in moles of compression, An, of reactions (5.9) and (5.10) is 63.5-13.5 or
An = 50.

Hence AnRT = 50 x 8.314 x 673 = 280 kJ. The heat of combustion of octane is
5470 kJ/mol. Thus the extra work of compression is only about 5% of the combustion
energy. However, the calculated adiabatic combustion flame temperature for octane
in air is about 1400 K whereas in oxygen the flame temperature is over 9000 K.
This represents a substantial increase in energy of combustion due to the removal
of nitrogen. Besides obtaining more heat from the reaction (since the heat capacity of
nitrogen absorbs some of the energy to reach the high temperature) the removal of
nitrogen gives rise to about 20% higher fuel economy. This is now being done for
stationary furnaces where only thermal improvement is obtained. It would be interest-
ing to run an automobile on enriched oxygen which can be obtained by using suitable
membranes. More will be said about this later.

One aspect which is important to note is that methanol is toxic and its threshold
limit value (TLV) is 200 ppm requiring its dispensing in well ventilated areas.

The ultimately efficient fuel system would be an electric vehicle running on a
methanol fuel cell. Such a system could meet the most stringent environmental emission
requirements as well as high energy efficiency. This will be discussed in more detail in
Chapter 9.

5.4. ETHANOL

Ethanol is one of the few possible nonfossil fuels which can be made from a variety
of renewable sources such as grapes, corn, straw, and sugar cane. The fermentation of
sugar and starch from various agricultural sources has been known for centuries. The
industrial production of ethanol from the acid catalyzed hydration of ethylene was
developed by Union Carbide Corp. in 1930

CH,=CH, + H,80, » CH,—CH,—0SO;H
leO (5.11)

HzSOq_ + CH3_CHZOH

e el b o haed e

fi
t!
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The sulfuric acid, initially 96-98%, is diluted to about 50% during the reaction, and

has to be reconcentrated. This is one of the more costly steps in the process. Other solid

phase acidic catalysts have been used to replace the H,S0, in the hydration process.
The cthylene is formed by the thermal cracking of ethane by the reaction

CHgy —» C,H,, + Hy (5.12)
Ethanol from ethane is a fossil-based fuel and must be distinguished from grain
alcohol. Ethanol from syngas has been extensively studied but catalysts have not been

found, as yet, to be efficient enough to make the process cost effective. Similarly the
conversion of syngas to ethanol by alternate routes have been considered.

CH3OH, + CO, + 2H,, —» CH,CH,0H, + H,0,,,

(5.13)
2C0, + 4H,,, » C,H,0OH,,, + H;0,,
or
2CH,0H;, » CH,OCH,,, + H,O0, (5.14)
CH,0CH,,, - C,H,0H,,, (5.15)

These catalytic processes are attractive because the relative value of ethanol/
methanol is about 4 whereas the C,Hg/CH, value is about 2, though in the year ending
in June 1995 the price of methanol doubled. Hence the direct. conversion of ethane to
ethanol by the reaction analogous to reaction 5.4

3C,H, + 310, » 2C,H,0H + 2CO + 3H,0 (5.16)

is a potentially attractive approach to the utilization of surplus ethane.

The total annual world ethanol production in 1998 was over 31 x 10° L (31 GL)
with the distribution into potable, industrial and fuel grades of about 9%, 30%, and
61%, respectively. The USA produced about 7.6 GL or about 25% of the world’s
production from over 15 plants. Another 18 plants, either being expanded, built, or in
the planning stages can almost double the production levels. The estimated annual US
market is 100 GL. The 1998 production of ethanol in the European Union was 22 GL.
Russia produced 2.5 GL of which 60% was potable though imports allowed 2.2 GL to
be consumed as beverage grade alcohol.

- The present use of ethanol as a fuel additive is made possible by the subsidy which
varies from one location to another, but is approx. 54¢/US gal. of ethanol or approx.
14¢/L in the US. This subsidy applies only to ethanol formed from grain, i.e., nonfossil
fuel sources. The present processes of production includes fermentation using yeasts as
the enzyme catalyst which converts sucrose to CO, and ethanol

catalyst

CsH;,06,q 2C,H,0H,,, + 2CO,, (5.17)

This is then followed by distillation of the alcohol which normaily reaches about 12%
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TABLE 54
Some Properties of Ethanol-Water (E/W)

Solutions

LE] density [E] F.P.
(wt%) (g/mL) {molarity) (°C)

2.5 0.9953 0.539 —1.02

5.0 0.9911 1.974 —2.09
10.0 0.9838 2.131 —4.47
15.0 0.9769 3.175 -17.36
200 0.9704 4.205 —10.92
25.0 0.9634 521 —154
30 0.9556 6.211 —20.5
35 0.9466 7.145 -251
40 0.9369 8.120 —~29.3
44 0.9286 8.853 —327
50 0.9155 9.919 —-377
54 (.9065 10.607 —40.6
60 0.8927 11.606 —449
64 0.8786 12.565 —48.64
68 0.8739 12.876 —49.52

in the fermentation process. The distillation produces 95% alcohol. The residual 5%
water is removed either by the addition of a third component to form a 2-phase
azeotrope followed by separation and distillation or by passing the wet alcohol through
a 3A molecular sieve which removes the water leaving 99.9+ % alcohol.

There are, however, enzymes which can still function at up to almost 20% ethanol.
The energy balance in ethanol production which takes into account the energy used to
grow the corn, the energy to ferment and distill the alcohol, and the energy in the
remaining mash, results in a ratio for the input energy/output energy of 1.3, which
varies somewhat depending on the efficiency of the various steps. It would appear that
it makes little sense to spend 1.3 kJ of fossil fuels to obtain 1 kJ of grain alcohol fuel
and to consume grain which 1s an important food supply for an expanding world
population.

Improved efficiency may be achieved by using pervaporation to separate out the
alcohol instead of distillation. This consists of a membrane through which water and
ethanol permeate with large different rates. When fermentation is continuously conduc-
ted in a membrane reactor it is possible to continuously remove the alcohol as it is
formed, enriching it by a factor of 6—10 fold. This can reduce the cost of distillation,
which is as much as half the production cost of the ethanol.

The separation of ethanol from water can also be effected by freezing. The effect of
¢thanol concentration on the freezing point is given in Table 5.4. Thus, 1 L of fermented
brew with 12.5% ethanol by volume was completely frozen and then allowed to thaw.
The first 500 mL of solution was 17% ethanol. When this 500 mL solution was frozen
and allowed to thaw again the first 250 mL was 23% ethanol. Various freeze-thaw
cycles can thus concentrate ethanol. Another process which has been studied extensive-
ly for more than 70 years is the conversion of cellulose from wood and straw to glucose
by enzymes or by acid hydrolysis.
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The reaction is
(CsH,,05), + xH,O — x(CgH,,0) (5.18)

a-cellulose glucose

and octane enhancer. Ethanol is also used in diesel engines. This is accomplished by
the addition of 4.5% of a diese] ignition improver such as isoamylnitrate, hexylnitrate,
and the ethylene glycol dinitrate to the fuel which consumes 65% more fuel volume
than regular diesel fuel and 2% less than an Otto cycle engine running on pure ethanol.
In some cases 1% castor oil js added to the ethanol to help lubricate engine parts,

The ethanol fuel program in Brazil is made possible by the large sugarcane crop
as well as other sugar Crops such as cassava and sorghum. Though liquid fuels are used
for automotive fuels throughout the world, the precise choice is determined by local
conditions which vary considerably.

EXERCISES

1. The standard heat of formation AHJ(NO) = 90.25 kJ/mol, AGY = 86.57 kJ/mol.
(a) Calculate the value of the equilibrium constant Kp for the reaction

N, + 0,=2NO

at 300 K, 1000 K, and 1200 K and determine the %NO in air at these temperatures
(see Exercise 2.18).
(b) Determine the thermodynamic values of the constants a and b in the equation
of Exercise 2.18. :
2. Using the data in Table 5.A calculate the equilibrium constant for the reaction

CO + 2H,=CH,0H,,

at 298 K, 400 K, and 600 K.
3. Using the data in Table 5.4 calculate the equilibrium constant at 298 K, 400 K,
and 600 K for reaction (5.3)

CH, + H,0,, - CO + 3H,

. ' ' ilabl busti
The air fuel ratio (AFR) — wellght of air avaq‘i e for combus I.OIl
weight of fuel available for combustion

Show that for complete combustion (stoichiometric) (a) the AFR = 15 for gasoline
or diesel fuel; (b) calculate the AFR for pure methanol fuel.
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11.
12.

13.
14.

15.

16.

Chapter 5

TABLE 5.A

Selected Thermodynamic Values

AHY (kJ/mol) AGY (k}/mol) SP(JK ! mol™ 1)
CO —110.5 —1372 197.6
H, 0 0 130.6
0, 0 0 205.0
CH,OH,, . ~201.6 —162.4 239.7
CH,0H,, —239.1 —166.4 126.8
C,H,OH,, —2344 —1679 2826
C,H,;OH,, —277.1 —1749 160.7
H,O, —241.8 2286 188.7
H,0, —~285.8 ~237.2 700
CH,,, ~74.7 ~508 186.2
CH,0CH,,,, - 1844 —-114.2 266.5

What are the reasons for pursuing the development of alternate fuels for the
automobile?

How can NO, formation be minimized when using air (with the N, present) in a
combustion process?

Explain why propane is a “clean” fuel.

Explain why the heat of combustion by weight of propane is greater than that of
gasoline (see Table 4.9).

Why would butane, if available in large quantities, be a better fuel than propane?
Why is it ill-advised to use methanol as a fuel in a vehicle designed to run on
gasoline?

Can you suggest a nonfossil fuel source for methanol?

Calculate the temperature reached in the adiabatic compression (CR = 10) of an
air/fuel mixture. Note: The heat capacity of air C,(air) = 21.5 J/K mol.

Would it be an advantage to convert methanol to dimethyl ether for an SI-ICE?
Calculate the energy required (if any) to convert natural gas (CH,) to ethanol by
the reaction

2CH,,,, + O, = C,H;OH,, + H,0,,

Discuss the energetics and feasibility of reactions (5.14) and (5.15) to produce
ethanol from methanol.

Using Fig. 5.3, determine the rate of increase in natural gas production between
1985 and 1989 and between 1989 and 1995, and give an explanation for the change.
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Gaseous Fuels

6.1. INTRODUCTION

The combustion process is usually an oxidation reaction involving oxygen and the
oxidant and is in many cases in the gaseous state. Thus, the burning candle or the
alcohol burner are examples of solid and liquid fuels burning in the gaseous state. Coal
however does not volatilize and the combustion of many solids, including some plastics,
occurs at the surface. By gaseous fuels, consideration is given to the storage state at
ambient temperatures even though the fuel in usage can be in the liquid state.

The gaseous fuels which will be considered are methane (or natural gas), synthesis
gas (which is a mixture of carbon monoxide and hydrogen) and pure hydrogen.

6.2. NATURAL GAS

Natural gas is a clean burning fuel which is easily transported by pipeline or as
liquefied natural gas (LNG). Figure 6.1 shows the structure of a ship for transporting
LNG. The production, consumption, and reserves of natural gas for 1999 for various
countries is given in Table 6.1. It can be noticed that some countries such as Norway
are big producers with a large reserve in off-shore gas, but use little or no gas because
in Norway hydroelectricity is the preferred type of energy used. Likewise, Japan has
very little natural gas and no significant reserves, but is a major consumer bringing in
the LNG from Australia, Saudi Arabia, Brune], Qatar, Malaysia, and Indonesia. In the
year ending April 1, 2000, Japan imported 52 Mtonnes of LNG. It 1s stored under-
ground, as shown in Fig. 6.2, At the present rate of consumption the World resources
of natural gas will last about 60 years or until about 2060.

The composition of natural gas varies considerably from one country to another
and from one well to another in the same locale. The representative composition of
natural gas for various countries js given in Table 6.2. Some extreme values are not
shown and include 70% CO, in some gas in Indonesia and 40% C,H, for some
Siberian gas. Dry natural gas 1s gas freed of liquids of butanes and heavier hydrocar-
bons which are called natural gas liquids.

Natural gas is associated with petroleum deposits and usually accompanies the oil
as it is drawn from the well. Often such gas cannot be conveniently stored or utilized,
and as a result it is often wasted by venting or flaring. The proportion of this wasted
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FIGURE 6.1. (A) Cross section of a LNG tanker and its detailed cell type structure. (B) LNG

transport ship.
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gas is increasing every year as shown in Fig. 5.3. It is this gas which can often be ! ac

converted directly into methanol. The gas in large wells is cleaned, stripped of liquids 30

and pumped into the pipeline for distribution. |

The major contaminant in the gas is H,S which is removed by the Claus process. H

Part of the H,S is oxidized to SO, and then reacted by H.

2H,S + SO, - 2S + 2H,0 61 &4

The sulfur is stockpiled for sale, primarily to producers of sulfuric acid. i by
Methane mixed with carbon dioxide, usually in a 1:1 ratio, is formed by the
anaerobic digestion of garbage and manure by microorganisms. Thus, landfill gas can

he used as a source of heat when collected. Similarly, hog manure has been digested, Th

red

forming biogas.
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TABLE 6.1
World Annual Natural Gas Production, Consumption, and
Reserves 1999 and 1992

—

Production Consumption Reserves
{m?* x 1074 (m' =« 1079 (m' = 10712
Canada 17127 84 (73) 1.8
Mexico 36 (26) 36 (29) 1.8
Usa 534 (503 604 (560) 4.69
France 2(3) 38 (33 —
Germany 22(19) 93 (76) 0.3
Italy 19 (18) 62 (49} 02
Netherlands 80 (87) 50 (48) 1.8
Norway 46 (28) 36 (3.7) 1.2
Russia 391 (641) 395 (457) 48.0
Ukraine 18 (21) 40111 1.1
Turkmenistan 13 {60) 44 (8) 2.9
Uzbekistan 55 (40) 40 (38) 1.9
Indonesia 63 (54) 27 (18) 2.1
Japan 2(2) 69 (57) -8
Algeria 74 (56) 21 (22) 38
Saudi Arabia 47 (34) 47 (34) 5.8
UK 90 (56) 88 (62) 0.7
Venezuela 28 (22) B2 4.1
Iran 50(25) 52 (24) 230
Iraq 3(3) D 31
Argentina 30 20y 30 (22) . 068
Qatar 2001 15(11) 99
United Arab 37029 30 (24) 59
Emirates

Other 318 (348) 434 (334) 17.6
Total 2349 (2124 2327(2116) 146 (136)

“Implies negtigible amounts, blank refers to unknown amounts.

The anaerobic digestion is a two-stage biological process involving “acid forming™
bacteria which convert the fats, carbohydrates and proteins into simple acids such as

acids by decarboxylation into CO, and CH,. The optimum  temperature range 1s
30-45°C and economically between 25 and 35°C to reduce heating costs.

The biogas is composed of 60—70% CH, and 30-40% CO,. Small amounts of H,,
H,S and NH; are also formed. The gas has an energy content of 22-26 MJ/m? The
H,S at about 10 g/m? can be reduced to acceptable levels (< 1.5 g/m?) by passing the
gas through iron oxide sponge which can be regenerated by exposing it to air.

Landfill gas and biogas can be readily converted to syngas either catalytically or
by heated wires

CH, + CO, - 2H, + 2CO (6.2)

The syngas can then be used to form methanol or gasoline by catalytic reaction after
readjusting the H,/CO ratio to 2.
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TABLE 6.2
Composition of Various Natural Gas Fields (% Vol.)

Methane Ethane Propane Butane Pentane N,He H,S Co,

Europe

France lLacq 69.0 3.0 0.9 0.5 0.5 1.5 15.3 83
Germany S. Oldenburg 89.6 1.7 —*t — — 8.2 — 05
Netherlands Groningen 81.3 2.8 04 0.2 — 144 -- 0.9
Italy Ravenna 99.5 0.1 — — — 04 — —
UK Hewett 92.6 36 0.9 04 0.3 22 — —
Norway EKOFISH 90.9 5.9 1.1° 0.6 — i.5
UR.S.S. Urengoy 85.3 5.8 5.3 2.1 0.2 09 — 0.4
Africa

Algeria Hassi R'Mel 83.7 6.8 21 08 04 6.0 — 0.2
Nigeria Umuechem 79.6 7.6 52 27 33 0.5 — 1.1
Libya Amal 62.0 14.4 11.0 5.5 26 34 — 1.1
Middle East

Saudi Arabia Ghawar 59.3 17.0 7.9 26 1.1 0.4 L6 101
Iraq Kirkouk 557 21.9 6.5 39 1.7 — 7.3 30
Iran Agha Jan 76.1 11.1 6.1 22 1.1 — 0.3 3.1
AbuDhabi Murban OfS 76.4 8.1 47 26 18 0.1 1.7 45
Asia

Pakistan Sui 88.5 0.9 0.3 04 — 25

India

Assam 833 10.9 1.5 0.3 09 0.4 7.4
Bombay High (Off Shore) 87.0 6.4 4.5 0.7 G.4 0.01 — 26
Oceania

Australia North Bankin 88.7 5.6 1.8 0.6 0.3 0.7

Indonesia Arun 71.9 5.6 2.6 14 36 0.4 — 23
New Zealand Kapuni 442 I1.6 11.6° — — 14.5
America

US California 88.7 7.0 1.9 03 — 1.5

Canada Alberta 91.9 20 0.9 0.3 — 49 — 0.6
Mexico Tampico 46.0 0.6 0.6° 24 — —
Venezuela Maracaibo 820 10.0 iz L9 0.7 1.5 22 488
Argentina Camp Duran 88.8 5.9 13 0.3 0.1 14 — 0.2

“Includes C, + C, fractions.
*Insignificant amounts.

Another potential source of CH, is primordial gas (nonfossil origin) which
Thomas Gold has proposed exists 10-20 km below the earth’s surface -— just below the
earth’s crust. This gas is believed to extst throughout the earth and in sufficient
quantities to last for several centuries. Experimental drilling has been conducted in
Sweden and could determine if the Gold hypothesis is correct,

Still another source of methane is the gas hydrate. At high pressure methane forms
a clathrate (cage) complex with water which is stable at temperatures below 20°C and
at pressures greater than 20 atm. This natural gas hydrate is present on the ocean floor,
in the sediment below the sea floor as well as in the cold permafrost of the Arctic.
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FIGURE 6.3. Model of part of a methane-hydrate cell showing the oxygen atoms (@) of the
water molecules with the CH, in the center.

The structure of the methane-hydrate is illustrated in Fig. 6.3 where part of a unit
cell is shown for 20 water molecules with one methane molecule. The unit cell contains
two CH, molecules associated with 46 H,O molecules to give about 3.7% CH, by
weight. The estimated amounts of CH, bound as the hydrate in permafrost and deep
ocean waters is 10 teratons or about 53% of the earth’s total combustible carbon. Such
a dilute system will require new technology and innovative engineering for the
successful exploitation of this unique energy source.

Natural gas is usually saturated with water as it leaves the well and as a result the
gas hydrates can form in the pipeline restricting the flow of gas. To destroy such plugs
in the cold Siberian pipeline large amounts of methanol are introduced at the
approximate rate of 1 kg/1000 m* of gas. This represents more methanol than can be
produced by a standard methanol plant.

6.3. NATURAL GAS USES

Methane —the major constituent of natural gas —is not only an excellent fuel but
an important chemical. This is illustrated by the various reactions in Fig. 6.4 where each
of the products are important reactants themselves. The thermodynamics of methane
pyrolysis reactions is shown in Fig. 6.5 for equilibrium conditions. If, however, the
hydrogen produced is removed from the reaction system then the product yields can be
substantially higher. This has been demonstrated using thin palladium membranes
which allow only H, to pass through. Similarly when the pyrolysis occurs on a hot wire
the hydrogen produced can diffuse out of the reaction zone faster than the other heavier
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FIGURE 6.4. Chemical reactions and uses of methane,

product and therefore equilibrium conditions do not prevail. Thus, in Fig. 6.5, though
reaction #1 is preferred thermodynamically, it is found that experimentally reaction
#4 occurs on a hot wire forming an aromatic oil.

6.4. NATURAL GAS AS A FUEL

Natural gas is an excellent fuel which burns cleanly with little or no residue. The
main problem with its use is its low energy density —it is not readily stored in sufficient
quantities to power a vehicle for the normal distance of 300-400 km. The simplest
storage method is as a compressed gas in cylinders. Buses in Vancouver have such
storage cylinders on the roof It has been shown that by filling a cylinder with active
carbon it is possible to double the amount of CH, which can be stored in the cylinder.
However, this still limits the use of compressed natural gas (CNG) to fleet vehicles
which can routinely refil] the cylinders with compressed gas. A more novel approach
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has been developed in China where ap inflatable bag on the roof stores the natural gas.
This is shown in Fig. 6.6.

Natural gas can be stored in insulated containers as a liquid at —161°C, and as a
liquid fuel the LNG has sufficient energy density. Its use has been tested in airplanes
and locomotives. However, the use of natural gas as an automotive fuel is stijl limited
unless higher densities can be achieved.

Recent designs of thin-walled polyethylene carbon-fiber over wrapped lightweight
high-pressure cylinders encapsulated with energy-absorbing foam in a protective casing
have enabled a Geo Prizm sedan to achieve a driving range of 315 miles (500 km) when
fueled with natural gas. This is the most promising new approach to the clean fueled
automobile.

6.5. OTHER CARBON BASED FUEL GASES

Natural gas is not the only carbon-based gas which can be used as a fuel. One of
the simplest is derived from coal. The reaction of coal, coke, or charcoal with
insufficient air for complete combustion forms Producer Gas which is a mixture of CO
and N, in a 1:2 ratio

2C+ 0O, +4N, 5 2CO + 4N, (6.3)
Any moisture in the air results in the formation of hydrogen by the water gas reaction
C+H,0,-CO+H, (6.4)

to form Water Gas. The water shift reaction can also occur to produce some CO,
CO + H,0,,~ CO, + H, (6.5)

When coal is heated to about 500°C the CH, trapped in the pores is released. At higher
temperature (1000°C) the organic matrix in the coal is decomposed, forming mostly H,
with some CO,. This Coal Gas is also formed during the coking process.

The addition of oil to the water 8as process at approx. 30 L of oil per 100 m? of
gas increases the calorific value of the gas produced 3-fold by cracking the oil to
C, + C; hydrocarbons.

The gasification of coal with oxygen and steam under pressure is called the Lurgi
Process and the gas is called Lurgi Gas. As the pressure is increased from 5 to 20 atm
the CH, and CO, increases while the H, and CO decrease. This gas, once popular as
a town gas, is seldom used today.

The approximate composition and heating values of the various fuel gases are
given in Table 6.3. The flame speeds relative to that of H, are also shown and account
for the need to change burner nozzles when fuej gas composition is significantly
changed.

The TLV value of CO is 50 ppm and hence a level of 20 ppm is considered to be
safe. However, it has been shown that such low levels of CO can inhibit the learning
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TABLE 6.3
Approximate Composition and Calorific Values of Various Fuel Gases (Y Vol.)

(Gas Natural Producer Water Coal Lurgi® Landfill Bio Sewage Flame? AH?(MI/m?)
comp. gas £as gas pas gas gas gas gas speed  combustion
CO — 33 46 7 24 1 — —_ 18 11.75
CQ, 1 1 2 2 26 58 63 60 — —
H, — 4 48 53 45 — — 1 100 11.88
CH, 88 S22 1 30 4 40 35 35 14 372
C,+C, 10 — — 3 — 1 — — 16 60
N, 1 60 3 5 1 — 2 2 0
Calorific 39 5 11 20 16 22

vadue,

MI/m?

“2 atm pressure.
PRelative to H, + 2 atm pressure.

process in children and reduce the response time of adults. Thus, apparently safe levels
may not be healthy if long term exposure is anticipated. A catalyst of gold supported
on metal oxide surfaces has recently been shown to convert CO in air to CO, at room
temperature.

6.6. EXPLOSION LIMITS

All combustible gases and vapors can be made to explode if mixed with the proper
proportion of air or oxygen. There are two limits of gas concentration which are
referred to as explosion limits. Below the lower limit (LEL) there is insufficient gas to
carry the chain reactions which results in the rapid released of energy due to the
exothermic heat of reaction. Above the upper limit (UEL) there 1s insufficient oxygen
to permit the chain reaction to proceed. This is illustrated in Fig. 6.7 for methane and
shows how the limits vary with pressure and temperature and how they differ for air
and oxygen. The explosion limits and autoignition temperatures of various gases and
vapors are listed in Table 6.4 which shows some wide ranges of limits for H,, CO, and
acetylene. Mixtures of gases such as water gas (CO + H,) have two sets of limits. Gas
which can explode over a wide range of concentrations presents a major hazard when
these gases leak into air. However, light gases such as H, diffuse in air very rapidly and
hence the danger of an explosion is reduced. Combustible solids in the form of dust can
also explode. This is illustrated by coal dust, grain dust, and manufacturing dust which
have all caused explosions. The very narrow explosion limits of methyl bromide are of
interest since this substance can reduce the explosive characteristics of dust explosions.

6.7. HYDROGEN

Hydrogen is receiving a lot of attention lately as a fuel of the future. We are all
aware of the difficulty the world will be facing as our nonrenewable energy resources
become depleted. Oil 1s expected to last, by various estimates, into the early 22nd
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FIGURE 6.7. Explosion limits for CH, in air (circles, @ and Q) and in O,, filled points, @ and
A at 20°C and for CH, in O, at 300°C (@ and W).

are some problems and difficulties which should be considered, since hydrogen is not a
primary fuel but must be made using another energy source such as hydroelectricity,

TABLE 6.4
Autoignition Temperatures and Explosive Limits of Some Gases and Vapors in Air as Vol.%
Autoignition Autoignition
Substance Temp. °C LEL/UEL Substance Temp. °C LEL/UEL
Acetone 465 2.6-128 Hexane 225 1.1-7.5
Acetylene 305 25-80 Hydrogen 400 4.1-74.0
Ammonia 651 16.0-26.0 Isopropanol 456 20-120
Benzene 562 1.3-7.1 Jet fuel 1.3-80.0
Butane 405 i.8-84 Kerosene 219 1.3-80.0
Carbon disuifide 125 1.3-500 Methane 650 5.3-14.0
Carbon monoxide 609 12.5-740 Methyl bromide 537 13.5-145
Cyclopropane 500 24-104 Naphtha 277 0.9-6.0
1,2-Dichloroethylene 460 9.7-1238 Naphthalene 568 09-59
Dimethy] ether 350 34-270 n-Octane 220 0.8-3.2
Ethane 515 32-125 Propane 450 24-95
Ethanol 423 33-19.0 Toluene 480 1.2-7.1
Ethylene 490 30-36.0 Water gas 6.0-9.0,
55.0-70.0
Fuel oil 0.7-5.0 Xylene 530 1.0-6.0

Gasoline 280-456 1.4-76 Dust ~ 50 mg/L.
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coal, nuclear energy, or solar energy to name but a few. Hydrogen is thus classified as
an energy currency like electricity which can be pumped from one location to another
and stored. It can also be used as a fuel for the automobile and so can replace gasoline
when our fossil fuels are depleted.

What do we know about hydrogen?

1 It i1s easily made by the electrdlysis of water or appropriate thermochemical
cycles.
2 It 1s lighter than air and was used in lighter-than-air dirigibles such as the

Zeppelin.
3 It 1s highly explosive and with the destruction of the Hindenburg in 1937,

commercial travel in H,-filled dirigibles ended.

However, it must be pointed out that the Hindenburg disaster resulted in the death
of only 36 people, most from flaming diesel fuel from the engines and from jumping to
the ground. The Hindenburg had made 54 flights, 36 of which were across the Atlantic.

The physical properties of hydrogen are given in Table 6.5 and the general
methods of preparation are outlined in Table 6.6.

6.8. METHODS OF PREPARATION OF H,

6.8.1. Electrolysis

The most attractive method of producing hydrogen is by hydroelectricity at
off-peak load. The minimurm voltage required for water splitting at 25°C and 1 atm is
1.23 V (reversible voltage). Under these conditions hydrogen would be produced only
if heat 1s added. If no heat exchange with the surroundings takes place, the cell cools
down. The thermoneutral potential at 25°C is 1.48 V.

The electrolysis cells draw thousands of amperes (current densities of 1-4 kA/m?
(100-400 A/ft?) at high temperatures (up to 300°C) and pressures (above 200 atm). The
clectrolyte 1s usually potassium hydroxide (K OH) but acidic solutions (H,SO,) are also
used occasionally.

At 25°C, AG® = -237.13 kJ for water, but at 900°C, AG®° = —182.88 kJ for steam
Hence, the minimum voltage E,, (300°C) = 0.906 V at the higher temperature and the
electrolysis of steam at high temperatures and pressures is also being studied as a means
of producing hydrogen efficiently. At 200°C the voltage of 1.3 V is the minimum voltage
at which electrolysis would occur. Above this voltage heat is produced due to the IR
drop in the cell and due to the over-voltage on the electrodes. At 1 ¢/kwh the cost of

1 GJofH,is 3.8¢ at 1.3 V and 4.9¢ at 1.8 V. Hence, great care is required in designing

cells, electrodes, and electrode separators in order to reduce costs.

The production of oxygen which accompanies the hydrogen is a surplus produc
since oxygen is readily separated from nitrogen in liquid air or by the use of molecular
sieves or membranes. Hence, by using a carbon anode, the following reactions would

QCccur:
H, 04+ C—H, +CO  AG°=100.0 kJ/mol (68

H,0,+ C—>H, + CO,  AG° =40 kJ/mol (63
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TABLE 6.5
Selected Physical Properties of Hydrogen (H3)

Molecular weight {g/mol) 201594
Natural isotopic abundance

'H 1.00794 g/mol  99.985%

*H (deuterium)  2.01355 g/mol 0.015%

*H (tritium)° 301550 g/mol O

Melting point (K) 14.2
Boiling point (K) para-H, 20.27
Boiling point (normal-H,; 25% p-H,) (K) 20.39
Triple point (K, n-H,) 13.96
Triple point liquid density (kg/m?) 7120
Triple point solid density (kg/m?) 36.71
Triple point vapor density (kg/m?) 0.131
Boiling point liquid density (kg/m?) 71.0
Boiling point vapor density (kg/m?) 1.33
Critical temperature (K, n-H,) 3319
Critical pressure (atm, n-H,) 12.98
Critical volume (kg/m?, n-H,) 30.12
Latent heat of fusion at T.P,; p-H, (J/mol) 117.6
Latent heat vaporization at B.P. (J/mol, n-H,) 897.3
Heat of combustion (gross) liquid H,O (kJ/mol) 285.8
Heat of combustion (net) gaseous H,O (kJ/mol) 2418
Limits of flammability in air (vol.%) 40-750
Limits of detonability in air (vol.%) 18.0-59.0
Burning velocity in air (m/s) up to 2.6
Burning velocity in oxygen up to 8.9
Limits of flammability in oxygen (vol.%) 4.0-95.0
Limits of detonability on oxygen (vol.%) 15.0-90.0
Detonation velocity

15% H, in O, (m/s) 1400

90% H, in O, {m/s) 3600
Nonflammable limits, air-H, <8% H,
Nonflammable limits, O,-H, <5% H,
Maximum flame temperature @ 31% H, in air (K) 2400
Autoignition temperature in air (K) 847
Autoignition temperature in oxygen (K) 833

*Radioactive 4,,, = 12.26 yr.; n-H, refers to normal H, {25% p-H, and 75% o-H,).

This can be compared with AGY(H,0), = ~-237.2 kJ/mol and represents a substantial
energy saving. However, when hydrogen is prepared by this method it no longer is an
environmentally friendly fuel since CO and CO, will be formed.

The main problem involved in hydrogen production by electrolysis is the materials
of construction since reliability is essential if explosions are to be avoided.

6.8.2. Thermal Methods

Several closed-cycle thermal processes have been developed whereby hydrogen can
be produced from water using, e.g., coal as the source of heat. Three common schemes
arc presented in Table 6.7. The corrosive nature of some of the products implies rather
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TABLE 6.6
Preparation of H,

1. Electrolysis ol waler H,0 —-H, +10,
2. Thermal methods 2HI-H, + 1,
3. Natural gas CH,-»C+2H,;;CH, + H,0—-CO + 3H,

CH, + 10, - CO + 2H,
4. Thermal, nuclear, electrical CH, + H,O - CO + 3H,
5. Photoelectrolysis of water H,0 + hv + catalyst - H, + 40,

elaborate precautions in construction and design. The total energy required for the reaction

H,0,—-H,0,—»H,+30, AH®=2858k]J (6.8)

(g)

1s 285.8 kJ if one starts with liquid H,O and 241.8 kI if steam is available. In either
case this energy can be supplied in a series of steps as shown in Table 6.7. The
efficiencies given represent the thermal efficiencies of the sum of the steps as well as the
Carnot (reversible) efficiency.

6.8.3. Natural Gas

The major use of hydrogen today is in the production of ammonia via the Haber
reaction

Catalyst

IN, + 3H, NH, AH®= —462kJ (69)

500°C 300 Atm

TABLE 6.7
Three Schemes for the Thermal Generation of Hydrogen by Closed-Cycle
Processes with Thermal Efficiency (TE) and Carnot Efficiency (CE)

Agnes

TE = 41-58% 3FeCl, + 4H,0 = Fe,O, + 6HCl + H, 450-750°C

CE = 38% Fe O, + 8HCI = FeCl, + 2FeCl, + 4H,0 100-110°C
2FeCly = 2FeCl, + (I, 300°C
Cl, + Mg(OH), = MgCl, + 10, + H,0 50-90°C
MgCl, + 2H,0 = Mg(OH}, + 2HCI 350°C

Beluah

TE = 53-63% 2Cu + 2HCl = 2CuCl + H, 100°C

CE =63% 4CuCl = 2CuCl, + 2Cu 30-100°C
2CuCl, = 2CuCl + Cl, 500-600°C
Ci, + Mg(OH), = MgCl, + H,0 =140, 80°C
MgCi, + 2H,0 = Mg(OH), + 2HCl 350°C

Catherine

TE = 64-83% 31, + 6LiOH = 5Lil + LilO, + 3H,O 100-190°C

CE = 81% LG, + Ki = KIO,; + Lil 0°C
KIO, = KI + 140, 650°C
6Lil + 6H,0 = 6HI + 6LIOH 450-600°C
6HI1 + 3Ni = 3Nil, + 3H, 150°C
INIE, = 3Ni + 31, 700°C

d
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The nitrogen is prepared by the fractional distillation of tquid air (b.p. N, = —196°C,
b.p. O, = —183°C) whereas the hydrogen 1s usually prepared by the thermal cracking
of natural gas

CH,»>C+2H, AH°=748k] (6.10)

Hydrogen, as a component of synthesis gas, is also made from carbon and methane
by the following reactions:

C+H,0-CO + H, AH® = 131.3k] (6.11)
CH, + H,O->CO +3H, AH°=206k] (6.12)
CH, +30,-CO + 2H, AH® = —36 kJ (6.13)
CH, +2H,0->CO, +4H,  AH°=165k]J (6.14)

The CO, can be separated from H, by its solubility in water at 25 atm.

6.8.4. Thermal-Nuclear—Electrical

Water is readily dissociated into its elements H, and O, by an electrical discharge
or by thermal energy. The separation of H, from O, is then required. An interesting
proposal presented several years ago was to detonate a nuclear explosive device in a
land-fill (garbage dump). A calculated yield of the products, H,, CO, CO,, and CH,
showed that as the organic content of the garbage reaches 80% the H, and CO each
approach 50%. The obvious problem in such a scheme is that the gases cannot be used
until the radioactivity of the gases have decayed to acceptable levels.

6.8.5. Photoelectrolysis

About 25 years ago it was first shown that ultraviolet light can dissociate water on
a suitable semiconductor catalyst. Since then it has been possible to photocatalytically
dissociate water into H, and O, at separate electrodes (hence not requiring a
separation of the gases) or to generate electrical energy for direct use. This rapidly
expanding field will eventually achieve what nature does in plants, i.e., using visible light
in multiple steps to convert CO, and water into cellulose. Efficiencies are usually low
and long term stability has not as yet been achieved but with continued efforts it will
be possible to produce hydrogen from sunlight and water.

6.9. TRANSPORTATION AND STORAGE OF H,

The cost of pipeline transportation of hydrogen is higher (20-30%) than that for
natural gas for equivalent energy flow. Another major difference is due to the small
molecular size of H, (diameter = 0.289 nm) compared to CH, (diameter = 0.38 nm).
Hence H, pipelines are more susceptible to leaks.
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Another problem anticipated with hydrogen is the hydrogen embrittlement of
metals, usually at elevated pressures and at ambient temperatures. Hydrogen has a
tendency to diffuse through metals along grain boundaries and, in some cases, forming
metal hydrides. This makes the metal brittle, causing fractures and failure. This was first
noted about 100 years ago and special alloys have been made specifically for H, service.
Thus the use of natural gas pipelines to transport hydrogen may not be the safest thing
to do.

The storage of hydrogen as a liquid (LH,) is well known in the nuclear field where
the liguid hydrogen bubble chamber (5-1500 L) is used to detect nuclear particles.
Liquid hydrogen is also used as a fuel.

The hydrogen molecule exists in two forms: ortho-H, and para-H,. In ortho-H,,
the nuclear (proton) spins of the two hydrogen atoms are parallel whereas in para-H,,
the nuclear spins are antiparallel. It is possible to catalytically convert hydrogen to the
pure lower energy p-H, at low temperatures (T < 20 K) but at higher temperatures
(T > 200 K) only an equilibrium mixture of 25% p-H, and 75% o-H, can be obtained.
The conversion of 0-H, to p-H, is an exothermic process which at 10 K, AH = —1.062
kJ/mol and at 300 K, AH = 55.5 J/mol.

The liquefaction of hydrogen produces 25% p-H, + 75% o-H, and the slow
conversion of o-H, to p-H, adds an additional heat source to the storage system. Hence
it is desirable to convert the o-H, to p-H, either completely in the liquid state (by
adding charcoal) or preferably partially in the precooled gas phase (at 77°K, liquid N,
the equilibrium mixture of H, vapor is 60% p-H,) followed by complete conversion in
the liquid state. This reduces the losses on storage from 25%/day for 25% p-H, to
0.02%/day for 98% p-H,. '

Liquid hydrogen, like liquid helium, is usually stored in double Dewar flasks, an
outer Dewar containing liquid nitrogen (b.p. = 77 K) into which 1s placed the second
Dewar containing the liquid hydrogen (b.p. 20.3 K). However, in transport by truck or
rail, single horizontal cylindrical Dewars are used with multilayer insulation, resulting
in typical boil-off losses of 0.25%/day.

Table 6.8 lists some thermal conductivities of evacuated powders used in large
Dewars for LH,. Since the dielectric powders are transparent to room temperature
radiation the effectiveness of the powders can be increased significantly by the addition
of metal powders (e.g., Al, Cu, Ag) which reflect the radiation. Since the metal powders
conduct, their addition is an optimum at certain levels.

[t is obvious that liquid hydrogen is practical only for large continuous users such
as ships, trains, and even aircraft, but impracticable for intermittent users such as
automobiles. Hydrogen is not very soluble in liquids but dissolves in some metals,
forming hydrides which readily dissociate reversibly back to the metal and hydrogen at
elevated temperatures. The formation and dissociation cycle of a typical system is
shown in Fig. 6.8 for a LaNi; alloy which reacts with 3 molecules of H, to form
LaNi,Hg

LaNig + 3H,=LaNi Hg (6.15)
though usually more hydrogen can be “dissolved™ if the pressure is increased. Several

metal systems can be used in this way to store hydrogen. A comparison is given in
Table 6.9 where cryoadsorption of H, on active carbon at liquid nitrogen temperatures
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TABLE 6.8
Thermal Conductivities (4) of Some Evacuated Insulating Powders

Particle Density Yacuum ~
Powder stze (g/mL) (Torr} (1W/em, K)
Perlite, expanded + 30 mesh 0.06 <107 21
Perlite, expanded — 80 mesh 0.14 <107 # 10
Stlica aerogel 250 A 0.10 <-4 21
Diatomaceous earth 1-100 um 0.29 <107+ 10
Cab-O-Sil 200-300 A 0.04 <10°°¢ 30
Cab-0-Sil + 50%
Metal powder <44 um 200-300 A - <107° 20

(—196°C) is included along with encapsulated H, in zeolite. (Zeolites are natural and
synthetic minerals of silicon and aluminum which have interconnected channels and
cages.) By modifying the size of the opening of a type 3A molecular sieve (approx. 3A
cage size) by replacing Na* ions by the larger Cs* ion it is possible to force H, into
the cage at 250°C and 10,000 psi (500-4000 atm). When quenched to room temperature
the gas remains in the cage even when the pressure is released. The loss is insignificant
for short periods (approx. 1 week) and could be reduced by further modification of the
zeolite. In the case of methane encapsulation it has been shown that up to about 7%
by weight CH, can be stored in an unmodified type 3A molecular sieve for 5 months
without noticeable loss.

LaNis/H, isotherms
04f~ T=298K A
[

MPag
~

0.3 o

n, /LaNi,

FIGURE 6.8. Equilibrium pressure-temperature curves (isotherms) for the alloy LaNisH,_ where
n changes from 0 to 6 as the pressure of H, increases from 0 to over 2 atm. Note the hysteresis
effect.
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TABLE 6.9
A Comparison of Some H, Storage Systems

Storage capacity Energy density
Storage medium We% Vol g/mol Wt kl/g Vol kJ/mL
MgH, 7 0.10 9.93 14.3
Mg,NiH, 316 0.08 448 11.5
VH, 207 0.095 293 13.9
FeTiH, 4, 1.75 0.096 248 13.6
LaNiH, 1.37 0.089 1.94 12.6
H, (liquid) —253°C 100 0.07 141.8 9.93
H, (gas) 100 atm 100 0.008 141.8 1.13
H, (carbon)* —196°C 6.8 0.024
H, (zeolite)® 15 0.009
H, (NiO; 2.5 5i0,) ~196°C 34 0.024

“At 40 atm - — mass and volume of liquid nitrogen is not included.
*Encapsulated by high pressures greater than 1000 atm but stored at ambient temperatures (25°0).

It should be pointed out that the density of hydrogen in the metal hydride is
similar to that of liquid H,, implying that hydrogen in the metal is in an atomic form.
This has been verified by other methods. The relative cost of the various storage
systems is estimated in Table 6.10 but this too will greatly depend on the quantities
involved. :

Hydrogen has been used in surface vehicles such as automobiles and buses, and
plans are in progress to convert a Lockheed L-1011 to burn LH, and fly between
Pittsburgh, Montreal, Birmingham, Frankfurt. and Riyadh.

6.10. SAFETY

It is constantly reported that hydrogen is a fuel which is so safe —it requires no
chimney since its only product is water (H,O). This is not always correct since it has
been shown that when used as a fuel in an internal combustion spark engine hydrogen
also forms hydrogen peroxide (H,0,) which was initially shown to be at about 225

TABLE 6.10
Approximate Comparative Costs for
Alternative Hydrogen Storage Systems

Facility Cost 3/k Wh
Cryoadsorber (carbon) 0.025
Metal hydride (FeTl alloy) 0.028
Compressed gas (11 atm) 0.028

Liquid H, 0.035

- = s
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TABLE 6.11
Ignition Energy of H,-Air Mixtures

YeH, in air 10 i5 20 30 40 50 60
Ignition energy, m) 0.2 0.06 0.025 0.02 0.03 0.07 0.3

ppm in the exhaust. The TLV value for H,0, is 1 ppm and though it is easy to destroy
H,0,, its removal to below 1 ppm is not a simple task. A more recent determination
of the H,0, formed in the exhaust of a hydrogen fueled engine showed that very little
H,0, is present and that the previously reported high levels were due to the method
of analysis which was affected by NO, in the exhaust.

Hydrogen is also one of the easiest explosives to ignite when suitably mixed with
air or oxygen. For example, the ignition energy of hydrogen (H;), methane (CH,), and
propane (C;Hg) are 0.02, 0.45, and 0.25 mJ, respectively. This value depends on the
composition of the mixture and for hydrogen the values are given in Table 6.11.

Though hydrogen is extremely dangerous because of its wide range of explosive
limits and low ignition energy, it has a low mass and therefore diffuses very rapidly
away from a source. Thus, a spilled tank car full of LH, caused no problem. With
reasonable precautions we will be able to handle hydrogen with as much ease as we
now manage gasoline.

6.11. HELIUM

The composition of natural gas (Table 6.1) indicates the presence of up to 0.5-1%
hellum. The concentration of helium in air is much less than 0.001% and it is
impractical to extract helium from air. Argon, another noble gas, is present at up to
1% in air and it is obtained as a by-product in the liquefaction of air and the production
of O, and N,. Thus, since He is only available economically from natural gas it is
obvious that when natural gas is exhausted, so will be the inexpensive supply of He.
Hence it is imperative that wherever possible He should be extracted from natural gas
before it is put into pipelines, burned, or used for chemical processes. The He is usually
stored in abandoned mines (storage in cylinders as a compressed gas is too costly). It
must be stressed that if natural gas with even 0.5% He 1s burned, the He is lost and
will only be recoverable from air at a very great expense.

EXERCISES

I. How can the heat value of hydrocarbon gases be determined?

What volume of (a) air and (b) oxygen 1s required to burn 1L of octane

(density = 0.7025 g/mL at 25°C?

3. Explain how a ratio of H,/CO = 1 can be increased to 2 without the addition of
hydrogen from an external source.

[ S
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If the heats of combustion of carbon monoxide, hydrogen, and methane are 11.75,
11.88, and 37.28 MJ/m?, respectively, calculate the heating value of the water gas
and bio-gas given in Table 6.3. '
What is the theoretical weight of steam necessary to convert 1 tonne of coke
containing 2% ash into water gas at 900°C?

Comment on the statement “Natural gas is more explosive than manufactured gas.”
Write equations for the removal of sulfur from natural gas.

What burner adjustments would have to be made in changing from a bottled gas
to natural gas?

Hydrogen is claimed to be the ideal fuel since it is made from water and burns to
form water. Comment on the validity of this statement.

When helium 1s exhausted, hydrogen would be ideal for lighter-than-air ships. Do
you agree?

Comment on the prevalence of explosions caused by dust.

Some prepared gases such as syngas have two sets of explosion limits. Explain!
How can the calorific value of a producer gas be increased?

Vehicles in New Zealand are required to run on at least two types of fuels which
include CNG, propane, methanol, gasoline, gasohol, and diesel. Comment on the
two fuels you would select for your vehicle if living in New Zealand.

Some metal oxides can be reduced with hydrogen to form an activated metal
MO, + H, =M + H,0. The activated metal can be reacted with water to produce
hydrogen and the metal oxide, i.e., the reverse of the above reaction. This means
that water is effectively the fuel that produces the combustible hydrogen. The metal
oxide can be regenerated to metal similarly to the charging of a battery. Iron
sponge has recently been proposed and tested as a typical metal for such a system.
Calculate the amount of iron and water needed for a trip of 35 km using H, in a
SI-ICE vehicle with a thermal efficiency equivalent to a gasoline engine which uses
10 L/100 km.

Consider a small vehicle fueled by hydrogen in a SI-ICE. The efficiency of the
engine Is assumed to be thermally equivalent to gasoline which uses 10 /100 km.
The hydrogen is prepared by the electrolysis of water during the evening (7 p.m.—
7 am.) and stored for use to drive 35 km. What current is required to produce this
hydrogen in a one cell (1.5 V) electrolysis unit?
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Nuclear Energy

7.1. INTRODUCTION

Nuclear energy represents a viable choice as an alternate source of energy to fossil fuels
and as a means of supplying the energy needed to produce some of the alternate fuels
and fuel currencies which are environmentally acceptable. Though the hazards and
dangers of nuclear energy are known to be enormous, a world with a population
growth 2-3% per annum,* will require more energy at a reasonable cost in order to
raise the standard of living of the developing nations, to meet the needs of the growing
population, and at the same time preserve our environment. Though solar energy has
the potential of meeting the energy needs of the world the scattered nature of its power
makes the present and foreseeable costs too great to be competitive with nuclear energy
on a glohal basis.

Several countries have already embarked on a program to develop their nuclear
energy and this is illustrated in Table 7.1 where we see that France (57 reactors) and
Belgium (7 reactors) produce 77% and 60% of their electricity by nuclear energy. A
map showing the location of nuclear power stations in Europe 1s given in Fig. 7.1. In
1993 there were 430 nuclear power reactors producing 337 GWe of electrical power.
Canada has 22 power reactors and the USA 109 power reactor producing about 17%
and 21%, respectively, of these nations’ electricity.

In spite of a moratorium in some countries on the construction of new nuclear
power plants, predictions indicate that the present world nuclear energy production of
227 EJ will reach about 30 EJ by 2010. This growth in the use of nuclear power is
primarily due to its attractiveness as a “clean” nonfossil energy Source.

7.2. BASIS THEORY OF NUCLEAR ENERGY

Nuclear energy is based on the Einstein Equation
E = mc? (7.1)

During some nuclear reactions a small loss in mass, Am, means that a corresponding
liberation of energy, AE, occurs. During a chemical reaction some heat may be liberated

*The world population is 6.1 x 10% (July 2000) and was 5.64 x 10° in 1994, 4.48 x 10° in 1980 and
2.56 x 10 in 1950. It is estimated to be 7.0 x 10° in 2010 and 805 x 10° in 2020
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Nuclear Power Status Around the World, January 2000 (December 1994)

TABLE 7.1

Chapter 7

In operation

Nuclear share (%)

Under construction

No. of Total net of electricity No of Total net

units GWe generation units GWe
Argentina 2{(2) 0.94 (0.94) 9.0 (14.2) 1 0.692
Armenia 1 0.38 36.3
Belgium 7(7) 5.5 (5.5 57.7 (58.9)
Brazil 1) (.63 (0.63) 0.2 (0.2) 1 1.23
Bulgaria 6 (6) 3.54 (3.54) 47.1 (36.9)
Canada 14 (22) 10.0 (15.8) 12.7 (17.3)
China 3(2) 217 (1.19) 1.2 (0.3) 7(1) 5.4 (0.91)
Czech Republic 4 (4) 1.65 (1.65) 20.8 (29.2) 2(2) 1.8 (1.8)
Finland 44 2.65 (2.31) 33.1 (324)
France 59 (57) 63.1 (55.0) 750 (71.7) 6] (5.82)
Germany 20 (21) 223 (22.7) 31.2 (29.7)
Hungary 4 (4 1.73 (1.73) 38.3 (43.3)
India 11 (9) 1.90 (1.59) 265 (1.9) 3(5) 0.61 (1.01)
Iran 2(2) 2,11 (2.39)
Japan 53 (48) 43.7 (38.0) 36.0 (30.9) 4 (6) 3.82 (5.65)
Korea, Rep. of 16 (9) 13.0 (7.22) 42.8 (42.8) 47 382571
Lithuania 2(2) 2.37(2.37) 73.1 (87.2)
Mexico 2(1) 1.31 (0.65) 50(3.0) (1 (0.65)
Netherlands 1(2) 0.45 (0.50) 4.0 (5.1) .
Pakistan 1(D) 0.13 (0.13) 12 (0.9 1(D 0.30
Romania [ ()] 0.65 (0) 107 (0) 1(5 (0.30)
Russia (CIS) 29 (29) 19.8 (19.8) 14.4 (12.5) 4(4) 0.65 (3.16)
South Africa 2(2) 1.84 (1.84) 1.4 (4.5) 3.38 (3.38)
Slovakia 6 (4) 2.41(1.63) 35.2 (53.6) 2(4)
Slovenia 1 (1) (.63 (0.63) 38.2{43.3) 0.78 (1.55)
Spain 9(9) 747 (7.11D) 400 (36.0)
Sweden 11 (12) 9.43 (10.00 46.8 (42.0)
Switzerland 5(5) 3.08 (2.99) 36.0 (37.9)
United Kingdom 35 (35) 13.0 (11.9) 28.9 (26.3) (H (1.19)
Ukraine 16 (15) 138 (12.7) 43.8 (32.9) 4 (6) 38357
USA 104 (109) 97.1 (98.8) 195 (21.2) (2) (2.33)
World total® 436 (430) 351.7 (337.8) 38 (55) 31.7 (44.4)

*The total includes Taiwan with 6 operating reactors totalling 4.89 GWe and 2 under construction,

or absorbed but there is no measurable change in mass. The law of conservation of
mass Is effectively valid. The simplified model of the atom is that of a nucleus
surrounded by electrons. The nucleus is composed of protons, Z, and necutrons,
N ={4 — Z), where A is the mass number of the atom and represents the sum of
protons and neutrons (nucleons) in the nucleus. The mass and charges of these
fundamental particles are given in Table 7.2. Isotopes of an element have the same
number of protons (and electrons) but different numbers of neutrons. Thus, natural
uranium consists of 3 isotopes whereas there are S isotopes of zirconium which are
shown in Table 7.3.
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FIGURE 7.1. Continued.

The notation used to represent the nucleus of an isotope is in terms of the symbol
of these eclements, E, which has the appropriate number of protons, Z and the mass
number 4 where A =2 + N and N is the number of neutrons in the nucleus e.g,
7E, §3°U, §iSr, 33Ar, 247,

The mass of the components of the nucleus is invariably (except for H) greater than

TABLE 7.2
Nuclear Components
Mass Charge
Component Symbal kg amu*’ Coulombs Atomic
Electron e, fi” 910939 = 10~ 548580 x 107° —1.60218 x 107'¢ -1
Proton p [.67262 x 10727 1.007276 +1.60218 x 10-1? +1
Neutron n 1.67493 x 1027 1.008665 0 0
Positron B 9.10939 x 107 548580 x 107+ +1.60218 x 10717 +1
Neutrino v G 0 0 0

“lamu = 16605402 x 1077 kg = 931.4874 MeV.
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TABLE 7.3
A Isotopic Composition of Natural Uranium and
Zirconium
(a) Uranium
Mass No. Atomic mass Abundance (%)
234 234040946 0.006
235 235043924 0.720
238 238.050784 99.274
(b) Zirconium (Zr)
Natural Thermal
Mass No. Abundance (%) cross section Barns®
90 51.45 01+ 007
91 11.27 1.58 +0.13
92 17.17 0.26 +0.08
94 17.33 0.08 + 0.04
96 278 0.3 +0.1
(91.224) average 0.185

?1 Barn = 10~ # cm?,

the actual mass of the nucleus. The difference (a mass defect) represents the binding
energy of the nucleus, AE, and represents the energy needed to break a nucleus into jts
individual components.

There are about 300 stable isotopes and over 1000 unstable (radioactive) isotopes
which have been characterized. Nuclei with the same mass number 4 but having
different nuclear charges Z are called isobars, there are 59 stable isobar pairs starting
with 4 = 36, ¢S, {§Ar, and ending with 4 = 204, 33*Hg, 29*Pb as well as 5 isobaric
triads such as 4 = 50, 39Ti, 39V, 59Cr.

The nucleus is very small, having a radius R which is approximated by the relation

R =R,A4'3 (7.2)

where Ry = (1.5 + 0.2) x 107 '3 em. The density of the nucleus is very high, approx.
10'* g/cm® or about 10° tonnes/cm?.

The binding energy, AE,, of a nucleus is the energy equivalent of the mass defect
and is given by

AER(A4,Z) = {(ZM, + [4 — ZIM,) — M,}c? (1.3)

where AEg(A, Z) is the binding energy of a nucleus with A, Z values for the nucleons,
expressed in MeV units of energy.

M) is the isotopic mass of the particular nucleus
M, is the mass of the proton



120 Chapter 7

M is the mass of the neutron
AE(A, Z) = 931.4874(1.007276Z + 1.008665}[A — Z] — M) (1.4)

If the mass of the atom 1s utilized then p + ¢ = 1.007824 is used instead of the simple
proton mass.

The specific nuclear binding energy is AE;/A and represents the average binding
energy per nucleon. The binding energy of the helium nucleus (an alpha particle, He?*)
can be calculated from Eq. (7.4)

AE =931.4874[(2 x 1.007276 + 2 x 1.008665) — 4.00151]
= 931.4874(4.03188 — 4.00151)
= 931.4874(0.03037)

= 28.29 MeV or 7.07 MeV/nucleon

(1.5)

The atomic mass of He is 4.00260 amu. The nuclear mass, My, is

4.00260 — 2 x Me = 4.00260 — 2 x 0.00054858
My = 400151 amu

7.3. NUCLEAR MODEL AND NUCLEAR REACTIONS

Several models of the nucleus exist and attempt to account for the stability of
various nuclei. The shell model predicts stable nuclei with N or Z equal to 2, 8, 20, 28,
50, 82, 126, and 152.

For nuclei with low values of Z, n ~ p. However, as Z increases n > p and for the
largest nuclei n = 1.5p. Nuclei which are not in the stability region of the N/Z curve
try to achieve stability by a change in the nuclear composition, i.e., they are radioactive
and undergo a transformation which depends on whether the isotope is above or below
the stability line.

Isotopes above the stability line can become stable by emitting a - particle
thereby converting a neutron into a proton*

n—p+ - (7.6)
304Th — 33*Pa + _Je (1.7)
BCo N+ e (7.8)

Another reaction which will move a nucleus closer to the stability line (see Fig.
7.2) would be the emission of a neutron. This occurs only for nuclei in excited states
and therefore is primarily seen as a result of a reaction

2Be + $He — {*C + §n (1.9)

* The neutrino, v, is produced in most of these reactions but is not discussed here.

€t
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FIGURE 7.2. Plot showing the number of neutrons, N, and number of protons, Z, in the nucleus
of naturally occurring isotopes of the elements from Z = 1 to Z — 80. The N = Z line is shown
to illustrate the deviation of the stable isotopes. Elements above the stability line can become
more stable by f~ emission or neutron emission. Elements below the stability line can become
more stable by §* emission, K-capture or « particle decay.

where the a-particles can be supplied by a radium source.
33°Ra — 222Rn + %He (7.10)

Isotopes which are below the stability line can achieve stability by (a) positron
emission, g+

6'C— 1B + % (7.11)

10K = 33Ar + % (7.12)
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TABLE 7.4
Characteristics of Some Natural Occurring Radioactive Isotopes

Isotope Abundance (%) Ay, (Years) Type of decay Energy (MeV)
eC Trace 5730 i 0.156
e 0.0117 1.25 x 10° i 1.36
oy 0.25 24 x 10V7 e-Cap

#JRb 2783 4.5 x 1010 i 0.273
18°In 95.77 6 x 1014 i 0.5
13*Sn 6.1 1.5 x 167 i

437Sm 15.0 1 x 104! a 22
1%87Re 62.6 4.5 x 1019 B 0.0025
338U 99.274 45 % 107 o 4.0
iU 0.720 7 x 108 a 4.68

(b) by electron capture (K capture) in which the nucleus absorbs an electron from the
external structure of the nucleus, the K shell of the atom (n =1, s = 0, m = 0)

82Rb + _%e - §iKr (7.13)
{c) by emitting an a-particle, $He,
538U — 33*Th + %4He (1.14)

(d) by proton emission which seldom occurs.

7.4. RADIOACTIVE DECAY RATES

The radioactive nucleus decays spontaneously at a rate which is proportional to
the number of active (unstable) nuclei

AN dN
. ——— =i \
7 o« N or 7 N (7.15)
dN

where N is the activity at t =0
This is identical to a first order reaction with A representing the decay constant.
The half-life ¢, , is given by In 2/4 or 0.693/4 and is an important characteristic of each
radioactive nucleus. Some values of half-lives of selected nuclei are given in Table 7.4.
The ¢*C isotope is formed by the reaction of neutrons formed by cosmic radiation

o+ NS HC 4+ Ip (1.17)

A shorthand notation for this reaction is }*N(n, p)i*C.

e e

a0 =
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The {*C reacts with oxygen and ends up as CO, which is incorporated into living
matter. The rate at which the *C decays is balanced by the rate at which it is formed
and thus an equilibrium is established and 6*CO, is constantly replaced as it decays.
When the living matter “dies” it ceases to absorb CO, and thus the !*C begins to decay
without being replaced.

Prior to 1945 when atomic bomb detonations began to contaminate the atmo-
sphere, the rate of '#C production and its decay had reached equilibrium. In 1960
Willard Libby received the Nobel Prize for his work showing that it was possible to
date when natural materials ceased to grow by incorporating CO, into its matter. The
following example will illustrate the application of C14 dating.

In 1950 a sample of linen in which some of the Dead Sea Scrolls were wrapped
was burned to CO, and analyzed for *C. It was found that the activity was 12.05 Bq/g.
Living matter had a '*C activity of 15.30 Bg g7 !. What is the age of the linen? From
Eq. (7.16),

15.30
Ing=ki=1 = kt 7.18
"N " 1205 (7.18)
since t,,, = 5730,
(o 0693 _0693
T4, 57307
1530  0.693
1205 5730 = 1974 £ 200 years (with estimated error)

Hence the linen was made in 1950-1974 == 24 p.c. + 200 years.

Radiation is measured by various methods which depend on the type of radiation,
¥, B, « and the activity of the source. Early measurements were made using photo-
graphic films or electroscopes. Modern methods include ionization chambers and
fluorescing plastics (scintillation counters) and solutions in which the emitting photons
are counted individually. The Geiger Counter is one of the simplest means of detecting
and measuring # and a particles of sufficient energy to penetrate the counter’s thin
window. A diagram of a Geiger tube is shown in Fig. 7.3.

7.5. RADIOACTIVITY UNITS

The radioactive nucleus decays by a spontaneous process. The activity 1s measured
by several methods: (1) by the activity of the material. The basic unit was the Curic (C1)
which was the equivalent of 3.7 x 10!° disintegration/sec for 1 gram of radium. The
present unit is the Becquerel (Bq) which is one disintegration per sec. (2) The energy of
the radiation in terms of the absorbed energy. The Roentgen (r) is 83.8 ergs of absorbed
energy defined as the quantity of x- or 7 (as well as « and f) radiation which on passage
through 1 mL of dry air at 0°C and 1 atm (STP) (0.001293 g/mL) will produce ions
carrying 1 esu of charge (either positive or negative). This is limited to radiation with
energy less than 3 MeV. A dose of  r produces 2.08 x 10 ion pairs corresponding to
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FIGURE 7.3. A Geiger Counter Tube. Radiation which passes through the thin window ionizes
the gas in the tube. The electrons are accelerated by the high voltage (500-1200 V) creating a
pulse which is detected electronically.

the absorption of 0.114 ergs. (2.58 x 10~ * coulombs of negative charges in 1 kg of dry
air at STP). -

The dose of radiation absorbed by a unit of mass per unit of time is called the
absorbed dose rate in units of joules/kg. The rad (radiation absorbed dose) is 10~ ?J/kg.
A rad of ¢-rays is more harmful than a rad of f-rays. Hence the RBE (relative biological
ellectiveness) of radiation normalize the damage to tissue by different types of radiation.
This is illustrated by the equation

Rem = (Rad)(RBE) (7.19)

where Rem is the roentgen equivalent to man. The values of some of the parameters
are given in Table 7.5. Radiation units are given in Table 7.6. Radiation damage at
about 400 to 500 Rem is fatal to humans (see Table 7.7). Some evidence exists which

TABLE 7.5
The Approximate Values of
RBE for Various Types of Radiation

Radiation RBE
£,y 1
ap 10
n (thermal) 5
n (fast, E < 400 MeV) 10

Heay ions (cosmic ray) 20

in
re

14
bi
le

7.6

<

cri
Al

abs
sec

Sour

iH
6'C

403
14
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TABLE 7.6
Units of Radiation

1 Curie (Ci) = 3.7 x 10!° disintegrations/sec®
Becquerel (Bg) = | disintegration/sec

1 Gray (Gy) = 100 Rads = 1 Jikg

1 Sievert (Sv) = 100 Rem

“The activity of | g of pure radium.

TABLE 7.7
Radiation Damage for Whole Body Exposure
0-25 Ram No clinical effects
25-50 Ram Decrease in white cells in blood
100-200 Rem Nausea, fewer white blood cells
500 Rem LD,,

indicates that small doses may be beneficial (called hormesis) and implies there is a
repair mechanism in living man and animals exposed to small doses of radiation.

The human body contains some naturally occurring radioactive 1sotopes besides
'4C. These are all listed in Table 7.8. The energy of the radiation is very low and the
biological damage due to these isotopes is of minor importance. The normal exposure
levels to man are as given in Table 7.9.

7.6. NUCLEAR REACTORS

The first nuclear chain reaction occurred naturally about 2 billion years ago in
Gabon, Africa where a uranium deposit mederated by water spontaneously became
critical. In 1942 as a result of the war efforts, a sustained chain reaction was achieved
by E. Fermi in Chicago working on the Manhattan Project which eventually led to the
Atomic Bomb.

Of the naturally occurring isotopes only 2*5U is fissionable with a neutron
absorption cross section (o) of 582 barns with thermal neutrons at 0.025 eV. This cross
section decreases as the energy of the neutrons increases (¢ cc E7V?) and in the MeV

TABLE 7.8
The Naturally Occurring Radioactive Isotopes in a 70 kg Human Body
Amount of No. of Total activity Particle energy
Source isotope (g) atoms (Bq) (MeV) ¥
H 84 x 1018 1.7 x 10° 3 0.018
¢*C 19 x 108 8.1 x 10t 31 x 10° 0.158

19K 83 x 1072 1.2 x 10%! 4 x 107 1.36 1.46
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TABLE 7.9
Yearly Radiation Exposure

Natural Radiation

Cosmic rays sca level 40m Rem
at 2500 m (Banflf AB) 90 m Rem

Terrestrial exposure due to Radium and other 40m Rem
isotopes in ground and buildings

Internal radiation mainly due to Potassium 40 18m Rem

Cosmic radiation during 10,000 km flight at 10km altitude 4mRem

Man-made Radiation

1 Chest X-ray 40m Rem
I Dental X-ray 20m Rem
Fall-out* 3mRem
Misc.-T.V., Monitors etc. 2mRem

*After atmospheric tests of atomic bomb.

range ¢ is about 2 barns. The 2*®U reacts with neutrons (¢>0 for E < 0.9 MeV) to
form plutonium (Pu) by the reaction sequence.

_ .
— 23INp ——— 23%Pu (7.20)
23.5min 2.33 days .

33U(n, 3) 33U

The plutonium is radioactive with ,,, = 2.4 x 10* years and is fissionable like 235U It
is also possible to convert *3*Th to fissionable 23*U which has a half-life of 1.63 x 10°
years by the reaction sequence.

. 5

232 233 f 233
54 Th(n,y)*33Th T 53Pa v14d
.6min 4days

233U (7.21)

The process of fission in ?**U proceeds by the absorption of a thermal neutron and
formation of the compound nucleus 23°U in an excited state with about 6.5 MeV.
During the fission process the compound nucleus is distorted and splits into two fission
fragments, which by virtue of coulombic repulsion achieve a kinetic energy equivalent
to about 80-90% of the fission energy (200 MeV).

The fragment nuclei decay by neutron and y emission, leading to an average of
2.42 neutrons released for each neutron captured. The stabilization of the fragments and
the radiation results in the thermal energy produced by the chain reaction,

The neutron flux can also be controlled by control rods made of cadmium or
boron, which are strong absorbers of neutrons, and which are raised or lowered into
the reactor to maintain the chain reaction at the appropriate level.

The ennichment of 3°U from natural uranium was first performed by the
differential diffusion of gaseous UF through porous barriers. This Very energy intensive
method was replaced by the simpler gas centrifuge. With the development of the
tunable laser it became possible to photochemically excite one isomeric uranium atom
by virtue of its hyperfine splitting of the 1sotopic lines, and thus enrich one isotope.

Iso

137

')Ug

140]
91Y
1401
141(
144(
I43F
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1471’)
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FIGURE 7.4. The distribution of fission products from the reaction of 33°U with slow neutrons,

Though the cost of the enrichment process has thus been greatly reduced, ?35U s sti]]
a very expensive fuel.

7.4 and indicates that the major elements formed are in the range A = 85-105 and
130-150. The major elements formed and their fission yield are listed in Table 7.10.

TABLE 7.10

Most Important products of Thermal-Neutron Fission of Uranium-235
Isotope Half-life Fission yield, % Isotope Half-life Fission yield, %
1*7Cs 33 years 6 ¥3Zr 65 days p
908 19.9 years 5 ?SNb 387 days}
10, 13.4 days 57 *Tc 2.1 x 10% years 6.2
oty 61 days 5.9 129Te 35.5 days 0.2
1401 2 1.65 days 57 13y 8.1 days 3
e 33 days 5 1291 1.7 x 107 years —
144 Ce 282 days 36 1%3Ru 39.8 days 3.7
143pr 13.5 days 53 106RY 290 days 0.5
H7Nd 11.9 days 26 195Rh 1.54 days 0.5
147pm 226 ycars} ' 133%e 5.3 days 6
155Eu 1.7 vears 0.03
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containment A Pressurized water reactor { PWR)

structure

steam steamn line
e carm i

steam
generator

control rods

pressure w turbine
vessel g generator
R condenser

» .
(Cm— « Socling
water

containment B Boiling water reactor (EWR;)

structure

®_@ steam line
== )

pressure X , ™ A -

vessel tsolation
valves

=@=Q=

pump

turbine
generator

- condenser
=" wolig
_ - water

FIGURE 7.5. As with the boiler in a coal, oil or gas burning power plant, a nuclear power reactor
produces steam to drive a turbine which turns an electric generator. Instead of burning fossil fuel,
a reactor fissions nuclear fuel to produce heat to make steam. (a) The PWR shown here is a type
of reactor fueled by slightly enriched uranium in the form of uranium oxide pellets held in
zirconium alloy tubes in the core. Water is pumped through the core to transfer heat to the steam
generator. This coolant water is kept under pressure in the core to prevent boiling and transfers
heat 1o the water in the steam generator to make the steam. {(b) The BWR shown here is a type
of reactor fuelled by slightly enriched uranium in the form of uranium oxide pellets held in
zirconium alloy tubes in the core. Water is pumped through the core, boils and produces steam
that is piped to the turbine.

Reactors can be classified in terms of the fuel (23U, 2330, 23°Pu), and its
containment alloy, zircaloy, the moderator which is needed to slow down the neutrons,
and the heat exchanger used to generate steam. The most common type of classification
1s in terms of the coolant which can be either a liquid or gas.

The four categories are (1) the light water reactor (LWR) of which are 81% of all
reactors, (2) gas cooled reactors (GR) make up 11%, (3) 7% use heavy water (HWR),
and (4) the remaining reactors use molten metals (such as sodium) (see Fig. 7.5).

The LWR 1s further classified into the pressurized water reactor (PWR) which
operates at about 150 atm and 318°C with a thermal efficiency of about 34%. The other
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High tamperature gas-cooled reactor {HTGR)
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FIGURE 7.5. (c) The HTGR shown here is a type of reactor fueled by uranium carbide particles
distributed in graphite in the core. Helium gas is used as a coolant to transfer the heat from the
core to the steam generator. (d) In a LMFBR, molten sodium in the primary loop is pumped
through the reactor core containing the fuel. This sodium collects the heat and transfers it to a
secondary sodium loop in the heat exchanger from which it is carried to the steam generator. In
addition to producing electricity, this reactor also produces more fissionable material than it
consumes, which is why it is called a “breeder reactor.” In the reactor uranium-238 1s transmuted
to fissionable plutontum-239 which is extracted periodically and fabricated into new fuel.

type of reactor is the boiling water reactor (BWR) which operates at 70 atm pressure
and 278°C with a thermal efficiency of 33%. These reactors require fuel with enriched
*3°U to about 3% to have a sufficient neutron flux for the chain reaction. The fuel, as
UO,, is in the form of pellets enclosed in a zirconium alloy, Zircaloy-2.

The gas cooled reactors were developed in Great Britain using CO, as the gas
coolant and graphite as the moderator with natural uranium metal as the fue] The
thermal efficiency is about 25%. With uranium enriched to 2.2% as the oxide (UO,)
fuel. the thermal efficiency increased to 41% and is called the Advanced Gas Reactor
(AGR). Helium is also used in a high temperature version.
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TABLE 7.11
The Relative Moderating Characteristics of Various Materials

Average slow down length from

Substance Moderating ratio “fast” to thermal (cm)

Light water 72 53

Organic liguids 60-90

Berylhum - 159

Graphite 160 19.1 !

Heavy water (99.8%) 2300 i F
Pure D,0O 12,000 11.2

The heavy water reactor was developed in Canada and is known as the CANDU '
l

r's
reactor. The D,O is used as both coolant and moderator. The relative moderating co
efficiency of various materials is given in Table 7.11. Because of the superior moderating f
property of D,0, it is possible to use natural uranium as the fuel in the form of Uo, | the
pellets in Zircaloy tubes. This makes the CANDU one of the best designed reactors in ;
the world. The coolant cycle and the moderator are separate flow circuits as shown in j
Fig. 7.6. The fuel elements in the pressure tubes and the D,0 flow is shown in Fig. 7.7 By
where the coolant is at about 293°C and 100 atm pressure. The moderator is at lower cor
pressure. The efficiency is rated at 29%,. ]

The average composition of deuterium in water (H,O) is about 150 ppm but varies : acr
from place to place as shown in Fig. 7.8 for Canada. ‘ f hol
Heavy water is usually extracted from water in two steps; the first being a dual |
temperature deuterium transfer process, and the second through vacuum distillation. |‘ vat
; 0X1C
. liber
R cooLANT ! fromr
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FIGURE 7.6. The simplified flow diagram for the CANDU reactor.
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FIGURE 7.7. The coolant around the fuel elements in the Calandria tubes is D, Q.

The dual temperature process is based on the atomic exchange of hydrogen and
deuterium between hydrogen sulphide gas (H,S) and fresh water with a deuterium
concentration of approx. 148 ppm.

When hot water is in contact with hot H,S gas, the deuterium atom migrates from
the water into the gas; when both are cold, it migrates in the reverse direction.

HOD + H,S=H,0 + HSD K =099 (25°C) 122)

By repeating this process in successive stages, the deuterium oxide is increased to a
concentration of 15%,.

across each tray in succession. H,S gas is forced upwards, bubbling through the sieve
holes for contact with the water. This is shown in Fig. 7.9,

The 15% enriched heavy water is delivered to a finishing unit where, through
vacuum distillation, the concentration is upgraded to 99.8% (reactor grade) deuterium

liberated as H, than iD as HD. Hence the first samples of heavy water were obtained
from Norway where water electrolysis is the method of producing H, and O, since
electricity is inexpensive there—even today it is the chosen method of heating homes.

It is possible to increase the fue] efficiency by selecting the zirconium isotope 33Zr
(which has the lowest neutron absorption cross section of 0,08 barns (see Table 7.3) for
the fabrication of the Zircaloy alloy. This would allow the fuel to be useful for longer
times or less fuel would be required for the reactor. Severa] attempts have been made

to separate the heavier 150topes since the high cost of an enrichment process is a major

7.7. THE HAZARDS OF NUCLEAR ENERGY

It is at present somewhat uncertain if very low levels of radiation are harmful, We
cannot avoid all radiation since there is a natural radiation background {with
approximate yearly exposure) due to, for example, the cosmic rays (40 millirem at sea
level, 250 Rem at 500 m elevation) radium and radon in ground and building materia]
(40 Rem), potassium 40 (18 Rem). In addition, we can add some man-made radiation
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FIGURE 7.8. Map of Canada showing the deuterium concentration in ppm (ug/g) in various FIC
parts of the country. Also shown are the sites of heavy water plants and nuclear power plants. equ
Heavy water plants Nuclear power plants®
I. Bruce I. Bruce A, 4 x 769 MWe ene
2. Port Hawkesbury B, 4 x 860 MWe nuc
3. Glace Bay Douglas Pt. 1 x 208 MWe¢ acel
4. La Prade 5. Pickering A, 4 x 515 MWe WA
B, 4 x 518 MWe " Apr
Darlington 4 x 881 MWe dow
6. Gentily 1 x 635 MWe
7. Point Lepreau [ x 640 MWe .rez%c
idlin
*With rated electrical generating power, done
Several plants have been shut down. Only 14 are in operation. : in i
temy
and
clouc
sources such as one chest X-ray (40 Rem), one dental X-ray (20 Rem), fallout from 28 E
nuclear explosions (5 Rem) as well as miscellaneous sources such as T.V., CRT, etc,, all that
of which total to 163 Rem/year (for see level). The average annual radiation dose to a had «
nuclear reactor worker in Ontario is 0.68 Rem with an annual limit of 5 Rem set by g
radiation protection regulations. | Milli
Thus, a nuclear power reactor worker receives about as much additional radiation abou

as that of an office worker who moves from New York to Denver. Hence, nuclear that
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FIGURE 7.9. Basic principles of heavy water production by the HDO + H,S - HDS + H,O
equilibrium reaction.

energy presents an insignificant risk to its workers. It can be argued that the risk of a
nuclear accident (such as the Three Mile Island accident, March 1979, or the Chernobyl
accident, April 1986) is not worth the benefits. This must be viewed in a perspective
which is tempered by history and time. The Chernobyl nuclear accident on Saturday,
April 26, 1986, has been called the worst accident in the world and will probably slow
down and, in some countries, end the development of nuclear energy. The Russian
reactor was a graphite moderated water cooled enriched uranium reactor which was
idling at 7% power, generating 200 MW of heat while maintenance work was being
done. Human error appears to have caused a sudden increase in power output, 7-50%,
in 10 sec due to part of the reactor going critical. The resulting runaway high
temperature converted water to hydrogen which exploded, setting the reactor on fire
and releasing enormous amounts of radioactivity into the atmosphere. The radioactive
cloud drifted across Europe and was first reported in Sweden, Monday morning, April
28. Based on the prevalence of radioactive cobalt, iodine and cesium, it was concluded
that a nuclear bomb test was not the source of the activity but that a nuclear accident
had occurred. This was acknowledged at 9:00 p.m. by Moscow T.V. news,

The radioactivity contaminated the vegetables and meats of central Europe.
Millions of dollars were used to compensate farmers for the loss they suffered. Though
about 31 deaths were associated with acute radiation exposure and fire, it is estimated
that thousands of delayed cancers will result from the fallout.
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TABLE 7.12
Loss of Lives due to Dam Disasters

Date Place Lives lost

1923 Santa Paula, CA, USA 450

1923 Gleno, Italy 600

1926 St. Francis, USA 430
- 1959 Malpaset, France 412

1961 Kiev, USSR 145

1963 Vaiont, Italy 2000

1967 Kayna, India 180

1972 Buffalo Creek, WV, USA 118

The accident at Three Mile Island released 15 curies of radiation and caused no
direct fatalities. It has been estimated that not more than 1 delayed cancer victim will
result.

However, we accept the construction of dams, some of which have failed and
others, if they do fail, would cause hundreds of thousands of deaths. A list of some
hydroelectric dam disasters is given in Table 7.12.

We accept the occasional mine disaster and continue to mine coal. Since a tonne
of uranium ore yields 300 times more energy than a tonne of coal, it is obvious that
mining uranium leads to fewer mining deaths per energy unit (1/300) than mining coal.
Again it could be argued that the radon and radiation exposure in uranium mining is
an additional hazard not encountered in coal mining. However, black lung disease kills
thousands of miners every year. It has been estimated that for every 101% We (Watts of
electricity) generated there are 1000 deaths by black lung among coal miners and 20
deaths by lung cancer among uranium miners.

An indication of relative average risk of fatality by various causes is given in Table
7.13. The automobile remains the major cause of accidental deaths in our society, yet
we accept this with minor token complaints. It is possible to predict that there will be
500 deaths in USA. due to automobile accidents (50 in Canada) during the Labor Day
Weekend holiday in September.

A comparison of man-days lost per megawatt-year output by various energy
sources has been given by Inhaber and is shown in Fig. 7.10. Coal and oil show the
highest losses whereas natural gas shows the lowest loss. It may be surprising to note
that solar energy sources are relatively hazardous. Edward Teller——the father of the
H-bomb —-once pointed out that solar energy is not free of dangers because the ladder,
which would be required to clean solar cells on the roof of our homes, causes more
accidents in the home than any other device.

7.8. NUCLEAR WASTE
The opponents of nuclear energy, besides being concerned with the hazards of

accidents during power generation, are also anxious about the handling and storage of
nuclear waste-—the end-product of nuclear fuel. This waste consists of a multitude of
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TABLE 7.13
Average Annual Risk of Fatality by Various Causes (US.A).

Accident Type Total Number  Individual Chance per year
Motor Vehicle 55,791 I in 4,000
Falls 17,287 I in 10,000
Fuels and Hot Substances 7451 I in 25000
Drowning 6181 1 1n 30,000
Firearms 2309 1 in 100,000
Ailr Travel 1778 I in 100,000
Falling Objects 1271 1 in. 160,000
Electrocution 1148 1 in 160,000
Lightning 160 I in 2,000,000
Tornadoes 93 1 in 2,500,000
Hurricanes 93 I in 2,500,000
All Accidents 111,992 1 in 1,600
Total Nuclear Reactor

Accidents (100 plants) 5000+ 1 in 200,000

*The British accident at Windscale in October 1957-—a fire in the atomic pile — resulted
in the release of radioactive gas 13’1 (20,000 Curies), £1°Po (37 Ci) as well as 19°Ry,
i8°Ru, 33Zr, $iNb, 137Cs (600 Ci), $2Sr (80 Ci), 32Sr (9 Ci), 13%Ce, and 132Te. It has only
recently been estimated that the number of deaths (rom leukemia and cancer which could
be directly due to this accident is from 1000 to 2000 with the predominant effect on
children. Hence, we must distinguish between direct and indirect or mote remote
fatalities. If we add the direct deaths and the leukemia and cancer deaths for the Three
Mile Island and Chernobyl nuclear accidents we would estimate a total of about 5000
deaths. This gives a risk factor of | in 200,000 which is still better than air travel.

radioactive nuclei having a wide range in activity as well as lifetime. In general, about
2000 m? of uranium ore must be mined to produce 1 tonne of nuclear fuel grade
material which yields 91 L of UO, reactor fuel. The spent fuel is stored in water pools
to permit the radioactive decay of short-lived fission products. The discharged fuel is
reprocessed, resulting in about 1200 L of high-level waste (HLW) which is stored and
evaporated to about 570 L and calcined (heated) to 80 L of oxides. When fixed in glass
the waste occupies 70 L or 1/3 of a canister 30 cm in diameter x 3 m long which is
destined for disposal and storage underground. A plot of waste activity as a function
of time is shown in Fig. 7.11.

After 450 years the residual activity is equivalent to that of natural uranium and
presents the same radiation hazards. A list of the major waste components in spent fuel
is given in Table 7.14. As illustrated in Fig. 7.11, the major activity is due to plutonium
and strontium.

The storage and handling of nuclear waste by various countries all include an
immobilization of either the reprocessed fuel waste or the unreprocessed spent fuel by
glass or mineral formation followed by encapsulation. Storage varies due to facilities
and geological formation within a country. Thus, salt mines have been used in
Germany, USA, and the Netherlands. Salt mines by their existence testify to a
guaranteed isolation from ground water in the environment. The abandoned salt mine
Asse near Brunswick in Germany has since 1967 stored more than 100,000 special
drums of nuclear waste. However, this has been stopped since 1979 due to political
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FIGURE 7.10. Total man-days lost through accidents per MW-year net output. Public and
occupational deaths are combined. The top of the bars and the dotted lines indicate the upper
and lower part of the range, respectively. Bars to the right of the vertical dotted lines indicate
technologies less applicable to Canada. Note the logarithmic scale. Deaths are assumed to
contribute 6000 man-days lost per fatality, and are combined with accidents and illness on that
basis. Solid and dashed jagged lines on three of the bars indicate maximum and minimum values,

respectively, when no back-up (or low-risk back-up) energy is assumed.

pressure. An alternate salt mine at Gorleben has been under consideration and testing.
Germany’s nuclear energy program is frozen and being phased out. It will be interesting
to see what alternatives will be selected to replace the reactors shut down.

Some alternate proposals for waste disposal include: (a) the space option, (b) the
Antarctic Ice Shelf, (¢} Ocean dumping, (d)} Ocean burial, and (e) Nuclear transform-

ation.

been evaluated but until such flights become routine it must be considered too risky.

(b) Disposal under the Antarctic ice is also too risky due to the unknown stability

of the underlying shelf which requires predictable stability for thousands of years.

(¢) Ocean dumping has been carried out since 1943 with disastrous results. -

Evidence of leaking drums has been obtained, and long term storage is not {easible for

high-level waste.

(a) The soft-landing approach for the storage of nuclear waste on the moon has -

Nrel

10

[0s]

Ingestion Toxicity
=)

FIGU
radioa.
derivec
years;

fue] hi:

(c
witk 1
evalua

(e
into st
1S bein

C
format
Pluton
waste

St
bility a

It
Africa,
about
immob
from th
eventL.



iy -

w

<.

Nuclear Energy 137

TOTAL WASTE
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FIGURE 7.11. Within a finite period, the hazardous components of nuclear waste decay to a
radioactive toxicity level lower than that of the natural uranium from which the waste was
derived. The strontium in waste becomes less toxic to humans than natural uranium ore in 450
years; the total waste including plutonium, becomes less toxic in 5001000 years, depending on
fuel history and reprocessing-plant characteristics. -

(d) Burial in the ocean floor is attractive if deep holes can be drilled and sealed
with the sediment. This is being studied actively and the environmental impact
evaluated.

(e) The conversion of radioactive nuclei by nuclear reactions and transformation
into stable nuclei is possible. The cost, however, is prohibitive and no concerted effort
is being made to make this a viable alternative.

Canada is very fortunate in having the Canadian Shield of Precambrian rock
formation in Central Canada around Hudson’s Bay. Some hard rock formations, called
Pluton, within the Shield are ideal sites for the location of an underground nuclear
waste storage facility.

Studies now in progress in an underground laboratory will establish the permea-
bility and water movement in such formations.

It is interesting to note that the natural nuclear reactor discovered in Oklo, Gabon,
Africa, operated for about 7 x 105 years and released about 15 GW years of energy
about 1.8 x 10° years ago. The study showed that the fission products could lie
immobile in the ground at the original reactor site during these many years. It is evident
from this natural example that responsible disposal of nuclear waste js feasible and will
eventually be accomplished.
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TABLE 7.14
Activities of Selected Fission Products and Actinides in Irradiated Fuel®

Activity (Curies/kg U)

Mode of Hali-life
Radionuclide decay (years) At discharge After 1 year After 10 years
Fission Products
Tritium (H-3) B 12.3 0.17 0.16 0.10
Krypton-85 By 10.7 222 2.19 1.23
Strontium-89 B, v 0.14 443 395 9.8 x 1072°
Strontium-90 B 29 17.5 16.0 12.9
Yttrium-91 B,y 0.16 578 77 1.1x 1018
Zirconium-95 8. v 0.18 825 17.3 L3x 10" 14
Niobium-95 B v 0.10 802 36.6 2.9 x 10714
Technetium-99 8.y 2.1x10°% 34x107°2 3.4x107° 314x1073
Ruthenium-106 Jii 1.0 182 101 0.21
Todine-131 By 1.6 x 107 Tx 1078 7.9 %1078 79%10"°
Todine 8,y 0.02 525 1.2x107" 0
Cesium-134 By 2.17 16.9 11.3 0.55
Cesium-135 B 2.3 % 108 45%x1073 38x10°°% 38x107°%
Cesium-137 By 30.2 25.3 24.8 20.2
Cerium-144 By 0.78 424 181 0.06
Promethium-147 B,y 2.6 58.9 50.7 4.7
Actinides
Neptunium-237 @y 2.1x 108 21x107° 21x10°° 22x10°°
Plutonium-238 o, ¥ 87.7 72%x1072 8.3x1072 8.0x10712
Plutonium-239 a, y 2.4 x10* 0.15 0.15 ’ 0.15
Plutonium-24Q o,y 0.24 0.24 0.24 0.24
Plutonium-241 B,y 14.7 229 21.8 14.2
Americium-241 o, Y 432 11.5x1073 47 %1072 0.3
Americium-243 ®, Y 7380 53x1073 53x10°¢ 53x10°4
Curium-242 a, ¥ 045 2.58 0.44 89x10-°
Curium-244 %y 18.1 1.6x1072 1.5%x10°2 1.1x 1072

*Based on Pickering fuel irradiated to 7.5 MWd/kg U.

7.9. NUCLEAR FUSION

In contrast with nuclear fission where a large nucleus is split into two more stable
nuclei, fusion relies on the formation of larger stable nuclei from small nuclei. The main
difference is that fusion requires an initial high temperature of millions of degrees to
overcome the energy repulsion barrier of the nuclei. In the fusion H-bomb the high
temperature (3 x 10® K) is achieved by a fission bomb.

Various systems have been designed and tested to achieve these high temperatures
and to initiate the fusion reaction. Such reaction have been maintained for very short
time intervals (about 1 sec) which is slowly being extended to longer times.

Some fusion reactions, and the corresponding energy liberated, are given next:

= e
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1. DT: Deuterium — Tritium Reaction
ID+3T > 3He (3.5 MeV) + In (14.1 MeV) (7.23)

This reaction can occur at the lowest temperature and produce the highest fusion—
power density. The highly energetic neutrons present technical problems regarding
material of construction.

2. DD: Deuterium— Deuterium Reactions
3He (0.82 MeV) + n (2.45 MeV) (7.24)
iD +ID
X'i‘T (1.0 MeV) + {H (3.02 MeV) (7.25)
The tritium and 3He can react further to give
31D %He + 'H + 3n + 21.6 MeV ' (7.26)

In 1996 experiments on the electrolysis of LiOD in D,0 on a palladium cathode have
been claimed to result in “cold” fusion. The detection of helium, neutrons and even
tritium has been reported. However, there is considerable doubt about the validity of
the claims and “cold” fusion like polywater* will soon be buried and its obituary
published.

3. Other Reactions

The following reactions do not involve neutrons

iH + §Li — }He + 4He (4.0 MeV) (1.27)
3He + §Li - {H + 2¢He (16.8 MeV) (7.28)
3He + 3He » 2I1H + 3He (12.9 MeV) (7.29)
iH + }'B - 12C - 8Be + $He (7.30)
L>2§He
The overall reaction is
1H + 1'B - 3%He (1.31)

Reactions involving 3He are not really suitable because 3He must be artifictally
produced. The amount of deuterium in the oceans which is available for fusion can
supply enough energy to satisfy earth’s energy requirements for many centuries.

* Polywater was a “new” form of water which was described in the literature in the early 1970s. Polymerized
Wwater was reported to have a freezing point of —40°C and a viscosity of several times that of normaj water.
It was later shown that the anomalous properties of polywater were due to impurities.
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7.10. SUMMARY

Radioactivity can be harmful or beneficial. As a tracer isotope it can be used to
map the fate of a chemical or the location of a malfunctioning organ. It is used in
radiation therapy for cancer patients and in the irradiation of food to prevent or reduce
spoilage. It is also dangerous in significant dosage, causing cancer and death. Never-
theless it is an efficient source of energy which does not contribute to the greenhouse
effect and thus it helps preserve our climate. The need to deal with the problem of waste
management remains but appears to be solvable. The real question is “can we survive
without nuclear energy?”

EXERCISES

. Uranium is present in seawater at about 3.3 mg/tonne. Calculate the amount of
uranium in the oceans, (V = 1.5 x 10° km?).

2. Deuterium is present in water to about 150 ppm. Calculate the amount of

deutertum present in earth’s water.

Calculate the binding energy in the nitrogen nucleus.

Calculate the energy change in reactions (7.9) and (7.17).

A sample of wood from a cross was tested for *C and found to have 13.2 Bq/g of

carbon. What was the age of the cross?

6. A sample of a radioactive mineral had an activity of 40,000 Bq. Three months later
the activity of the same sample was 32,000 Bq. What is the half-life of the active
component in the mineral?

7. A radioactive tracer (10 mL) with a half-life of 12 days was administered to a patent
weighing 75 kg. Its initial activity was 1600 Bq/mL of solution. When testing the
patient’s blood a week later, what would be the expected activity of the blood
(assuming the volume of blood in the patient is 5 L and that all the activity remains
in the blood).

8. Explain how the breeder reactor can be used to extend the energy convertibility of
nuclear fuel.

9. One of the major concerns about nuclear energy is the disposal of radioactive waste
from the reactors. Discuss the problem and the various solutions which have been
proposed.

10. From Table 7.3 calculate the average atomic mass of uranium.
I1. The expected value of an event (E V) 1s equal to the risk (R) times the benefit (B),
EV = RB. Calculate the expected value for each of the following.
(a) Throw a 6-in cubic dice with 1—6 on the sides and win $400.
(b) Pick heads on the toss of a coin and win $100.
{c) Pick the ace of spades out of a full deck of cards (52) and win $3500.
{d) Pick any ace out of a full deck of cards (52) and win $950.
{e) Pick the month of birth of a total stranger and win $800.
12. Calculate the energy liberated in the fusion reaction (7.31).
13. Write the shorthand notation for the reaction SLi + {H - 3He + $He.
I4. Write the nuclear reaction for $3Cu(a, n)§¢Ga.
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15. Calculate the energy liberated when 1 g of U-235 is split by a slow neutron to form
3 neutrons, Ba-141 and Kr-92.
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Lubrication and Lubricants

8.1. AN INTRODUCTION TO TRIBOLOGY

Tribology, from the Greek word tribos meaning rubbing, is the science of friction,
lubrication, and wear. The basic laws of tribology are concerned with the general
behavior of surfaces interacting during sliding and to a first approximation are given by

Fonoo W or Frin = pW (8.1)
Zoc W or Z=xkW (8.2)

where Fy;, is the sliding force of friction, W is the load applied normal to the sliding
direction, Z is the wear rate (volume of surface removed per unit sliding distance), u is
the coefficient of friction and « is the wear factor, Fiin and Z are independent of the
apparent area of contact.

The factors of proportionality in laws (1) and (2) above are not necessarily related
to the same operating parameters and it is possible to obtain heavy wear rates
associated with low frictional forces.

Friction is not always undesirable. For example, the stopping of an automobile
relies on friction between the tires and the road and on friction within the braking
mechanism.

The function of a lubricant is (1) to prevent the moving interacting surfaces from
coming into direct contact, (2) to provide an easily sheared interfacial film, (3) to
remove the heat evolved in the process, and (4) to reduce wear of the surfaces. Solid
lubricants can only satisfy (1), (2), and (4) but only liquids and gas can also satisfy (3).
Lubricants can conveniently be classified into gases, liquids, and solids,

8.2, GASEOUS LUBRICANTS

Gas-lubricated bearings have special applications and their use is often neglected.
The gases used include air, helium, nitrogen, and hydrogen—though air is the most
commonly employed. It must be pointed out that in gas lubricated bearings, the
coefficient of friction approaches zero. The viscosity of air under atmospheric condi-
tions is 0.018 cP* (centipoise) and its temperature coefficient is small allowing both low

*A Poise =lgem~t's™ L
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FIGURE 8.1. Schematic cross section of a hydrostatic (gas lubricated) cone step.

temperature and high temperature operation. A schematic representation of a hydro-
statically lubricated gas thrust bearing 1s shown in Fig. 8.1

For hydrodynamic conditions, the minimum film thickness for a gas thrust
bearing, ho, 1s given by the relation:

ho = . /0.66nVI/P,, . (8.3)

where n = the viscosity, V' = mean runner velocity, ! = the length of shoe in rotation
direction, P,, = average thrust pressure. The viscosity of a gas, #, is given by:

N'mci
n= 3 (8.4)

where N’ = the concentration of molecules in the gas, molecules per unit volume;
m = mass of the gas molecule, ¢ = average molecular speed, and A = mean free path.

The mean free path of a gas A is the average distance a molecule moves between
collisions and 1s given by:

R (8.5)

where ¢ is the molecular diameter and the average molecular speed c, is given by

8RT
niNm

=

(8.6)

where R = the gas constant, T = the absolute temperature, and N = Avogadro’s
number (6.022 x 10%%).
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Thus, by combining Egs. (8.2)~(8.4) we get

2
h = m mkT (8.7)

where k is Boltzmann’s constant,
k = R/N (8.8)
Thus, o ﬁ to a first approximation. F luidity, ¢, is the reciprocal of VIscosity:
fluidity ¢ = 1/n (8.9)
The ratio A/ho is known as Knudsen number (K,) and defines the conditions under

which the gas can be considered a continuum, When K, < 0.01 the gas can be
considered as a flyid. When, however, 0.01 < K, <10 the gasis a continuum if slip at

the boundary is reduced or corrected. For air at 0°C and | atm, 4 ~ 6 x 107% c¢m, hence
for film thicknesses of 6 x 10-4 ¢m or more, K, < 0.01 and proper lubrication without

slip can be expected.

8.3. LIQUID LUBRICANTS

Like gas lubrication, liquids lubricate by keeping the two moving surfaces apart,
The bearing is one of the most common lubricated systems, There are four types of
bearing: the journal bearing, the thrust bearing, the slider bearing and the bali bearing.

8.3.1. Journal Bearing

C=2" (8.10)
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Point of nearest
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FIGURE 8.2. The journal bearing showing the pressure distribution and oil forces supporting
the journal. The parallel lines indicate the oil pressure.

drodynamic lubrication is too thin, leading to an increase in friction, i.e., a reduction in
lubrication.

The true surface area of a polished surface can be many times the nominal area.
Thus, for example, the true area of a polished plate glass surface is about 10 times the
nominal arca. This implies the presence of many hills and valleys which can interact
when two such surfaces are brought together (see Fig. 8.3). If the speed of rotation N
and/or the viscosity of the lubricant is reduced or if the pressure is increased, then
although the coefficient of friction may increase, the distance between the journal and
the bearing will eventually decrease to less than the height of the largest surface
irregularity and wear will result. There are thus three possible causes of lubrication
failure: high pressures, low speeds, and of course, high temperature which reduces the
viscosity of the lubricant oil.

The variation of viscosity () with temperature (7T), in its simplest form, is given
by the Reynolds relation:

n=ke (8.11)
where k and a are constants depending on the liquid. This can also be expressed as
q
n = keHeRT (8.12)

where E,; is the activation energy for viscose flow and R is the gas constant. A more
exact relationship is given by

logolog v +08) =nlog,, T+ C (8.13)

where v = n/p (kinematic viscosity with units of stokes) in which n and C are constants
for a given oil or lubricant and p is the density of the liquid. The effect of temperature
on the viscosity of a liquid is discussed in Appendix B.
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FIGURE 8.3. Microsections of various steel surfaces showing roughness depths (asperites).
Vertical scale has been magnified.

Depth Load bearing fraction
Surface {pm) (% area)
| A. Smooth turned 10-15 0.5
. B. Fine ground 1-10 25
1 C. Polished . 0.1-0.6 50-80
: D. Cold extruded 03-3.5 20-65

To reduce wear during low speeds, long chain fatty acids or soaps are added to
the oil. These form chemical bonds to the metal surfaces and thus prevent direct
metal-metal contact or welding of the two surfaces. This type of lubrication is called
boundary lubrication and is illustrated in Fig. 8.4.

Two surfaces which are in relative motion with an oil film between them are
hydrodynamically lubricated. The viscosity of the oil determines the friction of motion.
When the thickness of oil film is less than the surface irregularities, the asperites, then
' surface wear will eventually bring the two surfaces sufficiently close so as to rely on

boundary layer lubrication. This is illustrated in Fig. 8.5 for a moving piston in a car engine.

8.3.2. Thrust Bearings

Thrust bearings are meant to keep a rotating shaft from motion parallel to the axis
. of rotation. Various configurations are possible but the most common is one in which
the load is supported by the bearing in a vertical shaft system.



148 Chapter 8

COHESIVE FORCES

CH CH CH
H c/ i H c/ ; H c/ ’
* \cn : MeH : \cu
2 e BN
HaC, - =---HaC| --=-HaC,
, CHa /cnz ,CHe
HpC, ===-HoC' =w==HoC
=\ K \CH : \CH
, Ch2 VA Ak
Hzc\ —-"'Hac\--""'Hzc\
CH CH CH
HoC! : HoC! : Hoe ! i
\ H ¢ \CH : New
;2 st /CH2
HaCy ===-HaC, -=--=HaC{
CH CH CH
Mo HpC i Hye i
2%, 2 \ 2 v,
/CHQ / Ha /Ch2
HaC' ===-HaC, ----HaC\
CHy CHp CHy
¢/ c/ ¢
7\ 7\ 4\
°© 0 0 0 0 O summce
~ = = = I . BONDING
- - : - - - FORCES

il

FIGURE 84. A schematic illustration of a monomolecular iron stearate boundary film. Cohesive
forces between the iron stearate molecules result in a closely packed and difficult to penetrate
film.

8.3.3. Slider Bearings

Slider bearings are also called ways or guide bearings and are meant for rectilinear
and curvilinear motion.

8.3.4. Ball Bearings

Elastohydrodynamic L ubrication (EHL). In journal bearings or other surface
area interactions under lubricating conditions, deformation of the materials or the
influence of pressure on viscosity of the lubricant can be ignored. However, in roller
and ball bearings the point of contact is deformed elastically under the high load
pressure. This also increases the pressure on the film lubricant which increases in
viscosity according to the equation

n, =1n,e"* (8.14)

where 7, 1s the viscosity of a liquid at 1 atm pressure, 1, 18 the viscosity of the liquid at
pressure P and « is the pressure coefficient of viscosity.
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FIGURE 8.5. Schematic diagram describing piston-to-cylinder wall and piston skirt-to-cylinder
wall lubrication regime changes during an engine revolution.

The film thickness is about 10- 50 #m and increases as the speed increases. An
increase in load has the effect of deforming the metal surfaces more, causing an increase
In contact area rather than a decrease in film thickness.

An important characteristic of EHL is the specific film thickness (1) which is the
ratio of the film thickness (h) to the composite roughness (o) of the two surfaces, ie.,

A=hfo (8.15)
The composite roughness is determined from
o = m (8.16)
where ¢, and ¢, are the root mean square roughness
h=B/n,VR 8.17)
where #, = viscosity of oil at | atm pressure

V =4V, + ¥,), mean speed
R = mutual radius of curvature of the two contacting surfaces
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d

FIGURE 8.6. Schematic representation of elastic deformation of touching curved surfaces with
the accompanying pressure increase on the lubricating oil.

and where B is a constant depending on the units used, €g, B=28x 10"%cm for cgs
units. The elastic deformation and oil pressure profile is shown in Fig. 8.6.

8.4. EXTREME PRESSURE LUBRICATION (EP)

At higher pressures and higher sliding speeds or at temperatures above about
150°C, the surface boundary layer breaks down or “melts” and boundary lubrication
ccases 1o operate. Such conditions can occur in hypoid and wormgears, and special
oil-soluble substances called extreme pressure (EP) additives are used. These materials
react with the metal surface at a specific temperature and pressure and form a layer of
low shear strength solid; they are normally sulfides, chlorides or phosphorus com-
pounds in the form of sulfurized fats, chlorinated esters and tricresyl phosphates of the
base metal-iron. The reaction is a form of controlled corrosive attack which is
preferred to uncontrolled abrasive wear, The solids formed by EP lubricants have high
fusion temperatures, making them more effective than boundary lubricants. Though
corrosive wear is slow, it cannot be eliminated by EP lubricants and the alternate use
of solid lubricants such as graphite or molybdenum disulfide is employed. These
lubricants will be discussed later.

8.5. WEAR

Not too many years ago a new car owner was required to “run the car in” by
driving at lower speeds for a few months to wear off the high spots. The oil and
lubricants were then changed and the car was allowed to run normaily. The initial
operation removes the asperites of the bearings and pistons and results in Wear.

exce
ana.
ever
cont
of a
trop
Ator
as S
com:
inT
engir
indic

locon
wear

8.6. C

propc; )



LJ

Lubrication and Lubricants 151

TABLE 8.1
Sources of Trace Elements in Qil

Typical

values®
Element Wear or contamination source (ug/e)
Si Dirt due to faulty air filter, also found in antifoamers 5
Fe Wear from engine block, gears, rings, camshaft, oil pump and/or crankshaft 20
Cu Wear of bushings, valve guides, connecting rods or piston pins 6
Ni Wear of plating on gears and some bearings 3
Sn Wear of some bearings and coated surfaces 2
Pb Wear of bearings in diesel engines 5
Cr Wear of rings and cooling system if chromates are used as corrosion inhibitors 4
Al Wear of pistons and some bearings 4
Mo Wear of some alloy bearings and oil coolers 3
Na Possible leakage of antifrecze 30
B Coolant leakage if boron inhibitors are used 2
Ba Normally used in rust and corrosion inhibition and in oil 2
Zn Detergents <2
P Normally used as an antiwear additive in oil <2
Ca Normally used in detergents and antirusting additives 3000

Normally found in detergents and dispersants

“Under normal running conditions.

The analysis of lubricating oils for trace metals can give an early indication of
excessive wear. More than 40 years ago the New York Central Railway routinely
analyzed locomotive lubricating oils for trace metals and frequently predicted, and
eventually prevented, engine failure. The development of modern automatic-computer
controlled instrumental methods can routinely analyze as many as 20 elements at a rate
of about 200 samples per hour. The methods include Atomic Absorption Spec-
trophotometry (AAS), Inductively Coupled Argon Plasma Spectrometry (ICAPS), and
Atomic Fluorescence Spectrophotometry (AFS). The method is commonly referred to
as SOAP (Spectrographic Oil Analysis Program). Table 8.1 shows the elements
commonly found in oil from a diesel engine, the typical values and the source. The data
in Table 8.2 show the results of consecutive analysis for several elements in diesel
engines after different periods of operation. The high levels of lead in Engine B clearly
indicates a potential problem.

This approach (SOAP) is now used for fleet vehicles, aircraft engines, and
locomotives, and can prevent breakdowns by indicating maintenance in relation to
wear of predictable parts of an engine.

8.6. OIL ADDITIVES

Straight chain aliphatic (alkane) hydrocarbons do not have optimum lubricating
properties. However the addition of certain substances can improve a paraffin oil.



152 Chapter 8

TABLE 8.2
Typical Concentrations (ug/p) of Trace Elements in Engine Oil as a
Function of Time of Use

Weeks Al B Cr Cu Fe Pb Si Sn

Engine A 1 3 2 2 4 10 4 4 2
6 3 3 2 4 21 6 5 3

12 2 2 2 5 22 12 3 2

13 4 3 2 11 31 22 6 4

Ni

0 <5 1.0 <] 1 31 4 <20

Engine B 25 12 1.7 <1 751 11 1200 <20
Engine C 23 <5 1.0 <l 6 1 18 <20

The general purpose of lubricant additives are:

(a) To Extend the Useful Range of Conditions of the Lubricant by Increasing the
Viscosity Index (VI). One of the major factors affecting the conditions of a lubricant is
its temperature, which usually starts low (cold) and increases with running time. Thus,
it is most desirable for the temperature effect on viscosity to be a minimum. This is
determined by the VI which is related to E,; and determined by a comparison with
standard oils. A high VI (80) signifies a low value in E,, and a small dependence of
viscosity on temperature, whereas the converse is true for a lubricant with a low VI (30).

Common VI improvers which are added to lubricants are high molecular weight
(~20,000 g/mol) polymers. These tend to increase the viscosity of the oil to a greater
¢xtent at high temperatures than at low temperatures. Examples of polymers added
include polymethacrylates, polyacrylates, polyisobutylenes, and alkylated styrenes. VI
improvers are used in engine oils and automatic transmission fluids. The effect of a VI
additive on an oil is shown in Fig. 8.7.

|
Hydrodynamic' Boundary
Lubrication | Lubrication
Effects Effects .SAE 5W-30

I
Predominate | Predominate

{

I

4&:;—30 WITH A

FRICTION - MODIFYING
ADDBITIVE

INCREASING TOTAL ENGINE FRICTION

INCREASING OIL TEMPERATURE

FIGURE 8.7. The effect of a friction-modifying additive on the total engine friction response to
oil temperature for an SAE 5W-30 engine oil.
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(c) To Protect the Surfaces in Contact with the Lubricant. Surface protectors
include boundary layer additives and rust inhibitors such as sulfonates, phosphates, and
fatty acids salts. Extreme pressure additives also preserve metallic surfaces at lower
temperatures.

(d) To Depress the Pour Point and Break Foam. The pour point (PP) is the
temperature below which the oil will not flow due to the crystallization of the heavier
wax components. Paraffinic type oils have higher pour points than the naphthenic oils.
Hence the reduction in the PP temperature is achieved by either removing the wax
components or adding PP depressants. Such depressants include the additions of high
molecular weight polymers of polymethacrylate, polyalkyl-naphthalenes, and polyalkyl-
phenol esters. An oil can have its PP depressed by 30° upon the addition of 1%
depressant. The cloud point, the temperature at which the oil becomes cloudy on
cooling, is due to the separation of wax or moisture. Thus low cloud points are a
desirable property of a lubricant.

Foam and froth in the oil is caused by the entrapment of air during the pumping
and movement of oil through various parts of the engine. Foam reduces the effective.-
ness of the lubricant and thus can result in increased friction and wear, Antifoaming
agents are usually silicones which at 5 ppm or less can lower the surface tension of the
oil and destroys the tendency to form bubbles.

(e) To Improve the Wetting Properties of the Lubricant. A good lubricant must be
able to wet the metal surface that require lubrication. A discussion of wetting is given
in Appendix C. Additives which lower the contact angle of oil on steel include
fluorinated polymers. Other additives include dispersants and detergents which tend to
keep solid particles (that pass through the filter) in suspension, preventing them from
forming larger agglomerates.

The modern lubricating oil has many additives and further research and develop-
ments continue to improve oils, extending their useful life and effectiveness.

8.7. SYNTHETIC LUBRICANTS

Lubricants which are not based on petroleum are classed as synthetic and include
silicones, polyglycols, polyphenyl ethers, fluorocompounds, chiorofluorocarbon poly-
mers, and phosphate esters. The major advantage of these fluids is that they are tailor
made for a specific function and usually require few additives.

Silicone oils are especially useful for high temperature applications and can be
pclymerized to give any desired viscosity. However their major disadvantage is that
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when they decompose they invariably form solid silicates and silica {S10,) which can
damage lubricated joints and bearings. Their low surface tension make them less
desirable for thin film lubrication and boundary conditions. However, the high viscosity
index, good chemical stability, high shear resistance, low volatility, and antifoam
characteristics make silicone oils good lubricants in special situations such as torque
converters, ball bearings etc., despite the high cost.

Polyglycols are water insoluble but by incorporating ethylene oxide into the
polymer a water soluble ethylene oxide—glycol polymer is obtained. They have very
high viscosity index (160), low volatility, and good compatibility with rubber. The water
soluble type, with as much as 40% water content, is considered to be fire-resistant and
therefore used in mines and ships. Their degradation products are soluble in the fluid
or volatile, thus leading to very low sludge formation.

Fluorolub consists of fluorinated hydrocarbons and polyethers. They can function
eflectively from —90 to over 250°C, have a high density, are thermally stable, have low
volatility, and are nonexplosive. They are usually used in highly corrosive environments
such as in the preparation of hypochlorite (CIO™). The cost of such specialized
lubricants is very high (about $2000/kg) but since they do not degrade they almost last
forever,

8.8. SOLID LUBRICANTS

Solids in the form of soap has long been used as lubricants. More recently the three
most prominent solids which have lubricating propertics are graphite, molybdenum
disulfide (MoS,), and Teflon. A more complete list is given in Table 8.3. In graphite
and MoS, the solid is a layer lattice (lamellar) in which the distance between the
parallel planes is 3.40 A for graphite and 3.49 A for MoS,. These large values are to be

TABLE 8.3
Selected Solid Lubricants
Electrical resistivity Air stability
(Qcm) G
Teflon 1048 320
MoS, 8.5 x 10° 350
MoSe, 1.8 x 1072 400
WS, 14 x 10! 440
WSe, 1.1 x 102 350
NbS, 31 x10°? 420
NbSe, 54 x 1074 350
Ta8§, 33 %1073 600
TaSe, 22x 1073 580
Graphite 1.4 x 1073 450
ReS, 230
WS, + 10% Ga 800
WSe, + 10% Ga 800
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FIGURE 8.8. Schematic illustration of how microcrystalline plates of solid materials such as
molybdenum disulfide can form strong surface coatings. The plates slide easily over each other
thereby providing lubrication.

/ i

compared with 1.42 A for the in-plane C- C distance and 2.41 A for the in-plane Mo—S$§
distance. Thus, the large interplanar distance means that the layers are bonded by
relatively weak van der Waals forces which permit the planes to slide past each other.

Lamellar solid lubricants function by being interspersed between the asperites of
the two moving surfaces. This is illustrated in Fig. 8.8 where the solid adhering to the
surfaces cleave at the planes when the metal-lubricant bonding forces are greater than
the interplanar forces. This is the case with MoS, even under vacuum conditions.
However, in the presence of water vapor and to a lesser extent in O, or N, the
lubricating effectiveness of MoS, is reduced due to a reduction in the metal-MoS,
attractive forces. With graphite the converse applies, i.e., graphite is a poor lubricant in
vacuum but much better in nitrogen and somewhat better in oxygen but best in the
presence of water vapor. This is explained by the adsorption of O, and water to the
dangling valences at the edge of the graphite planes, thereby reducing the shear strength
required to move the interlaminar planes. With MoS, no such residual valency is
present and the vapors adsorbed onto the metal surfaces reduces its adhesion to MoS,.
Other lamellar solids such as boron nitride (BN) or talc do not have similar lubricating
properties because the adhesion to surfaces is less than the shear energy of the
interlaminar planes. The mode of action of lamellar solid lubricants is shown in F 1g. 8.9.

These solids, when dispersed in lubricating oils, increase the efficiency of lubricants
and decrease wear during engine startup. Particle size must be less than 2 um in order
to pass through the filter and to remain in suspension.

A unique solid lubricant has been described which can function at over 800°C in
air or other oxidizing environments and maintains its low coefficient of friction of
0.1-0.2. At very high temperatures normal solid lubricants such as MoS, or WSe,
revert to abrasive metallic oxides while graphite is oxidized to CO and CO, thereby
losing its lubricating surface. The lubricant is a blend of WSe, or WS, and gallium with
10-30% Ga. Under dynamic bearing pressures of 1500 psi (100 atm) a wear rate of less
than 5 mg/h is obtained.

Teflon is a polymer of tetrafluoroethylene often referred to as PTFE. It is well
known as a nonsticking surface on the frying pan and other cooking utensils. It has a
low coefficient of friction and is chemically inert and thermally stable to over 300°C.

Teflon is a thermosetting plastic but it cannot be used as such because it is too
viscous above its glass transition temperature of 325°C. It is therefore formed by the
high pressure~high temperature compression of its powder. Teflon is often impregnated
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FIGURE 8.9. Schematic diagram of the mode of action of a lamellar solid lubricant when used
in dispersion in a liquid such as oil. (a) Orientation of lubricant particles between sliding surfaces,

(b) prevention of welding of asperites by the lubricant particle.

with powdered glass or other solids to increase its yield point since it tends to flow and
deform under pressure. Other disadvantages of Teflon are that it is a poor conductor
of heat and has a high coefficient of expansion. During wear the polymer breaks down,
resulting in fluorocarbon free radicals and C, and C, fiuorocarbons. The sliding friction
(60 cm/sec, loaded at 0.7 kPa) of steel on Teflon (filled with 25% ¢carbon) in a high
vacuum (P = 5 x 1072 torr, coefficient of friction = 0.17) was shown to give rise to
fluorocarbon gaseous fragments which were identified in a mass spectrometer to be CF,
CF,, CF,, C,F,, C,F,, C,F,. Thus, the wear of Teflon can give rise to dangerous toxic
gases and its use in spacecraft is not recommended.

The effectiveness of Teflon as a means of reducing friction of a ski was compared
to a conventionally waxed ski on crystalline snow at 0°C over a 213 m slope. With a
76 kg weight on the skis, the normal ski took 63 sec compared to 42 sec for a Teflon
coated ski. When the weight was reduced to 64 kg the relative times for the descent of
the skis were 83 sec and 54 sec, respectively. Teflon has many uses but its application
is limited by the difficulty of bonding it to other surfaces and to itself (see Chapter 12).
Another fluorocarbon polymer, perfluoropolypropylene (FEP) is similar to Teflon in
its lubricating properties. However, its lower melting point (290°C) allows it to be
fabricated by conventional methods when copolymerized with PTFE.

These polymers are more expensive than other plastics such as polyethylene but in
special applications they fulfill exceptional needs.

8.9. GREASES

Grease consists of an oil which is thickened by the addition of a finely ground,
highly dispersed solid and which is used over a temperature range of —70 to 300°C.
The ancient Egyptians ( ~ 1400 B.C.) prepared lubricating grease by mixing olive oil with
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ime. In modern greases the solids include metallic soaps such as aluminum. barium,
and lithium. Greases serve to (a) act as a barrier to water and abrasjve materials in
bearings, (b) protect surfaces against corrosion and wear, (c} lubricate bearings by
virtue of the oil present in the grease, and (d) greases usually have a smaller temperature
coefficient of viscosity than the base oil

As much as 14% lithium soap is added to the base ol in a lithium grease. The oil
1s held in the gel structure by molecular and polar forces, capillarity and by mechanical
entrapment. Greases are thixotropic gels which flow under shearing forces such as
stirring or ‘motion. The oil in the grease thus lubricates the bearing during motion.

Lithium soap greases with added MoS, are generally superior to the base lithjum
greases in wear reduction, lubrication. and rust prevention. In systems where the
lithium soap acts as an EP lubricant the MoS, has little effect on the grease. The
amounts of MoS, added vary from 0.25 up to 25%.

Stlicone greases are readily made by adding finely ground or fumed silica (S10,)
to silicone oil. The amount added determines the thickening effect. Greases are used in
bearings and are often preferred to lubricating oils in cases where explosions and fires
are possible from the vapors. For example, coal mining is reported to use 1 kg of grease
for every 15 tonnes of coal mined,

EXERCISES

L. Gas under pressure can act as a lubricant. What factors affect the lubrication
qualities of a gas?

2. What are the advantages and disadvantages of gas lubrication compared to normal
liquid lubricants?

3. The analysis of trace metals in oils can be an indication of excessive wear. Explain.

4. Boron nitride forms a layer lattice— would you expect this substance to have
lubricating properties?

5. Explain why Teflon-coated surfaces are considered to be self-lubricated in some
cases.

6. Determine the mean free.path of CO, at 2 atmospheres pressure and 300°C. The
diameter of the CO, molecule is 520 pm.

7. The value of E,;; of a liquid is from 20 to 50% of the enthalpy of vaporization of
the liquid. Why is this not unexpected?

8. The boiling point of an oil is 325°C. Using Trouton’s Rule (AH,,,/T,, = 88 kJ/mol)
and the ratio AH, /E. = 5, determine E, ., for the lubricant.

9. Suggest a lubricant which is compatible with (a) liquid oxygen, (b) concentrated
HNO, (70% by wt.), (¢c) concentrated HF (36% by wt.), (d) 50% NaOH solution,
and (e) molten sodium at 250°C. o

10. Based on the results in Table 8.2 what faults would you expect in the 3 engines, A,
B, and C?

1. What lubricants would you use for operating in a spacecraft intended for a journey
of 6 months?

12. Distinguish between hydrodynamic lubrication, boundary lubrication, and extreme
pressure lubrication.

13. How can a viscous lubricant be converted into a grease?
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Electrochemistry, Batteries and
Fuel Cells

9.1. INTRODUCTION

Electrochemistry is concerned with the effect of electrical voltages and currents on
chemical reactions (ionics) and chemical changes which produce the voltages and
currents (electrodics). This is illustrated in Table 9.1 where ionics is governed by
Faraday’s laws whereas electrodics is determined by Nernst’s equation.

9.2. IONICS

Faraday’s laws of electrolysis are:

1 The mass of material formed at the electrodes is proportional to the quantity
of electricity passed through the solution.

2 For a fixed quantity of electricity passed through a solution, the masses of
different materials formed (or dissolved) at the electrode is proportional to their
equivalent weight, which is the atomic mass/electron charge, Z.

The charge on the electron is 1.60219 x 10~ !° coulombs. Hence one mole of
electrons (6.02214 x 10%%) represents 1.60219 x 10~ 1% x 6.02214 x 10%* = 9.6486 x 10*
coulombs/mol which is called a Faraday (#) and usually rounded of to 96,500
coulombs. A coulomb, Q, is equal to 1 amp x | sec, and 26.80 amp hr = | &,

Q=1 (9.1)
where [ is the current in amperes and r is the time in seconds.

Example 9.1

How much silver would be electrodeposited by a current of 6.0 amp for 3 hr from
a solution of AgNO,?

Answer: The atomic mass of silver is 107.87 g/mol. The charge on silver is + 1
(Z = 1) and this means that 1 # would deposit 107.87 g. We must now determine the

159
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TABLE 9.1

The Classification of Electrochemical Systems
lonics Electrodics
Faraday’s law Nernst equation
Current flow causes reaction to occur Reactions cause voltage to develop and current to flow
Electrolysis Batteries
Electrodeposition Fuel celis
Electrochemical machining Corrosion protection

Battery charging

number of coulombs, Q, which were passed through the solution.
Q =1t =6.0amp x 3 hr x 60 min/hr x 60 s/min = 64,800 amp.sec 9.2)

96,500 C would deposit 107.87 g of Ag and 1 C would deposit 107.87/96,500 g of Ag.
Hence 64,800 C would deposit 64,800 x 107.87/96,500 g of Ag or 72.43 g of silver would
be deposited.

Example 9.2

During the 4.0 hr electodeposition of copper from a copper sulfate (CuSO,)
solution, 140.0 g of Cu was deposited. What was the current flowing through the cell?

Answer: The atomic mass of copper is 63.55 g/mol. Since the charge on the copper
in the solution, Cu?*, is +2 then the equivalent weight is 63.55/2 g. Hence 1 # would
deposit 63.55/2 g.Cu. Since 140.0 g of Cu were deposited the quantity of current which
flowed through the cell is 140.0/63.55/2 or 4.406 &.

Q=1
Q4406 x 96,500 _
I= .~ A % 3600 amp = 29.53 amp (9.3)

Example 9.3

An alloy of tin and lead is deposited from a solution of Sn(NO,), and Pb(NO,),.
What is the percentage of tin in the alloy if 35.00 g of alloy are deposited when 3.00
amp of current are passed through the solution for 4.00 hr?

Answer: The quantity of electricity Q passed through the solution is given by:
Q =1t =300 x 4.00 x 3600 = 43,200 C
96,486 C liberates 1 equivalent weight, 1 C liberates 1/648 equivalent weights, and

43,200 C liberates 43,200/96,486 equivalent weights; that is, a total of 0.448 equiv.
If M 1s the mass of Sn in the deposit then 35.00 — M is the mass of Pb.
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The equivaient weight of Sn is

5 = 39.35 g/eq.
The equivalent weight of Pb is
207.2
5= 103.6 g/eq.

Hence the number of equivalents of Sn in the deposit is

M
59.35

and the number of equivalents of Pb in the deposit is

3500 — M
103.6
Thus
5%5 * 35‘?83.6 ¥ = 0aag
Solving for M
103.6M + 2077 — 59.35M = 2754
44.2M = 677
M =153g8n

3500 - M = 19.7g Pb
%Sn in the alloy is

15.3

00 = 43.7%,
35_00><10 3.7%

Example 9.4

High purity gases are often prepared by electrolysis. It is desired to produce O,
at 25°C and 800 torr at a flow rate of 75.0 cm*/min. What current would be required
for the electrolysis cell which consists of aqueous NaOH solution and nickel electrodes?

Answer: Using PV = nRT we see that a flow rate of 75.0 cm?®/min corresponds to
a flow rate of
n=PV/RT = {800 torr/760 torr/atm}
x 75.0 mL/min x (82.06 mL.atm/K.mol) ™' x [298 K]~ !

n = 3.228 x 10”3 mol/min



162 Chapter 9

For O, gas, 1 mole corresponds to 4 equivalents. Thus this flow rate corresponds to

4 x 3.228 x 1072 equiv./min

or

4 x 3228 x 107?

€0 equiv./sec,

1e., F/sec. Thus,

4 x 3228 x 1073 x 96,485

60 C/sec

current required =

I =20.77C/sec
I =20.77 amp

One mole of H, prepared by the electrolysis of water would require 2 # whereas
1 mole of O, would require 4 #. The electrolysis of Al,O, in cryolite (Na,AlF)
requires 3 # for each mole of Al (27 g). This is very energy intensive and a tonne of
aluminum uses over 15,000 kW. Some effort (though unsuccessful) has been made to
convert AI** to Al** in order to save on electrical energy by electrolyzing Al* instead

of A3+,

9.3. ELECTROLYSIS AND ELECTRODEPOSITION OF METALS

When an increasing DC voltage is applied to a solution of metal ions the metal,
in some cases, will begin to deposit the deposition material at the cathode at a
minimum voltage. This is illustrated as D in Fig. 9.1. The deposition potential depends
on the metal, the surface, the current density, the concentration of the metal, and other
ions in solution. The electrodeposition or electroplating reaction

M™™ +ne” - M (9.4)

is most common for metals such as Au, Ag, Pb, Cd, Zn, Cr, Ni, Cu, and Sn. Two or
more metals can also be deposited to form alloys. If the voltage is too high then
hydrogen will be evolved

2H' 4+ 2¢” - H, (9.5)

*The ground state electronic configuration of Al is 1s?2s?2p®35?3p" and it would be expected for Al to have
a (+1) oxidation state. This is in fact the case and at high temperatures the reaction

AlCly,,, + 2Al,, = 3AICI,,

occurs. However attempts to electrolyse AICI have so far proved to be unsuccessful.
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Current |

A

‘I
0 D
Voltage E

FIGURE 9.1. Typical current—voltage plot for an electrolyte solution. A: start of deposition,
A-B: linear segment of plot, D: extrapolated deposition potential.

The theoretical minimum voltage required for the electrolysis of water is 1.23 V at
25°C. However, the process has an activation energy which is referred to as the
overvoltage or polarization which depends on the current, temperature, and materials
used for the electrodes. Some typical overvoltages are given in Table 9.2,

The industrial preparation of hydrogen by the electrolysis of water on nickel
electrodes requires a voltage of more than 1.50 v (1.23V + 0.210.V + 0.060 V) since it

by which the metal in solution, e.g., Cu?* becomes the atom in a copper lattice,
The various steps in the overall mechanism are:

(1) Cu** (hydrated in solution) diffuses to the cathode.
(2) Cu?* (hydrated) at electrode is transferred to the cathode surface.

TABLE 9.2
Overvoltage (mV) in Water Electrolysis, 25°C
Metal surface Cathode polarization dilute H,50, Anode polarization dilute KOH
Platinized platinum 5 250
Smooth platinum 90 450
Palladium ~0 430
Gold 20 530
Silver 150 410
Nickel 210 60
Lead 640 310
Cadmium 480 530

Mercury 780 —
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(3) Cu?* (partially hydrated and adsorbed onto the surface) the ad ion —diffuses
across the electrode surface to a crystal building site.

(4) Cu?* (adsorbed at a crystal building site) becomes a part of the lattice.

(5) [Cu*™ + 2e7] occurs and Cu is part of the metal.

The sequence of relative importance is 2 > 3 > 4 > 1 > 5 with step 2 being the slowest
step or rate controlling process.

9.4. ELECTROCHEMICAL MACHINING

Llectrolysis, with an anode that dissolves under controlled conditions, is the basis
of electrochemical machining (ECM). High-strength metals such as Nimonic alloys
(nickel with Al, Ti, and Mo) used in the aircraft industry resist deformation even at
high temperatures and are exceedingly difficult to machine by the normal cutting
process because of the limitations and expense of tool materials, In ECM the metal
alloy does not determine the rate or characteristics of the dissolution process and hard
tough metals can be dissolved as readily as soft metals. Only the current density
(amp/cm?) determines the rate of machining where approx. 5 x 10”3 mm/min can be
removed at a current density of 0.3 amp/ecm?®. The additional advantage of ECM is
the absence of mechanical and thermal stress usually associated with conventional
machining.

A schematic representation of a typical ECM apparatus is shown in Fig. 9.2 and
consists of a workpiece to be machined (the anode), a properly shaped cathode tool

+
p— I ———————
Electrical
Supply
Electrolyte
/f“ Flow
| WA
Anode : Pump
Lead Tool Cathode
e vew Lead
KXRXX -
; Tool Drive I H,
and Control
277775 R —
Workpiece
R L o e Purifying
Unit
Anode [
Support —

l7M(OH),‘

FIGURE 9.2. Schematic diagram of an ECM unit.
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which is movable and maintaing a constant gap with the workpiece. The electrolyte
flows between the two electrodes, removing the products of electrolysis as well as heat.
The power supply furnishes the high currents necessary to dissolve the anode.

9.4.1. The Cathode

The cathode is a tool shaped to conform to the desired cut in the workpiece. The
tool is usually made from copper, steel, or alloy and insulated on the sides to give
directed current lines. The tool js moved during electrolysis to maintain a constant
small gap (about 0.25 mmy) between the electrodes to reduce the voltage required.

9.4.2. The Electrolyte

The purpose of the electrolyte is to provide a conducting medium and at the same
time it must not corrode the cathode tool. The cheapest material commonly used s
sodium chloride (NaCl) at about 30% by weight. In some cases additives such as
alcohols, amines, thiols, and aldehydes are used to inhibit stray currents, which results
in overcuts, Other electrolytes such as Na,Cr,0,, NaNO,, and NaClO, at 50 to
250 g/L have also been used but the choice is limited primarily by cost.

The electrolyte is usually recirculated with the metal products removed or reduced
before being reused. This minimizes cost and pollution and prevents the formation of
a precipitate in the electrolysis gap.

The effect of electrolyte on surface roughness, H, was studied by Y. Sugie (1978)
for § different iron alloys (characterized in Table 9.3) and is shown in Fig. 93. The
roughness depends on electrolyte and alloy.

The accuracy of the machining, Figs. 9.4 and 9.5, was determined for the 5 alloys
by measuring the overcut and machined angle (shown in Fig. 9.6) for the various
electrolytes. Based on the results, it was concluded that NaClO; was most suitable for
the low alloy steel and that Na,SO, was best for the high nickel alloy steels.

The power supply and tool drive complete the apparatus, Current densities of
100-200 A/cm? at voltages from 10 to 50 V give cutting rates of about 1 mm/min with
surface finishes of 5 x 10~ 4 ¢m. By pulsing the DC current it is possible to reduce the
required flow rate of the electrolyte. However, one difficulty, sparking, common in some

TABLE 9.3
Composition of Various Iron Base Alloys®

Element (%)

Iron base

alloy C Cr Mo Mn St P S Ni
SCM 3 0.35 1.1 0.2 0.7 0.25 0.03 0.03 —
SKD 1! 1.5 12,0 1.0 — — — — —
SNC 2 03 08 — 05 0.2 0.03 0.03 2.7
SUS 304 0.08 17.5 — 20 1.0 0.045 0.03 9.5
Inconel 718 0.06 18.26 293 0.11 0.13 0.0001 0.003 5185

“Iron is the remaining clement making up the alloy’s 100%.
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FIGURE 9.3. Surface roughness of steels (see Table 9.3) obtained in various electrolytes O: SCM
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FIGURE 9.5. Machined angle obtained for various steels (see Table 9.3) in various electrolytes.
Q: SCM 3, @: SKD 11, A: SNC 2, A: SUS 304, O Inconel 718.

continuous systems, occurs in Intermittent electrolysis and is a decided disadvantage.
Other disadvantages in ECM include high initial cost of the equipment, the hazards of
hydrogen evolution at the cathode, sparking and “wild cutting” by stray current, and
the need of a machinist who has some knowledge of chemistry.

Intergranular corrosion observed for some alloys can be reduced by using mixed
electrolytes s..ch as 15% NaCl with 20% NaClO,.

FIGURE 9.6. Schematic diagram of machined surface (see Figs. 9.3, 9.4, and 9.5). W- working
electrode (15 mme), C: counter electrode (5 mme), 6: machined angle.

p
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It is possible to effect electrochemical grinding and polishing by using a cathodic
wheel with an anodic workpiece separated by a flowing electrolyte. Tungsten carbide
tools are usually prepared by such a process. An electrochemical saw has also been
produced.

Other refractor materials such as TiC, ZrC, TiB,, ZrB,, TiC/Ni, can also be subject
to ECM using NaCl and KNO, as electrolytes. However, the number of equiv./mol (2)
is usually not a whole number because of multiple dissolution reactions, eg, Z =656
for TiC because

TiC + 3H,0 - TiO, + CO + 6H™* + 6e" (9.6)
as well as
TiC + 4H,0 - TiO, + CO, + 8H™* + 8¢~ o.7

One interesting result of ECM is that the surface composition of an alloy may be
significantly different from the bulk composition. Thus a TiC/Ni alloy of Ni, Ti, C, O
of 11, 44, 39 and 6 at.%, respectively, had a surface composition of 47, 22, 10, and 21
at.% after ECM. This difference disappears within 1 ym from the surface and reflects
the preferential dissolution of one or more elements in the metal.

The major disadvantages of ECM over conventional machining are the high cost
of the ECM machine and its high maintenance cost, the technical expertise required of
the operator and the lower accuracy achieved.

9.5. ELECTRODICS
A metal in equilibrium with its ions in solution will establish a potential difference
which depends on the concentration of the metal ion in solution and the temperature.
This potential is best determined by comparison with a standard which is arbitrarily
set to zero—the hydrogen electrode
H"(aq) + e~ ==1H,(g) 08)
The electrical energy, & is directly related to the free energy, AG, by the relation

AG = —nF¢g (99)

where n 1s the number of electrons transferred in the process and # is the Faraday.
For an equilibrium reaction

AG = AG°+ RTInQ (9.10)
where AG” is the standard free energy and

AG°= —RTIn K., O.1)
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R is the gas constant equal to 8.314 J/K.mol; T is the absolute temperature; 0 is the
ratio of the concentration of products to concentration of reactants, and K, is the
value of the equilibrium constant at the specified temperature.

For a chemical reaction, Eq. (9.9) becomes

&=6°"-~RTInQ (9.1
which is called the Nernst equation. For example in the Daniell cell
Zn(s) + Cu®*(qa) > Zn?*(aq) + Cu(s) (9.13)

. RT [Zn**]
= F M e

(9.14)

Reaction (9.13) can be considered to be composed of two reactions called half-cell
reactions

Zn(s) - Zn**(aq) + 2e" (9.15)
and
Cu?*(aq) + 2¢~ — Cu(s) ©(9.16)

The potential of these half-cell reactions can be determined by comparison with the
hydrogen electrode* all under standard conditions, which is unit concentration for 10ns
in solution and 1 atm pressure for gases at 25°C. The value of these standard electrode
reduction potentials is given in Table 9.4. The standard cell potential of reaction (9.19)
is

EZajznt+ = —E3p2+ 170 = 0.763 V, Eeur+icy = 0337V
and
cet = 0.763 + 0337 = 1.100 V

This is represented in shorthand notation as
Zn|Zn**(1M) | Cu?*(1M)|Cu (9.17)

where the single | line indicates a phase change and the double I line represents a salt
bridge or connection between the two half-cells, This is illustrated in Fig. 9.7.

The simplest cell is one in which the electrode material is the same in each half-cell
but the metal ion concentration is different in the two half-cells. This is called a
concentration cell, an example of such a cell is

Cu|Cu?*(0.01M)[| Cu?*(0.10M)|Cu

*The standard potential of the hydrogen electrode (SHE)} is defined as zero at all temperatures for
(H"Jag = IM and P(H,) = 1 atm.
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TABLE 9.4
Standard Reduction Potentials for Some Common Redox Systems at 25°C (1 Signifies Gas
State and | Represents Solid State; in All Other Cases, State is Liquid or Solution)

Reduction half-reaction & (V) Reduction half-reaction & (V)
Fot + 2~ =2F" +2.87 Cu* +e” =Cul +0.521
051 +2H* + 2~ = 0,1 + H,0 +207  Fe(CN)}™ +e = Fe(CN)3- +0.356
Co®* + e~ = Co?* +1.82 Cu** + 2~ = Cu| +0.337
H,0, + 2H* + 26~ = 2H,0 +1.77  Hg,Cly| + 2¢” = 2Hg + 2CI- +0.2680
Ce** +e™ = Ce** (in HCIO, solution) +1.70 AgCH +e™ = Ag| + C1- +0.2224
MnOg +4H" + 3e™ = MnO,| + 2H,0  +1.69 Cu?* +e” =Cu* +0.153
2HCIO + 2H* + 2¢™ = Cl,1 + 2H,0 +163  Sn**+2e¢”=Sn®* (in HCl solution) +0.14
Ce** +e=Ce** (in HNO, solution) + 1.60 S| +2H* 4+ 2¢” = H,8 +0.14
2HBrO + 2H* + 2¢” = Br, + 2H,0 +16 8,027 +2¢" =28,0%- +0.09
MoOj +8H' +5¢c~ =Mn?* +4H,0 4151  2H* 4 2~ =H,1 0.0000
2BrO; + 12H* + 10e™ = Br, + 6H,0 +1.5 Pb** 2 = Pb| —0.126
Mn** 4+ e~ = Mn2* +1.49 Sn?* +2e~ =8n| —0.140
Ce** 4+ ¢~ = Ce®* (in H,S0, solution) +1.44 Ni?* + 2e” = Ni| -023
Clt + 2™ = 2C1- +135%  Co?* + 2 = Co —0.28
Cr,077 +14H" + 6e” =2Cr** +7TH,0 +1.33 Cr’* +e” =Cr** (in HQl solution) —0.38
Ce** + e~ =Ce** (in HCI solution) +1.28 Cd** + 2~ =Cd} —0.402
MnO,| + 4H* + 2¢~ = Mn?* 4 2H,0 +1.23 Fe** + 2~ =Fe) —0.440
0,1 + 4H* + 2~ = 2H,0 +1229  2C0,1 +2H + 2¢~ = H,C,0,  —049
ClO; + 2H* + 2¢~ = CIO; + H,0 +119 G 4 3e” =) —0.74
205 + 12H* + 10e™ = 1,| + 6H,0 +119  Zn?* 42~ = Zn| —0.7628
Br, + 2~ = 2Br" +1087 SO +H,0+2 =SO!-+20H* —093
N,O,1 + 2H* + 2¢~ = 2HNO, +1.07  Mn?* 4 2" = Mn] ~1.190
NO; +3H* + 2~ = HNO, + H,0 +0.94 AP 43 = All : —1.66
2Hg®* + 2 = Hgi+ +0.907 H,t +2~ =2H" —2.25
2NO; +4H* + 2™ =N;O,1 +2H,0  +080  Mg?* 4 2e~ = Mg| —237
Agt +e = Ag| +0.7994 Nat +e¢” = Na| —27
Hgi* + 2" = 2Hg +0.792 Ca?* +2 = Cal —2.87
Fe’* + e = Fe?~ +0.771  Sr** +2e” =81} —289
0,1+ 2H* + 2~ = H,0, +0.69  Bal* 4 2¢” = Ba| ~290
H,AsO, +2H"* + 2¢ - =HAsO, + 2H,0 +056 K*4+e =K| —2925
I +2e” =31 +0.545 Rb™ +e” =Rb| —~293
Ll+2 =21 +0.536 Li* +e” =Lij —303

The cell potential is

. RT, 6 0.01 0.02568
Eeetl = Eeeny —;}’:lnm’ Eeen =0 ——Tfn 0.10, Seen = 00296V

The cell will continue to develop a potential until the concentration of Cu?* in the two
half-cells become equal.

The concentration inequality adjacent to metals is the basis of the corrosion of
metals which is discussed in the next chapter.

All redox reactions can be divided into two or more half cells which can be
combined into a full cell. The voltage generated and the current which can be drawn
determines its usefulness as a battery.

!



e 9

|7

Electrochemistry, Batteries and Fuel Cells 171

Voltmeter
Zn - \ + Cu
Anode e T R Cathode
Salt Bridge
Zn Na: NO, Cu
= o~
B
<@ v r
Zn* cu™
Zn(s)—Zn"(aq) + 2’ Cu™(aq) + 2e —*Cu(s)

FIGURE 9.7. The zinc~copper Daniell cell where the zinc dissolves at the anode (—) and copper
is plated out at the cathode (+).

9.6. BATTERIES AND CELLS

The means by which chemical energy is stored and converted into electrical energy
is called a battery or cell. We saw how the Daniell cell composed of a zinc electrode
immersed in a 1M zinc sulfate solution and a copper electrode dipping into a 1M
copper sulfate

Zn|ZnSO,(1M) | CuSO,(1M)|Cu (9.18)

will develop 1.10 V.

This cell, however, has limited use because as soon as current is drawn from the
cell the voltage drops because of polarization which is primarily caused by the buildup
of hydrogen at the copper electrode. This polarization can be minimized by the addition
of a depolarizer which supplies oxygen readily, and so removes the hydrogen from the
electrode to form water. Such a cell, nonetheless, has a limited lifetime and restricted
use.

Batteries are classified as primary or secondary. Batteries which are not recharge-
able are referred to as primary batteries. Secondary batteries are rechargeable either by
an electrical current or by a replacement of the electrode material (anode).

9.6.1. Primary Batteries

A dry cell, which has become a primary power source for transistorized electronic
equipment, was developed over a hundred vears ago in 1865, is called the Leclanch.
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cell. It consists of a zinc negative electrode, which acts as the container and which is
slowly oxidized; a porous carbon rod as the positive electrode, which takes no part in
the overall reaction but can act as a gas vent for the cell and an electrolyte, which is
ammonium chloride to which is added manganese dioxide. The MnQO, acts as a
depolarizer and is reduced at the carbon electrode by the following reaction:

MnO, +4H" + 2¢~ = Mn?* + 2H,0 (9.17)
This is complicated by further reactions:

Mn?* + MnO, + 20H™ - 2MnOOH (9.18)
Mn®” + MnO, + 40H™ + Zn?** - Zn0O-Mn,0, + 2H,0 (9.19)

The zinc 1on is then complexed by the ammonia as follows:
Zn** + 4NH, =[Zn(NH,),]** (9:20)

The cell voltage is between 1.5 and 1.6 V. A D-type battery, commonly used in
flashlights, has a capacity of about 4 amp-hr. Although this type of cell contains about
20 g of zinc, only about 5 g is used. The overall reaction, although complex, can be
represented as follows: .

Zn + 4NH,Cl + MnO, - MnCl, + [Zn(NH,),]Cl, + 2H,0 0.21)

Because the reduction reaction of MnO, is not a well-defined reaction, the Nernst
equation cannot be applied successfully, and the cell voltage changes unpredictably
with time and discharge condition. The shelf life of this battery is rather poor, as shown
in Fig. 9.8, because of the slow loss of water and because of side reactions due to
impurities in the MnO, ore commonly used. When specially purified MnO, is used, the
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FIGURE 9.8. Plots showing the loss in capacity with storage time for the zinc—carbon,
manganese—zinc-alkaline, and mercury batteries.
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performance of the battery is greatly improved. The zinc-carbon dry cell is considered
the workhorse of the battery industry: it provides power at a very low cost.

Another popular dry cell that is commonly associated with transistorized elec-
tronic components is the manganese-zinc alkaline cell. It utilizes refined MnO,, as does
the improved zinc-carbon cell, but in large excess. The electrolyte is 40% KOH
presaturated with zinc (ZnO) to prevent the zinc electrode from dissolving while in
storage. A steel can, instead of the zinc electrode, usually serves as the container; hence
the cell is highly leak resistant. However, the cost of the cell is about twice that of the

zinc—carbon cell.

A most efficient dry cell is the mercury cell, which has an excellent stabilized
voltage. Developed in 1942 by Ruben, it consists of zinc, which dissolves and becomes
the negative electrode and mercuric oxide, which is reduced to mercury at the positive
electrode. The overall cell, which has no salt bridge, can be represented as follows:

Zn|ZN(OH),[40% KOH|HgO|Hg (9.22)
One half-cell reaction is
In=7n*"* + 2¢e", Egnzrpgn = —0.763V (9.23)
This is followed by the reaction
Zn?* 4+ 20H" =Zn(OH), (9.24)

for which K, = 4.5 x 10717,
The other half-cell reaction is

Hg?* + 2e™ == Hpg, g2 g = 0.085V {9.25)
This is preceded by the reaction

HgO + H,0 — Hg(OH), = Hg?* + 20H" (9.26)
for which K, = 1.7 x 10725, The cell emf is given as follows:

é”cell = C""JZn,on“' + éﬂHglﬂ’Hg = _(éDZn2+,‘Zn) + gHg;"*/Hg

. RT 1 ~RT i (9.27)
e = — ( Zn — njg;,-‘ In E_ZF"]') + (éﬂng - n—;’;’: In h_—{-g;;})
However,
H H
[zn2 +J — Ksp[(g;ll(f)]?)z) and [ng +] = %}%Z—E {9.28)
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Therefore,

0.02568 OH™)? 0.02568 OH™]?
épccllz _(éa%n"" ] [ ] )+(énf{g— 1 [ ] )

n n
2 K,,(Zn(OH),) 2 K,,(Hg(OH),)
0.02568 K., (Hg(OH),)
2 K p(Zn(OH),)
0.02568 1.7 x 1072¢

= 0.763 + 0.850 !
0.763 + T M S x0T

= — 85+ Ehy +

(9.29)

0.02568

= 1.613 + In3.8 x 1071°

Een = 1613 — 0278 = 1.335V

This value compares favorably with the actual cell voltage of about 1.35 V. Thus,
the cell potential is independent of the concentration of the electrolyte, [OH ~]. The cell
has a low internal resistance and has a very long shelf life when compared to the other
two dry cells discussed previously, as shown in Fig. 9.8. For example, after a three-year
storage, a typical cell voltage changed from an initial value of 1.357 V to 1.344 V; i.e.,
there was about a 1% change. Thus, the use of the mercury dry cell as a reference
voltage is widespread. A comparison of cell voltage of the three types of dry cells with
time during constant current drain is shown in Fig. 9.9. The remarkable constancy in
voltage of the mercury cell in contrast to the sharp voltage drop in the zinc—carbon
and manganese-zinc alkaline cells is obvious. The mercury cell, although initially about
three times more expensive than the zinc—carbon cell, has a lower operating cost per
hour than either of the other two dry cells. Therefore, it is not too difficult to
understand why the mercury cell is being used increasingly as a convenient source of
power and reference voltage.

Also shown in Fig. 9.9 is the voltage curve for the zinc—air cell. The cell consists
of an anode of amalgamated zinc powder in contact with the electrolyte, which is
concentrated potassium hydroxide, and a cathode of metal mesh, which is a catalyst for
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FIGURE 9.9. Typical discharge curves of voltage plotted against time for four different types of
cells of comparable size (two AA penlight cells discharged at 250 mA).

et o~ —

Lo}

t

W
I't

it

cr

w}

9.6

ess
ney
o



er 9

1.29)

us,
cell
ner
2ar

ce
ith
in
on
yut
er
to
of

sts
s
or

Electrochemistry, Batteries and Fuel Cells 175

the conversion of oxygen to the hydroxide ion. The half-reactions are

Zn - Zn?* 4 2e” (9.30)
O, +2H,0 + 4¢~ - 40H" (9.31)

and the overall reaction is
2Zn 4+ O, + 2H,0 + 40H ™ — 2Zn(OH)2 "~ (9.32)

The cell is encased in a porous polymer that allows oxygen from the air to diffuse
to the cathode but does not allow the electrolyte to leak out. The shelf-life is almost
indefinite when the cell is stored in an airtight container. The cell is used to best
advantage when continuous high currents are required for a short period of time, since
it cannot be left in contact with air without losing capacity. Resealing the cell or cutting
off the air supply to the cell when it is not in use extends the life during intermittent use.
The catalytic cathode for the zinc—air cell is a direct development from work on fuel
cells, which are discussed later.

In contrast to the zinc-air battery the lithium—iodine solid Lil electrolyte battery
will last for almost 15 years. A 120-mAh battery with an initial voltage of 2.8 V drops
to 2.6 V when discharged continuously at about 1 #A. The cell is written as

Li(s)| Lil(s)[P2VP - nl,(s)

where P2VP-nl, is a complex between poly-2-vinylpyridine (P2VP) and iodine. The
reaction is given as

Li(s) + 41,(s) — LiI(s) (9.33)

This type of cell is highly reliable and it is commonly used in cardiac pacemaker
batteries which are implanted.

The temperature coefficient of a cell’s potential is determined by the change in free
energy, AG, with temperature and is given by

dé&”  AS° 03
— = (9.34)
dT n#

where AS™ is the standard entropy change for the reaction.

9.6.2. Secondary Batteries

‘The most common secondary battery is the lead storage battery, which has as an
essential feature an ability to be recharged. The cell consists of a lead plate for the
negative electrode, separated by a porous spacer from the positive electrode, which is
composed of porous lead dioxide. The electrolyte is sulfuric acid —about 32% by
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weight. The electrode reactions are as follows:

Negative electrode

Pb==Pb** + 2e”
Pb2~ + SO2~ =PbSO,

Pb + SP;™ =PbSO, + 2e~ (9.35)

Positive electrode

PbO, + 4H" + 2¢~ =Pb%* + 2H,0
Pb?* + SO2™ =PbSO,

PbO, + 4H™ + SO%~ + 2¢~ ==PbSO, + 2H,0 (9.36)
2

The net overall reaction is as follows:

discharge
PbO, + Pb + 2H,SO, :2# 2PbSO, + 2H,0
charge

Polarization by hydrogen is minimized by the PbO, electrode, which is also a
depolarizer. The discharge of the battery consumes acid and forms insoluble lead sulfate
and water, i.e., the density of the solution decreases from about 1.28 g/cm? in the fully
charged condition to about 1.1 g/cm? in the discharged state. The overall open cell
voltage (when no current is being drawn) depends on the acid concentration (i.e., SO~
ion concentration, which in turn controls the concentration of the Pb2™ ion via the K,,
for PbSO,). The voltage varies from 1.88 V at 5% H,SO, by weight to 2.15 V at 40%
acid by weight. The conductivity of aqueous H,SO, is at a maximum when H,S80, is
about 31.4% by weight at 30°C (or 27% at —20°C); it is best to control concentration
in this range, since the internal resistance of the battery is at a minimum. Another factor
influencing the choice of the acid concentration is the freezing point of the sulfuric acid
solution; thus in cold climates a higher acid level (38% H,S0, by weight, specific
gravity 1.28) is required in order to minimize the possibility of the electrolyte freezing
at the relatively common temperature of —40°C*. The amount of lead and lead dioxide
incorporated into the electrodes is three to four times the amount used in the
discharging process because of the construction of the electrodes and the need for a
conducting system that makes possible the recharging of a “dead” battery.

In 1988 a collection of 8256 lead—acid batteries was used by a California electric
power plant to store energy and to deliver it during peak power demands, i.e., load
feveling. The batteries contained over 1800 tonnes of lead and could supply 10 MWe
for 4 hr, enough to meet the electrical demands of 4000 homes. The efficiency of the
system was rated at 75%.

The capacity of a battery is rated in terms of amp-hours and depends on the rate
of discharge and, even more significantly, on the temperature. For example, a battery
with a rating of 90 amp-hours at 25°C has a rating of about 45 amp-hours at —12°C

(9.37)

*This refers to winter in Winnipeg, Canada, where ] live,
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and about 36 amp-hours at — 18°C. The lead—acid battery in the fully discharged state
slowly loses capacity, since the lead sulfate recrystallizes and some of the larger crystals
are then not available for the reverse charge reaction. When this happens, the battery
is said to be sulfonated. This can be remedied by the process of removing the
“insoluble” sulfate, recharging the battery, and reconstituting the acid to the appropri-
ate specific gravity.

In respect to this property as well as others, the nickel alkaline battery is superior
to—although about three times more costly than—the lead-acid battery. There are
two types of nickel alkaline storage batteries: the Edison nickel-iron battery and the
nickel-cadmium battery.

In the Edison battery the cell can be represented as follows:

Steel | Ni,O,; Ni(OH), |KOH(aq 20%)| Fe(OH), Fe|Steel
The overall reaction is as follows:
discharge

Ni,O; + 3H,0 + Fe __KOH _ 2Ni(OH), + Fe(OH),

charge

(9.38)

The cell potential has an average value of 1.25 V, Although the overall reaction does
not apparently involve the electrolyte, the KOH does in fact participate in each of the
half-cell reactions. Although the Edison battery is designed and suitable for regular
cyclic service, the efficiency of charge is only 60%; thus it has now been almost
completely replaced by the more efficient (72%) nickel-cadmium battery, which is itself
inferior in energy efficiency to the lead—acid battery with an efficiency of about 80%.

In the nickel-cadmium alkaline storage battery, the iron of the Edison cell is
replaced by cadmium to give the following equivalent reaction:

discharge
Ni;O; + 3H,0 + Cd __KOH _ 2Ni(OH), + Cd(OH),

charge

(9.39)

The average cell voltage of 1.2 V is slightly lower than that of the Edison cell. Cadmium
is preferred to iron in the nickel alkaline cell because cadmium hydroxide is more
conductive than iron hydroxide. The absence of higher oxidation states for cadmium
minimizes side reactions, which occur in the Edison cell. The nickel- cadmium cell can
also be charged at a lower voltage, since there is no over-voltage, as there is at the iron
electrode.

One major disadvantage of the nickel alkaline battery is the alkaline electrolyte,
which picks up CO, from the atmosphere and must therefore be replaced pertodically.
However, the advantages of the nickel-cadmium cell over the lead-acid battery are
numerous; some of these are as follows:

(1) the freezing point of the KOH electrolyte is low (about — 30 C) regardless of the
state of charge,
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(2) the capacity does not drop as sharply with drop in temperature,
(3) the cell can be charged and discharged more often and at higher rates (without
gassing) and thus has a longer useful life.

The storage battery has become an accepted source of power in our modern
technological world, and in a environment-conscious society the storage battery will
play an ever increasing role.

9.7. FUEL CELLS

The discovery of the fuel cell followed soon after Faraday developed his laws of
electrolysis. In 1839 Grove showed that the electrolysis of water was partially reversible.
Hydrogen and oxygen formed by the electrolysis of water were allowed to recombine
at the platinum electrodes to produce a current or what appeared to be “reverse
electrolysis.” Using the same fundamental principles but somewhat more advanced
technology, Bacon in 1959 — after about 20 years of intensive effort — produced a 6 kW
power unit that could drive a small truck.

It was recognized early that the overall thermodynamic efficiency of steam engines
is only about 15%. The efficiency of modern electrical generators is about 20-50%,
whereas the efficiency of the fuel cell (in which there is direct conversion of chemical
energy into electrical energy) does not have any thermodynamic limitation. Theoreti-
cally, the efficiency of the fuel cell can approach 100%, and in practice, efficiency of over
80% can be achieved. :

Interest in the fuel cell has increased remarkably in the last decade primarily
because of (1) the high efficiency associated with the energy conversion, (2) the low
weight requirement essential for satellite and spacecraft power sources that is readily
satisfied with hydrogen as a fuel, and (3) the recent requirement of a pollution-free
power source.

Any redox system with a continuous supply of reagents is potentially a fuel
cell. Some reactions that have been studied are given in Table 9.5 with the corre-

TABLE 9.5
Values of Standard Cell Voltages of Selected Fuel
Cell Reactions at 25°C

Reaction Eoen (V)
2C+0,—-2C0 0.70
C+0,-C0, 1.02
CH, + 20, - CO, + 2H,0 1.04
CyH, + 50, - 3C0O, + 4H,0 1.10
4NH, + 30, - 2N, + 6H,0 1.13
CH,0H + 30, - CO, + 2H,0 1.21
H, + £0, - H,0(D) 1.23
2CO + 0, - 2C0, 1.33
NH, + 0O, - N, +2H,0 1.56
2Na + H,0 + 40, — 2NaOH 3.14
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T.4

1.2

CO; + 2H20(nq,

10F c+0,=co,

A {volts)

06 L | 1
0 500 1000 1500

Temperature (°K)

FIGURE 9.10. Effect of temperature on the cell voltage, &2.;, for some fuel cell reactions. N ote:
Slope is related to the entropy change of the reaction.

sponding theoretical &2, values, which are calculated from thermodynamic data
(AG° = —nF £°). The temperature coefficients of the &2, values of some of the
reactions in Table 9.5 are shown in F ig. 9.10.

In practice, the suitability of a reaction system is determined by the kinetics of the
reaction, which depends on temperature, pressure of gases, electrode polarization,
surface area of electrodes, and presence of a catalyst. A fuel cell that is thermodynami-
cally and kinetically feasible must be considered from an economic viewpoint before it
is accepted. Thus, since hydrogen, hydrazine, and methanol are too expensive for
general application, their use in fuel cells has been limited to special cases. Hydrogen
has been used for fuel cells in satellites and space vehicles, in which reliability and
lightness are more important than cost. Hydrazine fuel cells have Eeen used in
portable-radio power supplies for the United States Army because of their truly silent
operation. Methanol fuel cells have been used to power navigation buoys and remote
alpine television repeater stations because such power systems are comparatively free
from maintenance problems over periods of a year or more. The polarization at the
electrodes of a fuel cell is the most important single factor that limits the usefulness of
the cell. The various polarization characteristics for a typical fuel cell are plotted
separately as a function of current density in Fig. 9.11.

The most successful fuel cell to date is the hydrogen-oxygen {uel cell, which
deserves special attention since it has been used in the Apolo and Gemini space flights
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FIGURE 9.11. Operating characteristics of a typical fuel cell. Net polarization is given by n4a =
Hanodic + Heathodic + Hohmic + Heone-

and moon landings. The reaction

H,(gas) = 2H(solid) = 2H * (solution) + 2e~ (9.40)

occurs at the gas=solid interface. To facilitate the rapid attainment of equilibrium, a
8
liquid

liquid gas-diffusion electrode was developed whereby concentration polarization could
be minimized. The ohmic polarization (the RI drop between the electrodes, which gives
rise to an internal resistance) is also minimized when the anode-to-cathode separation
is reduced. The apparatus of the hydrogen—oxygen fuel cell developed by Bacon with
gas-diffusion electrodes is shown in Fig. 9.12. The operating temperature of 240°C is
attained with an electrolyte concentration of about 80% KOH solution, which with the
high pressures of about 600 psi for H, and O,, allows high current densities to be
drawn with relatively low polarization losses. Units such as these with power of 15 kW
have been built and used successfully for long periods.

The fuel cells in general use today are still in the development stage, and much
further work must be done before an efficient economical fuel cell is produced. The
oxidation of coal or oil to CO, and H,O has been achieved in a fuel cell, the system
uses platinum as a catalyst and an acid electrolyte at high temperature, and thus the
cost of materials for the cell construction is very high. The economic fuel cell-powered
automobile, although a distinct possibility, is not to be expected in the immediate
future.

9.8. HYBRID CELLS

The hybrid cell is one which is not rechargeable by simply reversing the voltage.
Some of these use oxygen in air as the cathode material

O, + 4H,0 + 4e”™ - 40H"™ (9.41)
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Potassium hydroxide

/

‘ \ Porous nickel 164 diam pores {max)

ickel 30, di
Electrolyte circulation /Porous nickel 30, diam pores (approx)

07 e —~— H2

from cylinder Cooling fins from cylinder
Condenser T

B — e

IS

" - et el T T

i \ Hydrogen circulator

Condensate release valve

e
e L G

FIGURE 9.12. Bacon hydrogen—oxygen fuel cell with gas-diffusion electrodes.

and a metal, e.g,, Al, as the anode material
Al - AP* 4 3e- (9.42)

Such systems are called metal—air batteries and are mechanically rechargeable {anode
metal is replaced). Such batteries have only recently become practicable due to the
developments of the O,-clectrode in fuel cells, Some characteristics of selected metal—air
batteries are given in Table 9.6,

The aluminum air battery has recently received some attention as a result of work
done by the Lawrence Livermore National Laboratory. It was estimated that a 60 cell
system with 230 kg of aluminum can power a VW for 5000 km before requiring
mechanical recharging. Periodic refill with water and removal of A(OH), would be
required after 400 km. The conversion of the AI(OH), back to Al at an electrolytic
refinery completes the recycling process. In 1986 an Al-air battery producing 1680 W
was shown to power an electric golf cart for 8 hr.

A battery where the active components are flowed past electrodes in a cell with
Iwo compartments separated by an appropriate membrane is called a flow battery. One
such battery is the Fe/Cr redox system

cathode Cri* ¥t ye- & = —0410V

and

anode Fe?** 4+ e~ o Fe2* E°=0771V

Cr?* 4+ Fe3* - Cr3+ 4 Fe?* &° = 1.1817V (9.43)
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Electrodes

Membrane

FIGURE 9.13. Schematic diagram of a redox cell (battery) using Cr®* and Fe** aqueous
solutions as reactants.

The overall voltage is given by

& = &Eoy — 0.05910g K (9.44)

[Fe?*][Cr®*]

[Fe**][Cr?*] 045

& = 1.181 — 0.059 log

The reactant solutions Cr?* and Fe®* are reacted as shown in Fig. 9.13.

The product solutions are kept separate and the Fe?* can be oxidized by air back
to Fe®* whereas the Cr®* can be electrolytically reduced back to Cr2* Ap Australian
redox flow battery has been described which uses vanadium both as oxidant and

reductant in the following reactions:

. harge
Negative  V(III) + ¢ V(II) (9.46)
discharge
. charge
Positive VIV) —= V(V) +¢ (9.47)
discharge

The electrolyte is 2M VOSQ, in 2M H,S0, with graphite plates acting as electrodes
to collect the current. The open circuit voltage (OCV) is 1.45 V with a 95% charging
efficiency and little or no H, or O, evolution. One of the major advantages of this
battery is that if the membrane leaks, then the separation of the two flow streams is
not necessary as in the Fe/Cr system. Several such redox cells are available and being
studied primarily as potential power sources for the electric vehicle (FVY which will
most assuredly be a reality in the near future,



184 Chapter 9

9.9. ELECTRIC VEHICLE

The first EV was built in 1839 by Robert Anderson of Aberdeen, Scotland. The
first practical one was a taxi introduced in England, 1886, which had 28 bulky batteries
and a top speed of 12.8 km/hr. By 1904 the electric vehicle was common throughout
the world but its production peaked at about 1910 when the self-starting gasoline
powered internal combustion engine began to dominate. This was due to the availabil-
ity of cheap gasoline and mass-produced cars.

However, the EV is due to make a come-back because of the rising cost of gasoline
and diesel fuel, the pollution of the environment and the prevalence of a second small
car 1n most families. Some of the major American automobile producers have been
planning to have an EV on the market for the past 20 years. The major stumbling block
is the batteries which must be reliable, lightweight, take hundreds of full discharges and
recharges, and be inexpensive as well. The desirable features of an ideal battery are
compared in Table 9.7 with the lead—acid battery still used at present in EV. A list of
possible batteries and some of their properties are given in Table 9.8. The use of the
fuel cell and hybrid fuel cell type power sources must also be included.

The choice of batteries available for an EV is both expanding in number as well
as narrowing in type. Several batteries listed in Table 9.8 are being given commercial
pilot production tests. It must be recognized that winter restricts the choice or design
of a suitable system for cold climate regions. Recent tests in Winnipeg, Canada of a
US-made EV using lead~acid batteries showed it to be appropriate in summer (about
80 km/charge) but in winter the lower capacity resulted in less than 8 km/charge. This
could undoubtedly be corrected by an integrated design. Since the batteries are only
about 70% efficient on charge, the excess energy (heat) could be stored by insulating
the batteries or adding a heat storing medium such as Glauber’s Salt (see Chapter 1)
between the batteries and the insulation. This however adds both weight and volume
to the system.

TABLE 9.7
A Comparison of Performance and Cost Goals for a Practical EV
Battery with Those of Deep-Cycling Industrial Lead-Acid Battery

Parameter Goal Lead-acid
Cost ~3/kWh 45 90
Life (cycles) 1000 700
Life (years) 10 5
_ (discharge cncrgy)
Energy efficiency [ ————— 0.80 0.65
charge energy
Charge time (h) 1-6 6-8
Discharge time (h) 2-4 2-4
Energy density {(Wh/kg) 140 35
Power density — peak (Wh/kg) 200 80
Power density — sustained (Wh/kg) 70 30
Volune density (Wh/L) 200 50

Typical size (kWh) 20-50 20-40
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FIGURE 9.14. Mercedes-Benz zero emission class A EV. The car uses a 40 kW (54 hp)—three ;
phase induction motor developing a rated torque of 155 Nm which can accelerate the car to 100
km/h in 17 sec with a top speed of 120 km/h and a normal usage range of 150 km. Recharging
can be made in 6-12 h using normal household sockets. The battery system is sodium/nickel
chloride with an energy storage capacity of 100 Wh/kg and a life of over 100,000 km.

The modern design EV will be lightweight and have minimal aerodynamic drag |
and rolling resistance, efficient motor control system and transmission as well as
regenerative (battery charging) braking. The usual goal of EV is a range of about 100
km, 2 maximum speed of 90 km/h and a cruise speed of 45 km/h, with a recharge time
of 8-10 hr. It would be interesting to speculate that as the EV becomes common and
recharging 1s performed at night, the resulting power drain may invert the peak load,

i.e., the greater load would occur overnight. The low vehicle emissions set for California
are readily met by the EV and major automobile manufacturers are striving to meet i
the demand.

One example is the Mercedes-Benz 5-seater 190 Electro car which develops up to
32 kW (44 hp), has a maximum speed of 115 km/h and an operating range of 150 km.
The sodium-—nickel chloride batteries were chosen over nickel-cadmium and sodium-
suifur alternatives. The car is shown in Fig. 9.14.

A second example is the use of a hydrogen fuel cell to run a bus. Using a Proton
Exchange Membrane Fuel Cell (PEMFC), Ballard of Vancouver has built a prototype
bus for Chicago Transit Authority. The bus stores hydrogen at high pressure in
cylinders on the roof of the bus— enough to give the bus a 560 km range (see Fig. 9.15). .
Designs have been developed for a more compact (volume of 32 L) stack of fuel cells FIGL
which delivers 32.3 kW and intended for a small passenger vehicle. the F
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. FIGURE 9.15. (A) The Ballard H, fuel cell powered bus and (B) the fuel cell unit at the rear of
the bus.
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General Motors has announced (February 1996) the start of a mass produced EV

powered by lead—acid batteries and which will have a range of about 110 km per charge
and a maximum speed of 100 km/hr. The estimated cost is expected to be US$35,000.

It is obvious that much experimental work remains to be done before a reliable

and economical EV will be on the market. The incentive—lower fuel costs and a
cleaner environment for the EV in comparison to the ICE —will not diminish with
time.

EXERCISES

AN el

10.

11.

12.

13.

What is a concentration cell?

What is a redox cell?

Distinguish between primary and secondary batteries with examples.

What factors determine the voltage of a cell and its temperature coefficient?
Explain how the capacity of a storage battery is measured.

Explain why the capacity of the lead—acid battery drops so rapidly with decrease
in temperature.

What factors influence the drop in cell voltage of a battery when current is
withdrawn?

The voltage of the H,—O, fuel cell is given by AG® = —nF &° where n is the
numnber of electrons transferred in the reaction, & is the Faraday and AG is the
standard free energy change in the reaction. Show that £° = 1.23 V from thermo-
dynamic data.

Explain why in the electrolysis of water into H, and O,, the voltage required is
greater than 1.23 V.

(a) Calculate the voltage of the methanol-oxygen fuel cell.

(b) Explain why the voltage will be lower if air was used instead of pure oxygen.
(c) Calculate the standard voltage for the methanol-air fuel cell.

The approximate energy consumption for an EV is 0.16 kWh/km to 0.32 kWh/mile.
If electrical energy is priced at 3¢/kWh, calculate the energy cost/km for an EV.
The minimum energy required to dissociate H,O into H, and O, is 1.23 V. It is
possible to use a carbon anode and produce CO2 mstead of O,. Calculate the
minimum cell potential for such a cell.

H,0,, - H,,, +10,,  AG® =2372KJ
C(S) + 02(3) - COZ(Q) AGO = _394.4K.J

Note: The actual voltage required is from 0.85 to 1.0 V. Give some reasons for the
discrepancy between the calculated and actual values. (Fuel 58 705 (1979)).

Consider an automobile with an internal combustion engine running on hydrogen
which can somehow be stored for a modest run of 50 km. The hydrogen is prepared
by the electrolysis of water (in one cell at about 2.5V) during the night (from
10:00 p.m. to 7:00 a.m.). What would be the required current? Make the following
assumptions: (1} heat of combustion of gasoline and hydrogen are given in Table
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6.8), (2) the automobile has the efficiency of the new generation of cars, viz. 14 km/L
gasoline, (3) the efficiency of the hydrogen driven vehicle is related by its
comparable heat of combustion to the gasoline efficiency.

Note: Do not be surprised by the large current that is necessary.

14. An ICE vehicle has been described running on H, produced on board the vehicle
by the reaction of an Al wire with KOH/H,0. Assume that the vehicle is the same
one as in Exercise 9.14. Calculate the mass of Al required for the 50 km trip.

15. Calculate the standard cell potential for the Ti/Fe flow battery where

év'?-i4+/-_|-i3+ - 0.04 V
EFed+iperr = 0771V

16. Calculate the RI drop of a lead -acid battery (in which the internal resistance is
0.01052 ohms) when it cranks an engine drawing 200A.

17. Estimate the amount of Glauber’s salt needed to keep a lead—acid battery pack
from cooling to 0°C if the outside temperature drops to —40°C. The excess heat
for charging the 40 kW power supply will be insulated with 8 cm of Styrofoam.
Assume that the volume of the battery pack is 0.3 m?, its area is 2.5 m? and its heat
capacity is 3 kJ/K. The thermal conduction of the polystyrene foam is 0.0003 j
sT'em™!K 1. Assume that the EV s stored at work from 8:00 a.m. to 6:00 p.m.
at —40°C.

18. From Egs. (9.6) and (9.7), calculate the ratio of CO,/CO produced when TiC is
electrolytically machined.

Note: Z = 6.6.
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- Corrosion

10.1. INTRODUCTION

Corrosion is the unwanted reaction or destruction of a metal component by the
environment. The annual cost of corrosion to the US economy has been estimated to
be over 370 billion. Similar costs are associated with other industrialized countries.
Many of the problems can be avoided if basic precautions and design processes are
followed.

The mechanism of corrosion is electrochemical, and can be induced by the flow of
current or will cause a current to flow. When a corroding metal is oxidized, the reaction

M->M*" 4+ ne” (10.1)

must be accompanied by a reduction reaction which is usually the reduction of oxygen
whether in the air or dissolved in water.

O, +4H" + 4~ - 2H,0 1n.2)
or
O, +2H,0 +4e” - 40H" (10.3)

191
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In some cases the reduction of hydrogen occurs
2H* + 2¢~ - H, (10.4)

The usual classification of corrosion is according to the environment to which the
metal is exposed or the actual reactions which occur. We have seen that the
concentration cell is a simple cell in which a metal can corrode as dissolution takes

place.

10.2. FACTORS AFFECTING THE RATE OF CORROSION

It 1s convenient to classify the corrosion of metals in terms of: (a) the metals; (b)
the environment.

The reduction potential is the most important characteristic of a metal that
determines its susceptibility to corrosion. This has been illustrated by Table 9.4. Thus
the noble metals, gold and platinum, are resistant to corrosion and will only dissolve in
strong oxidizing solutions which also contain complexing halides or other ions, e.g,,
(CN7). For metals in seawater the relative order of the reduction potential of metals
and alloys has been established. This is illustrated in Table 10.1 where distinction is
made between active and passive surfaces for some metals. Magnesium is a most active
metal whereas platinum and graphite are the least active materials. The voltages are

TABLE 10.1
Galvanic Metal and Alloy Potential V (vs. SCE) in Seawater
—V (volts) —V (volts)

Mg 16 +0.02 Cu/Ni 90/10 0.26 +0.04
Zn 1.00 + 0.02 Cu/Ni 80/20 0.26 +0.04
Be 0.99 + 0.01 430 stainless steel 024 +0.04
Al alloys 089 +0.11 Active potential 0.52 + 0.06
Cd 0.71 £ 0.01 Pb 0.23 £ 0.03
Mild steel 0.65 £ 0.05 Cu/Ni, 70/30 021 +0.02
Cast iron 0.63 4+ 0.05 Ni/Al bronze 0.20 + 0.05
Low alloy steel 0.60 + 0.02 Ni/Co 600 alloy 0.17 +0.02
Austenite Ni 0.50 + 0.03 Active potential 0.41 + 0.06
Bronze 0.36 +£ 0.05 Ag bronze alloys 0.15 + 005
Brass 0.35 £ 0.05 Ni 200 0.15 £ 0.05
Cu 0.34 £ 0.04 Ag 0.13 + 0.03
Sn 0.32 + 002 302, 304, 321, 347, SS 0.08 +0.02
Solder Pb-Sn .31 +0.03 Active potential 0.51 £ 0.05
Al brass 0.31 +003 Alloy 2C, stainless steel 0.00 £ 0.06
Manganese bronze 0.31 + 002 Ni/Fe/Cr/Alloy 825 —0.08 + 004
410, 416 stainless steel 031 +0.03 Ni/Cr/Mo/Cu/Si alloy —0.07 4+ 0.03

Active potential 0.51 £ 0.04 Ta —0.09 +0.06
Silicon bronze 0.29 + 0.02 Ni/Cr/Mo alloy C —0.07 + 0.07
Tin bronze 0.29 + 0.03 Pt —-013+010
Nickel silver 0.28 + 0.02 Grraphite —0.14 £ 0.16
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TABLE 10.2
Effect of O, Pressure on Corrosion of
Iron in Seawater

P(O,) (atm) Rate of corrosion (mm/year)
0.2 22
1 9.3
10 86.4
61 300

given with respect to the saturated calomel electrode (SCE).* The oxidation reaction
(10.1) represents corrosion which must be accompanied by a reduction reaction (10.2),
(10.3), or (10.4) as well as reactions such as

Fe’* +e7 — Fe?* (10.5)
and
3H* + NOj3 + 2¢” - HNO, + H,0 (10.:6)

The reaction which occurs depends on the solution in which the metal corrodes
but in most cases the cathodic reaction involves 0,.

The corrosion rate will thus depend on the partial pressure of oxygen. This is
shown in Table 10.2. Hence the removal of oxygen from water in steam boilers is one
method of reducing corrosion.

If hydrogen evolution is the cathodic reaction (10.4) then it can be reduced by
increasing the overvoltage. The overvoltage of H, on mercury is very high (see Table
9.2) and reaction (10.4) can be inhibited if mercury is used to coat the metal surface
and to form an amalgam (see the zinc—air cell, Sec. 9.6). The overvoltage is dependent
on current density which is determined by the area of the metals. Hence as the cathode
area decreases the polarization can be expected to increase resulting in a decrease in
rate of corrosion. In the case of iron (anode) on a large copper sheet (cathode) the large
cathode/anode ratio favors corrosion of the iron. This is shown in Fig. 10.1.

The type and amount of impurities in a metal will affect the rate of corrosion. For
example, a zinc sample which is 99.99% pure (referred to as 4n zinc) would corrode
about 2000 times faster than a 5n sample. Even improperly annealed metals will show
€xcessive corrosion rates.

Another factor which controls the rate of corrosion is the relative volume of the
corrosion product (oxide) to the metal as well as the porosity of the oxide layer. For
example, the volume ratio of oxide/metal for Al, Ni, Cr, and W is 1.24, 1.6, 2.0, and 3.6,
respectively. The oxide layer on a metal can convert a metal from one that corrodes to
one that is inert. Aluminum can react with water to form hydrogen by the reaction

2A1 + 6H,0 — 2AI(OH), + 3H, (10.7)

1

*The saturated calomel electrode is a convenient reference electrode often uscd in.ivad of the standard
hydrogen electrode: $Hg,Cl, + e - Hg + Cl~, £° = 0.2224 (25°C).
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0,+2H,0+4e—40H
Fe—Fe* +2¢e \m /
Cu
Cu

N

FIGURE 10.1. The corrosion of an iron rivet in a copper plate. The large copper surface results
in a low O, overvoltage allowing the corrosion to proceed at a rate controlled by O, diffusion.

followed by
2A1(OH), — Al,O; + 3H,0 (10.8)

However, the oxide layer which forms prevents the water from contacting the aluminum
surface. Only in acid or alkali is the Al,O; solubilized and the aluminum reacts to
liberate hydrogen.

An oxide layer is readily formed on many metals when they are made anodic in
aqueous solutions. In the case of aluminum this process is called anodization. It is also
referred to as a passive film which reduces the corrosion rate. Such passive films can
be thin, from 0.01 pm, and fragile and easily broken. Thus when steel is immersed in
nitric acid or chromic acid and then washed, the steel does not immediately tarnish nor
will it displace copper from aqueous CuSO,. The steel has become passive due to the
formation of an adhering oxide film which can be readily destroyed by HCl which forms

the strong acid H™¥ FeCl,.
The factors influencing the rusting of iron can be illustrated by the electrochemical

treatment of the overall reaction

2Fe + O, + 4H* - 2Fe’ " + 2H,0
Fe - Fe?* + 2e” &° = 0440V

{10.9)
O, +4H" + 4¢” - 2H,0 ;%“:;%\%
From the Nernst equation (9.12)
RT . [Fe**]?

(ggcell = éagell - 49’— lﬂ P02[H+]4

The corrosion reaction (10.9) ceases when & < 0

242
0 167 00 [Fe2*]

U TEa (10.10)
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Hence £..,, < 0 when

[Fez +:|2
log ———=— > 113 (10.11
®Po, [T |
. Let us consider extreme conditions where
P,

Po,=10"%atm, [Fe**]=10M, [H']=10"'*M
(10)?

s | log ———— = log 105 = 64

o S10-5-10-%¢ = 8

‘L 3 Since 64 < 113 corrosion will continue to occur. In strong NaOH solution rusting
© is reduced because the Fe,O, forms a protective layer over the metal.

8)

M 10.3. TYPES OF CORROSION

to

] : The various forms of corrosion can be classified by their various causes. These are:

n ~uniform corrosion attack (UC); bimetallic corrosion (BC); crevice corrosion (CC):

50 pitting corrosion (PC); grain boundary corrosion (GBC); layer corrosion (LC); stress

an - corrosion cracking (SCC); cavitation corrosion (CC): hydrogen embrittlement (HE).

in

or

he 10.3.1. Uniform Corrosion

ns

; Such corrosion is usually easy to detect and rectify. The slow corrosion of a metal
.aL' i in aqueous acidic solution is an example of such corrosion. Impurities in a metal can
‘ result in local cells which, in the presence of electrolyte, will show corrosive action.

9 10.3.2. Bimetallic Corrosion

This type of corrosion, also called galvanic corrosion is characterized by the rapid
dissolution of a more reactive metal in contact with a less reactive more noble metal,
For example, galvanized steel (Zn-Fe) in contact with copper (Cu) pipe is a common
household error. A nonconducting plastic spacer would reduce the corrosion rate in the
pipe. The rate of corrosion is partially determined by the difference in the standard cell
potentials of the two metals in contact (see Table 9.4). The relative potential of metals
in seawater is given in Table 10.1 and represents the driving force of the corrosion
which includes the current, or more precisely, the current density, i.e, A/em?.

An electrochemical cell is formed and the anodic metal dissolves. This can be
corrected by applying a counter current or voltage or by Introducing a more reactive.
sacrificial anode, e.g., adding a magnesium alloy to the above Zn-Fe—Cu system, a
procedure commonly used for hot-water pipes in renovated buildings.
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10.3.3. Crevice Corrosion

A nonuniform environment or concentration gradient due to material structure or
design leads to concentration cells and corrosion. Differential aeration is, for example,
the cause of corrosion at the waterline or at the edges of holes or flange joints. The size
of a crevice can range from 25 to 100 um in width —small enough to create an oxygen
concentration cell between the crevice solution and that on the outer surface. Oxygen
can form a thin oxide layer on metals which acts as a protective passive film.

10.3.4. Pitting Corrosion

Like CC, PC is due to differential aeration or film formation (due to dust particles).
The breakdown of a protective oxide layer at a lattice defects is another common cause
of pits. The mechanism of pitting of iron under a water drop is shown in Fig. 10.2 and
as in a CC, a differential concentration of oxygen in the drop creates a concentration
cell. Rust has the composition of Fe O, and FeO(OH). Fe,O, is a mixed oxide of
FeO-Fe,0, where iron is in the +2 and + 3 oxidation state. The PC of various iron
alloys induced by ClI™ in the presence of 0.5 M H,SO, is given in Table 10.3. High
chromium alloys are effective in reducing PC but a limit is reached at about 25% Cr
whereas nickel seems to have little effect on corrosion resistance. Other salts in solution
also can affect the pitting rate as well as the depth of the pits.

10.3.5. Grain Boundary Corrosion

Coarse crystalline rolled metals or alloys can corrode at the edge of the crystallites.
Thus the iron impurity in aluminum is responsible for aluminum corrosion. Similarly,
stainless steel (18/8 Cr/Ni) when heated (during welding) results in the precipitation of
chromium carbide at the grain boundaries. This forms an enriched nickel layer anodic

H,0
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0,42H,0+4e" ¢
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ﬁ {_\/pf / L~ X Fe0,
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- ‘\ 2e /
Rust

Electron Flow

FIGURE 10.2. A gradient in O, concentration in the water drop makes the center portion of
the tron anodic where Fe — Fe?" + 2¢” while the edge is cathodic and oxygen is reduced,
O, +2H,0 +4e” - 40H". The basic OH™ reacts with the solubilized Fe?* to form the
insoluble Fe(OH),. This will oxidize and then dehydrate to form Fe, O, (rust).
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TABLE 10.3
Minimum Concentration of Chloride ion
Necessary for Starting Pitting in 0.5 M H,SO

4

Alloy [CI"T (M)
Fe 0.0003
5.6 Cr-Fe 0.017
11.6 Cr-Fe 0.069

20 Cr-Fe Q.1

18.6 Cr, 9.9 Ni-Fe 0.1

24.5 Cr-Fe 1.0

294 Cr-Fe 1.0

to the bulk alloy, and severe intergranular corrosion and pitting results. The corrosion
rate of stainless steel (18/8) in aqueous HCI solutions depends on the concentration of
acid, temperature, and the Oxygen pressure. In contrast, an equivalent metallic glass*
(Fe-Cr,oNisP,,C,) showed no detectable corrosion. This is illustrated in Fig. 10.3 and
clearly shows how important corrosion is along the grain boundaries in stainless steel.
Similar results were obtained for immersion tests in 10% wt. of FeCl,-6H,0 at 60°C

*Metallic glasses are amorphous noncrystalline solids which are usually prepared by rapidly cooling (e
molten metal. Such metals are devoid of grain boundaries.
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10? 10’ !
Concentration of HC| (N)
FIGURE 10.3. A comparison of the corrosion rates of metallic glasses { = .®) and crystalline

stainless steel (O, A) as a function of HCJ concentration at 30°C. No weight changes ol (he
metallic glasses of Fe-Cr, ,P,,C, were detected by a microbalance after immersion for 200 hr.
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as an indication of PC. Again the stainless steel (304, 136, 316) all showed significant
pitting whereas metallic glasses showed no detectable weight loss after 200 hr. Not all
metallic glasses are resistant to corrosion and much more work is needed to understand
these differences.

10.3.6. Layer Corrosion

Like GBC, LC is caused by the dissolution of one element in an alloy and the
formation of leaflike scale-exfoliation. Some cast irons and brasses show flakelike
corrosion products. The corrosion is due to microcells between varying compositions
of an alloy.

10.3.7. Stress Corrosion Cracking

This 1s normally found only in alloys such as stainless steel and in specific
environments. This type of corrosion is a result of the combined effects of mechanical,
electrochemical, and metallurgical properties of the system.

The residual stress in a metal, or more commonly an alloy, will, in certain corrosive
environments, result in mechanical failure by cracking. It first became apparent at the
end of the 19th century in brass (but not copper) condenser tubing used in the electric
power generating industry. It was then called season cracking. It is usually prevalent in
cold drawn or cold rolled alloys which have residual stress. Heat treatments to relieve
this stress were developed to solve the problem. It was soon realized that there were
three important elements of the phenomenon: the mechanical, electrochemical, and
metallurgical aspects.

The mechanical aspect is concerned with the tensile stress of the metal alloy. The
mechanism of crack formation includes an induction period followed by a propagation
period which ends m f{racture. The kinetics of crack formation and propagation has
been studied for high-strength alloys and the overall process can be resolved into 2 or
3 stages depending on the alloy. The velocity of cracking is usually very slow, and rates
of about 107" m/sec have been measured. Activation energies for stages I and Il are
usually of about 100 and 15 kJ/mol, respectively. Stainless steel piping in nuclear
reactors (BWR) often suffer such SCC and must be replaced before they leak. Zircaloy
tubes used to contain uranium fuel in nuclear reactors are also subject to SCC.

An essential feature is the presence of tensile stress which may be introduced by
loads (compression), cold work, or heat treatment. The first stage involves the initiation
of the crack from a pit which forms after the passive oxide film is broken by CI~ ions,
the anodic dissolution reaction of metal produces oxide corrosion products with high
levels of H' ions. Hydrogen evolution during the second stage contributes to the
propagation of the crack. Stainless steel pipes used in nuclear power plants for cooling
often suffer from SCC. This can be reduced by removing oxygen and chloride from the
water, by using high purity components, and careful annealing with a minimum of weld
joints.

The electrochemical aspect of the process is associated with anodic dissolution,
accounting for high cracking velocities. The crack tip is free of the oxide protective
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coating in the alloy and crack propagation proceeds as the alloy dissolves. Chloride
ions present in solution tend to destroy this passivity in the crevice, which is depleted
in oxygen. In stainless steels the dissolution of chromium in the crevice occurs by the
reactions:

Cr-Cr?* + 3~ (10.12)
Cr** + 3H,0 —» Cr(OH), + 3H* (10.13)

and accounts for the major cause of the autocatalytic process whereby the increased
acidity in the crevice increases the rate of corrosion. Titanium is resistant to CC because
its passive layer is not attached by chloride ions. This explains the specificity of the
corrosive environment for a particular alloy since the reformation of the protective
surface layer would stop the crack from propagating further.

The metallurgical aspect is exemplified by the effect of grain size - reducing grain
size reduces SCC. SCC is increased by cold working and reduced by heat treatment
annealing. Other metallurgical properties of an alloy can contribute to its susceptibility
to SCC. Solutions to the problem include heat treatment, the use of corrosion-resistant
cladding and in the case of nuclear power plants — the use of a nuclear grade stainless
steel.

10.3.8. Cavitation Corrosion

Cavitation is due to ultrasonics or hydrodynamic flow and is associated with the
formation of micro bubbles which collapse adiabatically to form thermal shocks and
localized hot spots sufficient to decompose water and form hydrogen peroxide and nitric
acid (from dissolved air). The resulting corrosion is thus due to a mechanical and
chemical effect and can be reduced by cathodic protection or by the use of chemically
resistant alloys,

- Cavitation is normally associated with motion of metal through water which forms
low pressure bubbles. These micro bubbles, upon collapsing adiabatically, heat the
entrapped oxygen, nitrogen, and water to above decomposition temperatures with the
resulting formation of a variety of compounds such as NO,, HNO,, H,0,, and at times
Q,. Cavitation is thus produced in the turbulence formed by propeller blades of ships,
water pumps and mixers, and in the steady vibrations of engines. Cavitation also has
the effect of disrupting the protective surface coating on metals, and when pieces of the
metal are actually removed by the flow of bubbles, the process is called cavitation
erosion (CE).

Figure 10.4A shows the cylinder casing of a diesel engine which was water cooled.
Vibrations caused cavitation resulting in pitting which penetrated the casing, The lower
Fig. 10.4B shows the blades of the water pump in the diesel which had also corroded
for the same reasons.

Cavitation corrosion can be reduced by the proper design and vibration damping
of systems. It has also been shown that the addition of drag reducers (see Appendix B)
to the water reduces CE and transient noise. High Reynolds number (Re = 124.000)
can be achieved without cavitation. It would seem advantageous to add water-soluble
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FIGURE 104 (A) Cavitation corrosion of a water-cooled cylinder casing of a diesel engine.
Corrosion holes have penetrated the wall. (B) The water pump propeller in the same diesel engine
corroded by cavitation.

drag reducers such as polyethylencoxide to recirculating water cooling systems to
reduce CC.

10.3.9. Hydrogen Embrittlement

The migration of hydrogen dissolved in a metal lattice usually occurs along grain
boundaries where cracks occur during stress. The embrittlement of steels is due to
hydrogen atoms which diffuse along grain boundaries. They then recombine to form
H, and produce enormous pressures which result in cracking. The H-atoms are formed
during the corrosion of the metal or a baser metal in contact with the steel.

10.4. ATMOSPHERIC CORROSION

The major cause of corrosion of metals in the air is due to oxygen and moisture.
In the absence of moisture the oxidation of a metal occurs at high temperatures with
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activation energies E,, ranging from 100 to 250 kJ/mol which is determined by the work
function ¢, where

E (kJ/mol) = ¢ — 289 (10.14)

At ambient temperature, however, all metals except gold have a thin microscopic layer
of oxide.

An example of a noncorroding steel structure is the Delhi Iron Pillar (India) which
dates from about 400 a.p. It is a solid cylinder of wrought iron 40 cm in diameter.
72 m high. The iron contains 0.15% C and 0.25% P and has resisted extensive
corrosion because of the dry and relatively unpolluted climate.

The industrial corrosive effluents could include NO,, SO,, and H,S whereas
natural occurring corrosive substances are H,O0, CO,; and, in coastal areas, NaCl from
sea sprays. These two sources of corrosive substances were enough to corrode the
Statue of Liberty in New York Bay. (The statue, which is 46 m high, was a gift from
France in 1886, erected on a pedestal 46 m above ground level to commemorate the
centenary of the American Revolution.) It was constructed of 300 shaped copper panels
(32 tonnes), 2.4 mm thick, riveted together and held in place by 1800 steel armatures
which slipped through 1500 copper saddles. Thus though the iron touched the copper.
there was no direct bonding of the two metals. This did not stop the electrochemical
corrosion when rain water and ocean spray penetrated the structure. More than one
third of the 12,000 rivets had popped by 1975. To commemorate the 2nd centennial of
the USA, the rebuilt Statue of Liberty was unveiled after renovations costing about $60
million. The copper panels are now sealed on the inside of the structure by silicone
sealant to prevent water from entering the statue. The iron armatures were replaced by
stainless steel with a Teflon-coated tape to separate the two metals. Though the copper
skin is expected to last over 1000 years, the durability of the wrought iron structure js
much shorter and it will corrode quickly if not protected from the elements. This
normally involves lead-based paints or silicone rubber sealants which are used for
bridges.

10.5. CORROSION IN SOIL

The resistivity of soil is an important characteristic which often determines the rate
of corrosion — Jow resistivity is usually associated with high rates of corrosion. This is
shown in Table 104. Soluble salts and high moisture content account for low
resistivity—high conductivity. The density and particle size can contro| the molsture
level and permeability of the soil to water and oxygen.

The ground water level determines the depth of dry soil. Oxygen depletion by
decaying organic substances or living organisms tend to inhibit corrosion. Oxypen
transport from air into soil is facilitated by water and leads to higher corrosion rates
above ground water than below.

A low pH of soil (pH 3.5-4.5)—high acid level — contributes to the corrosion
rate. Soil of pH > 5 is much less corrosjve, Alkaline soil. pH = 7 can he corrosive 1o
aluminum and if ammonia is formed by bacterial activity then even copper will be
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TABLE 10.4 .
Relationship Between the Resistivity of Soil
Corroston Activity and Estimated Lifetime of .
Buried Steel Pipe ;

Resistivities Normal duration ]
(£2-cm) Corrosion (years)
< 800 Severe <10 1
800-3500 Moderate 15 1
5000-10,000 Mild 20 ¢
> 10,000 Unlikely =25 i
¢
f
attached. The weak organic acids present in humic acid can solubilize surface oxides E s
and lead to corrosion of metals by complexation processes. Anaerobic bacterial action : -
in soil can lead to H,S (and CH, plus CO,) which, though a weak acid, will form |
soluble metallic sulfides, reducing the free metal ions in the soil and shifting the -
equilibrium toward metal dissolution. | 1
|
!
10.6. AQUEOUS CORROSION E a
i S
As indicated previously, the corrosion of metals in aqueous environments is | d
determined by the Nernst equation in terms of the electrode potential’and pH —called 0
a Pourbaix diagram. This is shown in Fig. 10.5 for iron where the vertical axis is the re
redox potential of the corroding system and the pH scale is the horizontal axis. The ! ol
i C(
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FIGURE 10.5. A Pourbaix diagram for iron showing the general conditions under which the f yei

metal s passive, corrosive, or stable, (immunity). lin:
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dashed lines show the H*/H, and O,/H,O redox reactions which have slopes of 0.059
V/pH. Water is stable between the two lines. Sloping lines indicate that the redox
potential is pH dependent. Horizontal lines reflect redox potential which are not pH
dependent whereas vertical lines refer to changes which do not involve a change in
oxidation state. Above the O,/H,O line oxygen is evolved, while below the H*/H, line
hydrogen is liberated.

When a solid insoluble product is formed it may protect the metal from further
reaction. This corresponds to the passive region and assumes low concentration for
metal ions in solution (e.g., 10™¢ M). Under condition where the metal is stable a state
of immunity exists and corrosion cannot occur. Iron corrodes, forming Fe?* at low pH,
but at high pH the Fe(OH), dissolves to form HFeO; . This region is referred to as
caustic cracking of steel (pH > 12) analogous to stress corrosion cracking,

Iron will corrode in acids except H,CrO,, conc. HNO,, H,SO, > 70%, and
HF > 90%. Pourbaix diagrams are available for most metals and help define the

corrosion free conditions.

10.7. CORROSION PROTECTION AND INHIBITION

The Royal Navy's first submarine, Holland I, sank in 1913 off the coast of England
and for 70 years lay in 63 m of seawater. The wreck was recently located and raised.
She was in remarkable condition considering that the hull contained a mass of
dissimilar metals, steel, cast and malleable tin, brass, bronze, and lead. The doors
opened, springs sprang, the engine turned, rivets were tight, and a battery when cleaned,
refilled, and recharged, delivered its specified 30 amps. The explanation for the absence
of the corrosion expected is due to the protection given to the surface by the rapid
colonization of a coldwater coral and the deposition of a 3-4 mm layer of calcium
carbonate. This prevented the diffusion of oxygen and electrolyte from reaching the
metal surface. Coatings thus represent a simple and at times effective method of
reducing corrosion.

Corrosion can be eliminated by covering metals with more noble ones by plating
or cladding. This is impractical because of the expense involved. Protective metal
coatings of chromium are familiar, being decorative as well as preventing corrosion.
Plated jewelry with silver, gold, and rhodium are common. Steel coated with zinc is
protected both in air and water. The standard potentials are: §%, 2,7, = —0.763 V and
EFe+2pe = —0.440V means that any break in the zinc coatihg on iron will make Zn
anodic and iron cathodic (see Fig. 10.6). In hot water exposed iron can be protectively
coated with CaCO, if the water is hard (1.e., contains CaHCO,). The zinc is usually
applied by hot-dipping and produces a continuous coat of 80-125 um thick. Other
coating processes include spray plating, electroplating, and for small items, tumbling,
A galvanized surface can be repaired by painting with a zinc rich paint consisting of
metallic zinc powder bound in an epoxide or resin base.

Ordinary paints may be permeable to oxygen and water vapor (see Chapter 13)
and though they may slow the rate of corrosion they cannot prevent it completely.
Hence, special paints with chromates or red lead (Pb,0,) have been used for many
years as a protective coating for steel. Polymeric resins though more expensive than the
linseed oil-based paints, last longer and thus are more effective,
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FIGURE 10.6. The Fe/Zn system. A break in the zinc coating on iron (galvanized iron) will, to
a limited extent, continue to protect the iron (cathodic) as the zinc {(anodic) dissolves.

10.8. CORROSION IN BOILER STEAM AND CONDENSATE

Steam lines with air and CO, entrained can be very corrosive. To reduce corrosion
oxygen can be removed by the addition of hydrazine (N,H,).

N,H; +0,—-N, +2H,0 (10.15)
or Na,SO,
2Na,80,; + O, — 2Na,S0, . (10.16)

Other additives which are commonly added are basic amines which neutralize the acids
(H,CO;) present in the water. One important property of the amine besides the pH of
its solution is the distribution ratio (DR) which is the ratio of amine in steam to that
dissolved in the condensate. A high DR value means that the metal is readily coated
with a thin protective film of the amine. Some amines commonly used, and their pH
and DR are given in Table 10.5. The amine is slowly lost and it must be replaced
continuously. Steam lines invariably have these amines and the use of brass, bronze, or
copper results in the corrosive removal of copper.

Stored metallic equipment or parts are subject to corrosion. Sodium nitrite is an
mhibitor which is often included in the enclosure or packaging. However, vapor phase
corrosion inhibitors (VCI) such as dicyclohexylammonium nitrite and ammonium
benzoate are superior corrosion inhibitors because of the film formed on the metal

surfaces.

10.9. CATHODIC PROTECTION

It 1s possible to prevent the corrosion of a metal by connecting it to a more active
metal, This active metal becomes anodic and tends to corrode whereas the cathodic
metal is preserved. Iron pipes in soil or water will not corrode if they are connected to
a sacrificial anode such as aluminum, zinc, or magnesium. Steel pipes for water and gas
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TABLE 10.5
Some Characteristics of Selected Amines Used in Steam
Systems as Corrosion Inhibitors

pH DR
Morpholine 8-10 03-0.8
Cyclohexylamine 10-11 6-8
Diethylaminoéthanol 11-12 2-4
Benzylamine 8-9 3-4

Values are dependent on concentration of the amine.

are usually protected in this manner. Galvanized iron pipes for hot water lines have a
limited life which can be extended by introducing a magnesium rod to act as a sacrificial
anode.

The potential needed to protect iron in seawater is —0.62V with respect to the
SHE or —0.86V relative to SCE. Aluminum can provide this potential, —0.95V
relative to the SCE and its use has been extended to offshore oil platforms, ship’s hulls,
ballast tanks, jetty piles with life expectancies ranging from 3 to 10 years depending on
the mass of aluminum employed.

An alternate approach is to apply a potential onto the steel, making it cathodic
relative to an inert anode such as Pb, C, or Ni. A potential of —0.86V is suitable for
the protection of iron.

Though more negative potentials, such as —1.0V, can be used, it should be
avoided in order to prevent hydrogen evolution and hydrogen embrittlement.

EXERCISES

1. Show how different oxygen concentrations in a cell for a single metal can result in

corrosion.
2. What are the cathodic reactions which usually accompany the corrosive dissolution

of a metal?
3. Explain why the standard reduction potential, &°

Hg,Cl, + 2¢™ - 2Hg + 2C1™ (6° = 0.2680 V)

(Table 9.4) is different from that for the SCE (6° =02415 V).

4. Explain why drag reducers may decrease cavitation corrosion (see Appendix B).

5. Why is the corrosion rate of a metallic glass orders of magnitudes lower than the
crystalline metal?

6. When Ni and Cd are in contact which metal will corrode?

7. Describe 6 types of corrosion and explain how the corrosion rates can be reduced.

8. How can a metal be made passive —give 3 examples?

9. When two dissimilar metals are Joined together a potential is set up due to the

Seebeck effect. This is the basis of the thermocouple and is due to differences in
work function of the two metals. Explain how this applies to corrosion.
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10. The tarnishing of silver by H,S is a type of corrosion which requires the presence
of O,.

Explain this in terms of a corrosion mechanism.

11. How does polarization affect the rate of corrosion?

12. Why is chloride ion (CI7) more corrosive to iron than nitrate (NO7)?

13. Estimate the activation energy for the oxidation of the following metals in dry air.
The values of the respective work functions are given in eV units. Cd (4.22), Cr
(4.5), Fe (4.5), Mo (4.6), Ni (5.15), Ti (4.33). Zr (4.05).
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~ Polymers and Plastics

1L1. INTRODUCTION

A polymer is a large chain molecule of high molecular weight which is composed of a
single molecule (monomer) that is repeated many times in the chain. In contrast, a
macromolecule is a large molecule composed of many small molecules bound together
with chemical bonds, e.g., a protein or DNA. An oligomer is a small polymer of only
several monomer units.

Plastics are prepared by the melting, molding, extruding or the compression of
polymers. The word polymer implies a molecule consisting of a long chain of units of
smaller molecules or monomers. Thus, the polymer is also called a macromolecule.
Such large molecules exist in nature and common examples of these are cellulose,
rubber, cotton, silk, wool, starch and keratin.

The annual world production of polymers has increased from 11.5 Mtonnes in
1940 to about 27 Mtonnes in 1960, after which time production almost doubled every
decade to more than 150 Mtonnes in 1990. Fiber production at about 36 Mtonnes is
almost equally divided into natural and synthetic. The production of elastomers
(flexible plastics) represent about 1/10 of the total polymers, with production of
synthetic elastomers being about twice that of natural rubber,

11.2. MOLECULAR WEIGHT

Normally the number of monomers in a polymer molecule varies considerably but
the interesting range for the fabricator of plastics is generally between 102 and 10° units.

Since the precise number cannot be controlled, the molecular weight (MW) of a
polymer is not a unique value and the distribution can vary as a result of the method
of preparation. There are two important average molecular weights of a polymer, the
number average MW, M, and the weight average MW, M .

If we let w represent the total mass of a sample of polymer and w, the weight of
the ith species of MW M, then

w.

n, = E‘ where n; is the number of moles of ith species (11.1)
e a]
Z n; = ny the total number of moles in the sample (11.2)
i=1
the total weight, W=y w;=3 nM, (11.3)

i=1 i=1

207
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The number average MW M, is given by

Z wl' Z niM:
Y w i=1 i=1
M,=——=S0 =50 (11.4)
X Z ":‘ R
i=1 i=1 i=1
The weight averége MW, M, is given by
Y owM, Y nM?
M, =] == (11.5)

L [» o] o0

3w > M,

i=1 i=1

A typical distribution of MW of a polymer is shown in Fig. 11.1.

The MW of a polymer is the single most important physical characteristic of the
plastic since it determines its mechanical properties and even solubility among other
properties.

Another related concept is the degree of polymerization (DP) which represents the
number of monomer units in the polymer chain. Since the value of DP differs from one
polymer chain to another, the value of the degree of polymerization is usually an
average, and 1s related to the MW by the relation

M,=MDP) and M, = M(DP) (11.6)

where M 1s the MW of the monomer.

The MW of a polymer can be determined by a variety of methods.

The colligative properties of polymers in solution give rise to the number average
MW, M,. Thus boiling point elevation and osmotic pressure measurement are
commonly used though the latter method is much more sensitive, though restricted by
the choice of suitable membranes. The weight average MW, M., of a polymer in
solution can be obtained by light scattering measurements.

/\,f

. M. = Viscosity Average
PANYS

KA: =

Z nM.

Weight Fraction

Molecular weight

FIGURE 11.1. Fraction of weight having an average MW.
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The simplest and most commonly used method of measuring the MW of a polymer
are by viscosity measurements of its solution. The relationship is

[n] = KM: (11.7)
where K and « are empirical constants dependent on the polymer, solvent, and
temperature.

M, is the average viscosity MW and [] is the intrinsic viscosity defined as

Limit xnsp

[n] =

{11..8)

¢ is the concentration usually expressed as grams of polymer/100 g solvent and #sp is
the specific viscosity determined from the measurement of the viscosity of the pure
solvent 7,, and viscosity of the solution n where #/(y,) is usually referred to as the
viscosity ratio 5, and

nsp = x_ 1 (11.9)

Ro

Values of « and K are available from handbooks on polymers and range from 0.5 to 1
for « and 0.5 to 0.5 x 107* for K. The value of M, is usually about 10 to 20% below
the value of M,, (see Appendix B).

It is now well established that all important mechanical properties, such as tensile
strength, elongation to break, impact strength, and reversible elasticity of polymers,
depend on DP. When DP is relatively low, the polymer has little or no strength. As
DP increases, the mechanical properties improve and tend toward a constant value.
This is illustrated in Fig. 11.2 which shows the typical shape of the curve. The critical
value DPc below which the polymer is essentially friable is different for each polymer,
as is the bendover point §. However, plastics have little strength when DP < 30 and
approach limiting strength at DP > 600.

125
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FIGURE 11.2. Mechanical strength of a plastic as a function of degree of polymernizittion (1173
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11.3. COPOLYMERS

When a polymer is formed from two or more monomers then the polymer is said
to be a copolymer. The relative positions of the two monomers can be random or
regular or in chunks. Figure 11.3 shows the different possible arrangements.

Blends of copolymers can be used to obtain specific properties of a plastic. Thus
polyethylene is brittle at temperatures below 0°C. However, when copolymers are
formed with vinyl acetate (15 mol%) the resulting plastic is more flexible down to
—40°C. '

Another example of a copolymer is vinyl chloride with about 5% propylene.
Polyvinyl chloride (PVC) is a hard brittle plastic which is made soft and flexible by
dissolving a plasticizer into the PVC. Up to 30% by weight of plasticizers such as
dioctylphthalate is used to make plastic tubing. The propylene copolymer is soft
without the plasticizer, or less plasticizer is required at lower concentrations in the
propylene/PVC copolymer.

The loss of plasticizer from vinyl upholstery is the cause of cracking commonly
observed in automobile seats and furniture.

11.4. CLASSIFICATION OF POLYMERS

Many polymers occur naturally, e.g., cotton, wool, silk, gelatine, rubber, leather.
Some are even inorganic such as sulfur, glass, silicones. The thermal property of
polymers is another important characterization. Thermoplastic polymers become soft
and, without crosslinking, can be molded and shaped into various forms which are
retained on cooling. The process is reversible and the plastics can be reformed into
other shapes when heated. Examples include polyethylene, PVC, nylon, polystyrene.
Thermosetting polymers crosslink on setting and once formed cannot be reshaped.
Heating decomposes the plastic. Examples include Bakelite, melamine, phenol formal-
dehyde, and epoxy resins.

The manner in which polymers are formed is also a distinguishing feature. Two
common methods are described.

a) Random Copolymer
0000000800000 00000808000000000000800000000

b} Block-Copolymer
COOC8800000000000000000000000000000000

c Graft Co-polymer
g)OOOOOO COOOCOCOOO000OCOOCCOOO000
[ o o [ ] o ® @

FIGURE I1.3. Schematic arrangements of copolymers made from 2 monomers O and @.
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11.4.1. Addition Polymers

The addition process where the monomer is converted into a free radical* which
adds to another monomer. The process continues until the two growing chains
combine, or one combines with a free radical. The process is as follows:

Initiation Catalyst - R’ (11.10)
. M+ R —R-M '
Propagation R-M'+ M~ R-M-M (1L11
pas RM; + M - RM;, , 0
Termination RM; + R"= RM_ R
recombination RM; + R'M; - RM M R (11.12)

disproportionation RM; + RM; - RM ~-H + RM, H

where RM_-H is RM; which has lost a H-atom forming a C==C double bond.
The initiation process is usually by the thermal generation of free radicals from a
peroxide such as benzoyl peroxide

O O
7 N\ 7
CeH,C—O0—O0—C—C,H,; - CH. + CeH,—O" + CO, (11.13)

The peroxide or other azo initiators can also be decomposed when exposed to UV light.
Such processes are used for the setting of polymers which function as fillings of tooth
cavities, :

11.4.2. Condensation Polymers

Condensation polymers are formed from the reaction of two different bifunctional
monomers A and B which form AB by the reaction

A+B->A-B
AB + A - ABA (11.14)

ABA + B —» BABA

and so on.

Thus, the polymer grows at both ends by condensing and stops when at least one
of the reagents is fully consumed. Nylon is a condensation polymer between a 6-carbon
diamine and 6-carbon dicarboxylic acid.

NH,-(CH,)s—NH, + HOOC~(CH,),COOH
o)

|
— NH,~(CH,);-NHOC(CH,),COOH+H,0 (115

resulting in nylon 6,6 when the chain has grown sufficiently.

*A free radical is a molecule or fragment which has one or more unpaired electrons,
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11.5. VINYL POLYMERS

Chapter 11

The vinyl radical is CH,==CH’ and is the basis of a wide variety of monomers
having the general formula CH,—CHX. For example, when X = H the molecule is
ethylene and the polymer is polyethylene. The major vinyl polymers are listed in

Table 11.1.

11.5.1. Polyethylene

Also referred to as polythene, polyethylene is similar to polymethylene (-CH,)—,
which was prepared about 100 years ago by the decomposition of diazomethane
(CH,N,), an explosive gas.

TABLE 11.1
Addition Polymers for Vinyl Polymers CH,—CHX
X Monomer Polymer Uses
H CH,=CH, ethylene —CH,—CH,— Bottles, plastic tubing
CH,
CH, CH,=CHCH, | Carpeting, textiles, ropes
propylene —CH,—CH—
Cl
Cl CH,=CHCl | Pipes, floor tiles, tubing
vinylchloride —CH,—CH—
CH,=CH(C4H,) Clear film, foam
styrene insulation, cups
—CH,~ CH—
CN
CN CH,=CHCN | Orlon, ABS, carpet
acrylonitrile —CH,—CH—
CH,
| |
O—C—0OCH, Methylmethacrylate —CH,—C— Windows, cutdoor signs
lighti
O=C-—OCH, 1Bning
—CH,—CH—-
—0—C—CH, 1
1l Vinylacetate O— (|:I7CH3 Paints, adhesives
O
O
CF,=CF, Teflon —CF,—CF,— Electrical insulation, heat

resistant, lubticant
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Polyethylene ("CH,-CH,-), was first produced commercially in 1939. The early
process was under high pressure (1000-—3000 atm) and at temperatures from 80 to
300°C. The polymerization mechanism is via free radical initiators such as benzoyl
peroxide

which are added to the reaction mixture.

This process results in low-density polyethylene (0.915-0.94 g/mL).

High density polyethylene is prepared at low pressure at about 70°C in the
presence of a special catalyst (usually a titanium complex). The density is approxi-
mately 0.95 g/mL because of the higher degree of crystallinity and order in the polymer.

The original high-pressure process gave some branched polymers; polyethylene
formed at low pressure has a higher melting point, higher density, and higher tensile
strength. It is a linear crystalline polymer which costs approx. 1.5 times that of the high
pressure-low density material.

Polyethylene films are commonly used as vapor barriers in housing insulation. For
greenhouse covering or window material it is transparent enough, but will slowly
disintegrate due to the presence of residual carbon-carbon double bonds (C=C) which
are split by ozone. Ultraviolet light will also degrade plastics unless a UV stabilizer is
added which converts the absorbed UV light into heat. To make a plastic biodegrad-
able, a substance is added which absorbs UV light from the sun and forms free radicals
which attack the polymer chain.

11.5.2. Polypropylene
CH,
CH,=C
H

Polypropylene was first produced commercially in 1957. Early attempts resulted in
very low MW polymers having poor plastic properties. The titanium complex used to
prepare high density polyethylene was found to be effective in polymerizing propylene.

Because of the asymmetry of the propylene molecule three different types of
stereochemical arrangements can occur in the polymer chain.

1 Isotactic
—CP[I¥CH2ﬁCI|1ﬁCH2*CP’IﬁCHZ‘CII&-—

CH, CH, CH, CH,

(all methyl groups on one side)



214 Chapter 11

2 Syndiotactic

T T
—C{H—CHZ—CH—CH 2—C|H—CH2—CH—CH2—

CH, CH,
methyl groups alternate
3 Atactic

w ™
CH—CH,—cu—CH 2—c|H—CH ,—CH—CH,—

random orientation of CH, groups

Atactic polypropylene is completely amorphous, somewhat rubbery, and of little
value. The isotactic and syndiotactic polymers are stiff, crystalline, and have a high
melting point. Increasing the degree of crystallinity increases the tensile strength,
modulus and hardness.

Polypropylene is the lightest nonfoamed plastic, with a density of 0.91 g/mL. It is
more rigid than polyethylene and has exceptional flex life. Polypropylene has found use
in a wide variety of products which include refrigerators, radios and TVs as well as
monofilaments, ropes and pipes.

11.5.3. Polyvinyl Chloride

Polyvinyl chloride is one of the cheapest plastics in use today. It is prepared by the
polymerization of vinyl chloride (PVC) (CH,=CHC]I, B.P. — 14°C) as a suspension or
emulsion in a pressure reactor. The polymer is unstable at high temperatures and
liberates HCl at T > 200°C. It can be injection molded or formed into a hard and
brittle material. It can be readily softened by the addition of plasticizers such as
diethylhexylphthalate to the extent of 30%. Plasticized PVC is used as an upholstery
substitute for leather. Since the plasticizer is volatile to a small extent it slowly leaves
the vinyl which eventually becomes hard, brittle, and then cracks. This can be restored
by replacing the plasticizer by repeated conditioning of the vinyl surface.

11.5.4. Polyvinylidene Chloride

Polyvinylidene chloride (PVDC) is prepared by free radical polymerization of
vinylidene chloride (CH,==CCl,). This polymer, unlike PVC, is insoluble in most
solvents. It forms copolymers with fiber forming polymers. Its films, known as Saran,
have a very low permeability for O, and CO, and thus is used in food packaging. When
heated to high temperatures, in the absence of oxygen, it liberates HCI leaving a very
active carbon with pores of about 1.6 nm. This “Saran Carbon” has been used to double
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the storage capacity of CH, in cylinders. This is presently being considered for use for
CH, fueled vehicles.

11.5.5. Polystyrene

the expanded PS foam is about 0.03 Wm™ K~! The foam can absorb aromatic
hydrocarbons usually found in the exhaust of automobiles and buses, causing the foam

11.5.6. Polyacrylonitrile

Polyacrylonitrile (PAN) is formed by the peroxide initiated free radical polymeriz-
ation of acrylonitrile (CH,=CH-CN). The major application of PAN is as the fiber
Orlon. When copolymerized with butadiene it forms Buna N or nitrie rubber, which
IS resistant to hydrocarbons and oils. As copolymer with styrene (SAN) it is a
transparent plastic with very good impact strength used for machine components and

lines and drains.

Polyacrylonitrile fibers are an excellent source for high strength carbon fibers
which are used in the reinforcement of composite (plastic) materials. The process was
developed by the British Royal Aircraft Establishment and consists of oxidizing the
atactic polymer at about 220°C while preventing it from shrinking. Further heating to
350°C results in the elimination of water and crosslinking of the chains which continues
with loss of nitrogen. The fibers are finally heated to 1000°C. The reactions are
tllustrated in Fig. [1.4. The high tensile strength (3.2 GNm™?) and Young’s modulus
(300 GNm~?) 5 attributed to the alignment of the polymer chains and their
crosslinking,

Rayon, jute, and from pitch. Though these methods produce slightly lower strength
carbon fibers as compared to PAN, the lower cost (~% to 1) makes them excellent
reinforcement materials for noncritical items such as golf clubs. tennis rackets. skis. and
related sports goods,
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CN
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FIGURE 11.4A. Structure of (a) PAN, (b) PAN ladder polymer, (c) oxidized PAN ladder
polymer.

C
-
Y A o R Yo Y 6 @
LA A o
TR S
~. O L /C\CIH/C\CIH/
C

| | |

| I
CH. CH CH  CH
CH{C CHy  CHy ~

FIGURE 11.4B. (a) Crosslinking of PAN by intermolecular elimination of water, {b) crosslink-
ing of dehydrated PAN by intermolecular elimination of nitrogen.
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11.5.7. Polymethyl Methacrylate

Polymethyl methacrylate (PMMA), also called plexiglass, Lucite, or Perspex is a
colorless clear transparent plastic with excellent outdoor stability if UV absorbers are
added to the polymer — otherwise it yellows on exposure to sunlight. Like styrene it
also unzips on heating to reform the monomer. It has poor scratch resistance but was
the plastic of choice for early contact lenses.

11.5.8. Polyvinyl Acetate, Polyvinyl Alcohol

Vinyl acetate (CH,=CH(OCOCH,)) is polymerized to polyvinyl acetate (PVAc)
which is used in adhesives and lacquers. Its major use, however, is in the preparation
of polyvinyl alcohol (PVAI) which cannot be prepared from vinyl alcohol
(CH,=CHOH) which isomerizes into acetaldehyde (CH,CHO).

Polyvinyl alcohol is a water soluble polymer which can be crosslinked into a gel
by sodium borate (Na,B,0.,). This is shown in Fig. 11.5. Fibers made from PVAI can
be made insoluble in water by crosslinking with formaldehyde, shown in Fig. 11.6. Such
fibers are excellent substitutes for cotton because they absorb moisture (sweat) readily.

11.5.9. Polytetrafluoroethylene or Teflon

This polymer was discovered by accident. An old cylinder of gaseous tetrafluoro-
- ethylene (C,F, B.P. — 76°C) was found to have no gaseous pressure but still contained
the original mass of material. When the cylinder was cut open a white waxy
hydrophobic powder was found. The polymerization process is highly exothermic and
it must be conducted with caution. The highly crystalline polymer is stable up to 330°C
(its melting point), and is inert to strong acids, alkali, and organic solvents. It reacts
with sodium leaving a carbon surface and NaF - This surface activation process allows
Teflon to be bonded to other surfaces. The reaction of Teflon with hydroxyl free
radicals (OH) can make the surface hydrophilic and bondable with ordinary adhesives
(see Chapter 12).

Na,B,0, ~ 2Na* + B,0,*

B,0,* + 9H,0 « 4B(OH), + 2H*

.y HCTC;O” s o) H=Co O,c/_H
ey * ¢ H=C=H B0y lc.
H~C—0H A=CTH ,-BJg H=C—H

1 C/ 4 H-;C \C-—H
u H—C(H H'-\C-—H

FIGURE 11.5. The crosslink-ing of polyvinylalcohol by borax.
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CH,

CH,

H—C—0H \ _ /
7 H—C=—0—=—CH; —0—C—H

CH, / \
H \C OM CH, /CH,

e N

JHCHO + cns N c—o_ HO—c
2 N CH CH CH
H—C—o0H LR Vil s

/ Cr—1{ O—C

CH wy \
\ Cit, CH, CH,

He—0O — Ol N\ /

FIGURE 11.6. The crosslinking of polyvinylalcohol with formaldehyde.

Teflon tends to flow under pressure and is thus readily distorted. When filled with
glass the composite is stabilized and can be machined to precise dimensions.

Teflon cannot be injection molded because of the high viscosity of the melt and
must therefore be formed by a compression of its powders. Another fluorinated polymer
of comparable properties to Teflon is a blend of PTFE and polyhexafluropropylene
(FEP) made by polymerization of perfluoropropylene (C;F,). This plastic is not as
thermally stable as Teflon (M.P. = 290°C) but it is less opaque than Teflon and can be
extruded, injection molded, or blow molded and thus presents some advantage over
Teflon in particular applications.

A Teflonlike surface is made when polyethylene bottles are blown with nitrogen
containing about 1% F,. This makes the bottles less permeable to organic solvents and
thus increases its usefulness. '

11.6. CONDENSATION POLYMERS

Some condensation polymers are listed in Table 11.2.

TABLE 11.2
Some Condensation Polymers

Nylon 66
HOOC(CH,),COOH + HN,—(CH,),—NH,

!
—I{—NH—(CH,)—NH—C—(CH,),~ C—]—
| |

Polyester
HO—CH,—CH,—OH + HOOC—(C H,—COOH

!
HO—CH,—CH,~O0—[—C—HCH,)—C—O0—CH,—CH,—0—]—C—
I [ |
O O O

H—[—0—CH,—CH,—]—OH + CH,—(C,H,}—(NCO),
1
(CH,)(NCOYCgH )~ NH—C—[—0—CH,—CH,—]—0—C—NH—(C,H,)(CH,)NCQ

Polyurethane

fe
i.(.'
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11.6.1. Nylon

Nylon is classed as a polyamide polymer prepared by the condensation of a
dicarboxylic acid [HOOC—CH,),~-COOH] and a diamine [H,N~(CH,),,NH,]. The
plastic is characterized by the values of n and m, ie, nylon m,n. Thus nylon 6,6
(M.P.= 250°C) has good tensile strength, elasticity, toughness, abrasion resistance,
and has use as a fiber as well as a plastic. The melting temperatures range of nylon
is from 250° to 300°C. The aromatic polyamides have very high melting points
(>3500°C) and unusually high strength/weight ratio, of which the fiber Kevlar is an
example.

11.6.2. Polyester

A condensation of a dicarboxylic acid and a diol results in a polyester

HOOCHCH,),-COOH + HO-CH,~(CH,),-CH,-OH
- -—OCHz—(CHZ)y—CHZO(OC—(CHZ)IHCOOCHZ(CHZ)y—CHZ-O)nOC~(CH2 ) -

+rH,0 (11.16)

The aliphatic polyester has a melting point of about 65°C whereas the aromatic
substituted dicarboxylic acid has a melting point of 265°C. Thus, the polyester
polyethylene terephthalate (PETP) is commercially one of the most popular polymers
marketed as Terylene or terene.

11.6.3. Polycarbonates and Epoxides

The condensation of a diphenol, (bis-phenol-A), with dicarboxylic acid

T
HO—@—C{?@ OH + HOOC—(CH,), —COOH —
CH,

I T i i
g o—@-(,: @o%c—((:ﬂz),,—c O—+xH,0 (1117
CH, x
forms the polycarbonate. These polymers melt at about 265°C =+ ¢ have very hizh

impact strength making them useful for helmets. and safety shields.
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The reaction of epichlorohydrin with bis-phenol-A forms the diepoxy or diglycidyl
ether

O CH,
SN I
2CH,— CH—CH,—CI+HO (IJ OH
CH,
O
RN \
- CH,—CH—CH,—0 O—CH,—cH,—CH, +2HCI

(11.18)

The reaction of the diglycidyl bis-phenyl ether with a polydiol or polydiamine will
result in a hardened thermosetting resin. Other thermosetting polymers are discussed
in the next section.

11.7. THERMOSETTING POLYMERS

Polymers which form 3-D network solids are thermosetting and decompose when
heated and thus cannot be reshaped once they have set. A selection of the common
polymers is histed in Table 11.3.

11.7.1. Phenol Formaldehyde (Bakelite)

The first industrial plastic was developed by Baekeland in about 1907 and was
called Bakelite. This was prepared by the reaction of phenol and formaldehyde in the
presence of catalysts.

HOCH, OH
CHZOH CH, CH,0H
+HCHQO ——»
OH yo
i1.19
oH ( )

QC
@

Ph.

Mel
Ty

Epo:

form

11.7.

react
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TABLE 11.3
Some Thermosetting Resins

Phenol formaldehyde
CeHs—OH +2HCHO - HO—(C H )(CH,0H), - HO (C,Hy -CH, (C M,y OH

I ﬁ
CH, CH,

l I
(%'5}'13) 7CH27"(CI‘uH3)

Urea-formaldehyde

O=C(NH,), + HCHO - TNH—=CO—N-CH,~NH—CO—N—CH,— NH—CO —N—CH,—
| l f
CH, CH, —CH—NH--CO -

l |
OH NH=CO—N~-CH,—NH—CO~ N~CI,
I |

Melamine formaldehyde

(CNDINHL), +3HCHO — NI CHL NIT (C,N,) -NH —ClH.—NH -
v 2

NH—CH,—~NH—(C,N,)—NH—CH, —
(€3N3)~ NH—CH,—NH

Epoxy polymer
CH,—CH—CH,—C| + HO--(C H,)— “C(CH,),—{C H ,)—0OH

CHz—CH-CHz—[_O'f(C{}HJ)-—C(CH_‘); (C,H)—~0O—CH,~CH—CH, - 1—0
l
O OH

When heated in excess forma[dehyde, crosslinking occurs and the resin novelac is
formed for P/F ~ 1.25,

11.7.2. Urea Formaldehyde

Urea
O
I
NH,-C-NH,

reacts with formaldehyde to form a crosslinked resin which is an inexpensive adhesive

i i
NHZ—CﬁNHZ +Z2HCHO — HOCI—IZ—C*‘—NHCHZOH (11.20)
On further addition of urea and HCHO. HINHCO NII-CI1. L, O Tormed Wik

an acid catalyst it is possible to produce 4 foam product known as urea formaldely oo
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foam insulation (UFFI) having a thermal conductivity, K, of about 0.022 Wm ™! K~ !,

In 1977 the Canadian government subsidized the introduction of UFFI in older
homes to conserve energy.* The UFFI proved to be unstable in some cases due to
improper installation, and as a result formaldehyde levels in some homes exceeded the
threshold limit value (TLV) of 0.10 ppm (120 1g/m*). Ammonia was able to neutralize
the acid and it was also shown that the water soluble polymeric amine, polyethylene
imine, could remove the liberated formaldehyde. Nonetheless— the Canadian govern-
ment then paid the homeowners an estimated $272 million (85000 to 57,700 homes) to
remove the UFFL The urea formaldehyde resin is commonly used as the adhesive
resins in plywood and particle board, and will initially release formaldehyde if not
scaled. As more composite wood products find their way into buildings, greater concern
about indoor air is warranted.

15.7.3. Polyurethane

This condensation polymer is unique insofar as it can be a coating and varnish, a
soft or hard foam, a resilient or rigid elastomer (rubber) as well as an adhesive. It is
prepared by the reaction of a diisocyanate (QCNRNCO) with a diol (HOR'OH) where
R can be an aromatic radical such as toluene (TDI-2.4, toluenediisocyanate).

CH
NCO

NCO

and R’ is an aliphatic radical (CH,), where the length n determines strength, toughness
and elasticity of the plastic. The reaction is

OCN-R-NCO + HO-R-OH - -R'-[OCO-NH-R-NH-CO-OR'-].O-CO
(11.21)

For the preparation of foams, the R component is a polyether or polyester with
reactive end groups of hydroxyl and carboxyl. The reaction is

-RCOOH + OCN-R'~-— -R-CO--NH-R’ + CO, (11.22)

where the Iiberated CO, foams the plastic into an open or closed cell sponge with
densities of 25-50 g/dm® and which is often used in upholstery. The hard and rigid
foams, having a density of 50-300 g/dm?, are used as insulation and elastomers,

It is possible to replace the air in inflatable tires by polyurethane foam. This is
feasible for low speed vehicles used in road construction, service equipment, snowplows,
street sweepers as well as many other applications. The two components are blended
together to produce the resilient foam in the tire which is then not susceptible to flats
or punctures. a feature which reduces down time and tire replacement costs. Poly-

*Fuch of the 100.000 homeowners was given $500 towards the cost of adding UFFL
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urethane foam (closed cell) has a thermal conductivity of 0.022 Wm~! K ! and is
usually covered with aluminum foil to reduce the heat loss due to the transmission of
radiation.

11.8. GL.ASS TRANSITION TEMPERATURE

The melting point of a polymer is not a unique value unless it can be formed into
a crystalline solid. The amorphous glassy solid is really a supercooled liquid. A polymer
which does not have long-range order cannot exist in a crystalline state. As the
temperature of an amorphous plastic is increased, the polymer chains begin to achieve
segmental mobility. This is called the glass transition temperature (T,). and the material
1s in a rubbery state. On further heating the polymer chains begin to move and have
molecular mobility — the plastic begins to flow. A graph showing the transition in
terms of the variation of the specific volume (the reciprocal of density) as a function of
temperature is shown in Fig. 11.7. The T, and melting points of some polymers are
listed in Table 11.4.

The value of 1, increases as molecular weight of a polymer increases or as the
branching or crosslinking increases. Thus, for PS #3, Table 11.4, 1, = 100°C which is
much higher than for PE #5, T, = —125°C. Similarly the difference in T, between
polybutadiene (— 102°C) #1 and #2 polyisoprene (—75°C) shows the effect of
replacing a H by CH, in the side of a chain.

The T, of a polymer can be reduced by the addition of a plasticizer to the solid
plastic. This reduces the van der Waals interaction between the polymer chains and
allows the molecules to move. The plasticizer may be considered as an internal
lubricant. The plasticizer can also be considered to increase the free volume of the
polymer by allowing increased motion of the chain ends, the side chains or even the
main chain. Another possible mechanism by which the plasticizer lowers the T, is in
terms of the solvent/solute system that forms when the plasticizer can be considered to
solubilize the polymer. The plasticizer is usually a low volatile, low molecular weilght
organic compound which is compatible with the polymer.

Heat Flow Rate (J/s)

Temperature

FIGURE 11.7. The glass transition temperature 1s indrcated by a change n heat flow of 10
material while the temperature increases linearly with time.
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TABLE 11.4
The Glass Transition Temperature (T,) and Melting Temperature (T,,) of Selected Polymers
T, T,
Polymer Structural unit (°C) (°C)
1. Polybutadiene —CH,—CH=CH—CH,— cis —102 6

trans — 58 100

2. Polyisoprene ~~CH,—C=CH—CH,—
| =75 65
CH,
[
3. Polystyrene @CHCHlm 100 240
4. Nylon 6,6 —NH—(CH, )} NH—0—CO—(CH,),CO—0— 50 270
5. Polyethylene —CH,—CH,— High density 140
~125
—CH—CH,—
6. Polypropylene | Atactic —13
CH,
Isotatic —8 200
—CH,—CH—
7. Polymethacrylate 1 5
O0=C—0OCH, ’
CH,
|
8. Polymethyl- —CH,—C 72
methacrylate O:é—OCH_,
9. Polyvinyl chloride —CH,—CHCl— 80 310
10. Polyethylene
terephthalate _O—CH2ECH20V!C|:©‘%_ 70 260
0 0

T
11, Polycarbonate —O—@-C@ OoO—C— 150 225
bisphenol A (Ing (|)|

11.9. ELASTOMERS

Flexible plastics composed of polymers with T, well below room temperature are
classed as elastomers or rubbers. Natural rubber was known to the natives of South
America for centuries, though it was not until Goodyear’s discovery of vulcanization in
1839 that 1t became a practical product. Prior to this, rubber was used for water
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CH, CH; —CH, CH,;—CH, CH,
. - N e~ ~
Cis /C—.—_C | Sfe— C=—¢C
CH, H CH, H CH, H
-—{H H CH CH. -, H
Trans N - '~ ~ “w -~
- | G [ — c—_cC
. ~ - ~ ~ ~
CH, CH,;—-CH, H CH, CH, ——

FIGURE 11.8. Structures of natural rubber: cis, natural, herea and trans; gutta, percha, balata.

proofing boots, clothing, and other weather-proofing surfaces. Goodyear showed that
sulfur crossiinked the rubber and made it a manageable product. The polymer is based
on the monomer isoprene

CH,=C—CH==CH,
|
CH,

which results in cis and trans forms (see Fig. 11.8). Of the two forms, the trans is less
elastic because of the more ordered structure and more close packing of the molecules.

In general, elastomers differ from plastics only because the elastomer is in a mobile
“liquid” state whereas the plastic is in a glassy state. The transition between these two
states occurs at the glass transition temperature T, when the glassy state changes into
the rubbery state. Below this temperature the molecules are frozen into position and
held in place by van der Waals forces.

Because of the residual carbon—carbon double bonds (C=C) in natural rubber, it
is readily degraded by ozone, which adds to double bonds forming ozonides that
eventually decompose, splitting the polymer chain.

Synthetic rubbers are made from chloroprene and butadiene which form neoprene
and buna, respectively. The copolymer of acrylonitrile with butadiene, (1,3) 1s known
as nitrile rubber and styrene with butadiene (1,3) is Buna S. The combination of
acrylonitrile, butadiene and styrene in various formulations is used to form the
thermoplastic ABS.

Some fluorinated polymers which show exceptional thermal stability and chemical
inertness are Kel-F elastomers, made of a copolymer of chlorotrifluoroethylene-viny!-
idene fluoride CICF=CF,/CH,=CF, and Viton, a copolymer of hexafluoropropylene
and vinylidene fluoride CF,==CF-CF,/CH,=CF,.

Though stable at high temperature these fluorocarbons show limited low tempera-
ture flexibility. Silicone rubbers are made from dimethyl dichlorosilane which under
controlled hydrolysis form oils, gels, and rubbers.

Silicone rubber is more permeable to oxygen and carbon dioxide than most other
polymers. A comparison of the permeability of these gases and water through various
plastics is given in Table 11.5.

Saran plastic shows the lowest permeability to O,, CO,, and very low for water.
This feature makes Saran wrap an excellent packaging material for food in which
freshness and flavor are to be preserved.

Silicone rubber, however, shows the highest permeability rates for these gases, and
in fact, silicone rubber is used in blood oxygenators required for open heart surgery. Iy
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TABLE 11.5
The Gas Permeability of Various Plastics at 25°C

mL gas (NTP)cm

= > 10°
sec, cm?, AP (cmHg)

Fim O, CO, H,O
1. Polyvinylidene chioride (Saran) 63 x 1074 48 x 1074 53
2. Manochlorotrifluorethylene (Trithene A) 92 x 1074 0.010 0.8
3. Polyester {Mylar) 67 x 1073 0.012 32
4. Cellulose acetate 0.067 0.35 1500
5. Opaque high density polyethylene 0.087 0.218 53
6. Polypropylene 0.115 0.400 15
7. Clear high density polyethylene 0.14 0.845
8. Polystyrene 0.1 0.98 152
9. Low density polyethylene 0.35 1.09 25
10, Tetrafiuoroethylene (Teflon) 0.67 1.88 67

t1. Ethyl cellulose (Ethocel) 0.98 407 1600

12. Natural rubber 2.5 13

13. Fluorosilicone 1.1 04

14. Nitrile silicone 8.5 67

15. Silicone rubber (Silastic 372) 60 325 3600

16. MEM-213 (G.E. silicone block copolymer) 16 (N,7) 97 (H,21)

is also used in extended wear contact lenses since the transport of O, and 'CO, through
the lens allows the cornea to respire. Thus cloudiness and rainbows are not generally
experienced, even after continuous wear for a month.

The permeability of various gases through silicone rubber is given in Table 11.6
and shows a broad variation. The permeability (P,) of a gas through a plastic film is
usually considered as equal to the product of the solubility (S) of the gas in the plastic
and the rate of diffusion (D) of the gas in the plastic (actually the diffusion coefficient).

Thus
2 TP
(C_IP—) x 106 S(——mILNt )
P =D s5€C mkL atm

76 cm/atm

(11.23)

Some values of P,, D and § for O, and CO, at various temperatures are given in Table
£1.7. When comparison is made for other gases and other plastic films it becomes
obvious that the solubility of gases in silicone rubber is not much different from other
clastomers. Hence the higher permeability of gases such as O, and CO, in silicone
rubber is primarily due to higher diffusion coefficients due to more flexible O-Si-O
bonds and to a much lower T, (T, silicone rubber, 1s —123°C).

The high permeability of oxygen and CQO, through silicone rubber suggests its
possible use as an artificial gill. This is demonstrated in Fig. 11.9 in which a hamster
lived in a (0.03 m?) silicone rubber lined cage (30 L) submersed in air saturated water.
When 35 L/min of the air saturated water is pumped around the cage, oxygen can be
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TABLE 11.6
The Permeability of Various Gases through
Dimethyl-Silicone Rubber at 25°C

mL gas (NTP) cm 0°
"7 sec,cm?, (AP cmHg)

Gas P, Gas P,

H, 65 C.H, 410
He 35 n-C,H,, 900
NH, 590 n-C,H,, 2000
H,O 3600 n-C.H,, 940
CcoO 34 n-CgH |, 860
N, 28 n-C,H,, 430
NO 60 Freon 11 1500
0, 60 Freon 12 138
H,S 850 H,CO 1110
Ar 60 CH,OH 1390
CO, 325 Acetone 1980
N,O 435 Pyridine 1910
NO, 760 Benzene 1080
50, 1500 Toluene 913
Cs, 9000 COCl, 1500
CH, 95 Phenol 2100
C,H, 250 Freon 22 382
C;H, 135 Freon 114 211
C,H, 2640 Freon 115 51
ccl, 5835 Xe Tt

TABLE 11.7
Effect of Temperature on P,, D, and § for O, and
CO, in Silicone Rubber

Temp. (°C) P, x 10° D x 10¢ A
0, 28 62 16 0.31
—~40 20 39 0.39
—-15 0.74 0.0012 47
Co, 8 323 11 22
—40 293 2.7 8.2
=75 22 (.0022 770
Note: Unit for P, = mL gazs (NTP) crm x 10%
sec, cm’ (AP emHg)
2
p="1 108
sec
5 mL(NTP}

mL atm
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FIGURE 11.9. Hamster in submerged cage fitted with silicone rubber membrane sides.

supplied to the 30 g hamster at a rate of 2.5 mL ‘min which is enough for its needs. The
CO, is removed by the water flow and though the experiment could be continued for
days. the molding of the food limited the duration of the experiment.

It may be noted in Table 11.6 that the permeability of O, is about twice that of
nitrogen. Hence it is possible to obtain air enriched in oxygen by collecting the gases
which pass through several large membranes. The use of oxygen instead of air is
advantageous in many processes such as combustion, steel manufacture, heating,
welding and many others. For example. the removal of N, from the air used in the
burning of natural gas results in 4 higher temperature and therefore more heat for the
same amount of gas burnt. This is beciuse when nitrogen is present, some of the heat
of combustion is used to heat up the nitrogen which is both reactant and product.

This effect s even more pronounced if the nitrogen were to be removed from the
arrused 1 an ternal combustion engiie. The result would be a higher temperature of
combustion and less work expended in the compression of the gases (see Exercise 11.8).
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It is difficult to obtain continuous sheets of silicone rubber having a large area free
of holes. It is, however, easier to draw capillary tubes and to stack these together giving
very large areas. However, silicone rubber is not a thermoplastic and capillary tubing
cannot be extruded. To get around this difficulty, General Electric prepared a block
copolymer of silicone rubber and polycarbonate and because the polycarbonate is
thermoplastic— the plastic (MEM 213) made from the copolymer can be molded and
small bore capillary tubing can be readily fabricated. The polymer has most of the
properties of pure silicone rubber with permeability rates of about 60% of the pure
material.

11.10. MECHANICAL STRENGTH OF PLASTICS

The mechanical properties of materials are usually studied by means of tensile
testing machines or dynamometers. The stress—strain curve obtained characterizes the
plastic and determines its usefulness for specific applications.

Some design properties of common plastics are shown in Fig. 11.10. Shown also
are relative costs as well as useful temperature range. Many of these properties can be
improved by incorporating solid fillers into the plastics. Fillers which increase the
mechanical strength are called active fillers, and include carbon black, titania, limestone,
kaolin, silica, and mica. Their application to rubber and elastomers has been practiced
for many years. The T, of elastomers are usually increased by the addition of fillers.
Good wetting of the filler by the polymer is essential for maximum effect. Thus coupling
agents are used (see Chapter 12) which bond to the solid and can react with the
polymer. The size and shape of the filler particles also has an influence on its
effectiveness. Thus mica, which is a layer lattice, is not spherical particles but thin
platelets which can be split into thinner particles by ultrasonics. The length to thickness
dimensions is called the aspect ratio. High aspect ratio (HAR) mica is much superior
as a filler to ordinary mica or comparable amounts of silica or other fillers. The role of
reinforcing fibers and binders in composite materials is discussed in Chapter 16,

11.11. FIRE RETARDANTS IN PLASTICS

Plastics composed of polymer which have carbon and hydrogen are combustible.
During the flammable process both thermal decomposition and combustion occur. A
substance is classified as noncombustible if it does not produce flammable vapors when
heated to 750°C. Few organic polymers can pass this test. Hence most plastics burn,
producing combustion products which can be toxic. Some of these gases are listed in
Table 11.8. In the case of hydrogen cyanide (HCN), the amount produced is-from 20
to 50% of the nitrogen present in the polymer. The major fire hazard is not the toxic
gases but the smoke and lack of oxygen. Thus, smoke and fire retardants are essential
ingredients in the formulation of plastics. The relative decrease in light transmission or
degree of obscuration for some materials as determined in a specific apparatus is given
in Table 11.9. The addition of flame retardants to materials may reduce fire but #nn *
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TABLE 11.8
Toxic Degradation Products from Combustible Materials in Air

CO and CO, From all substances containing carbon

NO, Polyurethanes

HCN Wool (150), silk, nylon (100), polyurethanes (40), polyacrylonitrile (200)
S0, Rubber

Hydrohalides PVC, fluorinated plastics, polyvinylidene chloride

Phosgene - Chlorohydrocarbons

NH, Melamine, nylon, urea formaldehyde

Benzene Styrene

Phenol Phenol formaldehyde

Co PUF (600), nylon (450), wool (300)

Values in parentheses are average values in mg/g of material,

times increase the formation of smoke. The ease with which a substance will burn is
determined by the minimum O, concentration (in N, as %) which will support
combustion. This is called the limiting oxygen index (LOI) and some selected valves
are given in Table 11.10. Thus those materials with LOI < 21 are combustible in air
and must be treated to increase the LO]J values.

Fire retardants are additives to plastics and are usually based on some of the
following elements: Al, B, Br, CI, Mg, N, P, Sb, Sn, Zn. Halogen compounds (RX)
produce halogen atoms (X) which act as chain terminators in the reacting vapors.
Bromine compounds are often used but the formation of HBr in a fire makes it a
corrosive retardant. A more inert fire retardant is alumina trihydrate (Al,0,-3H,0)
which also acts as a smoke suppressant. It absorbs heat while liberating water at 230°
to 300°C. Another inorganic fire retardant is zinc borate (Zn0O-B,0,-H,0) which
liberates water at 245°-380°C and is used to supplement halogen retardants. A list of
selected fire retardants is given in Table 11.11. The increase in LOI of 10% (from
18%—28%) represents an effective application of retardants.

TABLE t1.9
Relative Obscurance due to Smoke Formation
During the Combustion of Various Materials

Material Obscuration (%)
Oak 2
Pine 48
Acrylic 2
Polystyrene 100
PvC 100
Polyester S0
Plaster board I
Flame retarded acryhc 97
Polyester 99

Plywood 15
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TABLE 11.10
Limiting Oxygen Index (LOI) Values of
Selected Materials

Material LOI
Polyurethane foam 16.5
Polymethymethacrylate 17.3
Polyethylene 17.4
Polypropylene 17.4
Polystyrene 18.0
Acrylic fiber 18.2
Cotton 18.4
Nylon fiber 20.1
Polyester fiber 20.6
Oak 23

Polycarbonate 250
Wool 252
Nylon 6,6 28.7
Kevlar 29

Polyvinylidene fluoride 437
Polyvinyl ¢hloride 47

Teflon 95

Polyvinylidene chloride 60

Carbon 65

The flame characteristics of a plastic and a measure of its density can often be used
to identify the polymer. A short list of tests of a few plastics is given in Table 11.12. In
general aromatic substances burn with smokey flames. Chloride can be tested with the
plastic coated copper wire which shows a green color in the colorless part of a Bunsen
flame.

The growth of the polymers and plastics industries has meant that a major fraction
of the workforce in developed countries is either directly or indirectly employed by
plastic related jobs. As more stable and less costly plastics are developed, more

TABLE 11.11
Selected Fire Retardants

Al,O,—3H,0 Alumina trihydrate
ZnOB.,0O,—H,O Zincborate

$b,0, Antimony oxide

NH,CONH, Urea

{(NH,),HPO, Diammonium hydrogen phosphate
Mg(OH), Magnesium hydroxide

Br,C ,H,—CH=CH,
C¢Bry—CH,—~0—CO—CH=CH,
MoO,

CuC,0,

Tribromostyrene
Pentabromobenzylacrylate
Molybdenum trioxide
Cupric oxalate

I
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TABLE 11.12
Combustion and Density Tests for Plastics Identification

Density*
Polymer (g/cm?) Type Odor Color Character
PE 0.91-098 TP Candle Yellow Burns, melts, drips
PP 0.89-0.92 TP Wax, Yellow Burns, melts, drips
candle
wax
PS 1.05-1.07 TP Styrene Smoky Burns
PMMA 1.24 TP Methanol Yellow Burns slowly
PET 1.39 TP Aromatic Smoky Slightly acidic fumes
PC 12 TP Benzene Smoky Neutral vapors, difficult to ignite, SE
PAN 1.2 TP HCN Smoky
PF 1.28 TS Pheno} Yellow Basic Fumes, SE, difficult to ignite
smoky
PU 12 TS Acid Yellow Acidic or basic fumes
PVYC 1.39 TP Acid Yellow Acidic fumes, SE
N 1.14 TP Ammeonia Bluish Burns, basic fumes, SE
ABS 1.0 TP Styrene Yellow Burns

*Values £0.1 to 0.2. SE, self extinguishing; TP, thermoplastic; TS, thermosetting; PE, polyethylene; PP, polypropylene; PS,
polystyrene; PMMA, polymethylmethacrylate; PET, polyethylene terephthalate; PC, polycarbonate; PAN, polyacrylonitrile:
PF, phenolformaldehyde; PU, polyurethane; PVC, polyvinylchloride; N, nylon; ABS, acrylonitrile, butadiene, styrene.

applications are found and growth continues. Because polymers and plastics are based
on petroleum and since petroleum is a limited resource, it is essential that continued
efforts be made to recycle our plastic wastes — something that is slowly being realized.

EXERCISES

1. From the data given in Section 11.1 calculate the annual production of rubber in
1990,

2. The table below gives the fraction of molecules of a polymer sample having a given
average molecular weight. Calculate the number average molecular weight, M, and
the weight average MW, M.

MW 10,000 14,000 16,000 19,000 22,000 24,000 28,000 32.000
Fraction 0.12 0.14 0.16 0.22 0.12 0.1 0.08 0.06

w

What conclusion can you reach if both M, and M, are determined to be identical?
4. The MW of a polymer dissolved in a solvent was determined from VISCOosity
measurements at 25°C for various concentrations

C (g/100mL) 025 050 100 2.00
/Mo 136 1.8 28 6.1
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The ratio n,,/C is to be plotted against C and extrapolated to zero concentration in
order to obtain the intrinsic viscosity [#]. The constants for Eq. (11.7) are
K =38x10"* and « = 0.92 for this polymer—solvent—-temperature system when
the concentration is in g/100 mL. Calculate the MW of the polymer.

5. Polyvinylalcohol (PVA) is soluble in water. What will be the freezing point of a 3%
solution of PVA (MW 50,000 g/mol) in water? [Note: 1 molal solution depresses
the F.P. by 1.86°C.]

6. Write the chemical reaction showing the formation of the following polymers from
initial reactants: (a) nylon, (b) lexan, (c) terylene, (d) polyurethane.

7. Floor tiles of plasticized PVC can be made more flexible, more scratch resistant, to
have a longer lifespan and have increased color fastness when treated with
y-radiation. Explain.

8. The permeability equation of a gas through a membrane is

N =A(P,X,~ P,X,)P,/I

where N =mL/s (NTP) gas flow; ! = film thickness in cm; P, = permeability;

P, = pressure of feed gas in cmHg; X, = mole fraction of diffusing component in

feed gas, P, = pressure of product gas in cm of Hg; Xy = mole fraction of

component in product gas; 4 = area in cm?®. For air P, = 76 cm, X, = 0.2.

(a) If we assume ! = 1 miL (0.025 mm), P, = 38 cm, X, = 0.3 calculate the area
required for an internal combustion engine burning up to 150 mL/min of
gasoline.

(b) If P, is increased to 3 atm, would the required area be reduced significantly?

9. A man at rest uses 300 mL O,/min. Seawater contained 4 mL O,/L. What area of

membrane is required to act as an artificial gill if water is initially saturated at 160

mmHg of O, and can be depleted to 100 mm? What volume of water must be

passed over the membrane each minute to achieve this oxygen flow to support a

man under water?

10. It has been suggested that polymeric membranes be used to separate alcohol from
water. What advantage would this have over distillation?

I1. Distinguish between thermosetting plastics, thermoplastics and elastomers.

12. How is polyvinylalcohol prepared?
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Adhesives and Adhesion

12.1. INTRODUCTION

Adhesives play an important part in modern technology. They are usually defined as
any substance which holds two solids together— by forming bonds between the solids
as distinct from bolting, rivetting or even brazing, welding, or soldering. One of the
most common examples of adhesion and one not yet understood completely is the
barnacles which strongly adhere to ships’ hulls and which are supposed to have
influenced the battle of Salamis in 480 B.c.

Early glues were materials found in nature and include resins from trees, gums such
as gum arabic, pitch and tar, egg, cheese, and fish extracts and flour paste. The
introduction of rubber improved the versatility of the glues but it was not until aircrafts
were produced for the World Wars (I and II) that the demand for strong lightweight
adhesives forced the development of special glues. The Mosquito aircraft of World War
IT was an example of the application of modern resin adhesives,

Adhesives offer many advantages over normal or conventional methods such as
bolting, rivetting, welding, stitching, clamping, or nailing. It offers:

—

The ability to join different materials such as plastic to metal, glass, or rubber.

2 The ability to join thin sheets together effectively.

3 Improved stress distribution in the joint which imparts a greater resistance to
fatigue in the bonded components.

4 Increase in the flexibility of design.

5 Convenient and cost effective method in production.

These advantages have led to an ever increasing application of adhesives to a wide
variety of industries which include automobiles and aircrafts, garments, furniture,
appliances, buildings, and floor coverings.

It is interesting that the theory of adhesion is less developed than its application
and it is only as a result of increasing demands by industry that the science of adhesion
is developing. One difficulty is that the study of adhesion is a multidisciplinary subject
and involves aspects of surface chemistry and physics, organic and inorganic chemistry.
polymer chemistry and physics, rheology, stress analysis, and fracture phenomena.
Thus, 1t is easier at present to practise the art of adhesion than the science of adhesion.
Nevertheless, some simple principles have been shown to be effective in designing a
strong adhesive joint and these will be presented and discussed.

237
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12.2. CLASSIFICATION AND TYPES OF ADHESIVES

Adhesives can be classified in many different ways, e.g., by application or setting,
chemical composition, cost, materials to be bonded, and end products or use.

Adhesives can be applied as: (a) a melted solid which sets when cooled, (b) a
solution or suspension in a solvent which evaporates, (¢) unpolymerized or partly
polymerized blend which sets when polymerization is completed.

(a) Hot melt adhesives are usually thermoplastic polymers or waxes which are
heated to a temperature sufficiently high to allow the melt to wet the substrate and
readily flow in the joint. Examples of such adhesives are asphalt, ethyl cellulose,
cellulose acetate butyrate, polyethylene copolymers, and waxes. Safety glass is made by
softening polyvinyl butyral by heat and bonding the two glass pieces under pressure.

(b) These adhesives are usually slow setting if the solvent must diffuse through the
joint or the material to be bonded. To circumvent this aspect —contact (adhesive)
cements have been developed where the solvent is allowed to evaporate from the two
surfaces before they are brought together. The cement consists of low molecular weight
elastomers, or for aqueous systems suspended latexes are used usually at over 50%
solids, but still fluid enough to flow and wet the surfaces. The elastomers used are
natural and synthetic rubbers, vinyl resins, and acrylics.

(c) This type of reaction adhesive includes all thermosetting resins, as well as
elastomers which can be crosslinked, and some vinyl thermoplastics. The adhesive is
usually applied as a low viscosity wetting blend which polymerizes to a strong hard
adherent glue. Examples of these types include epoxy adhesives, cyanoacrylate esters
(crazy glue), urea—formaldehyde resins and urethanes,

The further classification of adhesives can be made by referring to the nature of the
material, organic, inorganic, or hybrid. Thus organic adhesives are either natural (e.g.,
starch, gelatin, shellac), semi-synthetic (e.g., cellulose nitrate, castor-oil based poly-
urethanes), or synthetic (e.g., all vinyl polymers, plastics, etc.). The inorganic adhesives
include cement, silicates (water glass), and sulfur and ceramic cements, whereas hybrid
adhesives include litharge (PbO + glycerol 3:1), AIPO, in kerosene, and silicone rubbers.

Some of the adhesives can be used in strong acid, at high temperatures, in high
vacuum, or other highly specialized applications. A detailed comprehensive treatment
of adhesives can devote a full volume to classification. We shall hereafter concern
ourselves with the form of the adhesive, ¢.g., some adhesives have been encapsulated
(NCR), others are pressure sensitive (adhesive tapes) and some are flexible (rubbers).
The electrical or thermal conductivity of adhesives (usually achieved by the addition of
metal powders) are required in special applications. Adhesives are slowly penetrating
into the garment industry where their replacement of stitching can speed up production
and reduce costs. Similar changes are being made in the automobile where plastic is
replacing metal at ever increasing rates.

12.3. THE ADHESIVE JOINT

The Adhesive Joint (AJ) is primarily composed of 5 parts (see Fig. 12.1); the two
solid materials bonded (A & A’)— the two interfaces or boundary layers between the
materials and the adhesive (B & B"), and the bulk adhesive (C). A strong AJ implies:
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FIGURE 12.1. The adhesive joint: A representation of the 5 component parts on an adhesive
joint. The adherend A & A’, the interfaces or boundary layers B & B', and the adhesive C.

(1) strong boundary layers, (2) strong 1nterfacial bonds, (3) a strong or hard set
adhesive. Weak boundary layers have been attributed by Bikerman to be responsible
for most weak joints. In the case of elastomers or plastics it is possible to show that
even if interfacial or surface bonding of the adhesive is strong, a weak boundary layer
results in a weak joint as the materials are separated and the surface molecules are
pulled out of the bulk of the material. Thus, though strong bonds may be formed
between the materials and the adhesive layers, the surface bound molecules are not held
very strongly by the material bulk. This can be corrected by crosslinking the surface
and creating one giant surface molecule which is anchored to the bulk by numerous
bonds thereby making its withdrawal from the surface energetically too high, resulting
in strong boundary layers. This process of crosslinking the surfaces of a plastic or
elastomer is called CASING (crosslinking by activated species of inert gases) and was
developed in 1966 by Hansen and Schonhorn at the Bell Telephone Laboratories.
Casing can be effected by subjecting the surface to hydrogen atom reactions in 2
vacuum discharge through He-H, mixtures.

The surface of a solid is usually contaminated by adsorbed gases and vapors, and
as a result the adhesives may form a poor or weak contact with the actual surface. The
surface adsorbed vapors can be displaced by a liquid adhesive which “wets™ the solid.
In some cases a surface active agent may be added to an adhesive to facilitate the
wetting process.

An alternate method of increasing the strength of an AJ is to add coupling agents
to the solid surface, thereby introducing an intermediate molecule which has reactive
functional groups that can bond to the adhesive and thereby strengthen the bond. This
is done to the surface of glass fibers used to reinforce radial tires and in fiberglass
plastics. Some examples of coupling agents and their use are listed in Table 12.1.

These compounds which have alkoxide groups will hydrolyze on a hydroxylated
surface to form an alcohol and the surface-bonded organic residue. For example,

0
Si—~OH + NH,--CH,CH,CH,Si(OC, H,),

AN

O 0
SiéOH \Si‘O
AN o o \
SiZOH = \Si—o~--51'-CHZCchme2 +3CH,0H (2.1}
O o/
\SE%O
Ve
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TABLE 12.1
Some Sclected Commercial Silane Coupling Agents

Name Formula Application

Vinyltriethoxysilane CH,=CHSi(OC,H,), Unsaturated
polymers

Vinyl-tris(b-methoxyethoxy)silane CH,=CHS{OCH,CH,0CH,), Unsaturated
polymers

Vinyltriacetoxysilane CH,=CHSi(OOQCCH,), Unsaturated
polymers

y-Methacryloxypropyltrimethoxysilane CH,—C({CH,;)COO(CH,),Si(OCH,), Unsaturated
polymers

y-Ammopropyltriethoxysilane H,NCH,CH,CH,Si(OC,H.), Epoxies,
phenolics,
nylon

7-(2-Aminocthyl)aminopropyltrimethoxysilane ~ H,NCH,CH,NH(CH,),Si(OCH,), Epoxies,
phenolics,
nylon

A

y-Glycidoxypropyltrimethoxysilane CH,CHCH,O(CH,),Si{OCH,), Almost all
resing

y-Mercaptopropyltrimethoxysilane HSCH,CH,CH,Si(OCH,), Almost all
resins

B-(3,4-Epoxycyclohexyl)ethyl-trimethoxysilane OC H,—CH,CH,Si(OCH,), Epoxies

y-Chloropropyltrimethoxysilane CICH,CH,CH,Si(OCH,), Epoxies

The organic amino group can react further with the adhesive and contribute to the
bond strength of the joint.

Another method used to improve the strength of a bond is to introduce the
chemical reactive functional groups directly on the surface of the material. For example,
the bonding of Teflon or polyethylene can be improved by introducing OH groups onto
the plastic surface by sparking moist air next to the surface to be joined. This is best
done by means of a Tesla coil or a Corona discharge, but a vacuum high voltage ac
discharge through water vapor is most effective. Such surfaces become wet with respect
to water and can form strong bonds with common glues such as epoxy adhesive.

More examples of the AJ will be given after a discussion of the theory of the

adhesive bond.

12.4. THE THEORY OF THE ADHESIVE BOND

The theory of the adhesive bond (AB) is basically an attempt to generalize the
mechanistic account of adhesion into a comprehensive explanation. One of the major
difficulties in realizing a uniform consistent theory is due to the many variable factors
which determine the strength of an AJ and the methods used to evaluate them, e.g,
geometrical factors, loading factors, rheological energy losses, and interfacial interac-
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tions, to mention only a few. There are four principal mechanisms used to account for
adhesion. These are:

i Mechanical interlocking (E,,).
ii Diffusion theory (E o)
ii Electrostatic theory (E £)
iv Adsorption theory (E N2

12.4.1. Mechanical Interlocking

This early theory was successfully applied to joints of porous or rough adherends
such as wood. The liquid adhesive penetrates the porous and irregular surface, and
when hardened adds strength to the adhesive joint. Thus,

i the greater the surface irregularity and porosity the greater is the strength of
the joint;

i the joint strength will be proportional to the film strength of the adhesive when
the adherend is stronger than the adhesive.

Some examples in which the mechanical mechanism is important is in the adhesion
of polymers (elastomers and rubbers) to textiles. Another example, though somewhat
contentious, is the metal plating of a plastic which usually requires a pretreatment to
modify the surface topography of the polymer. Usually the increase in adhesion is also
attributed to an improved surface force component due to the increased rugosity.

The bonding of maplewood samples with urea~formaldehyde resins at 5 psi gluing
pressure was tested in shear as a result of surface treatment.

Increasing roughness -
Surface treatment Planed Sanded Sawn Combed
Shear strength (psi) 3120 2360 2690 2400

This indicates that the smoother surface forms the stronger joint. This is due to the
wood fibers becoming damaged by treatment and are easily removed from the bulk
when the joint is stressed and separated. The trapping of air within the pores prevents
the anchoring of the glue. Thus mechanical interlocking has limited application and
usually strength is associated with other forces.

12.4.2. Diffusion Theory

This theory, put forth by Voyutskii, accounts for the autoadhesion of polymers by
the interdiffusion of polymers across the interface and their mutual solubility. Direct
radiometric and luminescence experiments have confirmed that the diffusion boundary
may be as deep as 10 um. Interdiffusion is also important in solvent-welding of plastics
where the solvent essentially plasticizes the surfaces and promotes diffusion between the
two materiais. Thus, though diffusion does occur in special cases the theory has very
little general application because many adhesives show no solubility in the adherends,
e.g., glass, metal and wood.
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FIGURE 12.2. The effect of coupling agents on the binding of glass fibers and glass beads in
adhesives and plastics. The example is that of a reaction injection molded polyurethane
composite which has been fractured to expose the reinforcing glass fibers (A and B) and glass
beads {C and D). (A) Untreated glass fibers: The photomicrograph shows holes where the poorly
bonded fibers have been clearly removed. The extreme closeup shows a typical glass fiber which
Is not coated with polymer. (B) Glass fibers treated with coupling agent: The chemically coupled
systermn shows fewer fibers pulled out in comparison with {A). The extreme closeup shows
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1 FIGURE 12.2. Continued.

excellent coating and adhesion of polymer attainable when silanes produce a chemical bond
between the organic matrix and the inorganic reinforcement. (C) Untreated glass beads: The liller
s clean and free of adhering polymer. (D) Treated glass beads: The glass shows strongly adhering
polymer.
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12.4.3. Electrostatic Theory

This theory, proposed by Deryaguin, arose from the crackling noises and flashes
of light observed when adhesive films are peeled off rapidly in the dark. Likewise film
strengths (of the order of 1-100 mJ/cm?) depend on the speed at which it is peeled. The
Russians proposed that an electrical double layer is formed at the junction of two
different materials due to the difference in the energy bands of the materials. The
separation of the adhesive—adherend interface is then analogous to the plate separation
of a capacitor. This should depend on the dielectric but such peel strengths show no
difference when measured in air or vacuum. Calculated values of the work of adhesion
for gold, copper, and silver on glass show that the electrostatic contribution is 5, 80,
and 115 mJ/m?, respectively, whereas the van der Waals contribution is 950, 400, and
800 mJ/m?, respectively. Measured values for the three metals were 1400, 800, and 1000
mJ/m?, respectively, with errors of about +200 mJ/m2 Thus, though electrostatic
forces contribute to the strength of an adhesive joint, the major contributing factor is
the ever present van der Waals force.

12.4.4. Adsorption Theory

This theory relies on the orientation of surface forces resulting in van der Waals
interaction. There are three general types of van der Waals forces: (a) Keesom,
{b) Debye, (c) London.

(a) Keesom forces are due to the dipole—dipole interaction. Since the dipoles are
assumed to be aligned this is also called the orientation effect, and is given by the
potential energy of attraction V.

-2 4 -2 2,,2
Vi = M_,us or Vg = #uélz
kT 3kTr

(12.2)

for molecules with different dipole moments i, and u,, and where k is the Boltzmann
constant, T 1s the absolute temperature and r is the distance of separation.

(b) Debye forces are due to an induced dipole effect or polarization. The attractive
potential energy V;, of two different molecules is:

2 2
o U7+ Qi
V, = _uuli;g_zﬂi (12.3)

where « 1s the polarizability and p is dipele moment. This force is temperature
independent and therefore important at high temperatures.

{c) London forces are due to induced dipole-induced dipole attraction. Thus a
symmetrical molecule will exhibit oscillations inducing dipoles in neighboring mol-
ecules. The London attractive potential energy V, is:

—3hve, oy,
S 2v, 4wy 0

Vv, (12.4)
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where «, and «, are the polarizabilities, 4 is Planck’s constant, v, and v, are the
characteristic frequencies of the molecules.
Since hv = I, the ionization energy of the molecule, then

1,1, )

(I +1) r°

3
V, = ~3 (12.5)

The London forces are also called dispersive forces and contribute the major proportion
of the bonding for nonpolar or weakly polar molecules.

The adsorption theory requires intimate molecular contact between surfaces for a
strong adhesive bond. Van der Waals forces when operative are considered as
secondary bonds whereas ionic, covalent, and metallic forces contribute to primary
adhesive bonds.

The hydrogen bond is intermediate in strength between primary and secondary
forces. The results of corona discharge on polymers leads to the formation of hydroxyl
groups on the surface which improves the adhesive strength by hydrogen bonds or by
covalent bonds (as in the case of coupling agents).

Intimate interfacial contact is promoted by the wetting of surfaces by a fluid
adhesive which also displaces air from the surface if it has low viscosity prior to setting.
This is the major characteristic of crazy glue that makes it so effective.

Wetting alone may not always give rise to a strong adhesive joint. A weak
boundary layer can cause failure at what appears to be the interfacial boundary of
adhesive~-substrate but which is claimed to be at the surface layer of the substrate.
CASING is supposed to strengthen this layer and thereby improve the strength of the
joint. An alternate explanation for the observed effects of glow discharge treatment is
that the surface free energy of the polymer substrate may be increased or chemically
active species may be formed on the surface — both of which could account for the
observed increase in adhesion.

Insofar as 1t is possible to cite examples which could fit each of the above
mechanism it is best to describe the overall adhesive strength to result from a
combination of each such that

Eia1 = ¢Ey + BEp + yEp + 0, (12.6)

where the coefficients vary depending on the adhesives and adherends. It 1 not possible,
at present, to assign values to these coefficients except in special cases. This is of little
consequence —especially if the adhesive does the job and the bonded joint holds
together.

12.5. CHEMISTRY OF SELECTED ADHESIVES

One of the most common and versatile adhesives is the epoxy resin, usually used
as a two part formulation which sets into a hard adherent mass in from S min to 24 hr
depending on the length of the prepolymer and the choice of the hardener.
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The epoxy resins were discovered in 1938 during the search for a denture resin.
The epoxy group,

b
N/
o]

is highly reactive and the ring is readily opened by acidic or basic catalysts. Thus, an
amine (primary or secondary) will react with an epoxide to form an amine alcohotl

RNH, + H,C—CH—CH,—O0... - RNH—CH,—CH—CH,—O..,
N/ |
O OH (12.7)

Other catalysts which react with the epoxide ring are anhydrides (which form ester

alcohols).
The epoxide intermediates (short chain nonviscous polymers) commonly used are
made by the reaction of epichlorohydrin

(CH,——CHCH,Cl)
\O/

%
<D

with bisphenol A

e.g.,
0 CH, OH
N I |
CH,—CH—CH,—| O (lj OCHZ—(|3—CH2 ~—OH
CH, H f
CH,—C—CH,
O O

RN |
CH,—CH—CH,

(12.8)

tl
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where n varies from 0 to 20 or the molecular mass is between 900 and 5000. When » is
greater than 2, the resin is a solid with a melting point which increases as n increases.
Since it is desirable for adhesives to be liquid, and thus flow in the joint, the prepolymer
is small, i.e, n < 2. However, each polymer molecular has n hydroxyl groups (—OH)
which increase the curing rate of the adhesjve and because of its polarity increases the
adhesion of the polymer to polar surfaces such as metal and glass. Thus a balance
between viscosity and strength results in a choice of n which is a compromise.
Catalysts are called reactive hardeners or curing agents and become bound to the
polymer by opening the epoxide linkage. When the hardener is an amine the reaction is

O OH
AN é
RN, +CH,—CH—X - R—NH—CH,—CH—X (12.9)
followed by
OH O OH
| 7N |

R—NH—CH,—CH—X + H,C~—CH—X ~ R—N—CH,—CH—X (12.10)

CH,—CH-—X

H

resulting in cr'osinnking which can be extended if the hardener is a diamine such as
ethylene diamine NH,—CH, CH,—NH,. The concentration of the hardener is 3 to 100
phr (parts per hundred resin) depending on the system and curing time. Fillers
commonly used include TiO,, PbO, Fe,0;, Al,0;, SiO, which are added to reduce
cost, decrease shrinkage on setting, lower the coefficient of thermal expansion of the
joint, and to improve the heat resistance of the joint.

The high strength of epoxy adhesives has led to their application over a wide
variety of conditions which include the fabrication of helicopter rotor blades, fiberglass
lined boats, aircraft, and in the building trades.

Another class of adhesives are those based on 1socyanate (—N=C==0) of which
the most common is the urethanes. The 1Isocyanate group reacts with active hydrogen
such as an alcohol (ROH) or an amine (R,NH) as follows:

H
ROH + ¢NCO — R—O—CﬁIlI*cb (12.11)
(H)
H
R,NH + ¢NCO - RZ‘Nﬁ%inJ‘gb (12.12)
O

where ¢ = C¢H,. Thus, by reacting a diisocyanate with a polymeric diol, a condensa-
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tion reaction occurs resulting in bonding to a hydroxylated surface such as glass or
metal. The diisocyanates commonly used are toluene diisocyanate TDI, or hexa-
methylene diisocyanate HDIL

CH; CH;
NCO OCN NCO
OCN—(CH,),—NCO (12.13)
HDI

2,6 TDI
2,4 TDI

The high reactivity of the NCO group make the diisocyanates toxic and great care
must be taken in using these adhesives. The isocyanates react with water to form CO,
and an amine which can also react with the NCO group,

R—NCO + H,0 - RNH, + CO, (12.4)
H
I
RNH, + R—NCO - RNH—C—N—FR’ (12.15)
|
O

The evolved CO, can lead to a highly crosslinked foam which is soft or hard depending
on the prepolymers used. Similarly the hardness of the set adhesive is determined by
the hydrocarbon chain length in the polyol or polyamine used to react with the
diisocyanate. Crosslinking by short chain triols leads to a hard adhesive whereas long
diols results in elastomeric material, often used in textiles or where a flexible joint is
required.

A new urethane based adhesive has recently been developed which combines the
properties of “hot melts” and chemical reactivity. Usually a hot melt adhesive is applied
at 150-200°C. The heat weakens the van der Waals forces and allows the polymer to
flow. When the material has cooled the bonds reform and sets within minutes.
Chemically reactive adhesives rely on the reaction of polymerization or crosslinking to
set 2 monomeric or prepolymeric adhesive and setting may take hours during which
the joint must be held together with clamps or in a jig. The new adhesive is a reactive
polymer of short chains held together by weak forces which break upon heating to only
100°C and sets again within minutes upon cooling. However, unlike previous material
the bond continues to strengthen with time because of further reaction with water vapor
in the air which crosslinks the polymer.

Another class of thermosetting resins used as adhesives involves the polymeriz-
ation of formaldehyde with urea or phenols. These materials are very cheap and find
extensive use in binding wood, e.g., plywood, chipboard, and particle-board. Foamed
urea—formaldehyde has also been used as insulation (UFFI) in homes because of its
ability to be injected into the walls of older homes. Unfortunately, the foam is not very
stable and shrinks and hydrolyses to liberate formaldehyde and possibly other toxic

e
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vapors. Recent work has, however, shown that the addition (and subsequent removal)
of ammonia (NH,) to the foam can reduce the leve] of formaldehyde released by the
polymer. This refease of formaldehyde also occurs in plywood and particle-board and
these materials must be sealed to avoid the formation of toxic levels (TLV = 0.10 ppm
or 120 pg/m*) of formaldehyde.

The urea—formaldehyde polymer is formed as follows:

urea l formaldehyde

H H

AN

N—CH,OH N-CH,OH
/

O== + 0O=C (12.16)

AN AN

NH, N-—CH,0H

H
monomethylolurea dimethylolurea

When the methylols eliminate water a methylene urea is formed which can condense
to form a crosslinked polymer (under acid conditions)

H
N\
N-—CH,OH =CH,
/ /
O= -~ O=C + H,0
AN AN
N—CH,OH N—CH,OH
S /
H H
H
N
N—CH, N-—H
/ AN
O0—=C C=—0 (12.17)
\
N—CH,OH HN
e

AN
H CH,OH

Excessive residual acid in the resin is partly responsible for the subsequent release of
formaldehyde from the set polymer.
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The reaction of formaldehyde (H,CO) with phenol,

(Een)

has been studied for over 100 years. In 1909 Baekeland patented the resin which has
become known as Bakelite. The prepolymers of phenol-formaldehyde are of two types:
(1) resitols in which pOH/H,CO < 1, and (2) novolacs in which ¢ OH/H,CO > 1.

(1) Resitols are formed (under alkaline catalysis) by the reaction

OH OH OH OH
CH,OH CH,OH HOCH, CH,OH
+ HCHO — + +

CH,0H CH,0OH
(12.18)

The phenol alcohols condense to form resitols

OH OH OH
HOCHQ- t CH, :: ,CHz.._ : : - CH,OH

CH,OH
which can further condense to form ether linkages
2R—CH,0H - R—CH,~-0—CH,R + H,0

The crosslinked resin does not melt when heated, but carbonizes. This characteristic is
used in efficient heat shields where the resins are used in the nose cone of missiles and
space vehicles.

(2) Novolacs are formed (under acid catalysed with ¢OH/H,CO > 1):

CH,
OH OH OH Cil,
CH, (12.19)
CH,

The novolac resins are usually applied as solid adhesives incorporating some
phenol and formaldehyde (from hexamethylene tetramine) to crosslink the prepolymer
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when heat is applied. Resitol resins are applied as a dispersion in dilute aqueous NaQOH
with fillers, surfactants, and extenders.

Phenol formaldehyde resins have recently been applied to the fabrication of
reconstituted lumber called Parallam. Small pieces of wood, approx. 0.3 cm x 20 em are
layed end to end and staggered side by side, are impregnated with about 5% of the
resin and cured by microwave energy to give a continuous length of lumber with a
width and thickness which can be readily controlled and varied. The strength of this
lumber is superior to the equivalent natural lumber which it soon will be displacing.
Other applications of phenol-formaldehyde resins include bonding abrasive grits in
grinding wheels, wood and veneers, paper laminates, and many others,

A popular and highly advertised adhesive is based on Cyanoacrylate —the most
common being methyl-2-cyanoacrylate

CN
l
CH,=C—C—OCH,
|
O

also known as crazy glue (Eastman 910). This was first introduced commercially in 1959
and because of its unique properties has gained widespread use in industry, medicine,
and by hobbyists. The monomer has a low viscosity and so can readily penetrate
surfaces. Its rapid polymerization is initiated by water, alcohol, or other weak bases.
Hence, when the monomer is placed on a dry grease-free joint, the air usually has
sufficient moisture to initiate the polymerization while the two surfaces are held
together. Though very expensive, its use without solvent, heat cures, or excessive
Pressure, makes it an ideal adhesive. One important disadvantage is that it tends to
glue things indiscriminately, e.g., hand, fingers, eyelids, etc. Since the body is seldom
free of surface oils it has been possible to loosen a crazy glue joint (of an eyelid) by
applying mineral oil (Nujol) to dissolve the underlying oil film. In some cases surgery
is required.

Special adhesives are required for high temperature use. Silicone rubber is an
excellent flexible adhesive with a temperature limit of 250°C. For higher operating
temperatures one must resort to inorganic adhesives and cements. These are usually
based on silicates (water glass), phosphates (phosphoric acid), and Portland cement.

Silicate adhesives using water soluble sodium silicate (Na,SiO;, water glass) have
fillers of silica (8i0,), salt (NaCl), clay, talc, metals, asbestos, or limestone (CaCOy)
depending on its ultimate use.

These silicate adhesives are fire resistant and can withstand temperatures up to
1000°C if the adhesives cures to a ceramic (homogeneous phase). Since water soluble
silicates are basic it is essential that metals such as aluminum and zinc which form
amphoteric oxides (the metal dissolves in basic solutions) be avoided since they would
dissolve in the joint and form hydrogen.

Phosphate adhesives are made by reacting zinc oxide, (ZnO), with phosphoric acid
(H,PO,), forming ZnHPO,3H,0 which sets to a crystalline material and is used as a
dental cement. More elaborate dental materials are constantly being introduced and
tested as we all verify on our trips to the dentist’s office. However, progress is siow
because the demands and requirements are high.
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An old and still useful cement for joining glass to metal is litharge cement
made by mixing litharge (PbO) with glycerol (CH,OHCHOHCH,OH) in the ratio
PbO: glycerol: water of 6:2:1. The cement takes a day to set and will resist the action
of dilute acid, ammonia and hydrocarbons.

There are many different adhesives but to all the common requirements of a good
and lasting joint, is the surface preparation. The following factors must be observed:

I Dust, scale, grease, oil, plasticizer, and other surface contaminants must be
removed.
2 The surfaces should be etched or roughened to give a larger surface area for
bonding.
The surfaces may require planing or smoothing to allow intimate contact.
4 A priming coat may be applied to wet the surface and to displace air from the
crevices.
5 The surfaces can be sealed to prevent the adhesive from penetrating the
porous surface.
6 The surface can be treated chemically (e.g., CASING or coupling agents) to
increase the surface energy and facilitate bonding.
7 The surface should be dried and any adsorbed liguids must be removed.
8 A metal may be electroplated with another metal which forms stronger bonds
with the adhesive, (e.g., Ni on Au).
9 Use ultrasonics where appropriate to clean the surface to the true surface
interface.
10 Remove residual cleaning substances from the surface.

(e

The main problem in the selection of a proper adhesive is to match the adhesive
to the adherend. Only experience and the ability to test the strength of trial sample
joints can solve the problem. Since adhesives are here to stay, it is always worthwhile
to follow the developments in new and interesting adhesive products.

EXERCISES

1. Airplanes today can have as much as a tonne of adhesives. Give some reason for
this.

2. Classify adhesives according to their application and setting, giving examples of
each type.

3. In what way does the chemical composition of a surface affect the strength of an
adhesive joint?

4. What are coupling agents, how do they work and give two examples?

5. Give a short account of the four different theories of the adhesive bond.

6. What is an epoxy group and how do epoxy adhesives work? (Write chemical
reactions.)

7. Which hardener will result in a more crosslinked adhesive:

ethylene diamine (H,N—CH,—CH,—NH,)
or _
diethylene triamine (H,N—CH,—CH,—NH—CH,—CH,—NH,)?
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11.
12,
13.
14,
15,
16.

Of what use are fillers in an adhesive joint? List 5 fillers.

(a) What is a urethane adhesive? (b) Why must care be taken when using themn?
What surface feature of glass and metals makes urethane adhesive ideal for these
materials?

How do the formaldehyde adhesives work? (Write chemical reactions.)

What is crazy glue and why is it an exceptional adhesive?

Write a short note on inorganic adhesives. What conditions are they best suited to?
List the primary surface treatments for a good adhesive joint.

(a) What is CASING? (b) To what type of surfaces can it be applied?

Draw typical strength time curves for: (a) Hot melt adhesive; (b) Reactive adhesion;
(c) Reactive melt adhesion.
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Paint and Coatings

13.1. INTRODUCTION

The purpose of paints and coating is primarily to prevent corrosion and wear. The
aesthetic aspect is usually of secondary importance. The nature of the protective coating

factor which must be taken into consideration since the drying process may involve the
release of volatile organic compounds (VOC), which can contribute to smog or other
undesirable atmospheric conditions,

Special paints are available for ships’ hulls, hot mufflers, luminous surfaces, water
proofing, etc.

13.2. CONSTITUENTS OF PAINT AND COATINGS

There are four normal constituents of a paint or coating. These are:

1 Binder: Designed to hold the film together and provides the adhesive forces
required to bond it to the surface.

2 Pigment: A fine powdered material that provides the color as wel] as the hiding
characteristics and ‘weathering resistance of the film. Pigment without binder,
as in whitewash, has little permanence. Binder, such as linseed oil, without
pigment can be an excellent sealer and preservative for wood. Varnish is resin
and solvent without pigment.

3 Solvent: A volatile liquid which dissolves the binder and acts as a thinner to
dilute the coating, allowing it to spread easily on the surface,

4  Additives: Small amounts of wetting agents, flattening agents, driers, plas-
ticizers, emulsifiers, stabilizers, crosslinking agents.

13.3. BINDER

The binder is also the paint vehicle and for oil-based paints, consists of a drying
oil which contains double bonds, A list of various oils and their average compositions
in terms of the fatty acids is given in Table 13.1. These oils are called triglycerides

255
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because they are fatty acid esters of glycerol.

0

HZC—O-—g—R‘
o)

HC—O-—g—R”

Hz('!Z—O—C——R”’
(I)l

where R’, R”, and R are the fatty acid chains which may or may not be identical
radicals.

The oils with fatty acids having 3 double bonds are classed as fast drying oils. The
rate of drying can be increased by boiling the oil in the presence of driers — (metal
oxides or salts of organic acids) such as those containing cobalt, manganese, etc. Lead
as a drier or pigment is being phased out because of its toxic nature,

Boiled oils essentially contain the catalyst necessary to initiate the drying process.
A raw oil which takes 4-6 days to dry can be made to dry in 12-15 hr when
“boiled.”

Blowing air through hot oil can form peroxides which can also activate the drying
process.

The icdine number is the number of centigrams of I, absorbed by 1 g of oil. The
reaction is

—CH=CH— + I, » —CHI—CHI— (13.1)

Thus the iodine number is a measure of the degree of unsaturation of the oil and an
indication of its drying rate.

The saponification value is the mass in mg of KOH needed to completely
neutralize 1 g of oil.

O 0
V4 v
RC\ + KOH - RC R'OH (13.2)

N
OR’ OK

Usually an excess of base is used and the excess is back-titrated with standard acid.

Other characteristics of an oil are the melting point, the peroxide value, the free
fatty acid content, and color.

Linseed oil is the most commonly used fast drying oil for paint. It has one major
disadvantage because it tends to yellow when used indoors. When exposed to sunlight
the yellowing tendency is inhibited or reversed. Hence linseed oil-based, paints are
generally restricted to outdoor use or dark colored indoor paints.
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The natural vegetable oils can be improved by crosslinking the glycerides. This is
done by first converting the triglycerides into monoglycerides by the reaction

O

| " CH,0H ]
CH,—~OH H,C—C—C—OR’ |
| CHOH
2CH—OH + O -3 | (13.3)
K | H,C-—-C—OR
CH,—OH HC—C—OR I

| O
H,C-—C—OR - -

|
0
It is possible to control the degree of crosslinking by the use of trifunctional acids
and the molecular weight of the resin. The alkyl resin, cailed alkyd paint, dries faster
than the corresponding oil which is one of its major advantages.

13.4. DRIERS

Driers are additives which accelerate the drying process of a paint film. This is
effected by: (a) catalyzing the uptake of oxygen, (b) sensitizing the decomposition of the
peroxides forming free radicals which add to the double bonds, causing polymerization
to occur. The driers are generally metallic salts of the naphthenic acids. The mechanism
by which they catalyze the decomposition of peroxides is shown for cobalt

Co’" + ROOH -» Co®** + RO + OH- (13.4)
Co*” + ROOH - Co** + RO,. + H* (13.5)
Co** + OH™ = Co?" + OH (13.6)

The overall reaction — the sum of reaction (13.4) and (13.5) is
2ROOH - RO, + RO + H,0 (13.7)

The effect of various amounts of cobalt in a paint film on the time required to reach

tack free dryness is shown in Fig. 13.1.

Lead has been a common drier in the past and its use is limited to less than 0.5%
in the dry film. This quantity may still be too large for use where children may ingest
the paint.

13.5. PIGMENT

The pigment in a paint is usually fine powder of 0.01 pm 1n diameter and is meant
to cover the surface, provide color, improve the strength of the film, improve the
adheston of the paint to the surface, improve the abrasion and weathering of the film,
to reduce gloss, and to control the flow and application of the paint. An extender is
cheaper than pigment and serves the same purpose except it does not provide the
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FIGURE 13.1. Effect of increasing concentration of cobalt drier on the drying time of a coating
film.

required color to the film. The hiding power of a pigment is determined by four
properties of the interaction of light with a solid: absorption, transmission, reflection,
and diffraction. Particle size, particle density, and refractive index of the pigment
contribute to the hiding power, The optimum particle size (diameter in um) of a
pigment has been shown empirically to be given by

Alpm)

= Taldmn M 138

where M is the measure of scattering given by the Lorentz—Lorenz equation

AR
M=% (13.9)

n 2

L] +2
ny

Some of the properties of the major pigments used today are given in Table 13.2 The
hiding power of a pigment is a function of the difference in refractive index of the
pigment (n,) and that of the binder (n,). It should be noted that extenders have a very
low hiding power whereas pigments such as TiO, are very effective, especially when
used at the optimum particle diameter where scattering is at a maximum.
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TABLE 13.2
Physical Characteristics and Hiding Power of Paint Components
Refractive index* Hiding power Tinting’ Optimum particle
(Np)p m?/kg strength diameter® (um)
Pigments
TiOQ, rutile 2.76 32 1850 0.19
TiQ, anatase . 2.55 24 1750 022
ZnS 2.37 12 640 0.29
$b,0, 2.09 4.5 300
ZnQ 2.02 4.0 210 0.4
Pb(OH),PbCO, 2.00 3.7 160 0.25
Pb(OH),PbSO, 1.93 28 120
Extenders
BaSQ, 1.64 1.65
CaSO, 1.59 Yery low
CaCoO, 1.57 1.75
Sio, 1.55
Binders
Tung oil 1.52
Linseed oil 1.45
Soyabean oil 1.48
Alkyl resins 1.5-1.6

*Sodium D line {589 nm).
"Tinting strength is the relative ability of a pigment to impart color to a white base mixture.

*At 560 nm.

Organic pigments are used for colored paints. Carbon blacks are classed as organic
and come in a variety of properties which depend on the method of production.
Metallic powders and flakes are often used especially for hot surfaces. Aluminum,
copper and bronze powders also serve as decorative coatings.

13.6. SOLVENTS — THINNERS

Oil- and resin-based paints require a solvent to disperse the paint, reduce the
viscosity and allow for easy application. The essential requirement of the paint thinner
is that it not be highly volatile, i.e., have a boiling point within the range of 120-175°C,
The earliest paint thinners were the terpenes, cyclic hydrocarbons (CyoH,¢) which come
from wood and can range in boiling points of 150-180°C.

Some of these are shown in Fig. 13.2 with a few of the oxygenated compounds
which are important flavor and perfume additives. These terpenes are formed by the
dimerization of 1soprene

|
CH,=C—CH=CH,

Other solvents commonly used include the alkyl benzenes and xylenes.
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CH, CHs CH;
CH, /C H;
CH;
Hj
0 -pinene Camphepe CHs” "CH,
limonene
(dipentene)
CH; CH CH;
CH, 2
CH,
H.0OH
CH, CH, c
B-pinene n CH, H,
o -terpineol citrone]lo]

FIGURE 13.2. Structure and name of selected terpenes and oxygenated derivatives.

The trend to reduce VOC in our environment has resulted in the rapid develop-
ment of water-based latex paints which have little or no volatile solvent.

13.7. WATER-BASED PAINTS

Water-based paints make use of an emulsion of a polymer composed of vinyl
acetate, vinyl chloride, acrylics, acrylonitrile, ethylene, styrene, butadiene, and isoprene.
The paint consists of an emulsion of polymer, known as latex because their appearance
is similar to rubber latex or sap from the rubber tree. The oil-in-water emulsion has
plasticizers to smooth out the drying surface and to lower the glass transition
temperature of the polymer to below room temperature. As drying occurs and water is
lost, the polymer particles coalesce forming a continuous impermeable film.

Emulsifiers are usually bifunctional compounds, like soaps, in which one end is
water soluble and the other end is oil or polymer miscible. Other additives include
surface active agents, thickening agents, preservatives, and coalescing aids. Other
additives such as freeze—thaw stabilizers and wet—edge extenders can be satisfied by the
addition of high boiling glycols which evaporate slowly from the surface and allow the
latex particles to merge in the film.

13.8. PROTECTIVE COATINGS

The protective nature of coatings with regard to the corrosion of steel is best
illustrated by the reduced transport of water and oxygen to the steel coating interface.
We have shown in Chapter 10 that the overall corrosion reaction is

2Fe + 3H,0 + 1.50, - 2Fe(OH), (13.10)
or for an intermediate step

Fe + H,O + 1/20, - Fe(OH), (1310
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TABLE 13.3
The Permeability of Coating Films to Water Vapor from
Air at 95%

Permeability H,0

Binder Pigment (mg/cm*/yr/100 um)
Asphalt — 190
Pheenolic resin — 718
Phenolic resin Al leaf powder 191
Atkyd — 825
Alkyd Al leaf powder 200
Polystyrene Lithopone 485
30% ZnS, T0% BaSO,
Linseed oil Zn 1125

When ordinary unpainted steel is exposed to an industrial atmosphere the corrosion
rate is approximately 70 mg/cm?/year. Based on Eq. (13.10), the water requirements are
34 mg/cm?/year and the oxygen needed is 30 mg/cm?/year. Thus any protective coating
must have low permeability for H,O and O, if corrosion is to be reduced.

Some permeability values for H,O and O, by various coatings are given in Tables
13.3 and 13.4 and show that some coatings are not suitable as rust inhibitors.

A Mossbauer spectroscopic study on rust formed under coated steel panels
exposed to a marine environment for 18 months showed the presence of y-Fe,O,,
«FeOOH, and yFeOOH next to the paint surface. The rust at the steel interface
consisted primarily of yFeOOH. The coatings used were:

a three coats of red mud zinc chromate alkyd-based primer and two coats of
alkyd-based olive green paint;

b two coats of zinc chromate epoxy-based primer and two coats of epoxXy grey
paint;

C two coats of red oxide zinc phosphate alkyd-based primer and two coats of
chlorinated rubber-based grey paint;

d two coats of manganese phosphate barium chromate alkyd-based primer and
two coats of vinyl-alkyd-based paint;

TABLE 13.4
Permeability of Coating Films to O, from Air

Pemeability-

Binder (mg O,/cm*/yr/100 um)
Cellulose acetate 4-9
Polystyrene 13
Poly (viny! butyral) 27
Asphalt + talc 39

Ethyl cellulose 51
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€ two coats of basic lead silica chromate alkyl-based primer and two coats of
chlorinated rubber grey paint.

In all cases there was sufficient permeability of water and oxygen to corrode the
steel resulting in a delamination of the paint film which detaches the corrosion products
from the metal surface.

13.9. SURFACE PREPARATION

The inhibition of rusting can be achieved by passivating the iron. This can be
accomplished by including chromates, nitrites, or red lead in the paint. Proper surface
preparation is an important aspect of effective protection against corrosion.

Metal surface treatment is usually divided into 3 classes: (1) the metal surface is
not altered, (2) the metal surface is etched either chemically or mechanically, (3) metallic
salts are produced at the metal surface.

(1) Solvent degreasing and oil removal treatment of a metallic surface 1$ a common
requirement. This can be done by dipping, hand wiping, or ultrasonic degreasing. Basic
alkali solutions for surface cleaning are often used, though etching of the metal surface
will occur unless inhibitors are present in the cleaner. Removal of the alkali requires a
second rinse-wash if the last trace of a residue film of oil is to be removed.

Vapor degreasing is another form of surface cleaning which is superior to solvent
dipping because the tendency to leave an oil film on the surface is greatly reduced.

(2) Sand blasting is an effective cleaning process since it can remove a thin layer
of material which would include surface contaminants. Weathering, wire brushing, and
flame cleaning are also used to clean surfaces. The most general surface treatment is,
however, acid pickling where sulfuric acid at 1-10% by weight and at temperatures of
20-80°C is used to clean the metal by removing the oxide layers. Some etching, which
usually occurs, can aid in the adhesion of the new paint.

(3) When phosphoric acid is used for surface cleaning it can leave an inert metallic
phosphate coat on the surface which can then act as a corrosion inhibitor. Chromic
acid either by itself or with phosphoric acid will form insoluble metallic chromates
which remain on the metal surface and inhipit corrosion while binding the coat film.
This treatment is used for Al, Mg, Zn, Sn, and alloys of these metals.

The treatment of nonmetallic surfaces is generally determined by the porosity of
the material, its moisture content, and roughness. Such surfaces are often treated with
a primer or undercoat to seal the surface and act as an intermediate bond between
substrate and coating.

13.10. SPECIALIZED COATINGS

13.10.1. Formaldehyde Resins

Formaldehyde polymerizes by condensation with phenol and urea to form phenol-
and urea—formaldehyde resins which are popular and inexpensive adhesives. They are
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often used in coatings when combined with alkyds, epoxides, polyesters, or acrylic to
give strong flexible films.

Epoxy coatings are two part systems which, similar to the adhesive, polymerize by
condensation to form a thermosetting film. There are basically three types of epoxy
resins used in coatings.

{a) Epoxy novolac resins

OH | OH OH OH
+ H,CO— CH,OH — H, CH,OH (13.12)
+H,0

phenol formaldehyde novolac +

«—  CH,—CH—CH,CI
A4

O O O

RN AN RN
CH,—CH—CH,—0Q CH,—CH—CH,— O—CH,—CH,—CH,
H

0
3HCI + R CH,
(13.13)

(b) Cycloaliphatic epoxy resins where the €poXy group is part of the cyclic ring.

O

|

(¢) Acrylic epoxide resins where the epichlorhydrin is reacted with methacrylic
acid to form glycidyl methacrylate.

o) CH, CH,
RN l |
CH,—CH—,Cl + CHZ:(IZ — CH,= | + HCl
C= =0
| | (13.15)
OH O—CH,—CH——CH,

N/
0

The resin is prepared by mixing the epoxide with a diol to form the polymer. Some
triols are usually added to effect crosslinking. The curing agent used is normally an
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amine which is also a reactive hardener and each N—H group can react with the epoxy
group by

OH
N\ I
NH + CH,—CH—— N—CH,—CH— (13.16)
N /

Hence each primary amine (R—NH,) can crosslink the epoxy polymer. Silicone resins
make excellent durable coating which, except for cost, provide very satisfactory
protection in corrosive environments. However, silicone rubbers and elastomeric
coatings are highly permeable to oxygen and water, and thus the need to include
corrosion inhibitors when used on steel surfaces. Their high temperatures stability
(250°C) make them ideal for heat resistant coatings. They are nonyellowing nonchalk-
ing, and ozone and UV resistant.

Polyurethane coatings are based on the reaction of a monoglyceride with a polyol
and a diisocyanate to form a urethane oil or urethane alkyd. All the isocyanates
react, leaving no toxic groups. These resins are alkali and water resistant, and superior
to ordinary alkyds as a weather resistant coating and corrosion inhibiting surface
coating,

Though water-based paints meet most of the requirements of reducing the release
of volatile organic compounds (VOC), other recent coatings are being developed as
more restrictive measures are introduced. Three solvent-free systems based on thermo-
plastic powders applied to preheated surfaces are:

—

Dipping heated substrate into a heated fluidized bed of the plastic powders.
Electrostatic spraying.

Flame spraying of the powders which as molten particles coat the heated
substrate. This method can be applied in the field. In the first two methods the
coating must be baked on to the base metal to allow the polymer to melt,
crosslink and flow to create a uniform continuous coating.

LS 3 W9

The ability of such coatings to prevent or reduce corrosion of the metal substrate
can be evaluated by the electrochemical methods such as the electrochemical noise
method (ENM) and the electrochemical impedance spectroscopy (EIS). These methods
rely on the permeation of electrolyte (usually a mixture of NaCl and (NH,),S0,)
through the coating at elevated temperatures changing the resistance noise or decreas-
ing the impedance modulus when the T, of the coating has been exceeded. This has
been interpreted to indicate that electrolyte has penctrated the coating.

The common method of testing the durability of a paint or coating and its
effectiveness in inhibiting or reducing corrosion of the metal substrate 18 to expose
coupons or samples to an accelerated weathering conditions: that is, by exposure to
harsh climate conditions that includes intense sunlight and rain or in a weatherometer
which is an instrument that cycles these conditions rapidly and thus attempts to predict
long-term exposure effects in very short time intervals.



266 Chapter 13

13.11. FIRE RETARDANT PAINTS

Paint can have an important role to play in the control of fire. If a coating releases
a nonflammable gas or vapor it can prevent the oxygen from reaching the surface.

Effective additives include urea, ammonium phosphate, magnesium carbonate,
antimony oxide, alumina hydrate, silicates, and borates. Though brominated and
chlorinated organic compounds are fire retardants, they decompose at high tempera-
tures to produce. HBr and HCI which, as corrosive gases, can often do more harm than
good.

Another mechanism of flame retardance is the intumescent coating which forms an
expanded carbon layer at the burning surface and so reduces heat transfer to the coated
material. The additives include mixtures of paraformaldehyde, melamine, ammonium
phosphate, and chlorinated hydrocarbons. Most intumescent paints are water sensitive
and thus have limited applications.

13.12. ANTIFOULING PAINTS

The problem of finding a suitable coating for ships’ hulls is 2-fold — first, the need
to prevent corrosion of the steel; second, the need to keep the hull from fouling due to
the growth of organisms such as barnacles, mussels, tube worms, and algal spores on
the surface. The fouling results in a surface roughness which increases friction and
therefore fuel consumption. A typical 10,000 tonne cruiser after 6 months at sea in
temperate waters required almost 50% more fuel to maintain a speed of 20 knots.

Antifouling paints usually incorporate substances such as mercury or butyl tin
which are toxic to the organisms but which must slowly leach out of the coatings.
However, the prevalent use of such material has contaminated the coastal waters and
such materials are being replaced by less dangerous toxins such as Cu,Q. The rate at
which the copper is leached from the surface must be more than 10 mg Cu/cm?/day
in order to be effective. Hence, the binder pigment and other paint components must
be controlled to permit such regular release of the copper.

The best type of surface coating for a ship’s hull that will give the least resistance
for the movement of the ship through water, i.e., the fastest speed has at times been
proposed to be hydrophobic (Teflonlike surface) or hydrophillic (glasslike).

Teflon sprays are available as well as thin Teflon sheeting which have adhesive
backing so it can be laminated to a ships hull.

Hydrophillic paints have been claimed to be superior to hydrophobic surfaces for
ships hulls if speed is desired. One such coating is the following;

Paint
Hydroxyethyl methacrylate 10%
Ethyleneglycol monomethyl ether 40%
Ethanol 30%
Water 20%

Catalyst Ammonium dichromate 1.75% in water. The ratio is about 10:1 for
paint:catalyst by volume.
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If the polymer coating is slightly soluble in water then it may be able to act as g
drag reducer, reduce turbulence and so increase the speed of the boat.

The continuous development in polymers and coatings make the optimum choice
difficult for any specific application. However, adequate protection is usuaily readily
available,

EXERCISES

1. Name the constituents of a paint and lacquer.

What type of coating would you use for: (a) steel, (b) concrete, (¢) diesel exhaust
pipes?

What are the components of a water-based paint?

What are the characteristic components of a fire-retardant paint?

What are the active components of an antifouling paint?

What are the characteristics of the ideal coating?

Calculate the iodine number of: () ricinoleic acid, (b) eleostearic acid, (c) licanic
acid.

A ship’s hull can be treated with a coating which can be hydrophobic or
hydrophillic. Which type would you recommend and why?

9. (a) Calculate the thickness of the corrosion layer of iron corresponding to the 70
mg/cm?/year. (b) Calculate the O, and H,O requirements for iron rusting
according to Eq. (13.11).

10. A white pigment is needed for a coating. Explain why TiO, is a good choice.
11. What precoating surface treatment would you consider for (2) a nonmetal surface,
(b) a metallic surface?
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Explosives

14.1. INTRODUCTION

The first recorded account of an explosive was the description of a crude form of
gunpowder by Cheng Yin in China about 850, He cautioned about the dangers of
burning the experimenter and the house. These warnings still apply today. The first
European to refer to gunpowder was Roger Bacon who concealed the formula in a code
which was not revealed for another century. By 1346 gunpowder (or black powder) was
used to fire a cannon in battle. In the 17th century it was used in mines as a blasting
agent. The reaction still used today is

4KNO, + 28 + 7C - K,CO, + K,S, + 2N, + 3CO, + 3CO (14.1)

During the Napoleonic wars, England produced over 20,000 barrels of gunpowder
a year with each barrel weighing 100 1b. The modern era of explosives began in 1846
when Soburo discovered nitroglycerine.

An explosive substance is one which undergoes a very rapid chemical reaction that
is- highly exothermic and which is accompanied by high pressures at the reaction site
and the evolution of a large quantity of gaseous products. When noise is also produced
due to a shock wave, the process is called a detonation and the substance is called a
high explosive. The distinguishing characteristics of an explosive relative to fuels and
propellants is given in Table 14.1, where it can be seen that the heat of reaction is not
important. The most significant property of an explosive is its high rate of reaction, or
the power generated, and the pressure produced. When the linear speed of reaction of
a substance (the propagation of the flame front) is in the range of meters/sec the
substance is classed as a low explosive and the process is called a deflagration.

Explosives are further divided into primary and secondary explosives. Primary
explosives are detonated by heat, spark, flame, or mechanical mmpact, whereas second-
ary explosives can only be detonated by an externally applied shock wave such as
commonly produced by a primary explosive.

Secondary explosives when ignited by a flame will normally burn without
detonating. However, even low explosives can be made to detonate under suitable
conditions depending on the material.

269
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TABLE 14.1
The Distinguishing Characteristics of Burning Fuel, Propellants, and Explosives
Property Burning fuel Propellant Explosive
Typical material Coal, oil, gas Hydrazine TNT
Linear reaction rate (m/s) 10-¢ 1072 10°
112 (sec) 10°1 1073 10-¢

Factors controlling
reaction rate

Heat transfer

Heat transfer

Shock transfer

Energy output (J/g) 10* 103 10°
Power output (W/cm?) 10 10? 10°
Common initiation mode Heat Hot gases and High temp. and high
particulate pressure shock
waves
Pressure developed (atm) 1-10 10-1000 104-10°

14.2. PRIMARY EXPLOSIVES

Some selected primary explosives and their properties are given in Table 14.2. Most
of these initiators are toxic as well as unstable. They are usually combined with other
initiators or other substances such as KClO;, KNO;, Ba(NO,),, PbO,, and $b,S,.

The azides are usually unstable and are formed by the reaction of hydrazoic acid
(HN,) with the metal oxide. Sodium azide (NaN,) is used to explosively fill air bags in
car crashes. Silver azide (AgN,) is more expensive than the lead azide, Pb(N,),, which
1s the common detonator. Care must be taken during its production since large crystals
readily explode. Contact with copper must be avoided since copper azide (CuN,) is
extremely sensitive. The high thermal stability of Pb(N,), makes it suitable for long
term storage.

The amounts of primary initiator needed to detonate a secondary explosive varies
from 10 to 400 mg and depends on both components. The major requirements of a
good initiator are that it must be sufficiently stable for safe manufacturing, compatible
with metal casing, easily loaded into detonators, and not too expensive. Its storage
under adverse conditions must not alter its properties or stability.

The 1nitiators are sensitive to friction and shock (blow). The percussion sensitivity
is measured by the drop hammer method where a 2 kg steel ball is dropped from
increasing heights until detonation occurs. The amount of electrical energy needed to
initiate the detonation depends on the initiator.

Diazodinitrophenol, though sensitive to impact, is not as sensitive to friction or
electrostatic energy but somewhat less stable to heat than lead azide.

Lead styphnate (C;HN,OgPb) or lead trinitroresorcinate is very sensitive to
electrostatic discharge and often used to sensitize lead azide,

Tetrazene (C,HgN, ,0) is readily decomposed in boiling water and is usually used
as an ignition agent for lead azide. It is very sensitive to percussion and friction.

Mercury fulminate (Hg(ONC),) was the first initiating explosive which has found
extensive use. However, in comparison with other primary explosives, it is relatively
weak and does not store well under adverse conditions, and hence is not used much at
present.
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TABLE 14.2
Some Primary Explosives and Their Properties

Mercury Lead Silver Lead Diazodinitro-
fultninate azide azide styphnate Tetrazene® phenoi
Formula Hg(ONC), Pb(N,), AgN, CH(NO;);  O,PbH,0 C,H,N,O,
Formula wt 285 291 150 468 188 210
(g/mol)
Density (g/mL) 4.43 4.71 5.1 3.08 1.7 1.63
Color Grey White White Tan Yellow Yellow
Melting point (°C) 100 exp. Dec. 252 206 Dec. 150410 exp.
explodes
Ignition temp. (°C) 215 330 300 280 130 170
Minimum value for
igniting TNT (mg) 360 90 70
Heat of formation —-0.941 —1.48 ~207 183 1.13 ~1.59
(kJ/g}
Heat of explosion 1.78 1.53 1.90 1.91 2.75 343
(kJ/g) to (H,0)g
Specific gas volume 316 310 368 1190 865
ml (STP)/g
Activation energy 30 170 150 260 230
(kJ/g)
Detonation 4.5 4.5 6.8 50 6.9
Velocity (km/s) at 33 38 5.1 2.7 1.6
density {g/mL) .
Sensitivity to impact 0.18 041 0.15 5 16
(kgm)
Sensitivity to friction 043 0.12 0.08
(kgf)
Drop hammer, 2 kg 4 10 35
height (cm)
Sensitivity to static .07 0.01 0.007 0001 0.036 0.25

electricval energy max,
for non-ignition (J)

'D‘—”\\ 1™

/ C—N=N—NH—NH-C=NH- H,0

N—N

N

H

14.3. SECONDARY EXPLOSIVES

_ The substances which have high detonation velocities but are relatively insensitive
to shock can act as secondary explosives. Some common secondary explosions are listed
in Table 14.3. There are about 120 different chemical compounds which have been used
or can be used as explosives. Many are too unstable to be used industrially or for
military applications. A practical explosive is one that is not too difficult to produce on
a large scale, stable when stored under various conditions of temperature, humidity and
vibrations, and is not too expensive,
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Explosives are generally characterized by five features: (1) chemical stability, (2)
sensitivity to ignition, (3) sensitivity to detonation, (4) velocity of detonation. (5)
explosive strength. These characteristics can have quantitative values with statistical
variations which must meet stringent requirements, especially for military use. How-
ever, the occurrence of an unexpected explosion or dud may be statistically predictabic
when thousands or millions of events have been tried. Perfect reliability is something
which can seldom be achieved.

14.3.1. Chemical Stability

The chemical stability of an explosive is determined by its ability to maintain its
reactive characteristics and to remain chemically unchanged while stored or aged under
specific conditions.

Thus, extreme temperatures of —30°C or +45°C often encountered during
military operations can destabilize the materials of an explosive. Chemical instability
may thus be due to the nonexplosive degradation or decomposition of the explosive
substance with the result that the reliability and strength is decreased.

14.3.2. Sensitivity to Ignition

Explosive solids can be detonated by heat, mechanical impact, friction, or electrical
spark or discharge. The sensitivity of an explosive is the effect of the stimulus on its
spontaneous detonation.

(a) The thermal stability is determined by immersing a 5§ mg sample in a thin
walled metal container in a heated bath. The temperature, ranging from 100 to 300°C,
at which the sample detonates after S sec, is the ignition temperature. The thermal
stability is also determined by increasing the temperature of the sample by 5°C/min
until detonation occurs.

(b) Sensitivity to percussion and impact is illustrated by the percussion cap in
ammunition and the impact fuses in bombs and shells. The test involves a given mass
of steel which is dropped from increasing heights onto a given mass of sample of
particle size <1 mm and spread over a given area. The height from which the sample
detonates 50% of the time is an indication of the hazards involved in handling the
explosive.

(c) The frictional force (kg f) required to detonate the sample 50% of the time is
determined by the shding torpedo test, or the pendulum scoring test. This value
determines the ease of handling the material and precautions which must be taken.

(d) The sensitivity of an explosive to a spark or electric discharge is determined by
the minimum energy required to detonate the sample. The electrostatic charge on
clothing has often accidentally detonated explosives while being handled. Nonsparking
tools (some made of beryllium-copper alloys) are normally used in factories where
explosives are handled. The maximum static energy which will nof detonate &
secondary explosive is usually much higher than for a primary explosive.
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14.3.3. Sensitivity to Detonation

The sensitivity to detonation of an explosive is determined by the ease with which
the explosive can be ignited by the primary detonation or another explosive in the
vicinity which generates a shock wave. A maximum gap between the initiated detonator
and the test explosive determines the sensitivity of the explosive to detonation. This gap
test is an important characteristic which is usually determined relative to trinitrotoluene
(TNT).

14.3.4. Velocity of Detonation

The velocity of detonation (VOD) of an explosive is the rate at which the
detonation wave passes through the explosive. The greater the VOD the larger is the
power of the explosive. The VOD is determined by several methods; an optical,
electrical, and a comparative method.

In the optical method, a high speed streak camera is used to follow the flame front
at about 10 million frames/sec, with exposures of as little as 0.01 usec.

In the electrical method, a resistance element is embedded along the explosive axis,
and as the detonation proceeds the resistance changes and can be followed as a function
of time on an oscilloscope.

A comparative method uses a standard detonating fuse with known VOD. A fixed
known length of the standard fuse is placed in a parallel loop with the test explosive.
The two ends of the standard fuse are in contact with the test explosive and when
detonated will ignite both standard and test explosive. The larger path of the standard
fuse means that the start and end parts both ignite, causing the two flame fronts to meet
at a point which is identified by an indentation on a lead plate adjacent to the standard
fuse. The VOD of the sample can be calculated from the distances and the VOD of the
standard explosive (see Exercise 14.10).

14.3.5. Explosive Strength

The strength of an explosive is its most important characteristic and is a measure
of the conversion of its exothermic energy of combustion into mechanical disruption or
power. The strength is usually determined on the basis of unit weight but the more
practical basis is in terms of unit volume. Weight strength of an explosive is readily
determined by comparison with a standard explosive such as Blasting Gelatine which
is classified at 100%. For comparison, dynamite with 40% nitroglycerine has a weight
strength of 40. The shattering power or brisance (B) of a explosive is usually compared
with TNT which is set at 100. The strength values of some explosives are listed in Table
14.4. Most of the explosives are about the same strength as TNT. The B is difficult to
determine experimentally and a proposed calculated value is

B = d(VOD)? (14.2)

where d is the density. Other expressions used to calculate B include a force factor, but
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TABLE 14.4
Properties of Some Common Explosives

Oxygen
Mol wt. Blasting balance
Explosive Formula {g/mol) strength g/atom/kg
Trinitrophenol CesH;N,0, 2291 106 —284
Trinitrotoluene C,H;N,O, 2271 100 —46.2
Tetry! C,H N0, 287.2 126 —296
RDX (hexogene) C,HgN,O, 2221 150 —13.5
PETN C;HgN,O,, 316.2 146 —6.3
Nitroglycerine C3,HN,0, 227.1 140 +2.2
Ammonium nitrate NH,NO, 80.1 +12.5

experimental values are still the most reliable. The experiment called the sand-bomb test
consists of 80 g of Ottawa sand — 20 + 30 mesh placed in a heavy walled cylinder onto
which is placed 0.400 g of the test explosive. An additional 120 g of sand is placed on
top and the explosive is detonated. The mass of sand that passes through the + 30 mesh
screen after the detonation is the B,

14.4. OXYGEN BALANCE

The detonation of an explosive is an oxidation reaction in which it may be
assumed that all the carbon forms CO,, all the hydrogen forms H,0, and all the
nitrogen forms N,. On this basis an explosive with the composition C.H,O,N_ will
have an oxygen balance (OB) of

OB =z—2x —y2 {14.3)

A positive value indicates a surplus of oxygen within the explosive whereas a negative
value indicates that OXygen must be supplied, usually from the surrounding air. The
values are expressed in terms of moles of oxygen (O) per kg of explosive. Explosives
are often blended to give an oxygen balance of zero or slightly positive value. Hence.
Table 14.3 shows an amatol 80/20 with 4:1 NH,NO,.TNT which would give an OB of
—46.2 + (4 x 12.5) or a total value of + 3.8, The detonation of mixture of explosives is,
however, not only dependent on the OB but also on the combustion reactions as well
as other physical properties.

14.5. MODERN EXPLOSIVES

The secondary explosives listed in Tables 14.3 and 14.4 represent the more
common compounds. Some comments on a few of these will illustrate their reiativ.:
characteristics.
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14.5.1. Nitroglycerine

NO, NO, NO,
| | l
O O O
| | |
CH,—CH—CH,

This colorless oily liquid has a density of about 1.6 g/mL, a freezing point of
13.2°C, and decomposes before it boils at 1 atm. It is slightly soluble in water but much
more soluble in acetone, ether, benzene, and chloroform. It is very sensitive to shock,
especially when the liquid contains air bubbles. It is made by reacting glycerol with a
mixture of HNO, and H,SO, at —20°C.

When nitroglycerine is adsorbed onto kieselguhr (25% diatomaceous earth, Si0,)
a plastic cheesy mass is formed. Present stabilizers use combustible material such as
sawdust, flour, starch, or cereal products. When mixed with about 8% collodion cotton,
it forms blasting gelatin. Plasticizers such as ethyleneglycol dinitrate, (CH,ONO,), are
added to reduce the freezing point of the dynamite and to increase its OB.

14.5.2. Trinitrotoluene (TNT)
CH,

NO;

Trinitrotoluene is easily made by the reaction of HNO, and H,SO, with toluene.
The order in which the reagents are mixed influences the output and safety of the
process. It is thermally stable for over 40 h at 150°C and can be stored for 20 years at
ambient temperatures. It is insensitive to shock and friction. It is slightly toxic at
concentrations greater than 1.5 mg/m?>. Its use is extensive in the military as bombs,
grenades, shells, torpedoes, and depth charges.

14.5.3. Tetryl

NO;

Terryl, also called tetranitromethylaniline, has a melting point of about 130°C with
some decomposition. It is nonhygroscopic and practically insoluble in water but highly
soluble in acetone and benzene. It can be stored for over 20 years at ambient
temperatures with no noticeable change in properties.
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Tetryl is prepared by the nitration of dimethyl aniline followed by the oxidation
of one of the n-methyl groups to CO, and more nitration.

Tetryl is used as a booster where it is mixed with TNT (called Tetrytol) and some
graphite to help pressing the mixture.

14.5.4. Ammonium Nitrate, NH,NO,

Ammonium nitrate is easily made by reacting nitric acid with ammonium hydroxide
HNO, + NH,OH - NH_NO, + H,O (14.4)

The reaction is exothermic and can be carried out in a borehole prior to its detonation.
The thermal decomposition of NH,NO; yields nitrous oxide, N,O.

°C
NH,NO,; -2, N,O + 2H,0 (145)

The ignition temperature of NH,NQ, is about 465°C with heat of combustion of 2.62
kJ/g, an oxygen balance of + 12.5 g/atom/kg. It is difficult to detonate, but accidental
explosions of stored tonnes of the material on land or in ships have caused thousands
of deaths and injuries during the