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FOREWORD 
The ACS S Y M P O S I U M SERIES was founded in 1974 to provide 
a medium for publishing symposia quickly in book form. The 
format of the Series parallels that of the continuing ADVANCES 
I N C H E M I S T R Y SERIES except that in order to save time the 
papers are not typeset but are reproduced as they are sub
mitted by the authors in camera-ready form. Papers are re
viewed under the supervision of the Editors with the assistance 
of the Series Advisory Board and are selected to maintain the 
integrity of the symposia; however, verbatim reproductions of 
previously published papers are not accepted. Both reviews 
and reports of research are acceptable since symposia may 
embrace both types of presentation. 
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PREFACE 

l i e main purpose of the Chemistry for Energy Symposium was to 
identify where advances in chemical knowledge and understanding are 

required for the development and diversification of energy sources. The 
contributors were invited to review the chemistry and chemical engi
neering aspects of various sectors of energy production from Canadian 
sources and to indicate important areas for research and development. 
W i th a view to encouraging participation by University chemists and 
engineers in energy research and development, authors were asked to 
select areas where expansion of fundamental chemical knowledge and 
basic chemical data are needed. 

The symposium was divided into three sectors: fossil fuels; perpetual 
and renewable sources; and electricity production and storage. This 
publication contains a selection of papers that were presented at the 
symposium. 

The symposium provided ample evidence that, while Canada is very 
well endowed with energy resources of various kinds, it w i l l require much 
effort by chemists and others to make them available in useful form and 
at moderate price. Even with the best possible efforts and stringent 
conservation measures, we are unlikely to avoid shortages and importa
tion of large amounts of oi l in the 1980s. Forms of energy and energy 
conversions which are not economic at present then may begin to com
pete effectively. 

Energy is distributed in several quite distinct and not readily inter
changeable forms. Electricity can perform work with near 100% effi
ciency ( it is essentially pure Gibbs free energy ) but cannot be efficiently 
and economically stored. Fue l oil is a very compact and convenient 
energy store which is readily released as heat (enthalpy) that can be 
only partly converted to work, where so required, in some form of heat 
engine. Fuel gas has some characteristics of both. Thus l iquid fuel and 
electricity have complementary functions and both are required. The 
distinction was occasionally overlooked by some speakers. The coming 
energy crisis is a deficit of l iquid fuel. Supplies of cheap electricity can 
be maintained but can only be substituted for l iquid fuel to a limited 
extent. 

Chemistry research can help a great deal to minimize the deficit in 
energy supplies and the rise in energy costs and to facilitate and shift 
to new sources. There are three main branches of energy technology: 

ix 
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energy collection and concentration, conversion and storage, and applica
tion and waste-product control. The R&D emphasis is concentrated in 
the first two areas for novel energy sources and in the latter two for 
established energy sources. Fluidification is a dominant theme—the con
version of various raw energy sources, new or old, to l iquid fuels. 

Some papers are quite explicit as to the new chemical knowledge 
required for progress; in others, the requirements are implicit. Many of 
the chemical topics are specific to particular energy sources and to par
ticular aspects of the technology. However, certain common threads and 
general requirements can be perceived, which are noted below, followed 
by brief discussion of some of the more specific aspects from the respec
tive sectors of the symposium. 

Surface and interface chemistry is the key to progress in many areas 
of energy technology. Recovery of oil from the Alberta tar sands involves 
separating oil-water—sand with an interfacial area of approximately 
1 m 2/g. Furthermore, several authors noted the major wastes problem of 
separating and stabilizing the solids from the residual sludge. Adhesion 
of fly ash to superheater tubes, which reduces the efficiency of coal use, is 
a problem in surface-charge phenomena. Coal can be used to extend fuel 
oil supplies directly if dispersions of coal in oil can be stabilized suffi
ciently. Conversely, knowledge of destabilization of carbonaceous col
loids could lead to improvements in the dewatering of peat so that it may 
be used more readily as an energy source. Other aspects of surface 
chemistry come into the improvement of catalysts for the liquefaction or 
gasification of coal. Improved knowledge of various electrode interfacial 
processes is important in the development of better batteries and fuel 
cells. A specific example is the need for improved electrocatalysis to lower 
the overpotential for oxygen reduction. Another form of surface chemis
try, the science of membranes, cellular and synthetic, is likely to be 
important in developing methods for trapping solar energy in chemical-
stored form. Knowledge of the adsorption of dissolved radionuclides on 
rock can be used to provide extra assurance of retention underground of 
the wastes from the use of nuclear energy. 

Improved knowledge of chemistry at elevated temperatures is a 
general requirement since al l energy use and transformation processs 
involve temperatures higher than normal. Requirements include thermo-
chemical and kinetic data at the temperatures of combustion and con
version reactions of fossil fuels and at the more moderate temperatures 
of hot aqueous solutions. Improvements in theoretical models or empiri
cal methods are required to allow more accurate extrapolation of knowl
edge and data from ordinary temperatures. 

Many aspects of sulfur chemistry are of concern if we are to reverse 
the apparent trend to increasingly acid rain while continuing to use al l 

χ 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
pr

00
1

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



forms of fossil fuel whatever their sulfur content—35% H 2 S in some sour 
gas wells. Perhaps even more important than sulfur recovery and control 
of emissions is to find constructive uses or innocuous methods of disposal 
and to determine the long-term effects of the sulfur which is prevented 
from immediate dispersal in the atmosphere—currently in excess of 
25,000 tonnes per day accumulating on the ground in Alberta. 

Improved knowledge of the structure and transformations of certain 
solids is desired. Notably coal, it was said, is still very imperfectly under
stood, despite its long use as an energy source. Improvements here would 
aid development of processes for conversion to l iquid fuels and for re
covery of solid residues in a form suitable for metallurgical coke. For 
new ways to tap energy sources, development of solids with high photo
electric conversion efficiency for sunlight could provide a major break
through. In relation to nuclear energy, knowledge of the solid-state 
transformations of glass and other solids is being developed to ensure 
that nuclear wastes are well locked into appropriate solids until they are 
no longer hazardous. 

Advances in knowledge of the chemistry of fermentation processes 
w i l l aid the exploitation of biomass energy, e.g. a more concentrated 
fermentation process for the production of sugar from cellulose is re
quired if alcohol from Canada's very extensive forests is to compete with 
other sources of l iquid fuel. 

Fossil Fuels 

The fossil fuel program was highlighted by five invited papers deal
ing with coal conversion, oil sands, desulfurization, peat, and the federal 
government's R&D program. In total, there were a dozen papers pertain
ing to Canada's fossil fuel resources, coal (four papers) and oil sands 
(three papers) receiving the greatest attention. Seven of these papers 
appear in this volume. 

N . Berkowitz (Alberta Research Council) provided a stimulating 
account of the potential of coal in Canada's energy future. Coal can 
be used directly as an industrial fuel or be converted to other combus
tible hydrocarbons. Berkowitz described the three different conversion 
techniques: gasification, liquefaction, and partial conversion techniques 
to produce gases, oils, and solid fuels. 

M . Greenfeld described unique laboratory experiments designed to 
stimulate and understand the complex chemistry of in-situ coal gasification. 
Developed at the Alberta Research Council, the gasification simulator was 
heavily instrumented with calorimeters and gas chromatographs to deter
mine the enthalpy, composition, and kinetics of formation of the product 
gases. Computer techniques were used to calculate mass and heat balances 
and to test kinetic models. 

xi 
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Κ. Belinko, M . Ternan, and Β. N . Nandi of the Canada Centre for 
Minerals and Energy Technology ( C A N M E T ) discussed the formation 
of mesophases during the liquefaction of noncoking coals. R. D. Hum
phreys (Alberta O i l Sands Technology and Research Authority) focussed 
on the huge energy potential of Alberta's Athabasca, Wabasca, Co ld 
Lake, and Peace River oil-sands deposits. A staggering 2.5 trillion barrels 
are locked in these deposits of sand and underlying carbonate rock. About 
5% of the Athabasca deposit can be extracted by mining while 30% or 
more is recoverable by in-situ technology. Wi th a $150 mill ion budget 
and by collaborative action with industry and university, AOSTRA's goals 
are to help improve surface extraction technology and land rehabilitation, 
to increase the efficiency of in-situ recovery, and to develop efficient 
processes to convert the oil sands into higher-value materials ( petroleum 
and minerals ). Humphreys described the licensing arrangements for joint 
AOSTRA-industry ventures and the depth of interaction with university 
where some 30 projects are now being funded. 

A paper contributed by J . E . Desnoyers, R. Beaudoin, G. Roux, and 
G. Perron described the use of microemulsions as a possible tool for the 
extraction of oil from tar sands. Using a technique called flow microcalo-
rimetry recently developed at the University of Sherbrooke, these research
ers studied the structure and stability of organic microphases in aqueous 
media. These microphases can be stabilized by surfactants and can 
dissolve large quantities of oil. In a similar vein, D. F. Gerson, J . E . Zajic, 
and M . D. Ouchi (University of Western Ontario) described the 
extraction of bitumen from Athabasca tar sands by a combined solvent— 
aqueous-surfactant system. 

Desulfurization of fossil fuels was the subject of an authoritative 
review by J . B. Hyne (Alberta Sulphur Research Institute). This is 
a topic of increasing importance as Canada relies more and more on 
sulfur-containing fuels such as tar sands and heavy oils. Hyne reviewed 
the present state of the chemistry and technology for both precombustion 
desulfurization of natural gas and crude oils and postcombustion tail-
gas clean up of coals and cokes. He clearly identified areas of possible 
future research such as the high temperature-high pressure chemistry 
pertaining to in-situ desulfurization processes. 

Perpetual and Renewable Sources 

BIOMASS. The potential of biomass to contribute to Canada's energy 
needs was discussed in papers by C. R. Phillips, D. L . Granatstein and 
M . A. Wheatley ( University of Toronto ), R. Overend ( Canada Depart
ment of Energy, Mines, and Resources ), and M . Wayman, J . Lora, and 
E . Gulbinas ( University of Toronto ). The most energy-efficient and least 
costly use of biomass is the direct burning of wood, followed by gasifica-

xii 
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tion and liquefaction, respectively. It was estimated that 2—3% of On
tario's liquid-fuel consumption could be replaced by wood liquefaction 
based on 500,000 hectares of available forest. The potential would in
crease to 8-10% if 1.5 Χ 106 hectares were available. C. R. Phillips, 
D. L. Granatstein, and M . A. Wheatley recommended an energy program 
having the following order of priority: crude-oil exploration, oil sands, 
possibly coal liquefaction, then wood liquefaction. The need for more 
R&D in the wood liquefaction areas was stressed since Canada has an 
abundant supply of wood. 

The use of anaerobic bacterial systems for conversion of animal 
manure into methane gas was discussed by H . M . Lapp (University of 
Manitoba) who described operating characteristics and factors affecting 
anaerobic digestion plants. M . Wayman and M . Whiteley (University of 
Toronto ) reported on the interaction of photosynthetic and sulfate reduc
ing bacteria in a membrane-separated anaerobic culture. This autotrophic 
microbial system is capable of producing a high protein biomass in one 
fermenter, while the other produces a high energy biomass. 

SOLAR. J . Bolton ( University of Western Ontario ) discussed thermo
dynamic and kinetic limits on photochemical conversion and storage of 
solar energy. He stated that 25-28% efficiency should be attainable for 
conversion of solar energy to electricity. Some guidelines and objectives 
were given for research to foster development of workable fuel and elec
trical-generation systems using solar energy. B. L. Funt, M . Leban, and 
A. Sherwood (Simon Fraser University) have constructed a 100-cm2 

CdSe photoelectrochemical cell which uses a large part of the sun's 
energy spectrum. They assessed factors relevant to the scaling up of their 
cells, with the objective of attaining 1% conversion efficiency in a large 
converter. F. R. Smith (Memorial University) stressed that if photo-
electrolysis of aqueous solutions is to become an economical process for 
hydrogen and oxygen production, it w i l l be necessary to develop semi
conductor anodes having band gaps matched to the solar spectrum. 

Electricity Production and Storage 

The final session of the Conference was devoted to discussion of the 
main methods of producing and storing electrical energy (batteries and 
fuel cells ) and to a discussion of some of the chemical problems encoun
tered during nuclear generation of electricity. 

E . J . Casey (Defense Research Establishment, Ottawa) reviewed 
the selection of anodes and electrolytes for high-energy density storage 
batteries. The present state of development of batteries by using light 
metal anodes in nonaqueous, molten salt and solid electrolytes was re
viewed, and suggestions were made on the feasibility of novel systems. 

xiii 
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Another prospect for efficient energy conversion is the fuel cell. The 
different types of fuel cells presently under study or development were 
reviewed by G. Bélanger of Hydro-Québec, who concluded that com
mercial availability of such units is now in sight. However, the need to 
develop cheap, efficient electrocatalysts for oxygen reduction remains. 

The next presentations discussed chemical problems encountered in 
the nuclear power industry. S. R. Hatcher (Atomic Energy of Canada 
Ltd. , Pinawa) gave a general review covering the chemistry of estab
lished and novel nuclear fuels, heavy-water production, and reactor 
operation. 

M . Tomlinson (Atomic Energy of Canada Ltd. , Pinawa) described 
how advances in chemical knowledge can help to assure long-term con
tainment of nuclear wastes in underground formations. 

In conclusion, the conference indicated the diverse nature of the 
chemical research and development which is required in order to benefit 
from Canada's abundant energy sources. 

Chemical Institute of Canada 
Manitoba Section 

September 25, 1978 

M . T O M L I N S O N , 

T. E . R U M M E R Y , 

D. F. TORGERSON, 
A. G. WIKJORD 
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Fluid Fuels—The Chemists' Problem 

P E T E R J. D Y N E 

Department of Energy, Mines and Resources, Ottawa, Ontario 

Firstly, consider some generalities of the energy problem. 
These break into three separate parts: the need to restrict or 
control the increase in energy consumption, the need to provide 
energy in new forms as a substitute for fluid fuels and the 
extent to which other energy sources can provide this replacement. 

These three aspects are summarised in Figures 1, 2, & 3. 
Without getting into an argument of how much energy consumption 
can be controlled or reduced, the diagrams indicate the need for 
large new sources of energy over the next fifty years, even if 
energy consumption were to be significantly reduced. 

These diagrams imply by the choice of a single energy axis 
that all forms of energy are equivalent where, in practice, they 
are not. When we supply energy in different forms in our national 
energy system we have to have new or modified devices to use that 
energy. 

For example: - solar heat means houses with new designs 
and new structures; 

- methanol as an automobile fuel means different 
engines and a new fuel distribution system; 

- electricity for the transportation sector 
means electric cars and presumably develop
ment of batteries. 

A l l our equipment requiring energy w i l l have to be optimized for 
a new economic environment where energy or fuel, is not cheap. 
Sharply increased fuel costs w i l l provide the incentive for more 
efficient energy using devices which, themselves may be more 
expensive in terms of capital than today's equipment. In the 
future then we have to pay as much attention to the energy using 
technologies as on the energy supply technologies. 

There appear to be a number of ways in which this energy 
system can be rebuilt. Energy is not an end in i tself . We are 
supplying energy for another more general purpose, - to provide 
society with the necessities and the luxuries of life. The way 
in which we use energy is determined in part by the sort of social 
and economic system we want and of course, the other way about; 

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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CHEMISTRY FOR ENERGY 

NATIONAL 
ENERGY 
CONSUMPTION 

Î 
CONSERVATION 

# THRIFT 
4Γ EFFICIENCY 

φφ I CURRENT 

JTREND 

TARGET 

Figure 1. Schematic showing the effect of energy conservation in reaching an 
arbitrary "target" for consumption 

TODAY'S HYDRO • COAL 

Figure 2. Schematic showing the need to develop "new" energy sources to meet 
the "target" energy consumption 

Figure 3. Schematic illustrating the theme of the talk. How big can the various 
supply sectors be and how do they mesh together to provide energy in the re

quired form? 
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1. DYNE Fluid Fuels—The Chemists' Problem 5 

how energy systems molded our s o c i a l and economic systems. 
We would l i k e to have cheap energy, o r , a t l e a s t , energy as 

i n e x p e n s i v e as p o s s i b l e ; we would l i k e secure energy s u p p l i e s 
( i n the p o l i t i c a l sense) and we want to have s u p p l y systems w i t h 
minimum e n v i r o n m e n t a l e f f e c t s . U n f o r t u n a t e l y , i t i s o f t e n 
d i f f i c u l t t o get a l l t h r e e a t the same time. For many c o u n t r i e s , 
the cheapest s u p p l i e s a r e f o r some time l i k e l y to be imported o i l , 
these a r e not however, n e c e s s a r i l y s e c u r e . The use of c o a l may 
be p o l i t i c a l l y s e c u r e and r e l a t i v e l y i n e x p e n s i v e but not e n v i r o n 
m e n t a l l y s a n i t a r y . S y n t h e t i c f u e l s based on c o a l may pose e n v i r 
onmental problems because of the l a r g e amounts of c o a l t o be 
mined and p r o c e s s e d , and may n o t be cheap e i t h e r . E l e c t r i c i t y , 
because i t can be generated i n a v a r i e t y of ways and i n many 
p l a c e s responds w e l l to s e c u r i t y of s u p p l y . E n v i r o n m e n t a l e f f e c t s 
a t the p o i n t of end use a r e m i n i m a l . 

E l e c t r i c i t y and the e x t e n t to which we b u i l d e l e c t r i c a l 
energy economics i s one of the c e n t r a l q u e s t i o n s i n p l a n n i n g our 
energy f u t u r e . I f you l o o k a t the ways i n which we use energy, 
you f i n d t h a t almost a l l o f them can o r c o u l d be done v i a 
e l e c t r i c i t y . I n a c o n c e p t u a l sense, one can imagine hydrogen 
f u e l e d a e r o p l a n e s , the hydrogen b e i n g d e r i v e d from the 
e l e c t r o l y s i s of water. I t i s i n t e r e s t i n g t o note t h a t almost 
a l l of the f u t u r e and f u t u r i s t i c energy s o u r c e s , f i s s i o n o r 
f u s i o n energy, p h o t o v o l t a i c s , ocean ther m a l g r a d i e n t s , wave power, 
end up by p r o d u c i n g e l e c t r i c i t y . One can argue then t h a t we w i l l 
have to b u i l d e l e c t r i f i e d energy economies. 

One d i f f i c u l t y w i t h e l e c t r i c i t y i s t h a t , i t cannot be s t o r e d 
c h e a p l y . I t has t o be made when i t ' s used. E l e c t r o c h e m i c a l 
s t o r a g e , w h i l e v e r y u s e f u l i n d e e d , i s e x p e n s i v e . A l e a d a c i d 
b a t t e r y c o s t i n g $45 s t o r e s l e s s than 5 c e n t s worth of e l e c t r i c i t y ! 
S torage as c h e m i c a l energy i s , by c o n t r a s t , e x t r a o r d i n a r i l y 
c o n v e n i e n t . Here 1 kWh t h e r m a l , as p e t r o l e u m a t $ l / g a l l o n , 
c o s t s 1.2 cents/kWh(th); energy s t o r a g e b e i n g thrown i n f r e e . 

T h i s l i t t l e i l l u s t r a t i o n b r i n g s us t o the key r o l e t h a t 
c h e m i s t s and c h e m i c a l e n g i n e e r s have. However much e l e c t r i c i t y 
we may use t h e r e w i l l be a g r e a t need f o r f l u i d f u e l s . Chemical 
energy s t o r a g e i s the b e s t t h i n g we have. W i t h the f o s s i l f u e l s 
we get the energy and the s t o r a g e t o g e t h e r , a t b a r g a i n p r i c e s . 
However, once we s t a r t t a l k i n g about s y n t h e t i c c h e m i c a l f u e l s 
we have t o : -

1) S y n t h e s i s e m a t e r i a l s on a v e r y l a r g e s c a l e ; 
2) Supply the energy f o r the s y n t h e s i s on the same l a r g e 

s c a l e ; 
3) Do t h i s i n a s a n i t a r y f a s h i o n ; and 
4) Do a l l t h i s " c h e a p l y " . 
The f o u r t h i t e m i s the c a t c h : i n a g e n e r a l sense we p r o b a b l y 

know how t o do the f i r s t t h r e e . The c e n t r a l problem i s one of 
c o s t or p r i c e . 

We have b u i l t an energy machine which was designed t o produce 
as i f energy was f r e e (energy even a t today's p r i c e s i s s t i l l 
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6 CHEMISTRY FOR ENERGY 

e x t r e m e l y cheap). W h i l e we have become accustomed to s i g n i f i c a n t 
i n c r e a s e s i n energy c o s t s we s t i l l have t o f a c e the s i t u a t i o n 
t h a t they w i l l be s i g n i f i c a n t l y h i g h e r i n the f u t u r e . W h i l e we 
may contemplate an i n c r e a s e i n energy c o s t by a f a c t o r of say, 
two or t h r e e , w i t h o u t h a v i n g a major e f f e c t on the way we do 
t h i n g s , an i n c r e a s e of a f a c t o r of t e n would make a v e r y s i g n i f i 
c ant d i f f e r e n c e . 

L e t me g i v e you some numbers which i l l u s t r a t e how "cheap" we 
have to be. As a s t a n d a r d , l e t us take today's " e x p e n s i v e " 
energy; a t a r sands p l a n t c o s t i n g say two b i l l i o n d o l l a r s . T h i s 
produces 100,000 b a r r e l s / d a y . T h i s two b i l l i o n c a p i t a l works out 
to $12.00 f o r lkWh/day. That doesn't sound v e r y much! Indeed, 
i t i s n ' t ! To put t h i s i n another c o n t e x t , I am going to use t h i s 
example to show how t h i s i d e a of c o s t p r o v i d e s a s t i m u l u s f o r 
p r a c t i c a l i d e a s . There i s today r i g h t l y a v e r y g r e a t d e a l of 
i n t e r e s t i n s t o r i n g and c o n v e r t i n g s o l a r energy. 

How much can we a f f o r d f o r s o l a r d e v i c e s ? The average s o l a r 
f l u x i s about lkWh/day/m so t h a t f o r a s o l a r c o n v e r s i o n d e v i c e 
a t 10£)% e f f i c i e n c y we would l i k e t o have something c o s t i n g , say 
$12/m o r i n the o r d e r o f $1.00/square f o o t t o be c o m p e t i t i v e 
w i t h t a r sands, e t c . I n case you don't know i t , a thermopane 
window i s l i k e l y to c o s t f i v e o r t e n times t h a t a l r e a d y ! T h i s , 
of c o u r s e , i s an u n f a i r and o v e r s i m p l i f i e d comparison: i t i g n o r e s 
a l l s o r t s of t h i n g s l i k e o p e r a t i n g and t r a n s m i s s i o n c o s t s . But 
even i f we a l l o w the s o l a r c o n v e r s i o n d e v i c e t o be t e n times as 
e x p e n s i v e (say $100/m ) t h a t would s t i l l be a cheap p i e c e o f 
hardware! 

T h i s example b r i n g s out immediately the p o t e n t i a l of n a t u r a l 
p h o t o s y n t h e t i c p r o c e s s e s . P l a n t s do t h i s p h o t o c h e m i c a l c o n v e r s i o n 
f o r a l i v i n g ! F o r them, a l l the r e s e a r c h and development on 
complex p h o t o c a t a l y t i c p r o c e s s e s has been done and they have been 
h i g h l y o p t i m i z e d ; the energy c o l l e c t o r s , the l e a v e s , a s e l f -
e v e n t i n g membrane, a r e almost f r e e ! As a consequence, f o r the 
c o n v e r s i o n of s o l a r energy to a c h e m i c a l l y s t o r e d energy, n a t u r a l 
p h o t o s y n t h e t i c p r o c e s s e s w i l l be v e r y hard to b e a t . They don't, 
of c o u r s e , g i v e us a f l u i d d i r e c t l y : we have to do something 
w i t h the c e l l u l o s e to make i t i n t o a more u s a b l e form, but t h a t 
may be a l o t e a s i e r than t r y i n g to reproduce the p h o t o s y n t h e t i c 
s t e p . 

Having s a i d t h a t I wouldn't want to d i s c o u r a g e fundamental 
work i n p h o t o c a t a l y t i c r e a c t i o n s , i t i s much too e a r l y t o a s s e s s 
the t r u e t e c h n i c a l i m p l i c a t i o n s of such work and we have l i t t l e 
i d e a of where i t can l e a d . We can o n l y say t h a t i t i s w o r k i n g 
i n the r i g h t s o r t of a r e a . 

B e s i d e s the q u e s t i o n o f c o s t t h e r e i s the q u e s t i o n of s c a l e . 
I n mass terms our p r e s e n t o i l consumption, 2 m i l l i o n b a r r e l s / d a y , 
amounts to about 300,000 tons/day. ( L i t t l e wonder t h a t , on a 
t o n / m i l e b a s i s , o i l and gas t r a n s p o r t i s the l a r g e s t s i n g l e 
commodity b e i n g moved around). When you s t a r t t a l k i n g of 
s y n t h e t i c f u e l s ( o r of s e m i s y n t h e t i c f u e l s l i k e o i l from t a r sands 
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1. DYNE Fluid Fuels—The Chemists' Problem 7 

or methanol from wood) one can see major l o g i s t i c a l problems 
i n j u s t h a n d l i n g and p r o c e s s i n g t h a t amount of ' s t u f f 1 everyday. 
One c o u l d c o nclude, t h a t s y n t h e t i c f u e l s w i l l have to be r e s 
t r i c t e d i n use t o the t r a n s p o r t a t i o n s e c t o r where they a r e 
u n i q u e l y v a l u a b l e and t h a t o t h e r energy sources have to do 
e v e r y t h i n g e l s e . 

The amount of ' s t u f f 1 to be handled l e a d s to the two main 
problems i n any l a r g e s c a l e p r o d u c t i o n of s y n t h e t i c f u e l s , f i r s t 
the s i z e and hence the c o s t of the equipment and second, the 
e n v i r o n m e n t a l problems a s s o c i a t e d w i t h the mass f l o w s . 

The s c a l e of the o p e r a t i o n i t s e l f l e a d s t o the need f o r l a r g e 
c a p i t a l i n v e s t m e n t s . Chemical r e a c t o r s and p l a n t s a r e b i g and 
hence expensive because amongst o t h e r t h i n g s the r e a c t i o n s don't 
go f a s t enough. I f the r e a c t i o n s c o u l d be speeded up then the 
s i z e of the p l a n t c o u l d be reduced. C a t a l y s t s and c a t a l y s i s a r e 
t h e r e f o r e a key a r e a of fundamental c h e m i s t r y f o r the energy 
f i e l d . 

These l a r g e mass f l o w s a r e , themselves, the source of e n v i r o n 
mental problems. To d e s c r i b e the p l a n t s i m p l y i n terms of i t s 
p r o d u c t i o n c a p a c i t y of 300,000 tons/day i s an over s i m p l i f i c a 
t i o n . I n any such p r o c e s s t h e r e w i l l be o t h e r p r o c e s s f l o w s 
which, i n some i n s t a n c e s may amount to much more than the s i m p l e 
p roduct f l o w . The amounts of t r a c e m a t e r i a l s , even a t a few 
p.p.m. i n c o n c e n t r a t i o n , which can accumulate or which may have 
to be r e l e a s e d amount, i n times of months or y e a r s , t o l a r g e 
q u a n t i t i e s . We are concerned about the p o t e n t i a l e n v i r o n m e n t a l 
e f f e c t s of these t r a c e m a t e r i a l s . I n s p i t e of t h i s c o ncern, 
however, we have l i t t l e h ard knowledge of these e f f e c t s , i n p a r t 
because we know so l i t t l e about the c h e m i s t r y of s m a l l amounts 
of t r a c e elements and compounds i n l a r g e amounts of water or a i r . 
I f we then a r e g o i n g t o come to r a t i o n a l terms w i t h the e n v i r o n 
ment, knowing what can be s a f e l y r e l e a s e d and what cannot, we 
have to know a l o t more about c h e m i s t r y or t r a c e c o n c e n t r a t i o n s . 

I n b r i e f then my keystone message f o r c h e m i s t s and c h e m i c a l 
e n g i n e e r s i n the energy b u s i n e s s : they have the key problem 
which nobody e l s e w i l l t a c k l e , making s y n t h e t i c f u e l s a t a p r i c e 
we can pay and w i t h proper u n d e r s t a n d i n g of e n v i r o n m e n t a l 
problems. 

RECEIVED September 25 ,1978 . 
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Prospects for Coal Conversion in Canada 

N . B E R K O W I T Z 

Research Council of Alberta, 11315 87th Avenue, Edmonton, Alberta, Canada T6G 2C2 

Since the late 1960s, and more especially since 1973, when 
OPEC policies reversed fossil fuel pricing patterns that had 
virtually eliminated it as a major component of the Canadian 
energy economy, coal has not only regained substantial footholds 
in industrial fuel markets, but also attracted increasingly ser
ious attention as a key resource from which, in future, more 
diverse energy demands could be met. 

The beginnings of this renaissance can be traced to the 
early 1960s, when electric ut i l i t ies in Alberta and Saskatchewan 
found it economically more advantageous to burn surface-mined 
coal in mine-mouth generating facili t ies than to fuel power 
stations in load-centres with natural gas; and by the early 
1970s, these advantages, in conjunction with developing concerns 
about future natural gas prices, proved so persuasive that 
Alberta adopted coal-firing of new base-load thermal plants as 
provincial policy. But wider appreciation of benefits from 
greater reliance on coal came only with sharply escalating oil 
and gas prices, and with the recognition that known reserves of 
oil and gas in the Western Canadian sedimentary basin wil l not 
sustain demands for oil and natural gas beyond the late 1980s. 
These factors are now tending to accelerate re-entry of coal 
into some of its former traditional Western Canadian markets, 
and beginning to remove obstacles to the use of coal where coal 
costs are very much higher than in the prairie provinces: Nova 
Scotia, where steps are now being taken to reduce dependence on 
offshore fuel oils by greater utilization of indigeous under
ground-mined coal, is a case in point. 

Even i f current (per million btu) price differentials between 
coal and gas (or oil) do not widen much further, such direct sub
stitution of coal for other hydrocarbon fuels is certain to be
come increasingly attractive - and may, indeed, prove imperative 
in the national interest. But in the long run equally important 
is that technological advances, coupled with the abundance and 
projected cost of Western Canadian coal, now make i t possible to 
contemplate large-scale conversion of coal into gaseous and/or 

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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12 CHEMISTRY FOR ENERGY 

l i q u i d hydrocarbons, and thereby augment p r o d u c t i o n from remote 
a r c t i c r e g i o n s and manufacture o f " s y n t h e t i c s " which w i l l be 
needed t o o f f s e t d i m i n i s h i n g s u p p l i e s o f c o n v e n t i o n a l o i l and 
gas from more " t r a d i t i o n a l " s o u r c e s . 

The Chemistry of Coal Conversion 

In chemical terms, the s i m p l e s t c o n v e r s i o n technique i s the 
t r a n s f o r m a t i o n o f c o a l i n t o a c o m b u s t i b l e gas by gasification. 
in i t s e a r l i e s t form - i n t r o d u c e d i n B r i t a i n c a . i860 by S i r 
W i l l i a m Siemens - t h i s i n v o l v e d g e n e r a t i o n o f a producer gas, 
mainly a m i x t u r e o f CO, C 0 2 and n i t r o g e n , by incomplete combus
t i o n o f coal i n a i r , i . e . , by 

C + 0 2 • C 0 £ . . . ( i ) 

f o l lowed by 

C 0 2 + C • 2C0 . . . ( i i ) 

The y i e l d and/or heat v a l u e o f t h i s gas was l a t e r improved by 
c o - g e n e r a t i o n o f a s o c a l l e d water gas v i a 

C + H 20 • CO + H 2 . . . (iiî) 

by a l t e r n a t i n g ( c y c l i c a l ) i n j e c t i o n o f a i r and steam i n t o the 
b u r n i n g f u e l bed. 

In modern g a s i f i c a t i o n p r a c t i c e , p r i n c i p a l r e l i a n c e i s 
pl a c e d on the carbon-steam r e a c t i o n ( i i i ) w h ich, depending on 
the mode o f o p e r a t i o n o f the r e a c t o r , may be v a r i o u s l y accom
panied by the " s h i f t " r e a c t i o n 

CO + H 20 • CO 2 + H 2 . . . ( i v ) 

as w e l l as by carbon hydrogénation 

C + 2 H 2 • CH^ . . . (v) 

and thermal c r a c k i n g o f p y r o l y t i c a l 1 y generated v o l a t i l e m a t t e r , 
f o r m a l l y r e p r e s e n t e d by 

Cm Hn " H + ^ ' · « ( v i ) ; 

and p a r t i a l combustion s e r v e s p r i m a r i l y as a sour c e o f process 
heat. In some e x p e r i m e n t a l systems, combustion i n the g a s i f i e r 
i s a c c o r d i n g l y r e p l a c e d by an e x t e r n a l l y generated l i q u i d {]) o r 
s o l i d (2) h e a t - c a r r i e r which i s c i r c u l a t e d through the g a s i f i e r . 

Where such e x t e r n a l h e a t - c a r r i e r s are employed, and the co a l 
i s g a s i f i e d by i n j e c t i o n o f steam o n l y , i t i s o b v i o u s l y immater
i a l whether a i r o r oxygen i s used f o r g e n e r a t i o n o f the heat 
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2. BERKOWITZ Coal Conversion in Canada 13 

s o u r c e . But when process heat i s s u p p l i e d by p a r t i a l combustion 
in the g a s i f i e r , the c h o i c e between a i r and oxygen i s c r i t i c a l l y 
i m p ortant: I f combustion i s s u s t a i n e d w i t h a i r , the product gas 
w i l l c o n t a i n a l a r g e p r o p o r t i o n o f n i t r o g e n and consequently o n l y 
have a heat v a l u e o f Ή 2 0 - 1 5 0/btu/scf (^ ί .5-5 .5 MJ/m3) , w h i l e 
combustion w i t h oxygen w i l l y i e l d a gas t h a t t y p i c a l l y c o n t a i n s 
^80 v/v per cent CO + H 2 and, depending on the a c t u a l C0:H2 
r a t i o , possesses a heat v a l u e o f 270-350 b t u / s c f (^10-13 MJ/m 3). 

T h i s d i f f e r e n c e bears d i r e c t l y and i m p o r t a n t l y on how the 
product gas can be used. Because o f the i m p r a c t i c a b i l i t y o f 
s e p a r a t i n g n i t r o g e n from i t , the low-btu gas can o n l y by deployed 
as an i n d u s t r i a l f u e l ; and s i n c e i t r e q u i r e s a l a r g e r combustion 
space than a r i c h e r gas, the f a c i l i t i e s i n which i t c o u l d be used 
must be s p e c i f i c a l l y designed f o r i t . In c o n t r a s t , a medium-btu 
gas from oxygen-blown r e a c t o r s can be accommodated i n e x i s t i n g 
i n s t a l l a t i o n s w i t h o n l y minor b u r n e r - t i p a d j u s t m e n t s ; and a f t e r 
clean-up ( t o remove CO2, H2S, COS, e t c . ) and c o r r e c t i o n o f the 
C0:H2 r a t i o t o the s t o i c h i o m e t r i c v a l u e s needed f o r downstream 
p r o c e s s i n g , i t a l s o o f f e r s a p e t r o c h e m i c a l f e e d s t o c k (or "syngas") 
f u l l y e q u i v a l e n t t o those now most o f t e n made by p a r t i a l o x i d a 
t i o n ( or " r e f o r m i n g " ) o f n a t u r a l gas o r naphtha. 

Adjustment o f the C0:H2 r a t i o i s e f f e c t e d by the s h i f t r e a c 
t i o n ( i v ) which proceeds over a chromium-promoted i r o n c a t a l y s t 
a t 700-800°F (370-425°C) o r o v e r a reduced c o p p e r / z i n c c a t a l y s t 
a t 375- 2*50°F ( 190-230 ° C ) ; and the f r a c t i o n o f crude gas sent 
through the s h i f t r e a c t o r i s c a l c u l a t e d from the i n i t i a l gas com
p o s i t i o n and s p e c i f i c downstream requirements. The l a t t e r a r e 
îIlustrated by 

(a) methanation, i . e . CO + 3 H 2 — • CHi+ + H2O, used t o 
produce a h i g h - b t u " s u b s t i t u t e n a t u r a l gas" (SNG) 
w i t h 9^0+ b t u / s c f (^35+ MJ/m 3); 

(b) methanol s y n t h e s i s , i . e . CO + 2H2 •CH3OH; and 

(c) ammonia synthes i s , i . e . N2 + 3 H 2 — • 2NH3, i n wh i c h 
case a l l CO i s a b s t r a c t e d from the syngas. 

For p r o d u c t i o n o f l i q u i d hydrocarbons and oxygenated com
pounds o t h e r than methanol, s h i f t i n g i s u s u a l l y c a r r i e d t o C O : H 2 

r a t i o s i n the range 1.8-2.4 and use i s made o f v a r i a n t s o f 
F i s c h e r - T r o p s c h s y n t h e s i s ( 3 ) . 

Gas c l e a n i n g b e f o r e and/or a f t e r s h i f t i n g i s accomplished by 
a b s o r b i n g a c i d gases i n , e.g., hot aq. c a r b o n a t e , aq. methyl-
ami no-prop i o n i c a c i d , d i m e t h y l - a m i n o - a c e t i c a c i d , mono- o r d i -
ethanolamine, d i m e t h y l - e t h e r s o f p o l y e t h y l e n e g l y c o l o r methanol 
(at between -18° and -62 ° C ). P r o p r i e t a r y techniques employing 
these (or o t h e r ) adsorbents a r e being r o u t i n e l y used i n n a t u r a l 
gas p r o c e s s i n g and can reduce r e s i d u a l c o n c e n t r a t i o n s o f CO2 and 
H2S t o w e l l below 20 ppm and 5 ppm r e s p e c t i v e l y . 
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14 CHEMISTRY FOR ENERGY 

The c h e m i s t r y o f coal liquefaction i s l e s s w e l l understood; 
and how s t u d i e s o f t h i s matter are i n t e r p r e t e d depends t o some 
e x t e n t on how the " m o l e c u l a r " s t r u c t u r e o f c o a l i s p e r c e i v e d . 

What i s e v i d e n t i s t h a t i n t r o d u c t i o n o f s u f f i c i e n t hydrogen 
i n t o c o a l t o r a i s e i t s atomic H/C r a t i o from M).65 t o >1.0 ( i n 
" p r i m a r y " c o a l l i q u i d s t h a t can be upgraded by common r e f i n e r y 
procedures) i s o n l y p o s s i b l e i n a r e l a t i v e l y narrow temperature 
range c e n t e r e d on 800°F (425°C). Only i n t h i s range does a c t i v e 
thermal decomposition generate " f r e e r a d i c a l s " t h a t can be s t a b 
i l i z e d by hydrogen a d d i t i o n b e f o r e they randomly r e p o l y m e r i z e o r 
c r a c k t o e x t i n c t i o n . At s u b s t a n t i a l l y lower temperatures, a d d i 
t i o n o f hydrogen - e.g., by r e a c t i n g c o a l w i t h l i t h i u m i n ethy1 -
enediamine a t 90-100°C \k) - succeeds o n l y i n i n c r e a s i n g the s o l 
u b i l i t y o f the c o a l i n amine-type s o l v e n t s , even though as many 
as 55 H atoms per 100 C atoms can be added i n t h i s manner; and a t 
temperatures much above 850°F (450°C), r a p i d c o n c u r r e n t carbon
i z a t i o n (and consequent a r o m a t i z a t i o n ) o f the c o a l makes hydro
génation p r o g r e s s i v e l y more d i f f i c u l t . 

C o n f i r m a t i o n t h a t c o n v e r s i o n o f c o a l i n t o l i q u i d s depends on 
l i m i t e d p y r o l y t i c d i s r u p t i o n o f c o a l " m o l e c u l e s " and on prompt 
s t a b i l i z a t i o n o f t h e r e s u l t a n t fragments by hydrogen i s p r o v i d e d 
by l i q u e f a c t i o n i n a hydrogen-donor which a l l o w s such r e a c t i o n s 
as 

H H 

H H 

K i n e t i c s t u d i e s (5) o f such systems i n d i c a t e t h a t the i n i t i a l 
s t a g e s o f l i q u e f a c t i o n i n v o l v e c o n v e r s i o n o f the c o a l i n t o a more 
o r l e s s c o m p l e t e l y p y r i d i n e - s o l u b l e s o l i d and t h e r e a f t e r i n t o a 
b e n z e n e - s o l u b l e m a t e r i a l which i s g r a d u a l l y transformed i n t o a 
v i s c o u s l i q u i d a s i n c r e a s i n g amounts o f hydrogen combine w i t h i t . 
This process can be c a t a l y z e d by, e.g., c o b a l t molybdate, but 
proceeds r a p i d l y even i n the absence o f c a t a l y s t s . At 775°F 
(400°C), t o t a l p y - s o l u b i 1 i t y (and ^60 per cent s o l u b i l i t y i n ben
zene) can be a t t a i n e d w i t h i n l e s s than 10 minutes. 

A n o t a b l e f e a t u r e o f 1 i q u e f a c t i o n i n Η-donor systems i s t h a t 
the e f f e c t i v e l i f e o f the donor can be s u b s t a n t i a l l y prolonged by 
c o n d u c t i n g the r e a c t i o n i n the presence o f m o l e c u l a r hydrogen. 
But i t i s not y e t c l e a r whether th i s e f f e c t s terns from d i r e c t hy
drogénation o f the c o a l by H 2 (and from consequent lower demand 
on the donor) or from r e - h y d r o g e n a t i o n o f the donor as i t i s 
s t r i pped o f a v a i l a b l e hydrogen; and nei t h e r i s much known about 
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2. BERKOWITZ Coal Conversion in Canada 15 

how the co a l decomposes o r about what types o f fragments are 
most amenable to s t a b i l i z a t i o n by hydrogen. 

U n c e r t a i n t y about the c h e m i s t r y o f l i q u e f a c t i o n has, however, 
not i n h i b i t e d development o f s e v e r a l "second g e n e r a t i o n " l i q u e 
f a c t i o n processes t h a t depend on Η-transfer from a donor; and a 
number o f such processes have i n f a c t reached advanced stages o f 
development. By s i m p l i f y i n g o p e r a t i o n s , these o f f e r important 
t e c h n i c a l and economic advantages over c l a s s i c Bergius hydrogéna
tion which has been used i n Germany and B r i t a i n t o manufacture 
s y n t h e t i c g a s o l i n e s , d i e s e l f u e l and h e a t i n g o i l s from c o a l and 
coa l t a r s i n the 1930s and throughout World War I I . 

The Bergius approach e n t a i l e d two-step p r o c e s s i n g , w i t h a 
c o a l - o i l s l u r r y f i r s t b e i n g r e a c t e d w i t h H 2 over i r o n o x i d e o r 
NH^Cl-promoted t i n c a t a l y s t s a t J»57-W5°C/25-70 MPa, and the r e 
s u l t i n g "middle o i l " (b.p. 180-325°C) then being upgraded by 
vapour-phase hydrogénation ove r a tungsten s u l p h i d e c a t a l y s t ( 6 ) . 

The l i q u e f a c t i o n techniques now b e i n g developed resemble t h i s 
form o f hydrogénation i n r e t a i n i n g a two-step sequence, but a r e 
much more e n e r g y - e f f i c i e n t and a l s o r e t u r n b e t t e r y i e l d s through 
being l e s s d r a s t i c . The f i r s t s t a g e t y p i c a l l y e n t a i l s r e a c t i o n 
o f c o a l w i t h H 2 and a donor - u s u a l l y a hydrogenated r e c y c l e o i l -
a t 370-450°C/10- l8 MPa; and, i n some v e r s i o n s , t h i s s t a g e p r o v i d e s 
o p t i o n s f o r prod u c i n g solvent-refined coaly i . e . , a s u b s t a n t i a l l y 
m i n e r a l matter- and s u l p h u r - f r e e s o l i d f u e l which a l s o o f f e r s raw 
m a t e r i a l f o r manufacture o f carbon e l e c t r o d e s and o t h e r s p e c i a l t y 
p r o d u c t s . In t h a t case, hydrogen t r a n s f e r to the coal i s l i m i t e d 
to l e v e l s t h a t a l l o w the c o a l to d i s s o l v e (or d i s p e r s e ) i n the 
donor f l u i d , but do not induce c o n c u r r e n t l i q u e f a c t i o n . The d i s 
p e r s i o n i s then f i l t e r e d , and the s o l u t e i s se p a r a t e d from s o l 
vent by p r e s s u r e - r e d u c t i o n , d i s t i l l a t i o n , p r e c i p i t a t i o n o r a 
combination o f th e s e . 

The c h e m i s t r y o f a t h i r d group o f c o n v e r s i o n techniques -
i . e . , partial conversion methods which skim hydrocarbon gases 
and/or l i q u i d s from the co a l and l e a v e a char s u i t a b l e f o r use as 
a b o i l e r f u e l o r g a s i f i c a t i o n f e e d s t o c k - i s , i f a n y t h i n g , even 
more s p e c u l a t i v e than the c h e m i s t r y o f l i q u e f a c t i o n . 

Except f o r s u p e r c r i t i c a l gas e x t r a c t i o n (see bel o w ) , these 
techniques i n v o l v e v ery r a p i d h e a t i n g o f the coal to temperatures 
a t which i t decomposes, and u t i l i z e the f a c t t h a t the c o a l w i l l 
then generate an amount o f " v o l a t i l e m a t t e r " t h a t f a r exceeds the 
nominal v o l a t i l e matter c o n t e n t determined by st a n d a r d a n a l y t i c a l 
procedures (])· Under optimum o p e r a t i n g c o n d i t i o n s , y i e l d s o f 
l i q u i d hydrocarbons can t h e r e f o r e be pushed much beyond those 
a c c r u i n g from c a r b o n i z a t i o n i n coke ovens or ( c o a l ) - g a s r e t o r t s . 
For example, w h i l e c o n v e n t i o n a l c a r b o n i z a t i o n ( a t h e a t i n g r a t e s 
<5°C/min) w i l l , a t b e s t , f u r n i s h 25-30 g a l s (^95-115 l i t r e s / 
tonne) o f t a r s and " l i g h t o i l s " per ton o f ( d r y , a s h - f r e e ) c o a l 
m a t e r i a l , f l a s h p y r o l y s i s (which heats the coal a t s e v e r a l hun
dred degrees C/min to a maximum temperature near 575°C) can 
y i e l d 40-45 g a l s ton (^165-175 l i t r e s / t o n n e ) . 
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16 CHEMISTRY FOR ENERGY 

To account f o r t h i s b e h a v i o u r , i t i s g e n e r a l l y assumed t h a t 
the c o a l " m o l e c u l e " breaks down much more d r a s t i c a l l y when very 
r a p i d l y r a i s e d t o decomposition temperatures, and t h a t r e p o l y -
m e r i z a t i o n o f the r a d i c a l fragments i s i n h i b i t e d by t h e i r f a s t 
d i s c h a r g e from the c o a l . Some support f o r t h i s t h e s i s can be 
seen i n the f a c t t h a t , i n a coke oven, " p r i m a r y " t a r s w i l l aroma
t i z e the more the l o n g e r they are i n i n t i m a t e c o n t a c t w i t h the 
hot coke. But a n e c e s s a r y c o r o l l a r y i s , o b v i o u s l y , t h a t the 
fragments must be supposed to s t a b i l i z e themselves i n the vapour-
phase by i n t e r n a l d i s p r o p o r t i o n a t i o n . 

S u p e r c r i t i c a l gas e x t r a c t i o n depends on the f a c t t h a t the 
vapour p r e s s u r e o f a s o l i d o r l i q u i d can be g r e a t l y i n c r e a s e d by 
c o n t a c t i n g i t w i t h a compressed gas, and t h a t t h i s enhancement i s 
the more pronounced the g r e a t e r the gas d e n s i t y ( 8 ) . In p r i n c i 
p l e , i t i s consequently p o s s i b l e to t r a n s f e r i n t o the vapour 
phase substances t h a t a r e o t h e r w i s e s u b s t a n t i a l l y n o n - v o l a t i l e . 

The technique has been s u c c e s s f u l l y used f o r d e - a s p h a l t i n g 
p etroleum f r a c t i o n s , and has now come under study as a means f o r 
e x t r a c t i n g t h e r m a l l y generated n o n - d i s t i 1 l a b l e c o a l l i q u i d s a t 
temperatures a t which they s u f f e r l i t t l e f u r t h e r d e g r a d a t i o n ( 9 ) . 
With t o l u e n e o r o t h e r l i g h t s o l v e n t s a t ^400°C/10 MPa, i t has 
proved p o s s i b l e t o e x t r a c t up to 35 w/w per cent o f c o a l mater
i a l , and to recover the e x t r a c t by l o w e r i n g the p r e s s u r e and 
thereby r e d u c i n g the vapour d e n s i t y . 

S t a t u s o f Coal C o n v e r s i o n Techniques 

S u s t a i n e d demand f o r f u e l gas and p e t r o c h e m i c a l f e e d s t o c k s 
i n c o u n t r i e s where n a t u r a l gas o r naphtha was not r e a d i l y a v a i l 
a b l e has o c c a s i o n e d p r o g r e s s i v e refinement o f s e v e r a l g a s i f i e r 
systems t h a t were f i r s t i n t r o d u c e d i n t o commercial p r a c t i c e i n 
the mid-1930s and now have a proven r e c o r d o f performance i n 
numerous contemporary p l a n t s . 

The most prominent o f these are the Lurgi (10) , Koppers-
Totzek (11) and Winkler (12) r e a c t o r s which a r e c u r r e n t l y used 
f o r p r o d u c t i o n o f hydrogen i n s e v e r a l ammonia p l a n t s , and the 
Wellman g a s i f i e r (13) which p r o v i d e s o n - s i t e low-btu f u e l gas 
f o r v a r i o u s i n d u s t r i a l i n s t a l l a t i o n s in South A f r i c a . L u r g i 
g e n e r a t o r s are a l s o used to manufacture syngas i n South A f r i c a ' s 
well-known Sasol p l a n t (14) , which s i n c e 1955 has produced s y n 
t h e t i c g a s o l i n e s , d i e s e l f u e l s and c hemicals by F i s c h e r - T r o p s c h 
s y n t h e s e s ; and more r e c e n t l y , such u n i t s have come i n t o opera
t i o n as the f r o n t - e n d o f a 190-MW p r o t o t y p e low-btu g a s - f u e l l e d 
combined c y c l e g e n e r a t i n g p l a n t i n the German Federal R e p u b l i c 
0 5 ) . 

In p a s s i n g i t might be observed t h a t these g a s i f i e r s i l l u s 
t r a t e the wide d e s i g n freedoms which c o a l g a s i f i c a t i o n a l l o w s ; 
Wellman and L u r g i r e a c t o r s o p e r a t e w i t h f i x e d beds and dry ash 
d i s c h a r g e a t , r e s p e c t i v e l y , atmospheric p r e s s u r e and 3.0-3.5 
MPa (^400-500 p s i a ) . The W i n k l e r g e n e r a t o r g a s i f i e s a f l u i d i z e d 
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2. BERKOWITZ Coal Conversion in Canada 17 

bed a t atmospheric (or h i g h e r ) p r e s s u r e s . And the Koppers-
Totzek g a s i f i e r , which operates a t atmospheric p r e s s u r e , uses 
oxygen-entrained c o a l , w i t h ash being r e l e a s e d as s l a g . 

But d e s p i t e s a t i s f a c t o r y performance o f comm e r c i a l l y proven 
g a s i f i e r s , and the o p e r a t i o n a l f l e x i b i l i t y a f f o r d e d by the v a r 
i e t y o f a v a i l a b l e r e a c t o r d e s i g n s , t h e r e i s concern t h a t the 
c a p a c i t i e s o f these u n i t s and/or the r e s t r i c t i o n s which they 
p l a c e on t h e i r r e s p e c t i v e c o a l charges, may make them u n s u i t a b l e 
o r too c o s t l y f o r very l a r g e g a s i f i c a t i o n p l a n t s expected to be 
needed i n the f u t u r e . The l a r g e s t g a s i f i e r s p r e s e n t l y a v a i l a b l e 
- the L u r g i Mk. IV and the 4-Burner Koppers-Totzek - have through
put c a p a c i t i e s o f ^800-850 tons/day, and a 250 MM s c f / d a y (^7 x 
106 m 3/day) SNG p l a n t would t h e r e f o r e r e q u i r e continuous opera
t i o n o f a t l e a s t t h i r t y such u n i t s . Massive R & D programs have 
t h e r e f o r e been i n i t i a t e d , p a r t i c u l a r l y i n the U n i t e d S t a t e s , i n 
e f f o r t s to p e r f e c t a number o f a l t e r n a t i v e "second g e n e r a t i o n " 
systems. M o s t l y designed w i t h an eye to e v e n t u a l p r o d u c t i o n o f 
hi g h - b t u (9**0+ b t u / s c f ) SNG, these are intended to reduce c o s t s 
by o f f e r i n g m e c h a n i c a l l y s i m p l e r g a s i f i e r s which c o u l d be s c a l e d 
up t o l a r g e c a p a c i t i e s , o p e r a t e a t p r e s s u r e s o f ^6.9 MPa (MOOO 
ps i a ) i n o r d e r t o e l i m i n a t e downstream gas compression, and/or 
a l l o w h y d r o g a s i f i c a t ion (which o b v i a t e s subsequent gas s h i f t i n g 
and m e t h a n a t i o n ) . Examples are Bituminous Coal Research Inc.'s 
Bi-Gas Process (16), the Synthane Process (17) which was o r i g i n 
a l l y c o nceived a t the US Bureau o f Mines, IGT's HYGAS Process 
(18) , and K e l l o g g ' s Molten Salt Process {]). Reports from 
p i l o t - p l a n t s s u g g e s t , however, t h a t some o f the "second genera
t i o n " g a s i f i e r s pose problems a s s o c i a t e d w i t h balanced o p e r a t i o n 
o f t h e i r component f l u i d i z e d beds; and h a v i n g regard t o p r o j e c t e d 
needs i n the 1980*5, much o f the p r a c t i c a l i n t e r e s t has t h e r e f o r e 
s h i f t e d t o m o d i f i e d forms o f proven g a s i f i e r s t h a t promise t o 
lower c o s t s . 

One such m o d i f i c a t i o n i s the slagging L u r g i g a s i f i e r , which 
d i f f e r s from the c o n v e n t i o n a l "dry bottom" u n i t by o p e r a t i n g a t 
hi g h e r temperatures and d i s c h a r g i n g ash i n molten form. As a 
r e s u l t o f design changes r e q u i r e d f o r t h i s mode o f o p e r a t i o n , i t 
has s u b s t a n t i a l l y g r e a t e r throughput c a p a c i t y per u n i t r e a c t o r 
volume, and can r e p o r t e d l y a c c e p t coal types and s i z e s which the 
dry-bottom L u r g i cannot handle. P r e s e n t i n d i c a t i o n s are t h a t the 
s l a g g i n g L u r g i g a s i f i e r w i l l be ready f o r commercial use i n the 
e a r l y 1980s. 

A second i s a pressurized v e r s i o n o f the Koppers-Totzek 
g e n e r a t o r w h i c h , w h i l e r e t a i n i n g the advantages o f a high-temp
e r a t u r e , e n t r a i n e d - c o a l g a s i f i e r , would a l s o promote f o r m a t i o n 
o f methane (by r e a c t i o n v ) . Developed by a Krupp/ShelI consor
ti u m , a 150 t/d commercial p r o t o t y p e i s scheduled t o undergo 
extended t e s t s i n the German Federal R e p u b l i c l a t e r t h i s y e a r . 

And f i n a l l y , mention must be made o f the Texaco g a s i f i e r 
(19) which has been adapted from an i n d u s t r i a l l y proven o i l g a s i 
f i c a t i o n system and accepts a c o a l - w a t e r s l u r r y . Although the 
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18 CHEMISTRY FOR ENERGY 

c o a l - f e d v e r s i o n has so f a r o n l y been op e r a t e d i n a 15 t / d t e s t 
f a c i l i t y a t M o n t e b e l l o , C a l . , Texaco i s r e p o r t e d l y ready to guar
antee i t s performance f o r commercial use; and re c e n t e s t i m a t e s 
suggest t h a t , when used to produce hydrogen f o r ammonia s y n t h e s i s , 
i t would be M 5 per cent cheaper than i t s more c o n v e n t i o n a l c o a l -
based c o m p e t i t o r s . 

Liquefaction t e c h n o l o g i e s and p a r t i a l c o n v e r s i o n processes 
are g e n e r a l l y l e s s advanced than g a s i f i c a t i o n methods. B e r g i u s 
hydrogénation i s now o n l y o f h i s t o r i c a l i n t e r e s t , and none o f the 
second g e n e r a t i o n procedures has to date been taken beyond r e l a 
t i v e l y small p i l o t p l a n t t e s t i n g . However, c u r r e n t emphasis on 
d e v e l o p i n g some o f these schemes makes i t l i k e l y t h a t a t l e a s t 
two o r t h r e e a l t e r n a t i v e processes w i l l be a v a i l a b l e f o r commer
c i a l deployment by the mid-1980s· 

Leading contenders appear t o be Hydrocarbon Research Inc.'s 
H-Coal Process ( 2 0 ) , Exxon's Donor Solvent (EDS) Process ( 2 1 ) , 
and G u l f O i l ' s SRC-II (22) . The l a t t e r i s an outgrowth o f G u l f ' s 
Solvent-Refined Coal (SRC) Process (23) which i s commanding much 
a t t e n t i o n i n i t s own r i g h t as a means f o r c o n v e r t i n g h i g h a s h / 
high s u l p h u r c o a l s i n t o e n v i r o n m e n t a l l y c l e a n s o l i d f u e l s ( w i t h 
<0.5 per cent S, <0.1 per cent a s h ) . With the e x c e p t i o n o f the 
Η-Coal Process and the Lummus Corp.'s somewhat s i m i l a r Clean 
Fuels from Coal (CFFC) Process (2k) , a l l these t e c h n i q u e s , as 
w e l l as s e v e r a l v a r i a n t s - e.g., G u l f ' s Catalytic Coal Liquids 
(CCD Process (25) and C o n s o l i d a t i o n Coal Company's Synthetic 
Fuels (CSF) Process (26) - e n t a i l r e a c t i n g a coal-donor s l u r r y 
under m o l e c u l a r hydrogen a t temperatures and p r e s s u r e s i n the 
range 400-450°C and 1-3 MPa r e s p e c t i v e l y , and then h y d r o - t r e a t i n g 
the " p r i m a r y " l i q u i d s and spent donor. D i f f e r e n c e s between d i f 
f e r e n t processes r e l a t e m ainly t o s p e c i f i c o p e r a t i n g c o n d i t i o n s , 
t o c a t a l y s t s (where such a r e used), and t o the manner i n which 
the primary l i q u i d s a r e f r e e d o f unreacted coa l and mineral mat
t e r b e f o r e b e i n g taken to upgrading. 

The Η-Coal and CFFC Processes are unique i n the sense t h a t 
f i r s t - s t a g e l i q u e f a c t i o n i s ach i e v e d by c i r c u l a t i n g the c o a l -
donor s l u r r y through an " e b u l l a t e d " ( i . e . , p a r t l y f l u i d i z e d ) bed 
of u n i f o r m l y s i z e d c a t a l y s t p e l l e t s . 

Of the partial conversion t e c h n i q u e s , the most immediately 
i n t e r e s t i n g are FMC Corp.'s COED (Coal-0î1-Energy Development) 
Process (27) - wh i c h , when combined w i t h g a s i f i c a t i o n o f r e s i d u a l 
c h a r , i s now known as the COGAS Process (28) , and O c c i d e n t a l O i l ' s 
Garrett Flash Pyrolysis Process ( 2 9 ) . In the former, r a p i d heat
i n g to p r o g r e s s i v e l y h i g h e r temperatures i s accomplished by suc
c e s s i v e l y c a s c a d i n g the coal through three r e a c t o r s a g a i n s t a 
c o u n t e r c u r r e n t stream o f hot combustion gas. Th i s y i e l d s up t o 
kO per ce n t o f r e c o v e r a b l e hydrocarbon gases and heavy o i l s ( o r , 
more c o r r e c t l y , t a r s ) which can be upgraded i n much the same man
ner as the primary l i q u i d s from l i q u e f a c t i o n . In G a r r e t F l a s h 
P y r o l y s i s , the coal i s r a i s e d to the d e s i r e d f i n a l temperature 
i n a s i n g l e s t e p by c o n t a c t i n g i t w i t h hot char (from a combustor 
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2. BERKOWITZ Coal Conversion in Canada 19 

where some co a l o r char i s burned i n a i r ) ; and depending on 
whether the process i s operated near ^870°C (^1600°F) o r M>70°C 
(^1050°F), hydrocarbon gases o r primary l i q u i d s - i n e i t h e r case 
amounting to 30-35 per cent o f the d r y , a s h - f r e e c o a l substance 
charged t o i t - are o b t a i n e d . 

Both the COED process and G a r r e t t F l a s h P y r o l y s i s have been 
"proved" i n s m a l l demonstration p l a n t s ; and s u b j e c t t o t e s t s de
s i g n e d t o e s t a b l i s h optimum o p e r a t i n g c o n d i t i o n s f o r a p a r t i c u l a r 
feed c o a l , both are c l a i m e d t o be ready f o r commercial use. 

The I n f l u e n c e o f Coal P r o p e r t i e s on 
Behaviour i n Conversion Process 

Because o f the d i s s i m i l a r i t i e s between d i f f e r e n t k i n d s o f 
c o a l , some care must be e x e r c i s e d t o ensure c o m p a t i b i l i t y be
tween a f e e d s t o c k and the equipment i n which i t i s to be pro 
c e s s e d ; and as i n o t h e r t e c h n o l o g i e s , optimum performance i s 
c o n t i n g e n t on o p e r a t i n g under a p p r o p r i a t e c o n d i t i o n s . 

In gasification9 the p r i n c i p a l c o n s t r a i n t s a r i s e from the 
i n a b i l i t y o f some r e a c t o r c o n f i g u r a t i o n s t o accept c a k i n g c o a l s 
(which, when heated t o temperatures above ^350-400°C, form more 
o r l e s s d i s t e n d e d cokes t h a t may cause blockages i n the co a l 
d e l i v e r y system) o r , i n the case o f f i x e d bed g a s i f i e r s , c o a l 
below a c e r t a i n s i z e . In some i n s t a n c e s i t i s t h e r e f o r e neces
s a r y t o " c o n d i t i o n " the feed c o a l by p r e - h e a t i n g i n a i r a t ^350-
400°C ( t o d e s t r o y c a k i n g p r o p e n s i t i e s ) , and/or s c r e e n i n g i t t o 
remove unders i z e m a t e r i a l b e f o r e c h a r g i n g i t t o the g a s i f i e r . 

In dry bottom u n i t s , a f u r t h e r impediment may a r i s e from an 
e x c e s s i v e l y low ash f u s i o n temperature. T h i s can be countered by 
re d u c i n g the o p e r a t i n g temperature, but s i n c e t h a t a l s o lowers 
the g a s i f i c a t i o n v e l o c i t y , a p r o p o r t i o n a t e l y s m a l l e r coa l 
throughput must then be a c c e p t e d . 

Beyond these m a t t e r s , the most important c o a l p r o p e r t i e s a r e 
(a) r e a c t i v i t y , which i s , b r o a d l y s p e a k i n g , a f u n c t i o n o f the 
p o r o s i t y and non-aromatic carbon c o n t e n t o f the c o a l , and con
s e q u e n t l y v a r i e s i n an i n v e r s e sense w i t h the "r a n k " (or t o t a l 
o r g a n i c carbon content) o f the c o a l , and (b) mi n e r a l matter and 
s u l p h u r c o n t e n t s . The rank-dependence o f r e a c t i v i t y u s u a l l y r e 
q u i r e s r a i s i n g g a s i f i c a t i o n temperatures from M 5 5 0°F (^850°C) 
in the case o f l i g n i t e s t o M 8 5 0°F (M000°C) f o r more mature 
h i g h v o l a t i l e and medium v o l a t i l e bituminous c o a l s i n o r d e r t o 
make g a s i f i c a t i o n proceed a t c o m m e r c i a l l y a c c e p t a b l e r a t e s . And 
l a r g e m i n e r a l matter and/or s u l p h u r c o n t e n t s may c r e a t e d i f f i 
c u l t i e s i n t h e ash d i s c h a r g e system as w e l l as r e q u i r e s p e c i a l 
a t t e n t i o n t o adequate product gas c l e a n i n g . 

In liquefaction, the a d d i t i o n a l p r o p e r t i e s o f importance 
a r e (a) the pétrographie c o m p o s i t i o n o f the c o a l , and (b) i t s 
oxygen c o n t e n t . 

Of the t h r e e major groups o f pétrographie c o n s t i t u e n t s 
(termed macérais; see appended n o t e ) , vitrinites and exinitess 
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20 CHEMISTRY FOR ENERGY 

which r e p r e s e n t the b u l k o f the ( o r g a n i c ) coal s u b s t a n c e , can as 
a r u l e be q u i t e e a s i l y l i q u e f i e d - though ease o f l i q u e f a c t i o n i s 
r e l a t e d t o chemical and p h y s i c a l r e a c t i v i t y and tends t o decrease 
w i t h i n c r e a s i n g rank. ( P r e f e r r e d l i q u e f a c t i o n f e e d s t o c k s a r e , 
co n s e q u e n t l y , c o a l s up to and i n c l u d i n g high v o l a t i l e bituminous 
r a n k ) . However, inevtinites w i l l g e n e r a l l y leave a l i q u e f a c t i o n 
r e a c t o r e s s e n t i a l l y unchanged w i t h o t h e r s o l i d m a t t e r ; and what 
f r a c t i o n o f a feed coal appears as primary l i q u i d s depends t h e r e 
f o r e on the p r o p o r t i o n o f i n e r t i n i t e s i n i t . 

Oxygen i n c o a l r e p r e s e n t s an u n d e s i r a b l y hydrogen s i n k 
( s i n c e most w i l l e v e n t u a l l y appear i n H 20) ; but s i n c e oxygen 
c o n t e n t s vary i n v e r s e l y w i t h carbon c o n t e n t s , any s e l e c t i o n o f 
coa l f o r l i q u e f a c t i o n i n v o l v e s some t r a d e - o f f on t h i s m atter: 
w h i l e h i g h oxygen c o n t e n t s a r e , a priori, d e l e t e r i o u s because 
they i n c r e a s e o v e r a l l hydrogen consumption per b a r r e l o f primary 
c o a l l i q u i d s (and lower the y i e l d per ton) u s i n g a coal w i t h 
r e l a t i v e l y l i t t l e oxygen i s a l s o tantamount to u s i n g one w i t h 
lower r e a c t i v i t y . 

With r e s p e c t t o partial conversion by f l a s h p y r o l y s i s , the 
p r i n c i p a l c o n s i d e r a t i o n i n a c h o i c e between o t h e r w i s e e q u i v a l e n t 
c o a l s i s the f a c t t h a t l i q u i d y i e l d s tend to i n c r e a s e w i t h rank 
up t o h i g h v o l a t i l e bituminous c o a l s and t h e r e a f t e r t o f a l l o f f 
s h a r p l y . 

Having noted these t e c h n i c a l m a t t e r s , i t s h o u l d , however, 
a l s o be observed t h a t the o p e r a t i o n a l f l e x i b i l i t y o f a v a i l a b l e 
p r o c e s s i n g equipment u s u a l l y q u i t e s u b o r d i n a t e s them t o c o a l 
costs (which r e p r e s e n t between 25 and kO per cent o f the p l a n t 
gate c o s t s o f the p r o d u c t ) . Most f u t u r e c o n v e r s i o n p l a n t s are 
t h e r e f o r e l i k e l y t o use l i g n i t e s and subbiturninous c o a l s w h i c h , 
in Canada as i n many o t h e r c o u n t r i e s , are abundantly a v a i l a b l e 
a t low c o s t through s u r f a c e - m i n i n g . 

Canadian O p p o r t u n i t i e s f o r Coal Conversion 

The t e c h n i c a l s t a t u s o f c o n v e r s i o n processes and r e l a t i v e 
f u e l c o s t s make the e x t e n s i v e r e s e r v e s o f e a s i l y a c c e s s i b l e c o a l 
in the Western P l a i n s key resources t h a t c o u l d p l a y an important 
r o l e i n meeting f u t u r e requirements o f p e t r o c h e m i c a l f e e d s t o c k s , 
f u e l gas and l i q u i d f u e l s . And developed c o n c u r r e n t l y w i t h o i l 
sands and "heavy" ( L l o y d m i n s t e r - t y p e ) o i l r e s e r v o i r s , they c o u l d 
a l l o w Canada t o r e g a i n v i r t u a l energy s e l f - s u f f i c i e n c y w i t h i n a 
c o m p a r a t i v e l y b r i e f time-frame. 

Because o f the massive " u n c o n v e n t i o n a l " r e s e r v e s o f l i q u i d 
hydrocarbons a f f o r d e d by o i l sand bitumens and heavy o i l s , 
Canadian i n t e r e s t s i n co a l c o n v e r s i o n are g e n e r a l l y more l i k e l y 
to c e n t r e on g a s i f i c a t i o n than on l i q u e f a c t i o n , and t o focus on 
long-term supply o f f u e l gas (which c o u l d in many cases be sub
s t i t u t e d f o r o i l where c o a l can n o t , and thereby reduce p r o j e c t e d 
o i l s upply s h o r t f a l l s ) . 
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2. BERKOWITZ Coal Conversion in Canada 21 

I n d i c a t i v e o f f u t u r e d i r e c t i o n s i s the a t t e n t i o n now b e i n g 
g i v e n i n A l b e r t a t o the f e a s i b i l i t y o f s u b s t i t u t i n g a medium-btu 
c o a l gas f o r n a t u r a l gas p r e s e n t l y used as f u e l i n the two d e v e l 
o p i n g p e t r o c h e m i c a l c e n t r e s ( a t F t . Saskatchewan and M e d i c i n e 
H a t ) . By the e a r l y 1980s, by which time n a t u r a l gas w i l l , on 
p r e s e n t s c h e d u l i n g , have a t t a i n e d approximate p r i c e p a r i t y w i t h 
o i l (on an e q u i v a l e n t b t u b a s i s ) a t Toronto c i t y g a t e , the c o a l 
gas i s expected t o o f f e r s u b s t a n t i a l c o s t advantages. 

I f such a s u b s t i t u t i o n program i s implemented, a l o g i c a l 
second step would be to use the same gas ( a f t e r s h i f t i n g and 
c l e a n i n g ) as f e e d s t o c k i n some o f these p l a n t s . The p r i n c i p a l 
c a n d i d a t e s would be methanol and ammonia p l a n t s which would 
r e q u i r e r e l a t i v e l y l i t t l e r e t r o - f i t t i n g . 

But much more imp o r t a n t , i n the long r u n , i s t h a t measures 
taken locally t o d i s p l a c e n a t u r a l gas on economic grounds c o u l d 
a l s o s e r v e t o ensure economic s u p p l i e s o f f u e l gas t o r e s i d e n 
t i a l and i n d u s t r i a l consumers i n o t h e r p a r t s o f Canada. 

N o t w i t h s t a n d i n g the c u r r e n t s u r p l u s o f n a t u r a l gas i n 
Western Canada (which i s prompting demands f o r government consent 
to e x p o r t a d d i t i o n a l volumes), t h e r e i s broad agreement t h a t 
d e l i v e r i e s from proved and expected f u t u r e r e s e r v e s in the West
ern Canadian sedimentary b a s i n w i l l not s u f f i c e t o meet p r o j e c t 
ed Canadian demands much beyond the l a t e 1980s; and i t i s , i n 
f a c t , f o r j u s t t h i s reason t h a t gas e x p l o r a t i o n i n a r c t i c " f r o n 
t i e r " r e g i o n s i s b e i n q stepped up. ( i n the Mackenzie D e l t a , 
some 6 T c f (0.17 x 1 0 1 2 m3) o f a p o t e n t i a l u l t i m a t e 50-100 T c f 
(1.4-2.8 χ 1 0 1 2 m3) have a l r e a d y been d e l i n e a t e d ; and i n the 
P o l a r I s l a n d s r e g i o n , where u l t i m a t e l y r e c o v e r a b l e volumes a r e 
a l s o thought to range as h i g h as 100 T c f , a p p r o x i m a t e l y 12 Tcf 
(0.35 x 1 0 1 2 m 3) have been proved.) However, f o r t e c h n i c a l and 
e n vironmental reasons, b r i n g i n g such f r o n t i e r gas t o markets 
w i l l prove c o s t l y , and consumer i n t e r e s t s c o u l d be b e t t e r s e r v e d 
by o f f s e t t i n g f u t u r e s u p p l y d e f i c i e n c i e s v i a c o a l g a s i f i c a t i o n . 
( I t i s , i n t h i s c o n n e c t i o n , worth n o t i n g t h a t a p i p e l i n e system 
capable o f g a t h e r i n g and t r a n s p o r t i n g 1 T c f (28 χ 10 9 m3) per 
y e a r - the l i k e l y minimum r a t e f o r an e c o n o m i c a l l y v i a b l e o p era
t i o n - from the A r c t i c I s l a n d s to Southern O n t a r i o would r e q u i r e 
a c a p i t a l investment o f some 8-10 b i l l i o n d o l l a r s ( i n 1978 $$) 
and demand a gas p r i c e i n the o r d e r o f $4.50/Mcf ($15.90/100 m3) 
a t Toronto c i t y gate.) 

I f i t i s assumed t h a t any " s y n t h e t i c p i p e l i n e gas" must of 
necessity match the heat v a l u e o f n a t u r a l gas, g a s i f i c a t i o n may 
o n l y be m a r g i n a l l y a t t r a c t i v e . Recent e s t i m a t e s (30) suggest 
t h a t such s u b s t i t u t e n a t u r a l gas (SNG) would be cheaper than 
a r c t i c gas - b u t , i n the f o r e s e e a b l e f u t u r e , s t i l l c o s t s u b s t a n 
t i a l l y more than n a t u r a l gas from p r e s e n t l y developed r e s e r v o i r s ; 
and to secure c o s t advantages over a r c t i c gas, g a s i f i c a t i o n would 
have to be conducted i n v e r y l a r g e p l a n t s , p o s s i b l y u s i n g second 
g e n e r a t i o n technology t h a t i s not expected to be c o m m e r c i a l l y 
a v a i l a b l e b e f o r e the l a t e 1980s. From a Canadian v i e w p o i n t , 
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2 2 CHEMISTRY FOR ENERGY 

h a v i n g regard f o r requirements as w e l l as f o r the geographic 
d i s t r i b u t i o n o f resources and markets, i t appears t h e r e f o r e p r e 
f e r a b l e t o abandon the n o t i o n t h a t f u e l gas must have a heat 
v a l u e M000 b t u / s c f (^37 MJ/m 3); t o re c o g n i z e t h a t even a gas 
w i t h as l i t t l e as 700-750 b t u / s c f (^26-28 MJ/m3) c o u l d be read
i l y burned i n e x i s t i n g equipment; and t o make use o f medium-btu 
gas per se by r o l l i n g i t i n t o n a t u r a l gas s u p p l i e s . S i n c e the 
major p a r t o f the c o s t o f SNG i s a s s o c i a t e d w i t h syngas c l e a n i n g , 
s h i f t i n g and methanation, medium-btu gas would, i n 1980, be pro
d u c i b l e a t s i g n i f i c a n t l y lower p l a n t gate p r i c e s than n a t u r a l gas 
i s then expected t o command a t the w e l l h e a d ; and a 2:1 m i x t u r e o f 
n a t u r a l and medium-btu gases w i t h ^750-780 b t u / s c f (^28-29 MJ/m3) 
c o u l d be d e l i v e r e d t o C e n t r a l and E a s t e r n Canadian markets a t no 
g r e a t e r per MM btu c o s t than n a t u r a l gas i t s e l f . 

Moves i n t h i s d i r e c t i o n would a l l o w g a s i f i c a t i o n t o be very 
g r a d u a l l y phased i n as demand a r i s e s , and t o employ proven r e 
a c t o r systems (which do not pose the r i s k s a s s o c i a t e d w i t h l a r g e 
"second g e n e r a t i o n " f a c i l i t i e s ) . And b e a r i n g i n mind the very 
l a r g e r e s e r v e s o f su r f a c e - m i n e a b l e ( l e t alone o t h e r ) Western 
P l a i n s c o a l s u r p l u s t o the long-term needs o f A l b e r t a and Sask
atchewan, gas s u p p l i e s from the Western sedimentary b a s i n c o u l d 
i n t h i s manner be v i r t u a l l y doubled. The consequent i n d e f i n i t e 
deferment o f development o f a r c t i c r e s e r v o i r s would a l s o s e r v e 
to h o l d e s c a l a t i o n o f f u e l gas p r i c e s t o more manageable r a t e s 
than must o t h e r w i s e be exp e c t e d . 

P r o s p e c t s f o r c o a l liquefaction, t o which l i t t l e a t t e n t i o n 
has so f a r been p a i d i n Canada, a r e , a t t h i s p o i n t i n time, l e s s 
c l e a r l y p e r c e i v a b l e . 

Much o f the impetus f o r development o f l i q u e f a c t i o n techno
logy i n the US appears t o d e r i v e from a need to conv e r t E a s t e r n 
h i g h - s u l p h u r c o a l s i n t o e n v i r o n m e n t a l l y a c c e p t a b l e b o i l e r f u e l s ; 
and i n Canada, where the overwhelming b u l k o f co a l r e s e r v e s (>90 
per cent) i s comprised o f Western coal w i t h , g e n e r a l l y , l e s s than 
0.75 per cent S, t h i s i s not a matter o f concern. However, l i q u e 
f a c t i o n c o u l d i n the lo n g e r run prove an a t t r a c t i v e means f o r 
augmenting " s y n t h e t i c " o i l s u p p l i e s from o t h e r indigenous s o u r c e s . 
As matters s t a n d , remaining proved r e s e r v e s o f c o n v e n t i o n a l p e t 
roleum (almost a l l i n A l b e r t a ) t o t a l 6.34 x 109 b b l (1.008 χ 
ΙΟ 9 m3) and s u p p l i e s o f " s y n t h e t i c " l i g h t crudes from o i l sands 
bitumens are not expected t o exceed 600-700 b b l / d (95.5-112 χ 
103 m3/d) by 1990 o r ^1.25 χ 106 b b l / d (0.2 χ 106 m3/d) by 2000 
A.D. Even i f supplemented by upgrading o f o t h e r heavy o i l s , 
t o t a l d e l i v e r i e s i n the e a r l y 1990s a r e t h e r e f o r e p r o j e c t e d t o 
leave a d e f i c i t o f 0.5-1.0 χ 106 b b l / d (80-160 χ 103 m3/d) t h a t 
would have to be c l o s e d by imports. (The p o s s i b i l i t y t h a t t h i s 
gap can be s i g n i f i c a n t l y narrowed by p r o d u c t i o n from " f r o n t i e r " 
r e s e r v o i r s (such as the Be a u f o r t Sea, where e x t e n s i v e " p o t e n t i a l 
l y f a v o u r a b l e " sediments resembling p r o d u c t i v e o i l - b e a r i n g s t r a t a 
elsewhere are b e l i e v e d to e x i s t ) seems remote. Ap a r t from the 
f a c t t h a t e x p l o r a t i o n has so f a r f a i l e d t o f i n d c o m m e r c i a l l y 
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2. BERKOWITZ Coal Conversion in Canada 2 3 

s i g n i f i c a n t o i l o c c u r r e n c e s t h e r e , b r i n g i n g a f u l l y proved r e 
s e r v o i r o f t h i s type on stream would r e q u i r e a l e a d p e r i o d o f 
a t l e a s t 10-12 y e a r s . ) 

Modest f u r t h e r e s c a l a t i o n o f i n t e r n a t i o n a l o i l p r i c e s and/ 
o r a l o w e r i n g of c u r r e n t l y i n d i c a t e d l i q u e f a c t i o n c o s t s through 
f u r t h e r R & D c o u l d , i n these c i r c u m s t a n c e s , make c o a l l i q u e 
f a c t i o n an important t o o l f o r m i n i m i z i n g , i f not e f f e c t i v e l y 
e l i m i n a t i n g , o t h e r w i s e e x t e n s i v e dependence on f o r e i g n sources 
o f s u p p l y . What ought t o be borne i n mind here i s t h a t a p r i c e 
d i f f e r e n t i a l f a v o u r i n g o f f s h o r e " c o n v e n t i o n a l " petroleum over 
i n d i g e n o u s l y produced " s y n t h e t i c " o i l c o u l d be g r e a t l y reduced 
by a p p r o p r i a t e f i s c a l p o l i c i e s r e s p e c t i n g the i n t e r n a l cash f l o w 
which new ( d i r e c t and i n d i r e c t ) employment o p p o r t u n i t i e s c r e a t e d 
by " s y n t h e t i c " o i l p r o d u c t i o n would g e n e r a t e . 

However, w i t h r e s p e c t t o o i l from c o a l , two o t h e r p o s s i b i l 
ités - both l e s s c a p i t a l - i n t e n s i v e and l e s s p r o d u c t i v e than a 
f u l l - s c a l e l i q u e f a c t i o n f a c i l i t y , but i n i t i a l l y perhaps more 
e a s i l y f i t t e d i n t o Canada's energy economy - p r e s e n t themselves. 

The f i r s t , which would l i n k e x i s t i n g and p r o j e c t e d thermal 
g e n e r a t i o n o f e l e c t r i c energy t o p r o d u c t i o n o f l i q u i d h y d r o c a r 
bons from c o a l , would i n v o l v e s u b j e c t i n g the coal t o , e.g., 
G a r r e t t f l a s h p y r o l y s i s b e f o r e sending the r e s i d u a l char t o the 
b o i l e r s . Under optimum o p e r a t i n g c o n d i t i o n s , t h i s would y i e l d 
M.8 b b l / t of d r y , a s h - f r e e coa l m a t e r i a l (315 l i t r e s / t o n n e ) 
charged t o the p r o c e s s , o r M b b l / t (175 l i t r e s / t o n n e ) i f c o a l 
burned to generate the heat c a r r i e r f o r p y r o l y s i s i s taken i n t o 
account; and combustion t r i a l s have shown t h a t the d e v o l a t i 1 i z e d 
c h a r , which s t i l l r e t a i n s at l e a s t 10 per cent v o l a t i l e matter 
(as determined by s t a n d a r d l a b o r a t o r y t e s t s ) w i l l burn as w e l l 
as the raw c o a l . 

S i n c e o n l y r e l a t i v e l y s i m p l e equipment i s r e q u i r e d , i t s h o u l d 
prove f e a s i b l e t o f l a s h - p y r o l y z e the c o a l a t the g e n e r a t i n g 
s t a t i o n o r at the mine a t which i t i s produced, and t o t r a n s p o r t 
the primary l i q u i d s from s e v e r a l o p e r a t i o n s t o a l a r g e c e n t r a l 
upgrading f a c i l i t y . In A l b e r t a a l o n e , where c o a l consumption by 
e l e c t r i c u t i l i t i e s i s expected to c l i m b from an annual r a t e o f 
^6.5 m i l l i o n tons i n 1977 to 16-17 m i l l i o n tons i n 1985 and ^k0 
m i l l i o n tons i n 2000 A.D., some 15 m i l l i o n bbl (2.4 χ 10 6 m3) o f 
a marketable " s y n t h e t i c " crude o i l in 1985, and a t l e a s t 35 m i l 
l i o n bbl (5.6 χ 10 6 m3) i n 2000 A.D., c o u l d be recovered i n t h i s 
manner. S i m i l a r q u a n t i t i e s c o u l d be produced i n O n t a r i o , w i t h 
a d d i t i o n a l volumes coming from Saskatchewan and Nova S c o t i a ; and 
p r o c e s s i n g c o s t s would i n a l l cases be p a r t l y o f f s e t by the sub
s t a n t i a l l y h i g h e r net c a l o r i f i c v a l u e o f the chars taken t o the 
b o i l e r s . 

The second o p t i o n worthy o f c o n s i d e r a t i o n i s a l i n k a g e o f 
c e r t a i n p e t r o c h e m i c a l o p e r a t i o n s ( s p e c i f i c a l l y , ammonia and/or 
methanol p r o d u c t i o n ) to manufacture o f l i q u i d hydrocarbons by 
F i s c h e r - T r o p s c h o r K u l b e l - E n g e l h a r d t s y n t h e s e s . 
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As p r e s e n t l y p r o j e c t e d , p r o d u c t i o n o f ammonia and methanol 
from c o a l - b a s e d syngas, a l t h o u g h v i a b l e even i n 1200 t/d p l a n t s , 
i s l i m i t e d by r e l a t i v e l y s m a ll domestic r e q u i r e m e n t s , and u n l e s s 
demand f o r fuel-grade methanol (as a component o f automotive 
f u e l s d e v e l o p s , s u b s t a n t i a l immediate a d d i t i o n s t o e x i s t i n g 
c a p a c i t y would o n l y be warranted i f access to f i r m e x p o r t mar
ke t s i n the mid-western and western U n i t e d S t a t e s c o u l d be g a i n 
ed. However, a t l e a s t two new ammonia p l a n t s w i t h a combined 
c a p a c i t y o f 3000-4000 t/d are expected t o be needed b e f o r e the 
l a t e 1980s t o meet i n c r e a s e d Canadian consumption o f n i t r o g e n o u s 
f e r t i l i z e r s and r e p l a c e f a c i l i t i e s then n e a r i n g the end o f t h e i r 
economic l i f e , and these c o u l d c o n c e i v a b l y be developed f o r co-
p r o d u c t i o n o f methanol, g a s o l i n e , d i e s e l f u e l s and/or f u e l gas. 

I f such o p e r a t i o n s employed F i s c h e r - T r o p s c h t e c h n o l o g y , 
they would i n e f f e c t , be scaled-down v e r s i o n s o f South A f r i c a ' s 
Sasol p l a n t , w i t h p r i n c i p a l b e n e f i t s a c c r u i n g from economies o f 
s c a l e ( i n the g a s i f i c a t i o n s e c t i o n ) as w e l l as from some c o n t r i 
b u t i o n to Canadian o i l ( o r o i l p r o d u c t s ) output and from an i n -
p l a n t a b i l i t y t o accommodate t r a n s i e n t demand f l u c t u a t i o n s by 
s w i t c h i n g s u r p l u s syngas to one o r another o f the downstream 
s y n t h e s i s u n i t s . But the more c h a l l e n g i n g , and p o t e n t i a l l y more 
a t t r a c t i v e , a l t e r n a t i v e would be the e x t r a c t i o n o f carbon monox
ide from syngas streams d e s t i n e d f o r ammonia s y n t h e s i s by, e.g., 
membrane permeation techniques (which would r e p l a c e gas s h i f t i n g 
and, by a v o i d i n g CO -> C0 2, make more e f f i c i e n t use o f carbon i n 
put i n t o the p l a n t ) , and p r o d u c t i o n o f hydrocarbons from CO and 
steam over i r o n a t ^500-600°F/l15-150 p s i (^250-300°C/800-1000 
kPa). F i r s t r e p o r t e d by Kôlbel & E n g e l h a r d t (31) and f o r m a l l y 
r e p r e s e n t e d by 

3C0 + H £0 • ( - C H 2 - ) + 2C0 2 

t h i s r e a c t i o n has been shown t o a c h i e v e v i r t u a l l y 100 per cent 
t h e o r e t i c a l c o n v e r s i o n o f CO to hydrocarbons, w i t h t h r e e - q u a r t e r s 
o f the t o t a l y i e l d b e i n g comprised o f C5- CIQ hydrocarbons (32). 
The o n l y by-product o f t h i s s y n t h e s i s i s ( e n v i r o n m e n t a l l y a c c e p t 
a b l e ) carbon d i o x i d e w h i c h , i f so d e s i r e d , c o u l d i n p a r t be used 
to generate a d d i t i o n a l volumes o f CO by c y c l i n g i t through incom
ing raw c o a l and making use o f the Boudouard r e a c t i o n . 

U n l i k e F i s c h e r - T r o p s c h t e c h n o l o g y , ΚοΊbel-Engelhardt s y n t h e s i s 
i s , o f c o u r s e , s t i l l e x p e r i m e n t a l and r e q u i r e s f u r t h e r p i l o t - p l a n t 
development b e f o r e i t s t e c h n i c a l and economic f e a s i b i l i t y can be 
a s s e s s e d . The same i s t r u e o f C0-H 2 s e p a r a t i o n w h i c h , i d e a l l y , 
would have t o be conducted a t temperatures t h a t conserve the sen
s i b l e heat o f the incoming syngas w i t h o u t e x c e s s i v e l y s l o w i n g gas 
m i g r a t i o n . However, these and o t h e r c o n v e r s i o n t o p i c s touched on 
in t h i s review are s u f f i c i e n t l y r e l e v a n t t o Canada's f u t u r e energy 
economy to m e r i t much more a t t e n t i o n - and very much more c o n c e r t e d 
action than has so f a r been devoted to them. I t i s r e g r e t t a b l e 
t h a t the monies p r o v i d e d by Canadian governments f o r "paper 
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2. BERKOWITZ Coal Conversion in Canada 25 

studies" of coal conversion and related matters still greatly 
exceed the funds available for practical research and engineer
ing development - and that the latter are, in fact, still almost 
vanishingly small when compared with expenditures on other, no 
more promising, energy programs. 

Note: These (maceral) constituents can be identified and quanti
tatively measured by examining thin sections or polished surfaces 
under a microscope, and reflect the nature of the primordial 
source material as well as the conditions under which it was de
posited. Vitrinites derive from humic gels, wood, bark and cor
tical tissues; exinites are the remains of fungal spores, leaf 
cuticles, algae, resins and waxes; and inertinltes comprise un
specified detrital matter, "carbonized" woody tissues and fungal 
sclerotia and mycelia. 

Summary 

Rapid escalation of natural gas and oil prices has not only 
once again made coal an economically attractive industrial fuel 
per se, but also brought it into focus as a resource from which, 
in future, petrochemical feedstocks, fuel gas and synthetic 
liquid hydrocarbons could be produced. 

This paper touches on the chemistry of coal gasification 
and liquefaction; comments on the current status of conversion 
processes and the influence of coal properties on coal perform
ance in such processes; and examines the contributions which 
coal conversion could make towards attainment of Canadian energy 
self-sufficiency. Particular attention is directed to a possible 
role for the medium-btu gas in long-term supply of fuel gas to 
residential and industrial consumers; to linkages between partial 
conversion and thermal generation of electric energy; and to co-
production of certain petrochemicals, fuel gas and liquid hydro
carbons by carbon monoxide hydrogénation. 
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The A O S T R A Role in Developing Energy from 
Alberta Oi l Sands 

R. D. HUMPHREYS 
Engineering and Managing Consultant, AOSTRA, Edmonton, Alberta, Canada 

The oi l sands are located in the northern section of Alberta 
and up until a year ago it was believed that they contained just 
over nine hundred and fifty billion barrels of in-place oil. This 
compares to the total Canadian reserves of conventional oi l of 
approximately eight billion barrels. Outtrim and Evans (1) of 
the Energy Conservation Board of Alberta presented a paper just 
about a year ago and suggested that the reserves in the oi l sands 
and the carbonates are considerably higher than the previously 
accepted totals. 

The Prize 
It is estimated that the total oi l sands and carbonates may 

contain in the order of two and a half trillion barrels of in
-place oil. Not all of this is recoverable. Less than 5% of the 
Athabasca deposit is recoverable by the mining methods using to
day's technology and perhaps less than 30% of the remaining oi l 
in a l l the oil sands deposits is recoverable by in-situ techni
ques. This means however, that a total of about 300 billion 
barrels is potentially recoverable. This compares very favour
ably with the 8 billion barrels estimated in our Canadian conven
tional oi l reserves. In years of supply i t equates to 400 to 500 
years of reserves - a very attractive prize. 

The presence of the oi l sands has been known for many years 
and attempts to exploit the deposits commercially go back as far 
as the turn of the century. These attempts included such endea
vours as those by Bitumount, Abasand and others. Dr. Karl A. 
Clarke, who worked on tar sands over a period of many years with 
the Alberta Research Council, successfully developed the hot 
water process used in the GCOS and Syncrude operations. Currently 
the Great Canadian Oil Sands Ltd. plant is operating at design 
capacity of 45,000 BPCD and Syncrude Canada Ltd. is in the process 
of starting-up its operation north of Fort McMurray. 

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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3. HUMPHREYS Energy from the Alberta Oil Sands 29 

AOSTRA 

During the mid 1970's the P r o v i n c i a l Government of A l b e r t a 
concluded t h a t the huge d e p o s i t s were not r e c e i v i n g the proper 
a t t e n t i o n m e r i t e d f o r such a massive p r i z e . They decided to do 
something about i t and e s t a b l i s h e d a crown c o r p o r a t i o n c a l l e d 
the A l b e r t a O i l Sands Technology and Research A u t h o r i t y , now 
commonly r e f e r r e d to as AOSTRA, w i t h i n i t i a l f u n d i n g of 
$ 100,000,000. The f u n d i n g has s i n c e been r a i s e d to 
$ 146,000,000, to enable c o n t i n u e d f u n d i n g of some longer range 
p r o j e c t s , which w i l l be d i s c u s s e d l a t e r i n the paper. The 
o b j e c t i v e of the A u t h o r i t y was to develop e c o n o m i c a l l y and e n v i r 
o nmentally a c c e p t a b l e technology through c o l l a b o r a t i v e a c t i o n by 
i n d u s t r y , u n i v e r s i t y and government. T h i s major o b j e c t i v e was 
s u b d i v i d e d i n t o two c a t e g o r i e s , musts and wants, each of which 
i n c l u d e d three goaIs. 
Musts. A At l e a s t one i n - s i t u r e c o v e r y p r o c e s s f o r each major 

o i l sand r e s e r v o i r type. 
h R e s o l u t i o n of major t e c h n i c a l problems of c u r r e n t 

s u r f a c e m i n i n g technology. 
C More e f f e c t i v e and e f f i c i e n t upgrading technology. 

Wants. A E v o l u t i o n a r y i n c r e a s e s i n p e r c e n t r e c o v e r y from i n -
s i t u d e p o s i t s . 

Β A l t e r n a t i v e e x t r a c t i o n t echnology. 
C C o n v e r s i o n of o i l sand i n t o h i g h e r v a l u e d petroleum 

and m i n e r a l p r o d u c t s . 

Method 
The method by which AOSTRA sought to c a r r y out i t s o b j e c 

t i v e s was through c o l l a b o r a t i v e a c t i o n by i n d u s t r y , u n i v e r s i t y 
and government by: 

A A r r i v i n g a t a consensus of major t e c h n o l o g i c a l 
b a r r i e r s . 

Β Having access to and o r g a n i z i n g the t e c h n o l o g i c a l 
base d a t a . 

C T a k i n g f u l l advantage of u n i v e r s i t y r e s e a r c h 
c a p a b i l i t y . 

D F u l l p a r t i c i p a t i o n of the A l b e r l a and Canadian 
c o n s u l t i n g Industry. 

Ε J o i n t industry/AOSTRA p r o j e c t e v a l u a t i o n and 
p a r t i c i p a t i o n . 

I n - s i t u Technology. The i n i t i a l major o b j e c t i v e o f AOSTRA then 
was to develop a new i n - s i t u technology or speed up e x i s t i n g i n -
s i t u t e c h n o l o g i e s f o r each of the f o u r major d e p o s i t s . A c a l l 
f o r p r o p o s a l s r e s u l t e d i n response of 21 major a p p l i c a t i o n s and 
from these an i n - s i t u program was e s t a b l i s h e d which i n c l u d e d 
f o u r t e s t s i n three of the f o u r major d e p o s i t s . They i n c l u d e : 

BP i n the Col d Lake d e p o s i t . 
S h e l l i n the Peace R i v e r d e p o s i t . 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
ch

00
3

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



30 CHEMISTRY FOR ENERGY 

AMOCO i n the Athabasca d e p o s i t . 
NUMAC i n the Athabasca d e p o s i t . 

The AMOCO p r o j e c t i s f u r t h e s t advanced and began o p e r a t i o n s 
i n the l a t t e r p a r t of 1977. The p r o j e c t was plagued by c o l d 
weather problems d u r i n g p a r t of the w i n t e r p e r i o d but the opera
t i o n i s now underway and some v e r y encouraging r e s u l t s are coming 
forw a r d . 

The BP p r o j e c t i n the Cold Lake d e p o s i t i s now completed and 
o p e r a t i o n s just, underway. C o n s t r u c t i o n i s p r o g r e s s i n g on the 
S h e l l O i l p r o j e c t and i s expected to be completed i n mid 1979. 
I n i t i a l f i e l d t - s t s have been completed on the NUK/-C p r o j e c t and 
•;:vsuits are be i n g assessed i n order to determine the f u r t h e r 
course of a c t i o n . 

Of a l l the f l u i d s i n v e s t i g a t e d AOSTRA has concluded t h a t 
steam and a i r are the o n l y two t h a t are cheap enough to i n j e c t a t 
h i g h volumes to a i d i n r e c o v e r y . These two f l u i d s , e i t h e r a lone 
or i n co m b i n a t i o n , have been s e l e c t e d f o r t e s t i n g i n each of the 
d e p o s i t s . 

The sequence of steps i n an i n - s i t u p r o j e c t r e q u i r e s a 
len g t h y p e r i o d of time. I f l a b o r a t o r y r e s e a r c h i s s u f f i c i e n t l y 
e ncouraging a f i e l d t e s t can then be attempted. I f the concept 
works on the i n i t i a l f i e l d t e s t , u s u a l l y a t a c o s t of 1 - 3 
m i l l i o n d o l l a r s , a f u l l p a t t e r n t e s t , i n v o l v i n g 5 - 9 w e l l s can 
be c a r r i e d out. I f the p a t t e r n t e s t proves s u c c e s s f u l t e c h n i 
c a l l y and e c o n o m i c a l l y , i t i s then t h e o r e t i c a l l y p o s s i b l e t o move 
to a f u l l commercial o p e r a t i o n . However, f o r a number of reasons 
i n v o l v i n g the v a r i a b i l i t y of the d e p o s i t and the r i s k s i n v o l v e d , 
the next phase i s u s u a l l y i n the form of a l a r g e p r o t o t y p e i n 
c l u d i n g a number of a d j o i n i n g p a t t e r n s . Large c a p i t a l expendi
t u r e s are r e q u i r e d i n t h i s phase and i t i s hoped t h a t the t e c h 
nology has been developed to the p o i n t where AOSTRA need not be 
i n v o l v e d i n t h i s s t a g e . 
M i n i n g Improvements. The second major o b j e c t i v e was to develop 
improved s u r f a c e m i n i ng technology. T h i s program seeks to e l i m 
i n a t e some of the major short-comings of the c u r r e n t m i n i ng 
p r o j e c t s . The c h i e f of these b e i n g the problem of sludge produc
t i o n from the hot water p r o c e s s and the a t t e n d a n t problems of 
sludge d i s p o s a l , dam b u i l d i n g , s o l i d s m a t e r i a l s h a n d l i n g and la n d 
r e c l a m a t i o n . To t h i s end AOSTRA i s engaged i n the sea r c h f o r a 
dry e x t r a c t i o n p r o c e s s . A s u c c e s s f u l p r o c e s s would r e c o v e r the 
8 - 107. bitumen p r e s e n t l y l o s t t o the t a i l i n g s pond and would 
e l i m i n a t e the need f o r t a i l i n g s ponds c o m p l e t e l y . A p i l o t p l a n t 
i s c u r r e n t l y b e i n g operated i n C a l g a r y based on a r e t o r t i n g 
p r o c e s s developed by a C a l g a r y e n g i n e e r . I f the i n i t i a l t e s t 
work i s s u c c e s s f u l , i t i s planned to t r a n s p o r t the u n i t to F o r t 
McMurray f o r f u r t h e r e v a l u a t i o n . 

The Lurgi-Ruhrgas p r o c e s s i s a d i r e c t r e t o r t i n g o p e r a t i o n 
which has been proposed f o r use on the A l b e r t a o i l sands. I t i s 
the view of the A u t h o r i t y t h a t the n e x t st e p i n the f u r t h e r 
development of the L u r g i p r o c e s s i s to c a r r y out a t e s t run on 
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3. HUMPHREYS Energy from the Alberta Oil Sands 31 

Athabasca o i l sands using an existing German p i l o t plant and 
negotiations are currently underway with Lurgi for such a test. 
If the Authority decides to take further steps on either or both 
of these two processes, i t w i l l be approaching industry to obtain 
both f i n a n c i a l and technical assistance. 
Upgrading Bitumen. The third major objective was to develop more 
effective and e f f i c i e n t upgrading technology. Several bitumen 
upgrading processes have been considered for o i l sand use, but 
coking processes are being employed for the f i r s t two commercial 
plants. The flexicoking process, i n i t s f i r s t year of commercial 
operation in Japan, has the advantage of gasifying excess coke to 
a low BTU gas. Both c a t a l y t i c and thermal hydrocracking process
es are also being evaluated with p i l o t work underway by the 
Federal Government. 
Underground Mining. The f i n a l technology area considered i s 
underground mining of the o i l sands. A number of underground 
mining proposals were received during the past two years, and 
after an extensive review of these with the help of a mining 
panel, i t has been concluded that there i s not s u f f i c i e n t basic 
data on the underground characteristics of o i l sands on which to 
base a decision. A number of i n i t i a t i v e s have been taken to 
gather this missing information. One example i s the measurement 
of some underground parameters during the construction of a 14 
foot diameter tunnel south of Fort McMurray. Shaft sinking i s 
being considered and an estimate of the cost of sinking a shaft 
through the overburden to the o i l sands has been completed. A 
chair has been established at the University of Alberta which 
w i l l address i t s e l f to the study of geotechnical properties of 
the o i l sands and the Authority has participated with a number 
of companies i n evaluating the Russian underground thermal 
mining operations. The Board i s currently assessing a l l of the 
data and information received during this past year and i s 
formulating a plan for future action. 

AOSTRA has appointed a professor at each of the three 
Alberta Universities and has also awarded a number of fellow
ships and scholarships for o i l sands research. This i s i n 
addition to s p e c i f i c contract research being carried out at the 
un i v e r s i t i e s . The contract research work has been focused on 
those topics which support the f i e l d projects referred to e a r l i e r . 
Industry/University seminars have been held on an annual basis, 
the third one was held in Calgary in March, 1978. 

Technology Ownership 

The technology that i s developed through any of the AOSTRA 
programs i s owned entirely by AOSTRA and AOSTRA becomes the sole 
licensing agent in Canada. The license fee w i l l be established 
by agreement with the participating company or companies and i f 
agreement cannot be reached on a f a i r market value by this means, 
an arb i t r a t i o n procedure has been established. 
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32 CHEMISTRY FOR ENERGY 

Funding 
Most of the company partnered projects are funded on a 

50:50 basis with shared management and control and the licensing 
income is divided on a pro rata basis. The company may however 
invite up to three other industry participants provided the 
initial company is responsible for any new company default. The 
partner companies1 prior technology can be incorporated into the 
total licensing package. 

Summary 

AOSTRA now has four in-situ field projects underway, has 
completed an initial underground field test in the tunnel at Fort 
McMurray, is constructing one dry extraction pilot plant, has 
co r.leted one upgrading pilot test on flexicoking and is currently 
reviewing programs for LloycVninster type heavy oil recovery and 
oi l upgrading. Finally, as back-up to the field and pilot 
programs, AOSTRA has been placing considerable emphasis on explor
atory research at universities and the Alberta Research Council. 

Literature Cited 

1 Outtrim, C.P. and Evans, R.G., Alberta's oil sands reserves 
and their evaluation: Heavy Oil Symposium, 28th Annual 
Technical Meeting of the Petroleum Society of the Canadian 
Institution of Mining and Metallurgy, May 1977, 41 p. 
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4 
Microemulsions as a Possible Tool for Tertiary Oi l 
Recovery 

JACQUES E. DESNOYERS, REJEAN BEAUDOIN, and GERALD PERRON 
Department of Chemistry, Université de Sherbrooke, Sherbrooke, 
Quebec, Canada J1K 2R1 
GENEVIEVE ROUX 
Laboratoire de Thermodynamique et Cinétique Chimique, U.E.R. Sciences, 
B.P. 45, 63170 Aubière, France 

The primary o i l recovery takes advantage of the pressure exer
ted by the natural gases which forces the oi l through the wells. 
When this pressure drops, i t can be built-up again by water flooding. 
Unfortunately, after these primary and secondary processes, there 
s t i l l remains up to 70% of the oi l adsorbed on the porous clays. 
Consequently, in recent years, there have been tremendous efforts 
made to develop tertiary o i l recovery processes, namely carbon dio
xide injection, steam flooding, surfactant flooding and the use of 
microemulsions. In this latter technique, illustrated in Fig. 1, 
the aim is to dissolve the oi l into the microemulsion, then to dis
place this slug with a polymer solution, used for mobility control, 
and finally to recover the o i l by water injection (1). 

Nature of Microemulsions. 

Microemulsions are rather complex mixtures of water, o i l , sur
factant, cosurfactant, usually alcohols, and often other additives 
such as electrolytes which, when added in the right proportions, 
form spontaneously a transparent or translucid liquid. One of the 
most important features of these microemulsions is the large quanti
ty of o i l that can be dissolved or dispersed in i t . It is primari
ly for this reason that they are used to such a large extent commer
cially as water soluble waxes, cutting oils, wetting agents, herbi
cides and pesticides, synthetic blood, etc. (2). Despite the ob
vious importance of these systems, with the notable exception of 
Schulman et al. (3), few fundamental studies have been made until 
fairly recently. S t i l l now strong disagreement exists amongst 
authors on the origin of the stability and on the structure of mi
croemulsions. Following the original suggestions of Schulman, many 
consider microemulsions as a special case of emulsions where the 
small size of the droplets comes from the formation of a mixed film 
having a near zero or negative interfacial tension (3). Others, 
following the school of Friberg (4), prefer to consider the micro-
emulsion as a swollen or inverse micelle. Their evidence comes 
mainly from very systematic studies of phase diagrams which indicate 
that the microemulsions are in fact extensions of the normal micel-

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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INJECTION 
WELL 

STABILIZED OIL 
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PRODUCTION 
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MICROEMULSION SLUG 

(Polymer Solution) 

Academic Press 

Figure 1. Oil extraction by using microemulsions (I) 

THE THREE STRUCTURE-
FORMING ELEMENTS SHOW AN 
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INVERSE MICELLES 
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A PLANE AT CONSTANT CONTENT (50X) 
uF P-XYLENE IS SUITABLE TO SHOW THE 
W/O MICROEMULSION AREA DEPENDENCE 
ON THE RATIO BETWEEN THE THREE 
STRUCTURE-FORMING ELEMENTS 
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THE W/O MICROEMULSIONS CONTAIΝI 
SOI HYDROCARBON ARE A DIRECT 
CONTINUATION OF THE INVERSE MICELLAR 
AREA AT OX HYDROCARBON AND THE 
THREE STRUCTURE-FORMING 
ELEMENTS FOR THE AREA ARE 
SIMILAR 

C 1 2 SÔ4 
• 5 0 7 . C 6 C 2 * 507 . c 6 C 2 

Academic Press 

Figure 2. Phase diagram of a water-pentanol-sodium dodecylsulfate-^-xylene 
microemulsion (4) 
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4. DESNOYERS ET AL. Microemulsions and Tertiary Oil Recovery 35 

l a r phase, as shown i n F i g . 2. 
As i s o f t e n the c a s e , we have become i n v o l v e d i n microemul

s i o n s somwehat by a c c i d e n t . I n the l a s t f i v e y e a r s o r so we have 
been making s y s t e m a t i c s t u d i e s of the thermodynamic p r o p e r t i e s of 
aqueous o r g a n i c m i x t u r e s and o f e l e c t r o l y t e s i n these mixed s o l 
v e n t s . Of p a r t i c u l a r i n t e r e s t were our heat c a p a c i t y measurements. 
Wit h a d i f f e r e n t i a l f l o w m i c r o c a l o r i m e t e r (5,6) i t i s p o s s i b l e to 
measure heat c a p a c i t i e s per u n i t volume t o about 10 p a r t s per j a i l -
l i o n and, from these d a t a , d e r i v e apparent (φ^) and p a r t i a l ( C p ) 
m o l a l heat c a p a c i t i e s of each component. These C p a r e a measure of 
the i n t r i n s i c heat c a p a c i t y o f the component p l u s c o n t r i b u t i o n s 
from the v a r i o u s i n t e r a c t i o n s between the components. Be i n g a s e 
cond d e r i v a t i v e of the c h e m i c a l p o t e n t i a l w i t h r e s p e c t to tempera
t u r e , heat c a p a c i t y i s e s p e c i a l l y s e n s i t i v e t o changes i n the s t r u c 
t u r e of s o l u t i o n s and i n p a r t i c u l a r to those r e s u l t i n g i n energy 
f l u c t u a t i o n s i n t h e system. 

O r g a n i c m o l e c u l e s whigh a r e s o l u b l e i n water u s u a l l y have s t a n 
dard ( i n f i n i t e d i l u t i o n ) C p which a r e s i g n i f i c a n t l y more p o s i t i v e 
than the molar heat c a p a c i t y C p of t h e pure s u b s t a n c e s . W i t h many 
l i q u i d s which a r e c o m p l e t e l y m i s c i b l e i n water (dimethylformamide, 
d^oxane^ acetone, e t c . ) C p decreases i n a f a i r l y r e g u l a r way from 
C t o Cp. However, w i t h c e r t a i n hydrophobic a l c o h o l s ( 7 ) , a l k o x y -
e t h a n o l s (8) and amines (9), C p undergoes d r a s t i c changes i n the 
w a t e r - r i c h r e g i o n , e s p e c i a l l y a t lower temperature. Examples of 
t h e s e changes a r e shown i n F i g . 3 f o r t e r t - b u t a n o l , t r i e t h y l a m i n e 
and 2-butoxyethanol i n water. These systems show n e a r l y a f i r s t or 
h i g h e r o r d e r t r a n s i t i o n , and beyond 0.05 mole f r a c t i o n the C p a r e 
c o n s t a n t and have the v a l u e of C , s u g g e s t i n g t h a t i n t h i s concen
t r a t i o n range t h e o r g a n i c m o l e c u l e s l o c a l l y seldom come i n t o con
t a c t w i t h water m o l e c u l e s . There i s t h e r e f o r e some k i n d of m i c r o -
phase s e p a r a t i o n o c c u r i n g i n these b i n a r y systems i n a way which 
c o u l d be analogous to m i c e l l i z a t i o n ( 1 0 ) . C o n t i n u i n g s t u d i e s i n 
our l a b o r a t o r y seem to i n d i c a t e t h a t the a d d i t i o n of s u r f a c e a c t i v e 
m o l e c u l e s s t a b i l i z e f u r t h e r these pseudo-phases ( t r a n s i t i o n s a r e 
s h a r p e r and o c c u r a t lower c o n c e n t r a t i o n s ) . I t i s our c o n t e n t i o n 
t h a t the s t r u c t u r e s which e x i s t i n these b i n a r y systems a r e l o c a l l y 
n ot too d i f f e r e n t from those of many s o - c a l l e d m i c r o e m u l s i o n s . 
M i c r o e m u l s i o n s and O i l Recovery. 

One of the i n t e r e s t i n g f e a t u r e s of these b i n a r y s o l u t i o n s , and 
of many m i c r o e m u l s i o n s , i s t h e i r tendency to unmix a t h i g h e r tempe
r a t u r e . For example t r i e t h y l a m i n e - w a t e r m i x t u r e s unmix i n t o n e a r l y 
pure t r i e t h y l a m i n e and n e a r l y pure water a t 18.5°C; s i m i l a r l y 2-
b u t o x y e t h a n o l has a lower c r i t i c a l s o l u t i o n temperature a t 49 C. 
T h i s phase s e p a r a t i o n suggests a new approach to the problem o f 
t e r t i a r y o i l r e c o v e r y . We can use such b i n a r y systems to d i s s o l v e 
the o i l a t low temperature and then r e c o v e r a good p a r t o f the o i l 
s i m p l y by r a i s i n g the temperature some 20 to 30 degrees. T h i s i s 
based on the assumption t h a t , a t h i g h temperature, t e r n a r y systems 
w i l l a l s o tend to s e p a r a t e i n t o two phases, one of which would be 
v e r y r i c h i n o i l . T h i s s h o u l d be e s p e c i a l l y u s e f u l f o r the l i g h t e r 
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Figure 3. Partial molal heat capacities of triethyhmine, 2-butoxyethanol, and 
text-hutoxyethanol in water 
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o i l s . 

Decane-2-Butoxyethanol-Water Phase Diagrams. 

The phase diagram o f some o i l - s o l u b i l i z e r - w a t e r must be measu
r e d as a f u n c t i o n of temperature i n o r d e r to t e s t the above approach. 
For t h i s purpose decane (DEC) was chosen as a t y p i c a l o i l and 2-bu
t o x y e t h a n o l (BE) as the s o l u b i l i z e r . We thought BE would be a good 
model s o l u b i l i z e r s i n c e the lower c r i t i c a l s o l u t i o n temperature f o r 
the BE-H^O system i s 49 C; t h i s g i v e s a good workable temperature 
range f o r our i n v e s t i g a t i o n . 

I n these experiments BE and DEC, from Baker Chemicals ( P r a c t i 
c a l g r a d e ) , were used as such. Sodium d o d e c y l s u l f a t e (NaDDS), 
which was added to the s o l u t i o n s i n some experiments, was from BDH 
( S p e c i a l l y p u r e ) . I t was d r i e d i n a vacuum oven b e f o r e use. 

The phase diagrams were determined by the c l o u d p o i n t t e c h n i 
que. A t a c o n s t a n t temperature (Sodev temperature contrôler, 
± 0.001°C) the BE-H 20 systems were t i t r a t e d (2.5 ml Gilmont s y r i n 
ge) w i t h DEC u n t i l a s l i g h t c l o u d i n e s s appeared, c o r r e s p o n d i n g t o 
the f o r m a t i o n of two o r more phases. F o r temperature s t u d i e s , the 
temperature of a known m i x t u r e of BE-DEC-R^O was v a r i e d u n t i l a 
c l o u d p o i n t was observed. The temperature was r e a d t o ± 0.01 C 
w i t h a p r e - c a l i b r a t e d t h e r m i s t o r . I n g e n e r a l t h i s t e c h n i q u e i s 
f a s t and q u i t e r e p r o d u c i b l e but d i f f i c u l t i e s a r e o f t e n encountered. 
I n the w a t e r - r i c h r e g i o n the s o l u b i l i t y of DEC i s low. A t h i g h e r 
c o n c e n t r a t i o n s t h r e e phases o f t e n appear when excess DEC i s added. 
The top phase c o n t a i n s m o s t l y DEC and the lower one m o s t l y w a t e r . 
The c o e x i s t e n c e of t h r e e phases i s t y p i c a l of many m i c r o e m u l s i o n s 
systems ( 1 1 ) . 

To determine the complete phase diagram of a t e r n a r y system as 
a f u n c t i o n of temperature, a t l e a s t a t h r e e - d i m e n s i o n diagram i s 
n e c e s s a r y . Such diagrams a r e u n f o r t u n a t e l y q u i t e d i f f i c u l t to v i 
s u a l i z e and i t i s o f t e n p r e f e r a b l e to reduce the diagrams to two 
dimensions by k e e p i n g the c o n c e n t r a t i o n o f some of the components 
c o n s t a n t . Some r e s u l t s f o r the BE-R^O phase diagram as a f u n c t i o n 
of temperature f o r f i x e d q u a n t i t i e s of DEC a r e shown i n F i g . 4. I n 
t h i s diagram the mole f r a c t i o n of BE r e f e r s to the b i n a r y system 
BE-H 20; e.g. Χ β Ε =0.4 means 0.4 mole BE i n 0.6 moles H 20. On the 
o t h e r hand r e f e r s t o the t e r n a r y systems; e.g. Χ Τ Λ Ε Γ

 = 0.2 
means 0.2 moles o f DEC i n 0.8 moles of BE + R y ) . 

On the l e f t - h a n d s i d e of F i g . 4 we have the normal phase d i a 
gram of t h e b i n a r y BE-R^O system. The a d d i t i o n of DEC s h i f t s the 
two phase e q u i l i b r i a to h i g h e r BE c o n c e n t r a t i o n s and to lower tem
p e r a t u r e s . I f the a d d i t i o n of a t h i r d component i s c o n t i n u e d 
beyond the c l o u d p o i n t , e v e n t u a l l y t h r e e d i s t i n c t phases appear. 
U n f o r t u n a t e l y the c l o u d p o i n t t e c h n i q u e g i v e s us the i n i t i a l con
c e n t r a t i o n o r temperature where unmixing b e g i n s but i s not s u i t a 
b l e to d i s t i n g u i s h between the c o e x i s t e n c e of two phases and t h r e e 
phases. A l s o the t h r e e phase r e g i o n depends q u i t e c r i t i c a l l y on 
temperature. 

A t h i g h e r than 0.1, two o r more phases appear a t h i g h 
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CHEMISTRY FOR ENERGY 

Figure 4. Phase diagram of decane-2-butoxyethanol-water for a constant con
centration of decane. The mole fraction of BE is expressed relative to water only 

and the mole fraction of DEC relative to the BE-HgO. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
ch

00
4

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 
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temperatures and a l s o a t low temperatures. T h i s p r o b a b l y suggests 
t h a t t h e r e e x i s t s a l s o an upper c r i t i c a l temperature i n the b i n a r y 
system BE-H^O a t low temperature. These lower and upper c l o u d 
p o i n t s were u n f o r t u n a t e l y not determined a t e x a c t l y the same X^ E^. 
S t i l l we can r e a d i l y see from P i g . 4 t h a t f o r near 0.1 ana 
Χ β Ε = 0.4 the system w i l l e x i s t i n two phases below 20^0, w i l l be 
c o m p l e t e l y m i s c i b l e above t h i s temperature and i t w i l l a g a i n sepa
r a t e out i n t o two phases above 80 C. A g a i n t h r e e phases seem to 
appear when the c l o u d p o i n t i s exceeded. 

A s i m i l a r phase diagram f o r a f i x e d X^ E and a v a r i a b l e X ^ ^ i s 
shown i n F i g . 5. A t low X^ the system i s r e l a t i v e l y s i m p l e . For 
example, f o r X ^ = 0.45 ana ^ = 0.225 two phases e x i s t below 
28 C ( p o i n t a ) , a s i n g l e phase between 28°C and 55 C ( p o i n t s b and 
c) and a g a i n two phases above 55°C ( p o i n t d) . A t h i g h X ^ ™ the s i 
t u a t i o n becomes v e r y complex. Only one case i s shown f o r X^ E = 
0.70. A t Xp = 0.755 a c l e a r s o l u t i o n i s observed below 
20 C ( p o i n t e;, a c l o u d y m i x t u r e appears above 20 C but does not 
unmix ( p o i n t g ) , and two d i s t i n c t phases a r e p r e s e n t above 35 C 
( p o i n t h ) . We a r e p o s s i b l y i n a r e g i o n where l i q u i d c r y s t a l s o r 
i n v e r s e m i c e l l e s a r e formed. 

The t e r n a r y phase diagram where the temperature i s kept cons
t a n t a r e shown i n F i g . 6. Here X^ and X a r e b o t h expressed 
r e l a t i v e to the t e r n a r y systems. I n t h i s diagram we show o n l y the 
c l o u d p o i n t s c o r r e s p o n d i n g to the i n i t i a l u nmixing. I n the DEC-
r i c h r e g i o n the diagram becomes too complex to f i x unambiguously 
the phase diagram. Data a r e shown f o r 25, 40 and 70 C. A g a i n we 
can see t h a t f o r X^ between 0.2 and 0.5 t h e s o l u b i l i t y o f DEC i s 
l a r g e r a t 40°C than a t 25 and 70°C. 

The e f f e c t o f adding a s u r f a c t a n t , (NaDDS), was a l s o i n v e s t i 
g a ted. One such case o n l y i s shown i n F i g . 6 where BE i s r e p l a c e d 
by a 5:1 m i x t u r e of BE-NaDDS. The main e f f e c t of NaDDS i s to i n 
c r e a s e the m i s c i b i l i t y range of the o i l i n water. V a r i o u s r a t i o s 
of BE-NaDDS were used and, as a f i r s t a p p r o x i m a t i o n , t h e change i n 
the phase diagram i s d i r e c t l y p r o p o r t i o n a l to the c o n c e n t r a t i o n o f 
NaDDS. The a d d i t i o n of a s u r f a c t a n t p r o b a b l y s t a b i l i z e s the m i c r o -
s t r u c t u r e s which were a l r e a d y p r e s e n t i n the t e r n a r y system BE-DEC-
H^O and decreases t h e q u a n t i t y o f BE needed t o s o l u b i l i z e DEC. 
T h e r e f o r e the presence of a s u r f a c t a n t i s u s e f u l but not e s s e n t i a l 
to the s t a b i l i t y o f m i c r o e m u l s i o n s . 

Heat C a p a c i t y of Decane i n M i c r o e m u l s i o n s . 

Heat c a p a c i t y measurements sho u l d be v e r y u s e f u l i n d e t e r m i n 
i n g t h e l o c a l s t r u c t u r e i n m i c r o e m u l s i o n s . A complete study w i l l 
i n v o l v e k e e p i n g one component near i n f i g i t e d i l u t i o n and v a r y the 
r a t i o of the o t h e r two. The s t a n d a r d C p of the f i r s t component 
w i l l then i n f o r m us on t h e environment of the m o l e c u l e . T h i s 
s h o u l d be done f o r BE, DEC and H^O as the r e f e r e n c e component. 
Then i n a second s e t of experiments the mole f r a c t i o n of a l l com
ponents s h o u l d be v a r i e d s i m u l t a n e o u s l y . T h i s i s a long-term p r o 
j e c t and o n l y p r e l i m i n a r y r e s u l t s w i l l be p r e s e n t e d here f o r DEC as 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
ch

00
4

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



CHEMISTRY FOR ENERGY 

Figure 5. Phase diagram of decane-2-butoxyetlianol-water for a constant con
centration of 2-butoxyethanol. The mole fraction of BE is expressed relative to 

water only and the mole fraction of DEC relative to the BE-H20 mixture. 
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Figure 6. Phase diagram of decane-2-butoxyethanol-water for a constant tem
perature. All mole fractions are expressed relative to the other two components. 
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the r e f e r e n c e component. 
The apparent m o l a l heat c a p a c i t y φ̂ , of DEC was measured i n BE-

m i x t u r e s w i t h a f l o w m i c r o c a l o r i m e t e r (6,2.) f o l l o w i n g the u s u a l 
procedure f o r t e r n a r y systems ( 1 2 ) . I n most experiments DEC was 
k e p t a t v e r y low m o l a l i t i e s and X g E was v a r i e d over a wide range 
(Table 1 ) . I n pure water and i n v e r y d i l u t e BE s o l u t i o n s the so
l u b i l i t y of DEC i s too low f o r d i r e c t φ measurements. However 
Cp of DEC i n pure water can be e s t i m a t e d r e a s o n a b l y w e l l through 
a d d i t i v i t y r u l e s (13,14) and has the v a l u e 1060 J Κ m o l " a t 
25°C 1 On the o t h e r hand Cl of DEC i n pure BE i s about 345 J Κ 
mol . Except f o r d a t a p o i n t s near = 0.05, which corresponds 
to the t r a n s i t i o n r e g i o n , φ^φΕΟ) does not v a r g much w i t h the DEC 
or BE c o n c e n t r a t i o n and has a v a l u e c l o s e to C p of DEC i n pure BE. 
T h i s s t r o n g l y suggests t h a t DEC m o l e c u l e s a r e e s s e n t i a l l y i n con
t a c t w i t h BE o n l y . T h i s i s a g a i n c o n s i s t e n t w i t h the h y p o t h e s i s 
t h a t the BE-H^O system e x i s t s as microphases above 0.05 mole 
f r a c t i o n s . 

TABLE I 

HEAT CAPACITY OF DECANE IN 2-BUT0XYETHAN0L-WATER MIXTURES AT 25°C. 

^ E C 
mol kg -1 

VBE Φ 0 ( Β Ε Ο 

J K" 1 m o l " 1 

0.0245 0.05 242.5 
0.0329 291.6 
0.0377 324.6 
0.0476 356.8 
0.0360 0.10 327.6 
0.0630 331.0 
0.0974 350.5 
0.116 372.7 
0.0268 0.20 341.5 
0.0556 342.2 
0.1113 339.3 
0.2334 0.45 353.0 
0.3303 352.0 
0.9954 pure 345.3 
1.5546 344.7 

C p of pure decane = 314.6 J Κ m o l " _ χ _ χ 

Cp o f decane i n pure water = 1060 J Κ mol 

C o n c l u s i o n . 

The work p r e s e n t e d here i s e s s e n t i a l l y a p r e l i m i n a r y s t udy o f 
the s o l u b i l i z a t i o n o f o i l i n s i m p l e b i n a r y aqueous systems which 
can be used as model systems f o r m i c r o e m u l s i o n s . S t i l l , i t was 
demonstrated t h a t the use of phase s e p a r a t i o n t o r e c o v e r t h e o i l 
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from microemulsions is feasible. For this purpose BE is probably 
not the best solubilizer since the concentration range where the 
microemulsion can be destabilized by a change in temperature is too 
narrow and BE is not stable at high pH. Solubilizers like triethyl-
amine and diethyImethylamine could be more interesting in this res
pect since the lower critical solution region is very flat. These 
systems are presently under study in our laboratory. 
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Abstract. 

Microemulsions are very promissing for tertiary o i l recovery 
in view of their capacity to dissolve large quantities of nonpolar 
molecules. Studies of the thermodynamics of organic aqueous mixtu
res have indicated that some polar organic liquids miscible with 
water, such as alcohols, amines and alkoxyethanols can exist in 
water as microphases or aggregates similar to micelles. These 
microphases can be further stabilized by the addition of third com
ponent such as a surfactant. As a model system the phase diagram 
of the ternary systems 2-butoxyethanol-decane-water was determined 
as a function of temperature. This ternary system unmixes at low 
and high temperatures. The effect of sodium dodecyl sulfate on 
the phase diagram was also investigated. The addition of a sur
factant increases significantly the solubility of decane. Heat 
capacity measurements suggests that decane, when dissolved in a 
2-butoxyethano1-water mixture, essentially comes in contact with 
the nonaqueous component only. 
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Desulfurization of Fossil Fuels 

J. B. HYNE 

Alberta Sulphur Research Ltd. and Department of Chemistry, 
University of Calgary, Calgary, Alberta T2N 1N4 

Since the industrial revolution mankind has been dependent 
on fossil hydrocarbon fuel for a very large proportion of total 
energy needs. Coal was the dominant form until the first half of 
the twentieth century when fluid hydrocarbons began to make sig
nificant inroads due to easier recovery, handling and transpor
tation. Many of the fluid forms also had lower sulphur content 
than coal and were therefore more attractive from the environ
mental impact standpoint. 

The low sulphur fuels, however, are limited in supply and 
future energy needs indicate that, unti l alternate non-hydro
carbon energy sources can be fully developed, there w i l l be an 
increasing reliance on heavier hydrocarbons, including coal, 
heavy o i l s , bitumens, etc., all of which tend to be relatively 
high in sulphur. Coupled with ever stricter environmental con
trol regulations the importance of developing efficient technolo
gies for fuel desulphurisation is clear. 

This paper presents an examination of the overall question 
of fossil fuel desulphurisation as i t currently exists including 
solid, liquid and gas phase hydrocarbon fuels and technologies 
for their desulphurisation, in situ, in refining, during com
bustion and post combustion (see Figure 3). 

Sulphur i n F o s s i l F u e l s 

Sulphur o c c u r s i n most f o s s i l hydrocarbon f u e l s i n e i t h e r o r 
both of the o r g a n i c or i n o r g a n i c forms. P y r i t e s (FeS2) i s the 
most common of the i n o r g a n i c forms w h i l e organosulphur compounds 
range w i d e l y over the s t r u c t u r a l spectrum from t h i o e t h e r s and 
mercaptans i n the a l i p h a t i c s e r i e s t o thiophenes and complex a r o 
m a t i c s t r u c t u r e s where the su l p h u r atoms a r e an i n t e g r a l p a r t of 
the r i n g systems. 

In many d e p o s i t s , the amount of s u l p h u r p r e s e n t i n the hydro 
carbon f a r exceeds the c o r r e s p o n d i n g percentage of s u l p h u r l i k e l y 
to have been i n c o r p o r a t e d i n the o r i g i n a l b i o l o g i c a l m a t e r i a l 
from w hich the f o s s i l f u e l was formed. Thus the su l p h u r now p r e -

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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sent i n the hydrocarbon d e p o s i t s was e i t h e r c o n c e n t r a t e d d u r i n g 
the a c c u m u l a t i o n i n the f o r m a t i o n or has been i n c o r p o r a t e d from 
a d j a c e n t i n o r g a n i c s o u r c e s . 

Recent work by W i l s o n Orr (1) and o t h e r s u s i n g s t a b l e i s o 
tope t e c h n i q u e s has p r o v i d e d s t r o n g evidence t h a t i n c o r p o r a t i o n 
from an i n o r g a n i c source i s the most p r o b a b l e e x p l a n a t i o n . I n 
o r g a n i c s u l p h u r ( s u l p h a t e ) tends t o be r i c h e r i n the heavy s u l 
phur i s o t o p e , S 3 4 , compared w i t h r e f e r e n c e m e t e o r i t i c s u l p h u r 
whereas o r g a n i c s u l p h u r i s d e p l e t e d i n the heavy i s o t o p e . U s i n g 
t y p i c a l v a l u e s f o r OS3**, the r e l a t i v e enrichment or d e p l e t i o n 
w i t h r e s p e c t t o S 3 4 , Orr showed t h a t as much as 78% of the H2S 
a s s o c i a t e d w i t h a hydrocarbon d e p o s i t and 34% of the o r g a n i c a l l y 
bound s u l p h u r was d e r i v e d from i n o r g a n i c ( f o r m a t i o n r o c k ) s u l 
phate. A mechanism f o r t h i s i n c o r p o r a t i o n of s u l p h a t e s u l p h u r 
i n t o o r g a n i c s t r u c t u r e s i s shown i n F i g u r e 1. A l t h o u g h hydrogen 
s u l p h i d e a c t s as a c r u c i a l r e a c t i o n i n t e r m e d i a t e undergoing redox 
r e a c t i o n w i t h s u l p h a t e , the o v e r a l l r e a c t i o n i n v o l v e s the reduc
t i o n of s u l p h a t e by hydrocarbon y i e l d i n g s u l p h u r (or H2S) and 
carbon d i o x i d e . The e l e m e n t a l s u l p h u r produced r e a c t s r e a d i l y 
w i t h hydrocarbons t o y i e l d organosulphur compounds t y p i c a l of 
those found i n f u e l s . A l l of these r e a c t i o n s a r e promoted by 
deep, h i g h p r e s s u r e , e l e v a t e d temperature b u r i a l of the f o s s i l 
hydrocarbon. T h i s e f f e c t i s most d r a m a t i c a l l y seen i n the h i g h 
c o n c e n t r a t i o n s of H2S found i n deep (10,000 T+) n a t u r a l gas w e l l s 
i n many l o c a t i o n s around the w o r l d . 

F o r m a t i o n 

T y p i c a l s u l p h u r c o n t e n t v a l u e s f o r v a r i o u s f o s s i l hydro
carbon f u e l s a r e shown i n Ta b l e I . The v e r y h i g h a s s o c i a t e d 
s u l p h u r c o n t e n t of many of the deep gas d e p o s i t s i s r e a d i l y seen. 
F o r t u n a t e l y , however, t h i s s u l p h u r c o n t e n t i s p r e s e n t as r e l a 
t i v e l y e a s i l y removed H2S a l t h o u g h the presence of such l a r g e 
q u a n t i t i e s a t e l e v a t e d temperatures and p r e s s u r e s can pose 

SO4 + 3H 2S — • 4S° + 2H 20 + 20H 

-> 3S° + ' ( C H 2 ) ' + 2H 20 y 3H 2S + C 0 2 

—> S° + RH > RSH 
2S° + 2RH • RSR + H 2S 

( A f t e r W i l s o n O r r , 1974) 

Figure 1. Organosulfur compounds from inorganic sulfate 
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5. HYNE Desulfurization of Fossil Fuels 4 7 

serious corrosion and material f a i l u r e problems. Both Canada and 
France have b u i l t an extensive elemental sulphur production i n 
dustry based on the recovered H2S from sour natural gas. 

Table I 

Sulphur Content of F o s s i l Fuels 

Gas Phase %H?S 
Natural Gas: Alberta F o o t h i l l s (production) 54 

Mi s s i s s i p p i (production) 65 
Pyrenees (production) 17 

Liquid Phase °API % S 
Crude O i l : Venezuela, Buscan 10 5.6 

Mexico, Cretaceous 12 5.4 
Saudi Arabia, Manifa 28 3.0 
Saskatchewan, Weyburn 24 2.1 
Arkansas, Smackover 19 2.1 
Alberta, Swan H i l l s 37 0.8 
Louisiana, Delhi 44 0.08 
Alberta, Kaybob 47 0.04 

Bitumen: Athabasca O i l Sands < 10 4.7 
Solid Phase 

Coal: Eastern North America 3 - -
Western North America 0.5 

Ligni t e : B.C., Sask., Ont. 2.0 
O i l Shales: Colorado 0.75 

The sulphur content of crude o i l s varies markedly but i s 
generally related to the API gravity of the crude. The very 
l i g h t crudes (API > 35) generally tend to be low i n sulphur and 
are therefore i n considerable demand and command premium prices. 
As discussed l a t e r , however, these low sulphur l i g h t crudes are 
i n r e l a t i v e l y limited supply and the trend i s c l e a r l y toward pro
duction of heavier, higher sulphur crudes. Venezuelan and Wes
tern Canadian heavy o i l s and bitumens represent the extreme end 
of the API gravity spectrum and have correspondingly high sulphur 
content. Since these deposits represent some of the world's l a r 
gest reserves of f o s s i l hydrocarbon f u e l and w i l l doubtless be 
produced i n ever increasing quantities the development of metho
dology for desulphurisation i s a matter of importance. 

While the sulphur values associated with gas, o i l and b i t u 
mens are either i n the form of H2S or organosulphur compounds 
coals can have s i g n i f i c a n t inorganic sulphur values. This i n t r o 
duces the p o s s i b i l i t y of desulphurisation by chemical methods 
differe n t from that required for removal of organic sulphur 
values. Nonetheless, the desulphurisation problems associated 
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w i t h the l e s s t r a c t a b l e organosulphur compounds s t i l l e x i s t w i t h 
c o a l s and o t h e r s o l i d phase forms. To d a t e t h e r e has been o n l y 
v e r y l i m i t e d success i n removing organosulphur v a l u e s w i t h o u t 
e i t h e r g a s i f i c a t i o n or combustion. 

F i g u r e 2 c l e a r l y shows t h a t Canada 1s f o s s i l f u e l r e s e r v e s 
a r e h e a v i l y o r i e n t e d toward c o a l , t a r sand and heavy o i l s . These 
huge r e s e r v e s of some 800 b i l l i o n b a r r e l s e q u i v a l e n t ( c . f . c u r r e n t 
M i d d l e E a s t o i l r e s e r v e s of some 400 b i l l i o n b a r r e l s ) l e a v e l i t t l e 
doubt about Canada's l o n g term f o s s i l f u e l s e l f - s u f f i c i e n c y . 
C o n v e r t i n g t hese r e s e r v e s i n t o energy, however, w i l l be dependent 
on the development of new t e c h n o l o g i e s , one of which must be e f 
f e c t i v e containment of the i n h e r e n t s u l p h u r v a l u e s i n o r d e r t o 
m i n i m i s e e n v i r o n m e n t a l impact. I n 1967 i t was e s t i m a t e d (2) t h a t 
of the 220,000,000 tons of s u l p h u r e m i t t e d t o the e a r t h ' s atmos
phere a n n u a l l y , 75,000,000 tons were man made and of t h a t amount 
50,000,000 tons r e s u l t e d from c o a l combustion. I f the e x t e n t to 
which the i n d u s t r i a l i s e d w o r l d becomes dependent upon c o a l as an 
energy source i s t o i n c r e a s e a g a i n , i t i s c l e a r t h a t removal of 
s u l p h u r v a l u e s i s e s s e n t i a l t o the p r o t e c t i o n of the environment. 

I n S i t u D e s u l p h u r i s a t i o n 

P a r t i a l removal of the s u l p h u r v a l u e s i n f o s s i l hydrocarbon 
f u e l s can be accomplished i n p l a c e d u r i n g the a p p l i c a t i o n of so-
c a l l e d " i n s i t u " r e c o v e r y t e c h n i q u e s . Perhaps t h e e a r l i e s t of 
these t e c h n i q u e s to be e x p l o r e d was i n s i t u c o a l g a s i f i c a t i o n . 
D u r i n g the 1940 fs and 1 9 5 0 f s , b o t h the R u s s i a n s and the B r i t i s h 
c a r r i e d out e x t e n s i v e f i e l d t r i a l s w i t h i n s i t u c o a l g a s i f i c a t i o n 
and demonstrated the p r a c t i c a l f e a s i b i l i t y of o b t a i n i n g a low BTU 
gas product from the p r o c e s s . More r e c e n t l y i n s i t u c o a l g a s i f i 
c a t i o n t r i a l s have been conducted i n A l b e r t a and s e v e r a l p r o j e c t s 
i n the Colorado o i l s h a l e s have f o c u s s e d on r u b b l i s i n g , and i n 
s i t u r e t o r t i n g of the s h a l e to l i b e r a t e the hydrocarbon. I n s i t u 
r e c o v e r y t e c h n i q u e s u s i n g f i r e , steam f l o o d i n g , o r a c o m b i n a t i o n 
of b o t h , a l s o appear to be one of the most p r a c t i c a l r o u t e s f o r 
f l u i d i s i n g the heavy bitumens o f d e e p l y b u r i e d o i l sands thus 
e n a b l i n g t h e i r r e c o v e r y by d r i l l e d w e l l s r a t h e r than m i n i n g . 

Perhaps the most s i g n i f i c a n t advantage of such i n s i t u t e c h 
n i q u e s as f a r as d e s u l p h u r i s a t i o n i s concerned, i s t h a t c h e m i c a l 
r e a c t i o n temperatures and p r e s s u r e s can be reached t h a t would r e 
q u i r e e l a b o r a t e and e x p e n s i v e p r o c e s s equipment i f attempted on 
the s u r f a c e . Thus c h e m i c a l r e a c t i o n regimes can be generated 
" i n s i t u " t h a t would be l e s s p r a c t i c a l and economic i f the f o s s i l 
f u e l were r e c o v e r e d and s u b j e c t e d to t r a d i t i o n a l u p g r a d i n g and 
r e f i n i n g . These h i g h e r temperature and p r e s s u r e c o n d i t i o n s can 
be of p a r t i c u l a r importance i n d e s u l p h u r i s a t i o n r e a c t i o n s . Coker 
u n i t s i n s u r f a c e equipment can p r o b a b l y s i m u l a t e the hydrogen 
t r a n s f e r r e a c t i o n s t h a t occur i n " i n s i t u " f i r e f l o o d i n g y i e l d 
i n g lower m o l e c u l a r weight hydrocarbons and hydrogen s u l p h i d e . 
Thus i n s i t u removal of the s u l p h u r from i t s p a r e n t organosulphur 
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5. HYNE Desulfurization of Fossil Fuels 49 

Figure 2. Canada's potential recoverable reserves of fossil fuels (in barreh-of-oil 
equivalent). Total: 1000 billion; source: Federal Government Publication "An 

Energy Policy for Canada." 
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Figure 3. Desulfurization of hydrocar
bon fuels 
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compound i s a c h i e v e d and the more t r a c t a b l e gaseous H2S form of 
s u l p h u r can be removed and p r o c e s s e d , eg. 

R - S - CH 2 - R j ; l r e ^ l 0 0 d , > R - R + H 2S thermal c r a c k * 
/ J °2 J o 2 

d e s u l p h u r i s e d H 20 + S C 0 2 

hydrocarbon 
L e s s e a s i l y accomplished under r e a d i l y a c c e s s i b l e s u r f a c e 

c o n d i t i o n s , however, i s the h i g h temperature and p r e s s u r e 
h y d r o l y s i s of organosulphur compounds, eg. 

R - S - CH 2 - R + HoO h l g h t e m P - V 2RH + H 2S + CO 
p r e s s . 

steam f l o o d 
I n r e a c t i o n s of t h i s k i n d not o n l y i s the s u l p h u r removed from 
the hydrocarbon but the hydrogen of the water (steam) becomes 
i n t i m a t e l y i n v o l v e d i n the o v e r a l l p r o c e s s . Indeed the r e a c t i o n 
i s the c o m b i n a t i o n of the thermal c r a c k i n g shown i n the f i r e 
f l o o d example and the water gas r e a c t i o n between the produced 
coke and steam. 

R - S - CH 2 - R • R - R + H 2S + C 
C + H 20 • H 2 + CO 

R - S - CH 2 - R + H 20 y 2RH + H 2S + CO 
Recent work (3) w i t h model organosulphur compounds has sho

wn t h a t a t temperatures above 350°C and p r e s s u r e s i n excess of 
100 atm (1500 p s i g ) , the h y d r o l y t i c d e s u l p h u r i s a t i o n r e a c t i o n 
o c c u r s r e a d i l y w i t h t h i o e t h e r s , mercaptans and o t h e r n o n - t h i o -
phenic types of organosulphur compounds. Thiophene i t s e l f i s 
more r e s i s t a n t to t h i s type of r e a c t i o n but d e s u l p h u r i s a t i o n i s 
s i g n i f i c a n t i n the 450 - 500 C range. More complex fused r i n g 
s u l p h u r c o n t a i n i n g a r o m a t i c s t r u c t u r e s , can, however, be more 
r e a c t i v e . 

C l e a r l y t h e r e a r e c o n s i d e r a b l e advantages t o removing s u l 
phur from i t s o r g a n i c s k e l e t o n " i n s i t u " and r e c o v e r i n g i t a t the 
s u r f a c e i n t h e more r e a d i l y handled H 2S form. A l t h o u g h the gen
e r a t i o n of H 2S i n such i n s i t u r e c o v e r y p r o c e s s e s may i n t r o d u c e 
s p e c i a l r e q u i rements i n m a t e r i a l s s e l e c t i o n due to c o r r o s i o n and 
e m b r i t t l e m e n t problems the s u l p h u r c o n v e r t e d i n t o H 2S i s s u l p h u r 
t h a t does not consume hydrogen i n h y d r o d e s u l p h u r i s a t i o n r e f i n e r y 
s t e p s or appear i n r e s i d u a l coke i n coker u p g r a d i n g of heavy o i l 
or bitumens. 

Much remains to be l e a r n e d about the r e a c t i o n s of organo
s u l p h u r compounds a t the e l e v a t e d temperatures and p r e s s u r e s 
t h a t can be r e a d i l y a c h i e v e d i n i n s i t u r e c o v e r y p r o c e s s e s . The 
use of the n a t u r a l f o r m a t i o n as the c h e m i c a l r e a c t o r p e r m i t s the 
a t t a i n m e n t of r e a c t i o n c o n d i t i o n s t h a t have p r e v i o u s l y been out 
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5. HYNE Desulfurization of Fossil Fuels 51 

of the range of p r a c t i c a l i n t e r e s t of the o r g a n i c chemist. The 
h y d r o l y s i s of o r g a n i c compounds has been a common a r e a of study 
i n the past but few have v e n t u r e d i n t o the domain of h y d r o l y s i s 
above 100 C. S i m i l a r l y , the h i g h temperatures a t t a i n a b l e i n i n 
s i t u r e t o r t i n g and combustion ( g a s i f i c a t i o n , f i r e f l o o d i n g ) w i l l 
r e q u i r e a b e t t e r u n d e r s t a n d i n g of m o l e c u l a r rearrangement, c r a c k 
i n g , d i s p r o p o r t i o n a t i o n and s i m i l a r hydrocarbon r e a c t i o n s i n a 
r e a c t i o n temperature and p r e s s u r e regime t h a t has r e c e i v e d r e l a 
t i v e l y l i t t l e a t t e n t i o n . 

R e f i n e r y D e s u l p h u r i s a t i o n 

D e s u l p h u r i s a t i o n of hydrocarbon f u e l s has t r a d i t i o n a l l y been 
c a r r i e d out p r i m a r i l y as p a r t of the r e f i n i n g and u p g r a d i n g p r o 
c e s s . A c c o r d i n g l y by f a r the most advanced and b e s t understood 
c h e m i s t r y and t e c h n o l o g y i s to be found i n t h i s a r e a . P r i o r to 
the advent of major conce r n f o r e n v i r o n m e n t a l impact of f o s s i l 
f u e l combustion p r o d u c t s r e l a t i v e l y l i t t l e was done to d e s u l p h u r 
i s e hydrocarbon f u e l s ( p r i n c i p a l l y c o a l ) p r i o r to combustion and 
p a s t e f f e c t s of l a r g e s c a l e consumption of h i g h s u l p h u r c o a l s can 
s t i l l be seen i n major i n d u s t r i a l i s e d a r e a s around the w o r l d . 

The f i r s t major attempt a t precombustion d e s u l p h u r i s a t i o n 
was i n the c o a l gas i n d u s t r y and a number of e f f i c i e n t and e f 
f e c t i v e t e c h n i q u e s f o r removal of H 2S, COS, CS 2, mercaptans and 
o t h e r v o l a t i l e s u l p h u r c o n t a i n i n g p r o d u c t s of the g a s i f i c a t i o n 
p r o c e s s were developed. Many of these t e c h n i q u e s found a p p l i 
c a t i o n i n the subsequent development of sour n a t u r a l gas p r o 
c e s s i n g where l a r g e volumes of hydrogen s u l p h i d e had to be r e 
moved from the hydrocarbon component. 

O i l Perhaps the most i n t e n s i v e c h e m i c a l r e s e a r c h e f f o r t i n 
hydrocarbon d e s u l p h u r i s a t i o n , however, has been d i r e c t e d toward 
the removal o f s u l p h u r v a l u e s from crude o i l s . I t i s not approp
r i a t e i n a g e n e r a l d e s u l p h u r i s a t i o n overview of t h i s type t o a t 
tempt t o do o t h e r than p l a c e the whole a r e a of t r a d i t i o n a l crude 
o i l d e s u l p h u r i s a t i o n i n p e r s p e c t i v e i n r e l a t i o n s h i p to o t h e r 
hydrocarbon d e s u l p h u r i s a t i o n . By f a r the commonest t e c h n i q u e has 
been h y d r o d e s u l p h u r i s a t i o n r e q u i r i n g the g e n e r a t i o n of l a r g e 
q u a n t i t i e s of m o l e c u l a r hydrogen f o r the c a t a l y t i c e x t r a c t i o n of 
organosulphur v a l u e s from the o i l as hydrogen s u l p h i d e . Many 
p r o p r i e t r y h y d r o d e s u l p h u r i s a t i o n t e c h n i q u e s have been developed 
by the major r e f i n e r s each u t i l i s i n g some p a r t i c u l a r advantageous 
f e a t u r e of a c a t a l y s t , temperature or p r e s s u r e r e a c t i o n c o n d i t i o n s 
(4 ) . Perhaps the most e l e g a n t a s p e c t of much of t h i s p r i o r r e 
s e a r c h has been i n the a r e a of c a t a l y s t development where not o n l y 
e f f i c i e n c y but r e s i s t a n c e to p o i s o n i n g by the o t h e r c o n s t i t u e n t s 
of the crude o i l feed have r e p r e s e n t e d major c h a l l e n g e s . 

Sulphur c o n t e n t of crude o i l s has always been regarded as a 
d i s c o u n t i n g f a c t o r and as e n v i r o n m e n t a l r e s t r i c t i o n s on s u l p h u r 
e m i s s i o n s have been t i g h t e n e d , the need t o d e s u l p h u r i s e r e f i n e r y 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
ch

00
5

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



52 CHEMISTRY FOR ENERGY 

f e e d s t o c k s has i n c r e a s e d . I n a d d i t i o n , the ever growing demand 
f o r hydrocarbon f u e l s and the l i m i t e d s u p p l i e s i n i n d u s t r i a l i s e d 
c o u n t r i e s has brought i n t o the f e e d s t o c k stream h e a v i e r crudes 
w i t h h i g h e r s u l p h u r c o n t e n t . Only 36% of some 13 MM b b l / d . of 
crude r u n to U.S. r e f i n e r i e s i n 1973 was above 0.5% s u l p h u r , but 
t h i s had jumped to 46% of a l a r g e r 15 MM b b l / d . i n January 1978 
( 5 ) . The t r e n d i s a l s o i l l u s t r a t e d by a comparison of the hydro 
p r o c e s s i n g ( i n c l u d i n g h y d r o d e s u l p h u r i s a t i o n ) c a p a c i t i e s i n b o t h 
the U.S. and Western Europe between 1967 and 1977. U.S. hydro-
p r o c e s s i n g c a p a c i t y i n c r e a s e d from 30.5% t o 43.5% d u r i n g t h i s 
p e r i o d w h i l e the European f i g u r e s show an even more dr a m a t i c jump 
from 12% i n 1967 to 31% of crude c a p a c i t y i n 1977 ( 6 ) . 

T h i s t r e n d t o h e a v i e r and h i g h e r s u l p h u r c o n t e n t f e e d s t o c k s 
i s l i k e l y t o c o n t i n u e . As noted e a r l i e r , the heavy o i l s and 
bitumens of b o t h Canada and V e n e z u e l a , a r e r i c h i n s u l p h u r and 
w i l l undoubtedly be d e s u l p h u r i s e d i n ever i n c r e a s i n g amounts as 
s u p p l i e s of the l i g h t e r , lower s u l p h u r c o n t e n t f e e d s t o c k s d w i n d l e . 

I t i s always dangerous t o conclude t h a t l i t t l e remains to be 
done i n a p a r t i c u l a r r e s e a r c h f i e l d . More than l i k e l y , h a v i n g so 
c o n c l u d e d , a s i g n i f i c a n t new b r e a k t h r o u g h i s immediately announ
ced! C o n s i d e r i n g the r e l a t i v e l y undeveloped n a t u r e of the many 
ot h e r a s p e c t s of hydrocarbon d e s u l p h u r i s a t i o n , however, i t would 
seem t h a t f u r t h e r p r o g r e s s i n the a r e a of c a t a l y t i c h y d r o d e s u l 
p h u r i s a t i o n of l i q u i d hydrocarbon f e e d s t o c k s i s l i k e l y t o be l e s s 
d r a m a t i c than i n the p a s t . T h i s does not mean, however, t h a t 
t h e r e i s no need f o r c o n t i n u e d e f f o r t i n i m p r o v i n g h y d r o d e s u l 
p h u r i s a t i o n p r o c e s s e s p a r t i c u l a r l y w i t h r e s p e c t to t h e t e c h n i q u e s 
f o r h a n d l i n g the heavy crude c o m p o s i t i o n s and f e e d s t o c k s w i t h 
h i g h t h i o p h e n i c type organosulphur c o n t e n t . 

Gas D e s u l p h u r i s a t i o n of n a t u r a l gas c o n s i s t s p r i m a r i l y of r e 
moval of hydrogen s u l p h i d e . Thus the s u l p h u r c o n t e n t of the gas
eous form of f o s s i l hydrocarbon f u e l i s a l r e a d y i n the form t o 
which i t i s n o r m a l l y c o n v e r t e d i n o t h e r precombustion d e s u l p h u r i 
s a t i o n t e c h n i q u e s . D e s p i t e t h i s advantage, however, the d e s u l 
p h u r i s a t i o n of sour n a t u r a l gas can have problems a s s o c i a t e d w i t h 
the sheer volume of hydrogen s u l p h i d e i n v o l v e d . H2S c o n t e n t of 
15 - 25% i s commonplace i n sour gas f i e l d s around the w o r l d but 
gas w i t h 50 - 65% i s a l r e a d y b e i n g processed i n b o t h Canadian and 
U.S. f i e l d s . Canadian sour gas p r o c e s s i n g p l a n t s handle some 
20,000 tons per day of hydrogen s u l p h i d e e x t r a c t e d from the n a t 
u r a l gas p r o d u c t i o n of the f o o t h i l l s g a s f i e l d s of A l b e r t a and 
B r i t i s h Columbia. As the d r i l l p e n e t r a t e s i n t o deeper, h o t t e r 
(200 C) and h i g h p r e s s u r e (1500 atm) f o r m a t i o n s i n s e a r c h f o r 
more gas and o i l the hydrogen s u l p h i d e c o n t e n t of the gas gener
a l l y r i s e s . Deep sour gas w e l l s i n the Southern U.S. have shown 
65% H 2S c o n t e n t and w e l l s w i t h as h i g h as 90% H 2S have been com
p l e t e d i n the Canadian R o c k i e s . P r o c e s s e s f o r h a n d l i n g these 
h i g h c o n c e n t r a t i o n s of H 2S i n such l a r g e volumes must c l e a r l y 
d i f f e r from those p r e v i o u s l y a v a i l a b l e f o r h a n d l i n g the o f f - g a s e s 
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5. HYNE Desulfurization of Fossil Fuels 

from r e f i n e r y h y d r o d e s u l p h u r i s a t i o n or c o a l gas manufacture where 
H2S l e v e l s a r e s i g n i f i c a n t l y lower. 

A l k a n o l a m i n e s have been w i d e l y used f o r removal of H2S from 
sour n a t u r a l gas. Monoethanolamine (MEA) was t y p i c a l l y used t o 
r e a c t w i t h the a c i d i c H2S to form the alkanolammonium s u l p h i d e . 
T h i s s a l t c o u l d be r e a d i l y removed 

from the hydrocarbon gas stream by the aqueous s o l u t i o n and the 
s e p a r a t e d H2S r e g e n e r a t e d by h e a t i n g w i t h l i v e steam. D i e t h a n o l -
amine (DEA) and d i i s o p r o p a n o l a m i n e (DIPA), however, have r e p l a c e d 
the s i m p l e r MEA because of i r r e v e r s i b l e r e a c t i o n of MEA w i t h the 
s m a l l amounts of COS and CS 2 t h a t a l s o occur i n sour n a t u r a l gas. 

Hydrogen s u l p h i d e , however, i s not the o n l y a c i d gas p r e s e n t 
i n sour gas. I t i s n o r m a l l y accompanied by s i g n i f i c a n t q u a n t i t 
i e s of carbon d i o x i d e which a l s o r e a c t s w i t h the amine s c r u b b i n g 
s o l u t i o n . T h i s i s b e n e f i c i a l from the s t a n d p o i n t of r e d u c i n g the 
non-combustible c o n t e n t of the n a t u r a l gas thus i n c r e a s i n g i t s 
f u e l v a l u e , but i t adds to the l o a d t h a t the amine must c a r r y and 
competes w i t h the H2S. D i f f e r e n t i a l a b s o r p t i o n of H2S and CO2 
t h e r e f o r e becomes a f a c t o r of c o n s i d e r a b l e importance i n p r o c e s 
s i n g sour n a t u r a l gas and c o m b i n a t i o n s of p h y s i c a l and c h e m i c a l 
a b s o r p t i o n have been developed such as i n the S u l f i n o l P r o c e s s 
where d i i s o p r o p a n o l a m i n e ( c h e m i c a l r e a c t a n t ) and t e t r a m e t h y l e n e 
sulphone ( p h y s i c a l s o l v e n t ) a r e used t o g e t h e r . The a b i l i t y of 
most systems to d i s c r i m i n a t e between H2S and CO2 under e q u i l i 
b r ium c o n d i t i o n s i s u s u a l l y not g r e a t but the r a t e a t which these 
two a c i d gas components r e a c t w i t h b a s i c agents can be s i g n i f i 
c a n t l y d i f f e r e n t . Thus i t may be p o s s i b l e to d e s i g n a p r o c e s s 
where the d e s u l p h u r i s a t i o n of sour n a t u r a l gas can be a c h i e v e d 
more e f f i c i e n t l y by the s e l e c t i v e removal of H2S u s i n g k i n e t i c 
r a t h e r than e q u i l i b r i u m d i s c r i m i n a t i o n v i s a v i s carbon d i o x i d e . 

C o a l Precombustion d e s u l p h u r i s a t i o n of c o a l has been l a r g e l y 
a s s o c i a t e d w i t h c o a l g a s i f i c a t i o n . Removal of i n o r g a n i c s u l p h u r , 
m a i n l y p y r i t e s , and to some e x t e n t the more f r e q u e n t l y o c c u r r i n g 
o r g a n i c s u l p h u r has been p o s s i b l e by s o - c a l l e d " c o a l c l e a n i n g " 
i n v o l v i n g p h y s i c a l o r c h e m i c a l l e a c h i n g methods. P r e s e n t techno
l o g y has been r e c e n t l y reviewed by D a v i s ( 7 ) . P h y s i c a l s e p a r a 
t i o n of s u l p h u r v a l u e s i s l i m i t e d t o t h e i n o r g a n i c a l l y bound 
s u l p h u r and has l i t t l e i f any e f f e c t on the 40 - 70% organo
s u l p h u r c o n t e n t . The d i f f e r e n t i a l d e n s i t y of p y r i t e and c o a l i s 
the p r i m a r y p r o p e r t y u t i l i s e d i n c y c l o n e , c o n c e n t r a t i o n t a b l e s 
and f r o t h f l o t a t i o n t e c h n i q u e s . Some a t t e n t i o n has been g i v e n 
to magnetic t e c h n i q u e s f o r p y r i t e s e p a r a t i o n . 

Chemical l e a c h i n g of p y r i t e has been accomplished w i t h 
aqueous f e r r i c s u l p h a t e under p r e s s u r e . The o v e r a l l r e a c t i o n i s 
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54 CHEMISTRY FOR ENERGY 

F e S 2 + F e 2 ( 8 0 ^ ) 3
 £L-> SFeSO^ + 2S 4-

t I 
o x i d a t i o n 

a redox system whereby the f e r r i c i r o n i s reduced to f e r r o u s 
( s u l p h a t e ) and the s u l p h i d e of the p y r i t e i s o x i d i s e d t o elemen
t a l s u l p h u r . The l a t t e r i s v a p o r i s e d from the c o a l and the r e d u 
ced f e r r o u s s u l p h a t e can be r e - o x i d i s e d to the f e r r i c s t a t e by 
o x y g e n a t i o n . 

Removal of o r g a n i c s u l p h u r from the s o l i d c o a l phase n o r m a l l y 
r e q u i r e s o x i d a t i o n . Treatment of p u l v e r i s e d c o a l w i t h a l k a l i n e 
sodium carbonate and a e r a t i o n a t p r e s s u r e s up to 10 atm has been 
r e p o r t e d (8) t o remove almost a l l i n o r g a n i c and some 30% of o r 
ganic s u l p h u r . The s u l p h u r v a l u e s undergo o x i d a t i o n i n the p r o 
c e s s and 

0 2 

C o a l - S + N a 2 C 0 3 ( a l k ) »• C o a l + Na^Oi* 
Î p r e s s . ι 

Τ 
CaC0 3 r — t C a 0 + C 0 2 0 heat * 

appear as water s o l u b l e sodium s u l p h a t e . The sodium carbonate 
can be r e g e n e r a t e d by treatment of the s u l p h a t e w i t h l i m e and 
C 0 2 from a l i m e s t o n e k i l n . The e x t r a c t e d s u l p h u r thus appears 
f i n a l l y as c a l c i u m s u l p h a t e waste. 

I t has been s a i d t h a t a "bug" can be found t o do any chemi
c a l t a s k - and do i t b e t t e r ! W h i l e the a l l embracing scope of 
such a c l a i m may be somewhat exaggerated, t h e r e i s l i t t l e doubt 
t h a t modern m i c r o b i o l o g y i s p l a y i n g an ever i n c r e a s i n g r o l e i n 
i n d u s t r i a l p r o c e s s d e s i g n . C o a l d e s u l p h u r i s a t i o n by b a c t e r i a has 
r e c e n t l y been improved by the combined use of t h i o b a c i l l u s f e r -
r o o x i d a n s and t h i o o x i d a n s ( 9 ) . The f e r r o o x i d a n s have l o n g been 
known as the cause of a c i d i c mine d r a i n a g e by o x i d i s i n g p y r i t e to 
s u l p h u r a c i d . I n c o m b i n a t i o n w i t h the s u l p h u r consuming t h i o 
o x i d a n s and adequate a e r a t i o n of the c o a l s l u r r y b e i n g t r e a t e d , 
much f a s t e r d e s u l p h u r i s a t i o n i s p o s s i b l e . Sulphur c o n t e n t of c o a l 
has been reduced from 5% t o 2% i n n i n e days w i t h promise of r e 
d u c t i o n t o 1% l e v e l s . 

D e s u l p h u r i s a t i o n of the hydrocarbon v a l u e s of c o a l as an 
i n t e g r a l p a r t of the g a s i f i c a t i o n p r o c e s s remains the most a c t i v e 
and a t t r a c t i v e precombustion t e c h n i q u e . D e s p i t e the number of 
s p e c i f i c g a s i f i c a t i o n p r o c e s s e s (10) ( L u r g i , Koppers-Totzek, B i -
Gas, Hygas, Cogas, Synthane, e t c . ) , the e s s e n t i a l f e a t u r e s of 
c o a l g a s i f i c a t i o n can be summarised i n the diagrammatic form 
shown i n F i g u r e 4. The i n o r g a n i c and o r g a n i c s u l p h u r forms i n 
the c o a l a r e l a r g e l y c o n v e r t e d i n t o the more r e a d i l y handled 
hydrogen s u l p h i d e form i n the i n i t i a l g a s i f i e r s t e p . The H 2S 
c o n t e n t of the low t h e r m a l c o n t e n t gas from the g a s i f i e r i s 
n o r m a l l y q u i t e low (0.4% by volume) and h i g h c a p a c i t y t e c h n i q u e s 
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5. HYNE Desulfurization of Fossil Fuels 55 

such as employed i n sweetening h i g h H2S c o n t e n t sour n a t u r a l gas 
are not r e q u i r e d . Both p h y s i c a l and c h e m i c a l a b s o r p t i o n t e c h n i 
ques as o u t l i n e d i n Tab l e I I a r e used (11). The S e l e x o l and 
R e c t i s o l p r o c e s s e s employ a l c o h o l s or t h e i r e t h e r d e r i v a t i v e s as 
p h y s i c a l s o l v e n t s f o r the a c i d gases (CO2 and H2S) w h i l e the 
S u l f i n o l P r o c e s s , as d e s c r i b e d p r e v i o u s l y combines the p h y s i c a l 
s o l v e n t p r o p e r t i e s of t e t r a m e t h y l e n e sulphone w i t h the c h e m i c a l 
r e a c t i v i t y of an a l k a n o l a m i n e . The B e n f i e l d p r o c e s s , o t h e r w i s e 
known as the "hot po t " c h e m i c a l l y absorbs the a c i d gases i n aq
ueous potassium carbonate s o l u t i o n and the J e f f e r s o n DGA system 
a g a i n u t i l i s e s c h e m i c a l r e a c t i o n of the CO2 and H2S w i t h amine to 
y i e l d the alkanolammonium s a l t . R e g e n e r a t i o n of a l l these s c r u b 
b i n g systems and r e c o v e r y of the H2S and CO2 r i c h a c i d gas stream 
can be r e a d i l y e f f e c t e d by h e a t i n g . 

Oxygen 
C o a l 
Steam 

GASIFIER 

Ash 

C o a l + 0 2 + H 20 

CO + C 0 2 + H 2 

+ CHi* + H 2S 

SHIFT 

CO + H 20 

C 0 2 + H 2 

C 0 2 

ACID 
GAS 

REMOVAL 

G a s i f i e r 
P roduct 

Figure 4. Generalized coal gasification sequence 

T a b l e I I 
A c i d Gas (H?S, CO?) Absorbers 

P r o c e s s L i c e n s o r Absorber 
S e l e x o l A l l i e d C h emical P o l y e t h y l e n e g l y c o l 3 

E t h e r co 
R e c t i s o l L u r g i Methanol 0 > 
B e n f i e l d 

DGA 

S u l f i n o l 

B e n f i e l d 

J e f f e r s o n Chem. 

S h e l l 

f 
Aqueous P o t a s s i u m 

Carbonate 0 w 
D i g l y c o l a m i n e § 

0 

Tetramethylenesulphone tr4 

+ D i i s o p r o p a n o l a m i n e 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
ch

00
5

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



56 CHEMISTRY FOR ENERGY 

Because of the h i g h c o n c e n t r a t i o n s of C 0 2 compared w i t h H 2S 
found i n c o a l g a s i f i e r p r o d u c t streams the r e l a t i v e c o n c e n t r a t i o n s 
of H 2S and C 0 2 and the a b s o r p t i o n c a p a c i t y of the v a r i o u s s c r u b 
b i n g systems f o r the two components can be a c r u c i a l f a c t o r i n 
s e l e c t i n g a p r o c e s s . A l s o of importance i s the p o i n t i n the over
a l l g a s i f i c a t i o n sequence a t which the a c i d gases and i n p a r t i c u 
l a r H 2S i s removed. S e v e r a l types of c a t a l y s t can be employed i n 
the downstream " s h i f t " r e a c t i o n where the low the r m a l c o n t e n t 
g a s i f i e r p r oduct can be upgraded by r e a c t i o n of some of the CO 
con t e n t w i t h water to i n c r e a s e the hydrogen c o n c e n t r a t i o n . Some 
of these s h i f t c a t a l y s t s a r e s e n s i t i v e t o H 2S and i n such cases 
d e s u l p h u r i s a t i o n of the g a s i f i e r p r o d u c t must be accomplished 
ahead of the s h i f t r e a c t o r . 

I f the g a s i f i e r p r oduct stream i s i n t e n d e d f o r downstream 
use as the f e e d s t o c k f o r f u r t h e r u p g r a d i n g such as methanation, 
methanol or F i s c h e r Tropsch s y n t h e s i s , v e r y thorough d e s u l p h u r i 
s a t i o n i s e s s e n t i a l s i n c e t he c a t a l y s t s i n these u p g r a d i n g p r o 
c e s s e s a r e h i g h l y s e n s i t i v e t o s u l p h u r p o i s o n i n g . The methana
t i o n c a t a l y s t s n o r m a l l y cannot t o l e r a t e more than 0.05 ppm of 
su l p h u r i n the f e e d s t o c k . I n a d d i t i o n t o H 2S s u l p h u r v a l u e s i n 
the g a s i f i e r p r o d u c t i t may c o n t a i n COS, CS 2, mercaptans and 
thi o p h e n e s . These a r e n o r m a l l y removed by a c t i v a t e d carbon o r 
z i n c o x i d e f i l t e r s ahead of the s e n s i t i v e s y n t h e s i s c a t a l y s t beds. 

O i l Sand Bitumen D e s u l p h u r i s a t i o n of o i l sands bitumen w i t h 4.5% 
organosulphur c o n t e n t may, i n the i n s i t u f i r e or steam f l o o d 
p r o c e s s e s , be p a r t i a l l y accomplished underground. But f o r the 
mi n i n g o p e r a t i o n s c u r r e n t l y i n p l a c e and i n the p l a n n i n g s t a g e 
the d e s u l p h u r i s a t i o n p r o c e s s must occur d u r i n g the r e f i n i n g o r 
upgr a d i n g s t a g e s . H y d r o p r o c e s s i n g o f e x t r a c t e d bitumen w i l l r e 
s u l t i n t h e s u l p h u r v a l u e s a p p e a r i n g as H 2S i n the o f f - g a s e s and 
t h i s s u l p h u r form can be removed by any of the s e v e r a l a b s o r p t i o n 
methods d i s c u s s e d p r e v i o u s l y . 

However, a s i g n i f i c a n t p r o p o r t i o n of the i n i t i a l 4.5% s u l p h u r 
i n t he bitumen i s r e t a i n e d i n the coke p r o d u c t i o n from the f l u i d 
or d e l a y e d c o k e r s used t o r e d i s t r i b u t e the hydrogen c o n t e n t of 
the bitumen. I n the p r e s e n t GCOS d e l a y e d c o k i n g p r o c e s s f o r 
upg r a d i n g Athabasca o i l sands bitumen some 20% of the carbon of 
the o r i g i n a l bitumen i s produced as coke c o n t a i n i n g almost 6% 
s u l p h u r . The l a r g e r Syncrude o p e r a t i o n w i l l c o n v e r t some 8% of 
i n i t i a l bitumen t o coke c o n t a i n i n g 8 - 9 % s u l p h u r . The f u e l 
v a l u e s of these huge coke p r o d u c t i o n s can o n l y be r e a l i s e d i f 
combustion i s p o s s i b l e w i t h i n the l i m i t s of e n v i r o n m e n t a l t o l e r 
ance. Thus t h e r e i s a c o n t i n u i n g s t r o n g i n t e r e s t i n methods of 
d e s u l p h u r i s i n g coke t h a t w i l l a v o i d t he n e c e s s i t y f o r i n s t a l l a 
t i o n of f l u e gas d e s u l p h u r i s a t i o n a f t e r combustion. 

Techniques s i m i l a r t o t h a t d i s c u s s e d e a r l i e r f o r the de
s u l p h u r i s a t i o n of c o a l have been used. Treatment of s u l p h u r 
c o n t a i n i n g coke w i t h l i m e can y i e l d c a l c i u m s u l p h i d e which can 
be c o n v e r t e d back t o l i m e w i t h g e n e r a t i o n of H 2S by h y d r o l y s i s . 
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5. HYNE Desulfurization of Fossil Fuels 57 

H y d r o d e s u l p h u r i s a t i o n of coke, however, may be e c o n o m i c a l l y f e a 
s i b l e (12). W h i l e t h i s t e c h n i q u e r e q u i r e s a source of hydrogen 
t h i s , as w i l l be d i s c u s s e d s h o r t l y , may be p o s s i b l e w i t h o u t a 
l a r g e net consumption of the hydrogen. Of p a r t i c u l a r i n t e r e s t 
i s the o b s e r v a t i o n t h a t p r e - t r e a t m e n t of the coke w i t h c a u s t i c 
(13) and p r e - o x i d a t i o n (14) can s i g n i f i c a n t l y improve h y d r o d e s u l 
p h u r i s a t i o n y i e l d s . 

Hydrogen from HpS Throughout the d i s c u s s i o n of r e f i n e r y d e s u l 
p h u r i s a t i o n the common s u l p h u r c o n t a i n i n g end p r o d u c t has been 
H2S. A f t e r e x t r a c t i o n from the main f e e d s t o c k stream by an 
a p p r o p r i a t e p h y s i c a l or c h e m i c a l a b s o r p t i o n method the H 2S con
c e n t r a t i o n i s n o r m a l l y h i g h enough to be f e d to a C l a u s r e a c t o r 
where the H 2S i s c o n v e r t e d t o e l e m e n t a l s u l p h u r and water. 

2H 2S + 0 2 > 2H 20 + 0.25S 8 

Thus the hydrogen generated f o r use i n the upstream h y d r o d e s u l 
p h u r i s a t i o n s t e p emerges from the system as water - environmen
t a l l y a c c e p t a b l e but v e r y much a "once through" c h e m i c a l u t i l i 
s a t i o n of t h i s v a l u a b l e r e a g e n t . 

C o n s i d e r a b l e a t t e n t i o n has been g i v e n r e c e n t l y t o the d i r e c t 
r e c o v e r y of the hydrogen from hydrogen s u l p h i d e r a t h e r than con
v e r s i o n t o water. C a t a l y t i c t hermal c r a c k i n g of H 2S i s p o s s i b l e 
(15,16) and improved c a t a l y s t s p e r m i t t i n g t h e r m a l d e c o m p o s i t i o n 
a t lower temperatures a r e b e i n g i n v e s t i g a t e d . 

H 2S < > H 2 + S 
c a t a l y s t ψ , ψ 

heat removal 

An i m p o r t a n t f e a t u r e of any s u c c e s s f u l p r o c e s s based on c a t a l y t i c 
t h e r m a l d e c o m p o s i t i o n i s t h a t the system must be kept i n an "upset 
e q u i l i b r i u m " c o n d i t i o n s i n c e the e q u i l i b r i u m c o n c e n t r a t i o n of 
hydrogen i n the presence of s u l p h u r and H 2S i s low a t r e a d i l y 
a c c e s s i b l e temperatures. By use of a f l o w system and s e p a r a t i o n 
of the r e a c t i o n p r o d u c t s , however, the y i e l d of hydrogen can be 
markedly improved by u t i l i s i n g the r e l a t i v e k i n e t i c s of the f o r 
ward and r e v e r s e r e a c t i o n s . 

Recovery of the hydrogen by c h e m i c a l r e a c t i o n i s a l s o f e a s i 
b l e (17). Many lower s u l p h i d e s of metals w i l l r e a c t r e a d i l y 
w i t h H 2S t o y i e l d hydrogen and the h i g h e r s u l p h i d e of t h e m e t a l . 
The h i g h e r s u l p h i d e s a r e u s u a l l y u n s t a b l e a t e l e v a t e d tempera
t u r e s and r e g e n e r a t i o n of the lower s u l p h i d e can be e f f e c t e d w i t h 
r e c o v e r y of e l e m e n t a l s u l p h u r . 

MS X + H 2S ^=t M S X + 1 + H 2 

t -s , 
Heat 
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Such p r o c e s s e s f o r the r e c o v e r y of hydrogen from H2S a r e 
energy consuming compared w i t h the C l a u s treatment of the p r o d u c t 
H2S which i s h i g h l y exothermic. The o v e r a l l economics of a suc
c e s s f u l p r o c e s s may, however, be such as t o make hydrogen r e c o v e r y 
from H2S more a t t r a c t i v e than c o n t i n u a l hydrogen g e n e r a t i o n f o r a 
"once through" h y d r o d e s u l p h u r i s a t i o n r o l e . 

Combustion D e s u l p h u r i s a t i o n 

As c o s t s of precombustion h y d r o d e s u l p h u r i s a t i o n and p o s t 
combustion f l u e gas clean-up have e s c a l a t e d and as e n v i r o n m e n t a l 
r e g u l a t i o n s have f u r t h e r l i m i t e d the s u l p h u r d i o x i d e e m i s s i o n 
r a t e s , t h e r e has been a growing i n t e r e s t i n t e c h n o l o g y designed 
to e f f e c t f u e l d e s u l p h u r i s a t i o n d u r i n g the combustion p r o c e s s . 
D e s u l p h u r i s a t i o n d u r i n g f l u i d i s e d bed combustion of c o a l has been 
a l e a d i n g t e c h n i q u e i n these developments. 

The p r i n c i p l e of f l u i d i s e d bed combustion w i t h simultaneous 
d e s u l p h u r i s a t i o n i s based on the t h e r m a l d e c o m p o s i t i o n of l i m e 
stone c a r b o n a t e s to y i e l d o x i d e s which then r e a c t w i t h the s u l 
phur o x i d e p r o d u c t s of combustion of both i n o r g a n i c and o r g a n i c 
s u l p h u r compounds i n the hydrocarbon f u e l . 

Combustion temperatures a r e h i g h enough t o ensure c a r b o n a t e 
d e c o m p o s i t i o n and f u l l o x i d a t i o n of the s u l p h u r v a l u e s to the 
s u l p h a t e form. 

The r a t i o of l i m e s t o n e to f u e l r e q u i r e d f o r e f f e c t i v e de
s u l p h u r i s a t i o n depends upon b o t h the m i n e r a l and s u l p h u r c o n t e n t 
of the c o a l . I t may be p o s s i b l e to burn low s u l p h u r (<0.8%) 
we s t e r n c o a l d i r e c t l y w i t h 90% s u l p h u r r e t e n t i o n thus a v o i d i n g 
the n e c e s s i t y f o r f l u e gas d e s u l p h u r i s a t i o n and s t i l l meeting 
e n v i r o n m e n t a l SO2 e m i s s i o n r e g u l a t i o n s (18). F l u i d y n e (19) have 
i n d i c a t e d t h a t a 3.65% I l l i n o i s c o a l w i t h 0.3 l b s . of d o l o m i t e 
added per pound of c o a l i n a f l u i d i s e d bed combustor can reduce 
S 0 2 e m i s s i o n t o l e s s than 1.2 l b s . of SO2 per m i l l i o n BTU t h e r 
mal o u t p u t thus meeting U.S. EPA l i m i t s f o r l a r g e p l a n t s . 

C o a l s w i t h r e l a t i v e l y h i g h c a r b o n a t e or m e t a l o x i d e c o n t e n t 
may r e q u i r e s i g n i f i c a n t l y l e s s added l i m e s t o n e s i n c e the n a t u r a l 
m i n e r a l c o n t e n t w i l l a l s o a c t as a s u l p h u r t r a p i n the f l u i d i s e d 
bed. " S e l f d e s u l p h u r i s a t i o n " of t h i s type can range as h i g h as 
60% w i t h some c o a l s ( 20). A l t h o u g h temperatures i n the combust
i o n bed must be h i g h enough to decompose the carbonates SO2 ab
s o r p t i o n has a l s o been shown to decrease as temperature r i s e s . 
Thus an optimum combustion temperature range must be sought t h a t 

CaC0 3 — • CaO + C 0 2 

CaO + S 0 2 - 2-* CaSOit 
ash 
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5. HYNE Desulfurization of Fossil Fuels 59 

p e r m i t s adequate carbonate d e c o m p o s i t i o n and e f f i c i g n t SO2 ab
s o r p t i o n . T h i s i s n o r m a l l y i n the range 800 t o 900 C ( 2 0 ) . 
These lower combustion temperatures a l s o h e l p to m i n i m i s e the 
f o r m a t i o n of Ν 0 χ . Only the n i t r o g e n c o n t e n t of the f u e l w i l l 
l e a d to some Ν 0 χ f o r m a t i o n a t these temperatures. 

P o s t Combustion D e s u l p h u r i s a t i o n 

D e s u l p h u r i s a t i o n of hydrocarbon f u e l s p r i o r t o combustion 
has been seen to be p r i m a r i l y a c h i e v e d by r e d u c i n g the i n h e r e n t 
s u l p h u r v a l u e s to hydrogen s u l p h i d e . I n p o s t combustion d e s u l 
p h u r i s a t i o n the s u l p h u r v a l u e s a r e almost e x c l u s i v e l y i n the 
o x i d i s e d SO2 form. While t h i s i s h a r d l y s u r p r i s i n g i n v i ew of 
the o x i d a t i v e n a t u r e of the f u e l combustion p r o c e s s , i t does mean 
t h a t e s s e n t i a l l y d i f f e r e n t c h e m i s t r y i s i n v o l v e d and the n a t u r e 
of the o x i d a n t - a i r - i n t r o d u c e s l a r g e volumes of i n e r t d i l u e n t -
n i t r o g e n . 

The d i l u t i o n , o r low c o n c e n t r a t i o n f a c t o r i s a major concern 
i n any post combustion d e s u l p h u r i s a t i o n t e c h n i q u e . Sulphur con
c e n t r a t i o n s a r e not p a r t i c u l a r l y h i g h i n the raw f u e l p r i o r to 
combustion, u s u a l l y l e s s than 6%. Thus when the o x i d a n t a i r 
b r i n g s w i t h i t a f u r t h e r 80% n i t r o g e n d i l u e n t the s u l p h u r v a l u e s 
i n the combustion e f f l u e n t a r e even f u r t h e r d i l u t e d . W h i l e from 
the s t a n d p o i n t of atmospheric d i s p e r s a l through h i g h s t a c k s t h i s 
d i l u t i o n i s advantageous, i t o b v i o u s l y makes the problem of r e 
c a p t u r i n g and removing s u l p h u r from the e f f l u e n t t h a t much more 
d i f f i c u l t . Thus, i n a d d i t i o n to p u r e l y c h e m i c a l problems post 
combustion d e s u l p h u r i s a t i o n f a c e s the entropy c h a l l e n g e of r e 
moving a low c o n c e n t r a t i o n component w i t h v e r y h i g h e f f i c i e n c y . 

Perhaps the most d i f f i c u l t t a s k i n r e v i e w i n g and comparing 
t h e m i l t i t u d e of p r o c e s s e s t h a t have been, and a r e b e i n g proposed 
f o r d e s u l p h u r i s a t i o n of e f f l u e n t gas streams i s t h a t of f i n d i n g 
a s u i t a b l e framework upon which t o o r g a n i z e the d a t a . Without 
such a s t r u c t u r e , the v e r y volume of i n f o r m a t i o n i s s i m p l y un
manageable. 

The f i r s t n e c e s s i t y i s t o reduce the number of i n d i v i d u a l 
p r o c e s s e s c o n s i d e r e d by s e l e c t i n g t y p i c a l examples of v a r i o u s 
t y p e s . Many of the more than f i f t y known p r o c e s s e s a r e m o d i f i 
c a t i o n s of a g e n e r a l type of system, and c o n s i d e r a b l e s i m p l i 
f i c a t i o n can be a c h i e v e d by s e l e c t i n g i l l u s t r a t i v e examples. An 
e f f o r t has been made to i d e n t i f y and r e f e r e n c e r e l a t e d p r o c e s s e s 
t h a t a r e not d i s c u s s e d i n d e t a i l . 

A major s u b d i v i s i o n of p r o c e s s e s i s p o s s i b l e on the b a s i s of 
the p r i n c i p a l phase i n which the r e a c t i o n s take p l a c e . T h i s 
c l e a r l y cannot be a c l e a r - c u t d i v i s i o n s i n c e many pr o c e s s e s have 
a number of s t e p s which i n v o l v e , i n t u r n , the gas phase, the l i q 
u i d o r s o l u t i o n phase, and the s o l i d phase. By and l a r g e , how
e v e r , the p r i n c i p a l c h a r a c t e r i s t i c s t e p of each p r o c e s s i s 
a s s o c i a t e d w i t h e i t h e r the gas phase or s o l u t i o n , and on t h i s 
b a s i s a s i g n i f i c a n t s u b d i v i s i o n can be made. 
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P r o c e s s e s o c c u r r i n g p r i n c i p a l l y i n the gas phase a r e con
s i d e r e d i n T a b l e I I I . These p r o c e s s e s can be g e n e r a l l y of the 
o x i d a t i v e type l e a d i n g to s u l p h u r i c a c i d or s u l p h a t e s w i t h s u l 
phur i n the +6 o x i d a t i o n s t a t e , or they can be o v e r a l l r e d u c t i o n 
p r o c e s s e s y i e l d i n g e l e m e n t a l s u l p h u r i n the zero o x i d a t i o n s t a t e . 
These c h a r a c t e r i s t i c s p e r m i t a f u r t h e r b i n a r y c l a s s i f i c a t i o n of 
the gas phase p r o c e s s e s . 

The c h e m i s t r y of the TVA Dry Limestone p r o c e s s (21) i s es
s e n t i a l l y i d e n t i c a l to t h a t d i s c u s s e d p r e v i o u s l y i n c o n n e c t i o n 
w i t h d e s u l p h u r i s a t i o n d u r i n g f l u i d i s e d bed combustion. B e t t e r 
temperature c o n t r o l can be e f f e c t e d , however, s i n c e the SO2 
a b s o r p t i o n i s now separated from the combustion p r o c e s s . The 
end product s l a g (CaSO^) r e q u i r e s s u i t a b l e d i s p o s a l and a l t h o u g h 
t h i s i s not seen as a s e r i o u s problem, some concern has been 
v o i c e d r e g a r d i n g c a l c i u m i o n p o i s o n i n g of s u r f a c e waters i f ex
c e s s i v e l e a c h i n g of s l a g d i s p o s a l s i t e s o c c u r . The Swedish 
Bahco P r o c e s s (22) i s s i m i l a r but uses hydrated l i m e s l u r r y . 

Manganese d i o x i d e can be used t o absorb the i n i t i a l l y low 
c o n c e n t r a t i o n S 0 2 t o produce the s u l p h a t e i n a M i t s u b i s h i P r o c e s s 
(23). I n t h i s case the a b s o r b i n g phase i s i t s e l f t he o x i d i s i n g 
agent. R e g e n e r a t i o n w i t h ammonia and a i r s i m u l t a n e o u s l y produces 
ammonium s u l p h a t e which can be d i r e c t l y marketed as a f e r t i l i s e r , 
thus the c a l c i u m i o n problem of the d r y l i m e s t o n e p r o c e s s i s r e 
p l a c e d by a p l a n t n u t r i e n t i o n - ΝΗ^ +. 

The A c t i v e Magnesia P r o c e s s (24) can be viewed as the gas 
phase e q u i v a l e n t of the Wellman-Lord ( t o be d i s c u s s e d below) i n 
t h a t i t s e r v e s p r i m a r i l y to c o n c e n t r a t e the S 0 2 v a l u e s i n the 
combustion e f f l u e n t t o a s u i t a b l e c o n c e n t r a t i o n f o r feed to an 
o x i d a t i v e p r o c e s s y i e l d i n g s u l p h u r i c a c i d . The a b s o r p t i o n tem
p e r a t u r e , however, i s q u i t e low compared w i t h t y p i c a l combustion 
e f f l u e n t temperatures. 

P r o c e s s e s 4, 5 and 6 a r e a l l e s s e n t i a l l y one s t e p o x i d a t i o n s 
of S 0 2 t o SO3 and hence s u l p h u r i c a c i d . The f i r s t p a i r a r e modi
f i e d v e r s i o n s of the t r a d i t i o n a l C o n t a c t and Chamber pr o c e s s e s 
f o r s u l p h u r i c a c i d manufacture, w i t h the p r i n c i p a l change b e i n g 
i n t h e i r a b i l i t y t o a c c e p t d i l u t e S 0 2 gas streams as the f e e d 
s t o c k . The use of A c t i v a t e d Carbon as an a i r o x i d a t i o n c a t a l y s t 
has c l e a r l y r e c e i v e d i n t e r n a t i o n a l a t t e n t i o n , w i t h success or 
f a i l u r e depending to a l a r g e e x t e n t on s u b t l e m o d i f i c a t i o n s i n 
c a t a l y s t p r e p a r a t i o n and c a t a l y s t p r e s e n t a t i o n t o the r e a c t a n t 
gases. V i r t u a l l y every type of c a t a l y s t bed c o n f i g u r a t i o n has 
been e x p l o r e d . 

P r o c e s s e s 7 t o 9 i n T a b l e I I I have the common f e a t u r e of 
p r o d u c i n g s u l p h u r as the end p r o d u c t . They a r e t h e r e f o r e o v e r 
a l l r e d u c t i o n p r o c e s s e s . The Cat-Redox and C0/S0 2 systems a r e 
b o t h d i r e c t c o n v e r s i o n s t o e l e m e n t a l s u l p h u r . The l a t t e r has a 
p a r t i c u l a r advantage of b e i n g a b l e to a c c e p t e f f l u e n t gas streams 
a t temperatures of 750°F or h i g h e r thus a v o i d i n g the need f o r any 
c o o l i n g of combustion f l u e gases b e f o r e c l e a n - u p . The A l k a l i z e d 
Alumina P r o c e s s , however, i n v o l v e s c o n c e n t r a t i o n and c a t a l y t i c 
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5. HYNE Desulfurization of Fossil Fuels 61 

hydrogénation of the s u l p h u r components to hydrogen s u l p h i d e f o r 
subsequent o x i d a t i o n to e l e m e n t a l s u l p h u r i n a C l a u s P r o c e s s . 
I t i s t h e r e f o r e r e l a t e d t o such p r o c e s s e s as the A l k a z i d (25) 
which i n v o l v e p r e l i m i n a r y hydrogen r e d u c t i o n to H 2S b e f o r e 
C l a u s t r e a t m e n t . 

S o l u t i o n p r o c e s s e s f o r removal of S 0 2 from e f f l u e n t gas 
streams n o r m a l l y r e q u i r e lower a b s o r p t i o n temperatures than do 
gas phase t e c h n i q u e s . Thus, of the f o u r l i s t e d i n T a b l e IV o n l y 
the M o l t e n S a l t Method has the c a p a b i l i t y of a c c e p t i n g h i g h 
temperature f l u e gas w i t h o u t c o o l i n g . I n a l l but one of the 
c a s e s , e l e m e n t a l s u l p h u r i s the end p r o d u c t and i n the s i n g l e 
i n s t a n c e of the Ammoniacal S o l u t i o n P r o c e s s , s u l p h u r i s a co-
prod u c t w i t h ammonium s u l p h a t e . T h i s p r o c e s s has been e x t e n 
s i v e l y examined and developed i n a number of c o u n t r i e s , and i s 
c h e m i c a l l y i n t e r e s t i n g because of the u n u s u a l redox r e a c t i o n 
t h a t i s suspected to ta k e p l a c e between the p r o d u c t s of a i r o x i 
d a t i o n of S 0 2 absorbed i n ammonia s o l u t i o n . Both p r o d u c t s , 
s u l p h u r and ammonium s u l p h a t e , a r e n o r m a l l y s a l e a b l e commodities. 

The use of molten s a l t s i n p r o c e s s c h e m i s t r y i s , r e l a t i v e l y 
s p e a k i n g , a r e c e n t development. The h i g h temperatures i n v o l v e d 
r e q u i r e s p e c i a l h a n d l i n g t e c h n i q u e s b u t , i n the case of molten 
c a r b o n a t e s and t h i o c y a n a t e s , the temperatures i n v o l v e d a r e 
w h o l l y c o m p a t i b l e w i t h the temperatures c h a r a c t e r i s t i c o f the 
e f f l u e n t gas streams t o be d e s u l p h u r i s e d . Both the s i m p l e 
molten c a r b o n a t e (Atomics) and c a r b o n a t e / t h i o c y a n a t e ( G a r r e t t ) 
p r o c e s s e s i n v o l v e r e d u c t i o n of a m e t a l s u l p h i t e to the c o r r e s 
ponding m e t a l s u l p h i d e , but the r e d u c i n g c o n d i t i o n s d i f f e r 
through use of reformed n a t u r a l gas i n one case and coke r o a s t 
i n g i n the o t h e r . I n b o t h c a s e s , the r e s u l t i n g H 2S i s f e d to 
a C l a u s p l a n t f o r r e - o x i d a t i o n to e l e m e n t a l s u l p h u r . A g a i n , as 
was seen i n the A l k a l i z e d Alumina case r e d u c t i o n to s u l p h u r i s 
not d i r e c t , but v i a the -2 o x i d a t i o n s t a t e of H 2S and subse
quent r e - o x i d a t i o n to e l e m e n t a l s u l p h u r . 

A l t h o u g h a t f i r s t s i g h t , the C i t r a t e P r o c e s s may not appear 
to be i n any way r e l a t e d t o the t r a d i t i o n a l C l a u s , i t i s i n f a c t 
an H 2S/S0 2 redox r e a c t i o n i n s o l u t i o n w i t h the a c t i v a t i n g b a u x i t e , 
c a r b o n , or m e t a l s a l t t ype c a t a l y s t r e p l a c e d by a c i t r a t e complex 
w i t h S 0 2 . The c h e m i s t r y of the p r o c e s s i s c l e a r l y i n t e r e s t i n g 
and of some importance but f o r the purposes of t h i s r e v i e w i t i s 
s u f f i c i e n t t o draw the analogy i n d i c a t e d above. The C i t r a t e 
P r o c e s s i s y e t another r e d u c t i o n p r o c e s s t h a t may r e q u i r e the 
a n c i l l a r y g e n e r a t i o n of H 2S from n a t u r a l gas and pro d u c t s u l p h u r 
i f the e f f l u e n t gas stream i s s o l e l y S 0 2 as f a r as s u l p h u r con
t e n t i s concerned. 

The Weilman-Lord P r o c e s s i s n o t , i n i t s e l f , a c o n v e r s i o n 
method, but r a t h e r a s o l u t i o n phase t e c h n i q u e f o r c o n c e n t r a t i n g 
a d i l u t e S 0 2 e f f l u e n t stream t o p r o v i d e a s u i t a b l y r i c h f e e d f o r 
C l a u s redox c o n v e r s i o n . When coupled w i t h the C l a u s P r o c e s s , i t 
c o n s t i t u t e s an o v e r a l l d e s u l p h u r i s a t i o n system which i n v o l v e s 
a l l t h r e e phases: gas, l i q u i d s o l u t i o n , and s o l i d c r y s t a l l i n e . 
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Table III 

Gas Phase Desu lphur i sa t ion 

Process 
No. (Developer) 

(Reference) 
Process Chemistry 

OXIDATION TO SULPHATE 

Dry Limestone 
(TVA) 
( 2 1 ) 

S0 2 + A i r + CaO > CaSO^ 

_ L 
C a C 0 1—> CO? 

heat 

2 Manganese Dioxide 
(M i t s ub i s h i ) 
( 2 3 ) 

NH ΩΗ 

Regeneration 

3 Ac t i ve Magnesia 
(Showa Hatsuden) 
(Chemico) 
( 2 4 ) 

4 Mod i f i ed Contact 
(Monsanto-Penelec) 
(Tokyo Tech.) 
(26) 

ς η 200 - 3 0 0 ° F M ç n 1 4 0 0 ° 1 C ( y c n 

SO2 } M gS03 — — > 15% SO2 J as MgO 

Regeneration 

H2S0i, 

Contact 
Process 

A i r + S0 2

 9 0 0 ° F ) S 0 3 > H 2S0 l + 

Vo0 2U5 

2 NH^OH 
(NH t +) 2S0 1 + + H 20 

5 Mod i f i ed Chamber 
(Tyco Labs. Mass) 
(27) 

S0 2 + H 20 + N0 2 >H 2 S0 u + NO 

t ! 
1/2 0 2 

Ac t i va ted Carbon 
( S u l f a c i d - L u r g i ) ς η

 Α ΐ Γ ' H 2 ° Μ Σ Η 

( H i t a c h i , Tokyo) B U 2 - ~ ; n > " 2 ^ 
( R e i n l u f t , W. Germany) A c t l v e C a r b o n 

(Westvaco Corp. U.S.) 
( 2 8 , 2 9 , 3 0 , 31) 

REDUCTION TO SULPHUR 

7 C a t a l y t i c Redox 
(Pr inceton Chem. Res. 
(32) 

C0/S0 2 Redox 
(Chevron Research) 
( Univ. Mass.) 
( 3 3 , 34) 

S0 2 + H 2S 250 - 3 5 0 U F 

CO. •<—'— 

Cata l y s t 
-> H 2 0 + S 

<— CHi. 
C a t a l y s t , High. Temp. 

S0o + CO -> 2 C0 2 + S 

1000° F, Cu on A 1 2 0 3 NO present converted 
to N 2 
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5. HYNE Desulfurization of Fossil Fuels 63 

9 A l k a l i s e d Alumina 
(U.K. Cent. E l e c t . 
Board) 
(35) 

A l 2 0 3 / N a 2 0 
S 0 2 > Absorbed S0 2 

56%^ 37% 
t . 

Regeneration 

S f-
S0 2 

— H 2 + CO 

î 
Claus 

H 2S + C0 2 Reformer 

Table IV 

Solut ion Phase Desulphurisation 

Process 
No. (Developer) Process Chemistry 

(Reference) 

OXIDATION TO SULPHATE 

10 Ammoniacal Solut ion 
(Cominco) 
(Showa-Denko) 
(TVA) 
(Fuiham Simon-Carves) 
(36, 37, 38) 

S0 2 + NĤ OH A i r > 2 N H 4 H S O 3 + ( Ν Η Η ) 2 $ 2 θ 3 

J 
τ 

(mh)2s% + H 2O + s 

REDUCTION TO SULPHUR 

11 Molten Sa l t 
(Atomics Internat!.) 
(Garrett , Res. & Dev.) 
( 39, 40) 

S0 2+ M 2C0 3(L) 4 3 0 ° C ) M 2S0 3 + C0 2 

< 2 * C 0 Natural Gas 
Reformate 

or Coke Roasting 

H2S +M 2 C0 3 (L) « M 2S + H 20 + C0 2 

t Claus 

S Steam + C0 2 

12 Bumines C i t ra te 
(U.S. Bureau of Mines) 
(41) 

S0 2 + H 20 HSOi + H + 

HSOi + H 3CIT (HS0 3.H 3CIT) 

^ Complex + 

3 S + 2 H 20 + H3CIT < 

2 S + CHi» + 2H 20 A 1 0 

J 2 H2S 

Î 

13 Wellman-Lord 
(Same) 
(42) 

S0 2 + H 20 +M 2 S0 3 

. t . 

-> 2MHS0 3 (SOLN) 

1 
S0 2 + H 20 + M 2 S 0 3 < R e d i s S o 1 v e 2MHS0 3 (XSTL) 

Heat 

H2S 
I Rich 

feed to 
* Claus 
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The heart of the Wellman-Lord concentration step involves the 
separation of S02 as the crystalline metal bisulphite and subse
quent thermal decomposition of the redissolved material. 

Conclusion 

A very substantial technology for the desulphurisation of 
fossil hydrocarbon fuels has been developed over the past half 
century. Although much of the recent advance has been in de
sulphurisation of liquid and gas phase hydrocarbons useful im
provements have been made in previous technologies for the re
moval of sulphur values from the solid phase fuel-coal. The 
clear need to bring on stream the heavier and higher sulphur con
taining hydrocarbons as an energy source for the future presents 
fresh challenges to the chemist and chemical engineer to develop 
new and more efficient desulphurisation techniques which can help 
bring to the marketplace economically priced fuels that w i l l not 
have a negative environmental impact. 
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T h e Relat ion of Surfactant Properties to the Extrac t ion 

of B i t u m e n from Athabasca Ta r Sand b y a Solvent-

Aqueous-Surfactant Process 

D O N A L D F. GERSON, J. E. ZAJIC, and M. D. O U C H I 

Biochemical Engineering, The University of Western Ontario, 
London, Ontario, Canada 

The Athabasca tar sands are an enormous petroleum resource, but this supply 
of hydrocarbons will be difficult to utilize without considerable economic and 
energetic expenditure. Present technology involves mining and hot-water extrac
tion, future technology will center around in situ extraction methods. In both 
cases the energetic cost of hot water or steam production sharply reduces overall 
net recovery (up to 25—35%) since petroleum energy must be put into the extrac
tion process. A paramount consideration is, therefore, the study of methods and 
strategies which reduce the energy requirements of the extraction, demulsification 
and upgrading processes, thus increasing yield and decreasing ultimate economic 
costs. 

Athabasca tar sand is a 3—component system (sand—bitumen-water) dom
inated by surface effects. It is estimated that there is between 0.5 and 1.5 square 
meters of bitumen—sand interfacial area per gram of tar sand. The process of 
separating the bitumen from the sand thus clearly involves overcoming or modify
ing the adhesional energies between the bitumen and this very large mineral sur
face. The hot water system currently in use effects a reduction in this interfacial 
energy by the direct saponification of complex carboxylic and resin acids present 
in the bitumen to produce surfactants which reduce interfacial tensions and facil
itate separation (1,21). Reduction of the interfacial tensions of the tar sand is 
crucial to both the mining and in situ methods of recovery, and yet systematic 
study and the experimental modification of these interfacial tensions is virtually 
absent from the literature. 

The most important step in any aqueous extraction scheme is facilitation of 
the transfer of mineral particles from the bituminous matrix to the aqueous 
phase (Fig. 1). This process appears to be more favorable in the Athabasca tar 
sands than in other tar sands due to a postulated, but unobserved, film of absorb
ed water present on the mineral particles. The transfer process may be visualized 
in 2 stages: 1) the transition from complete immersion in the bulk bituminous 
phase to partial contact with both phases, and 2) the transition from partial con
tact with both phases to complete immersion in the aqueous phase (Fig. la,b). 

If the net free energy of this process, A G n e t , is negative the process will 
occur provided activation energies are overcome (15). The free energies of each 
stage can be either positive or 

A G n e t = A G a + AGb 

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
ch

00
6

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



6. GERSON ET AL. Extraction of Bitumen from Athabasca Tar Sand 67 

negative, For extraction with water alone at room temperature, A G n e t appears 
to be negative, the process is spontaneous but incomplete. Addition of mechani
cal energy appears to aid in the reduction of A G a , while the addition of surfac
tants to the aqueous phase appears to aid in the reduction of AG^. Both of 
these free energies depend on the solid-liquid free energies, which, until the work 
discussed by Neumann (17), have been difficult to measure. Appropriate and ex
tensive application of these methods to the problem of tar sand extraction has 
only begun, but the results are promising. A review of the relevant literature may 
be found in the work of Zajic and Gerson (6,7,8,24) and McCaffery and Mungan 
(14). 

Methods 

Surface Tension Measurements. Surface, interfacial and adhesion tensions 
were measured with a Fisher Autotensiomat, a de Nuoy surface tensionmeter 
modified to accept a sensitive strain gauge. Surface and interfacial tensions were 
measured with a platinum loop, and adhesion tension was measured against small 
slabs of pyrophyllite (an hydrous aluminum silicate mineral, AlSi20^(OH), chosen 
for its resemblance to montmorillonite clay ( 11) present in the tar sand and 
responsible for many of the separation difficulties encountered). Measurement of 
immergent and emmergent adhesion tensions allows calculation of both advancing 
and receeding contact angles, and can give an estimate of the surface tension of 
the solid being studied ( 17). 

Tar Sand Extractions. Tar sand extraction was measured by 2 methods 
developed by Gerson, et al. (6,8). One method, the low-shear aqueous-surfactant 
extraction, utilizes low shear mixing provided by a rotary, planar microbiological 
shaker, to effect separation which is highly dependent on surfactant type. Yields 
by this method are low but it is extremely useful in the preliminary screening of 
surfactants. The second method utilizes a small paddle mill rotating a low speed 
(50—100 rpm) to make a slurry of tar sand, kerosene and water which is then 
diluted and stirred vigorously to yield 3 phases: a surface bituminous phase, an 
intermediate clear aqueous phase, and a dense mixture of sand, bitumen and 
water. The surface phase is virtually free of mineral matter and the bitumen con
tained in it is used to calculate percent bitumen recovery. This method is detail
ed by Gerson, et al. (8). This procedure attempts to simulate a cold water extrac
tion process which utilizes both solvent and surfactant. 

Surfactant Properties. Hydrophyllic-lipophyllic balance (HLB) was calculated 
from equation 2 (3). Molecular weights and chemical compositions were obtained 
from the literature or from the manufacturers. The partition coefficients and 
HLB values were not 

= 0.36 In (CW/C Q ) + 7 = 0.36 In K p + 7 (2) 

equilibrium aqueous concentration 
equilibrium oil concentration 
water-oil partition coefficient 

Makon surfactants (nonyl-phenyl-poly-(ethoxy)-ethanol surfac-

HLB = 

where : C„r = 

available for the 
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Figure 1. Transfer of mineral particle 
from bituminous matrix to the aqueous 

phase 

Figure 2. Effect of surfactant concen
tration in the aqueous phase (Cw) on the 

partition coefficient (Kp) of Makon-14 

CHEMISTRY FOR ENERGY 
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tants of variable polymer chain length, produced by Stepan Chemical Co., and a 
gift of C. Tennant Co.). These were determined spectrophotometrically at 273nm 
(aqueous) or 277nm (hexadecane). Equilibration was effected by 2 hours of 
vigorous agitation followed by 30 min. centrifugation at 15,000xg. Triton-X 
surfactants were a gift of Rohm and Haas, and Tween surfactants were a gift of 
Atlas Chemicals. 

Results 

Partition Coefficients of nonyl-phenyl-poly-(ethoxy)-ethanol (NPE) Surfac
tants. The solubility of surfactants in water and hydrophobic solvents is well 
documented (11,12,22), but only a few attempts at measuring partition coeffic
ients between immiscible liquids have been reported (2,4,9,10). Partition coef
ficients of surfactants are of theoretical interest because of their relation to ob
served surfactant properties such as emulsification, wetting and detergency. 
Partition coefficients (K ) may be also of considerable practical value for pre
dicting surfactant recovery and recycling in industrial processes. For example, 
in the cold water extraction of tar sand, an effective surfactant with a high K p 

could be efficiently recycled in the process water and would not follow the 
bitumen into the upgrading stream. 

Partition coefficients of surfactants have been reported to remain constant 
below the critical micelle concentration (CMC), and to increase with concentra
tion above the CMC (2,9,10). The effect of surfactant concentration in the 
aqueous phase (C w ) on Κ was investigated with Makon 14 (14 mol% ethylene 
oxide, NPE j 4), the results are given in Fig. 2. These data indicate a CMC of 
about 0.1g/l, or 12 μΜ, in close agreement with the value obtained by surface 
tension measurements (our data and ref. 22). In subsequent determinations of 
Kp, C w was just below the CMC to minimize the effects of micellization (15,23). 

Partition coefficients of NPE surfactants were determined for hexadecane-
water mixtures (Table 1). Similar results were obtained by Crook et al. (2) for 
octyl analogs in an isooctane-water system. However, Log Κ is not a linear 
function of the mol% ethylene oxide in the surfactant as predicted by Eq. 2. 
Nonlinearity in the octyl analogs was due to polydispersity in the polymer chain 
length (2), and similar effects presumably operate here. 

Tar Sand Extraction with NPE Surfactants. Aqueous-surfactant extractions 
of bitumen from tar sand utilizing the NPE series of surfactants (0.02%w/v) 
reveal that maximum release of bitumen occurs at an HLB of 6.7-7.0 (8—10 
mol% ethylene oxide). Included in this set of data are the results for Triton-X 
surfactants (octyl analogs) having 5,11, and 12 mol% ethylene oxide. Several 
processes occur in the room temperature (25±3 C) extraction of tar sand by this 
low shear technique, these are described in Fig. 3. As the tar sand is slowly de
formed by gentle shaking, new sand and clay grains are exposed to the surface 
(stage la, above), these are then released into the aqueous phase (stage lb). This 
ablation results in an enrichment of the bitumen content of the tar sand sample. 
The bitumen concentration in the residual tar sand sample is plotted as B/RTS in 
Fig. 3, and is maximal at 20 mol% ethylene oxide (HLB=8). The sand particles 
have some adherent bitumen (% total bitumen in sand, Fig. 3), in practice this 
was the major loss in a pilot plant project utilizing a cold water process (Gerson, 
Cooper, Zajic, unpublished results). Losses of bitumen on released sand minimizes 
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Mole% Ethylene Oxide 

Figure 3. Aqueous-surfactant tar sand extraction with NPE surfactants (0.02% 
w/v). (JB) Bitumen concentration in residual tar sand (B/RTS); (Q) percent of 
total bitumen in sand fraction; (A) bitumen concentration in sand fraction (B/S); 
(O) percent of total bitumen in surface fraction; (Φ) composite index of extrac

tion efficiency. 
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TABLE I 
Water-Hexadecane Partition Coefficients of NPEV* 

and Calculated Values of H L B e 

HLB from this data K p ~ C w/ C o C 

4 5.83 0.039 
6 6.33 0.157 
8 6.73 0.477 

10 7.01 1.04 
12 7.39 2.96 
14 7.62 5.52 
20 7.97 \4Jd 

30 8.47 60.0d 

a Original concentration = 0.2 g/1 
^ Average mole ratio of ethylene oxide 
c Average of four samples, unless specified otherwise 
d Average of two samples 
e Calculated from HLB = 0.36 In K p + 7 

C, ( O C H 2 C H 2 ) n - OH 

η = average mole ratio of ethylene oxide 

at the high end of the HLB scale studied here. In addition, a proportion of the 
bitumen floats to the surface of the aqueous phase (%total bitumen on surface, 
Fig. 3), this curve has 2 maxima, one near the low end of the range and one 
near the high end of the HLB range. A composite index reflecting the net bene
ficial effects of the surfactant peaks at an HLB of 7 (see 6,7,8,24). 

The paddle mill was used to study the effect of surfactant type on a solvent-
aqueous-surfactant extraction scheme for the recovery of bitumen from Athabasca 
tar sand. In the experiments of Figures 4,5 and 6, bitumen recovered from the 
surface phases was measured as a function of the mole fraction of ethylene oxide 
in the surfactant and as a function of the extraction step in which the surfactant 
was added. The results are reported as the % of the total bitumen present in the 
surface fraction. The amount of surfactant used was that required to give a 
final aqueous concentration of 0.02% (w/v), but in different sets of experiments 
the surfactant was added at various stages in the process. 

Fig. 4 gives the results for experiments in which all of the water used contained 
surfactant at a concentration of 0.02% (w/v). Under these operating conditions, 
maximal extraction occurred with surfactant containing 15—20 mol% ethylene 
oxide. This corresponds to an HLB of 7.6—8.0. The maximum value obtained 
was 22% of the total bitumen in the surface fraction (Makon 20). Fig. 5 gives 
the results for experiements in which'all the surfactant was added in a small 
volume of water at the beginning of the process, resulting in a much higher initial 
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Figure 5. Solvent-aqueous-surfactant extraction of tar sand with Triton and 
Makon surfactants. Surfactant added to initial aqueous phase. 
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concentration of surfactant. Greater extraction was obtained with the optimal 
surfactant under these conditions than was obtained with the previous operating 
conditions: with Makon 14 (14 mol% ethylene oxide, HLB = 7.6) 34% of the 
total bitumen was present in the surface fraction. Also, under these conditions, 
the extraction is more sensitive to the HLB of the surfactant. Fig. 6 gives the 
results for experiments in which the surfactant was added to the kerosene, and 
distilled water was used throughout. More scatter is present in this set of data 
and is most probably due to solubility problems for the surfactants having greater 
than 10 mol% ethylene oxide. A sharp optimum was obtained for Makon 12 
(HLB = 7.4), with 34% of the total bitumen present in the surface fraction. 
Since the HLB scale greatly compresses the range of partition coefficients, the 
data of Fig. 6 are replotted as a function of K p in Fig. 7 for the Makon surfact
ants. This analysis reveals a steady increase in extraction up to a cut-off level 
at which recovery drops precipitously. 

These data demonstrate that more hydrophobic surfactants (lower HLB) 
are more effective as the situation in which they are initially exposed to the tar 
sand becomes less aqueous. In addition, this trend correlates with increased 
overall extraction. 

Adhesion Tensions and Tar Sand Extraction with Tween Surfactants. Mea-
surement of the adhesion tension (τ) allows the determination of the wettability 
of a given solid by a given liquid or surfactant solution. Measurements of ad
hesion tension between both bitumen or clay surfaces and various surfactant sol
utions is thus highly relevant to a study of the effects of surfactants in the separ
ation of bitumen from Athabasca tar sand. 

Measurements have been made of the adhesion tension between 0.02% (w/v) 
solutions of Tween 20, 40, 60 and 80 and platinum, pyrophyllite, mica, bitumen 
saturated pyrophyllite and hydrated pyrophyllite. Adhesion tensions against these 
solids are given in Fig. 8 as a function of the HLB values for these surfactants, 
in general there is no simple correlation between these properties, indicating that 
there is a relatively strong and dominating interaction between the solid and the 
surfactant. Absorption may be an important aspect of these results, but will, of 
course, also be part of the extraction process. Fig. 9 gives measured values of 
adhesion tension (AT) as a function of measured values of spreading tension 
(aqueous solution vs. 20% bitumen in kerosene). The adhesion tension against 
mica is independent of spreading tension and that of platinum decreased with 
increasing spreading tension. Adhesion tensions against pyrophyllite depend on 
the pre-treatment of the surface, but in both cases have a maximum at a spread
ing tension of about —6 dynes/cm. Fig. 9 also gives the relation between HLB 
and spreading tension for these surfactant solutions. 

Fig. 10 relates the composite extraction index (see above) obtained in the 
low-shear aqueous test system for these Tween surfactants, and adhesion tensions 
measured against various solids. Adhesion tensions against platinum and bitumen 
saturated pyrophyllite are irregularly related to tar sand extraction, while the 
adhesion tension against a fresh pyrophyllite surface is linearly (inversely) related 
to tar sand extraction. This is the first linear correlation between a measurable 
property of a surfactant solution and tar sand extraction which we have been 
able to obtain, and there appears to be no such finding in the literature. Fig. 11 
gives the relations between extraction of bitumen with the paddle mill, solvent-
aqueous-surfactant extraction and adhesion tensions measured against platinum, 
bitumen saturated pyrophyllite and hydrated (48 hours in water) pyrophyllite. 
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Figure 6. Solvent-aqueous-surfactant extraction of tar sand with Triton and 
Makon surfactants. Surfactant added to solvent (kerosene). 
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Figure 7. Solvent-aqueous- surfactant extraction of tar sand vs. partition coeffi
cient for Makon surfactants added to solvent (kerosene) 
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Figure 8. Adhesion tension vs. HLB, Tween surfactants. (Φ) Fresh surface 
of pyrophyllite; (O) hydrated pyrophyllite; (Q) bitumen-saturated pyrophyl

lite; (J^) platinum. 

Figure 9. Adhesion tension and HLB 
vs. spreading tension, Tween surfactants. 
Symbols as in Figure 8; (Q) mica; (Φ) 
spreading tension against a 20% (w/v) 

solution of bitumen in kerosene. 
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if) 

Φ 
?3H 
C 

30 AO 50 
Adhesion Tension (dynes/cm) 

~60 

Figure 10. Aqueous- surfactant extraction of tar sand (composite extraction 
index) vs. adhesion tension against various solids for Tween surfactants (0.02% 

w/ν). Symbols as in Figure 8. 

30 AO 50 60 
Adhesion Tension (dynes/cm) 

Figure 11. Solvent-aqueous-surfactant extraction of tar sand vs. adhesion ten
sion against various solids for Tween surfactants (0.02% w/v). Symbols as in 

Figure 8. 
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A linear correlation is obtained between bitumen extraction with the paddle mill 
and the adhesion tension against water saturated pyrophyllite. That the degree of 
water saturation of the pyrophyllite is important in explaining the difference 
between the 2 extraction processes indicates that it will be necessary to study 
each process in terms of the relevant adhesion tensions. These results demonstr
ate that adhesion tension is the most important parameter found to date in 
determining the degree of separation in the presence of surfactants. Measurements 
of adhesion tension between surfactant solutions and minerals similar to those 
found in tar sand may be of considerable value in studies of surfactant utility in 
both aqueous-surfactant, solvent-aqueous-surfactant and in situ extraction proces
ses. In addition, if appropriate model situations can be developed, measurements 
of adhesion tension may be useful in upgrading bitumen-water-clay emulsions 
obtained by a variety of in situ and heavy oil recovery processes. 

Conclusions 

These studies clearly indicate that investigation of the tar sand from the 
point of view of surface physical chemistry can be of practical benefit in 
optimizing and understanding processes for bitumen recovery. A very considerable 
literature exists which discusses the effects of surface and interfacial tensions in 
liquid-solid systems (eg. 1,5,19,20). Some literature exists on the surface chem
istry which is relevant to tar sand separation (eg. 1,14). However, adequate 
solution of both energetic and economic problems associated with both the ex
traction of tar sand and the breaking of emulsions produced during extraction 
will depend on detailed knowledge on the interfacial physics relevant to a given 
process. 

Abstract 

The extraction of bitumen from Athabasca tar sand by a combined solvent
-aqueous-surfactant (cold-water) method at 25±3 C and neutral pH offers many 
advantages over the present extraction technology which utilizes high pH at 80 C. 
Foremost of these are reduced energy requirements and reduced clay-sludge 
disposal problems. Any cold-water extraction scheme avoiding these problems 
with surfactants depends on surfactant selection criteria. To date, few systema
tic studies of the relations between measurable surfactant properties and the ex
traction of bitumen from tar sand have been performed. In this work, the 
relations between bitumen extraction in a solvent-aqueous-surfactant test system 
and the properties of the surfactant solution have been measured for a series of 
octyl and nonyl-phenyl-poly-(ethosy)-ethanol surfactants. The surfactant pro
perties measured included surface, interfacial and spreading tensions, partition 
coefficients and HLB (hydrophillic-lipophyllic balance). Optimal bitumen extrac
tion with these surfactants depended not only on surfactant properties but also 
on the details of the extraction process. When used in aqueous solution, optimal 
extraction occurred at spreading tensions of 10—20 dynes/cm, and at HLB values 
of 7. Adhesion tensions between pyrophyllite and aqueous solutions of Tween 
surfactants are linearly correlated to bitumen recovery by both aqueous-surfactant 
and solvent-aqueous-surfactant extraction methods. This appears to be the first 
linear correlation between surfactant properties and the extraction of bitumen 
from tar sand which has been observed. 
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Laboratory Simulation of In-Situ Coal Gasification 

M. GREENFELD 

Fuel Sciences Division, Alberta Research Council, Edmonton, Alberta, Canada T6G 2C2 

To p r o v i d e l a b o r a t o r y support f o r the A l b e r t a Research 
C o u n c i l ' s underground c o a l g a s i f i c a t i o n f i e l d t e s t program ( 1 ) , 
and means f o r e x p l o r i n g novel o p e r a t i n g procedures b e f o r e t a k i n g 
them i n t o the f i e l d , a g a s i f i c a t i o n s i m u l a t o r has been developed. 
T h i s f a c i l i t y has been designed t o reproduce the c o n d i t i o n s o f a 
c o a l seam undergoing g a s i f i c a t i o n , but e l i m i n a t e s p e r i p h e r a l 
matters (e.g., water i n c u r s i o n ) and c o n s e q u e n t l y a l l o w s d e t a i l e d 
study o f r e a c t i o n k i n e t i c s and r e l a t e d a s p e c t s (e.g., c a v i t y 
f o r m a t i o n , sweep e f f i c i e n c y and heat l o s s e s ) . In c o n t r a s t t o 
p r e v i o u s l a b o r a t o r y work, which g e n e r a l l y c e n t e r e d on small c o a l 
b l o c k s o r f i x e d bed r e a c t o r s , and commonly sought t o d e f i n e 
l i m i t i n g c o n d i t i o n s which c o u l d be c o r r e l a t e d w i t h mathematical 
models, the ARC s i m u l a t o r employs a 1 χ 1 χ 2m ( 3 1 x 3 1 x 6') 
b l o c k which r e t a i n s most o f the e s s e n t i a l f e a t u r e s o f an u n d i s 
turbed c o a l seam. 

S i m u l a t o r Design 

The general arrangement o f the s i m u l a t o r assembly i s shown 
i n F i g u r e 1 and i s comprised o f a f l o w c o n t r o l system, a r e a c t o r , 
a data a c q u i s i t i o n system and o v e r - r i d e c o n t r o l s t h a t ensure 
s a f e t y i n o p e r a t i o n s . 

The f l o w c o n t r o l system p r o v i d e s f a c i l i t i e s f o r i n j e c t i n g a i r , 
steam, oxygen o r o t h e r f l u i d s i n t o the r e a c t o r , and i s governed by 
d/p c e l l t r a n s m i t t e r s and p n e u m a t i c a l l y - a c t i v a t e d v a l v e s which 
permit a u t o m a t i c o r manual r e g u l a t i o n o f f l o w r a t e s and p r e s s u r e s . 

A l l reagent f l u i d s a r e f i r s t mixed a t predetermined p r e s s u r e 
and temperature i n a m i x i n g tank b e f o r e they a r e sent through an 
i n l e t gas c o n t r o l v a l v e i n t o an a u x i l i a r y p r e h e a t e r and the 
r e a c t o r . The l a t t e r i s a r e f r a c t o r y - 1 i n e d , r e c t a n g u l a r sheet-
metal v e s s e l ; and a f t e r a c o a l b l o c k has been c l o s e l y f i t t e d i n t o 
the r e a c t o r , one o r more 3/V 1 - 2" diameter h o r i z o n t a l h o l e s , which 
se r v e as i n i t i a l r e a c t i o n c h a n n e l s , and a p p r o p r i a t e l y p l a c e d 
v e r t i c a l i n j e c t i o n and p r o d u c t i o n h o l e s a r e d r i l l e d i n t o i t . 
An e l e c t r i c h e a t e r element, i n s e r t e d t o the bottom o f the 

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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i n j e c t i o n h o l e , i s used to i g n i t e the c o a l , and subsequent g a s i 
f i c a t i o n then s i m u l a t e s underground g a s i f i c a t i o n by the s o - c a l l e d 
stream method. 

Spaces between the c o a l b l o c k and the r e a c t o r w a l l s a r e 
f i l l e d w i t h r e f r a c t o r y cement t o prevent a c c u m u l a t i o n o f com
b u s t i b l e gases, and l e a k s a r e exhausted from the o u t e r c a s i n g . 
Temperatures a r e measured w i t h 1/8" Type Κ SS sheathed thermo
c o u p l e s , which a r e cemented i n t o the b l o c k a t predetermined 
l o c a t i o n s . 

Product gas i s c o o l e d , f r e e d o f p a r t i c u l a t e matter by passage 
through a f i l t e r , and then sent through a heat exchanger where 
water and t a r s a r e condensed. Flow r a t e s a r e metered as the 
c l e a n e d gas l e a v e s the heat exchanger. Gas c o m p o s i t i o n s a r e 
determined w i t h two programmable gas-chromatographs and a gas-
p a r t i t i o n e r (which s e r v e s as backup u n i t f o r hydrogen d e t e r 
m i n a t i o n s ) , and heat v a l u e s a r e c o n t i n u o u s l y monitored w i t h a 
m o d i f i e d gas c a l o r i m e t e r . A l l i n s t r u m e n t a t i o n f o r gas a n a l y s i s 
i s c a l i b r a t e d w i t h c e r t i f i e d c y l i n d e r gases. 

The data a c q u i s i t i o n network i s s c h e m a t i c a l l y shown i n 
F i g u r e 2 and makes use o f two computer programs. One - 'Therm 1 

- a c q u i r e s temperature-data from thermocouples v i a an Autodata 8 
scanner, s t o r e s these d a t a , and d i s p l a y s them g r a p h i c a l l y on a 
l i n e p r i n t e r f o r every f i f t h sample group (see F i g u r e 7 ) . The 
second program - 'Balance' - f i r s t prompts and a c q u i r e s b a s i c 
data r e l a t i n g t o the p r o g r e s s o f g a s i f i c a t i o n and t o product gas 
c o m p o s i t i o n s , and then r e q u e s t s from the c o n t r o l t e r m i n a l i n f o r 
mation about a number o f o t h e r parameters (e.g., f l o w r a t e s ) 
which i t p r i n t s out as a r e p o r t on mass-, heat- and energy-
b a l a n c e s . A l l data a r e s t o r e d i n d i s c f i l e s from which they can 
be r e t r i e v e d f o r f u r t h e r p r o c e s s i n g a f t e r c o m p l e t i o n of a t e s t 
run. 

The s a f e t y system was designed w i t h regard f o r the p a r t i c u l a r 
l a b o r a t o r y space and the b u i l d i n g as a whole. 

Experimental 

The p r o g r e s s of g a s i f i c a t i o n i n a p r e v i o u s l y d r i l l e d r e a c t i o n 
channel i s s c h e m a t i c a l l y i l l u s t r a t e d i n F i g u r e 3. T h i s shows the 
p r i n c i p a l r e a c t i o n zones and i n d i c a t e s p y r o l y s i s immediately 
ahead o f g a s i f i c a t i o n ; and s i n c e the n a t u r e o f p y r o l y s i s p r o d u c t s 
i s s t r o n g l y temperature-dependent ( 2 , 3 ) » the advance o f each 
r e a c t i o n zone t o any p o i n t i n time can be q u i t e c l o s e l y determined 
by c o r r e l a t i n g temperature p r o f i l e s i n the c o a l w i t h the chemical 
c o m p o s i t i o n o f the r e a c t i o n s p r o d u c t s . From s t u d i e s o f c o a l com
b u s t i o n , i t i s e s t i m a t e d t h a t 90 percent of the t o t a l b u r n i n g time 
of a p a r t i c l e r e l a t e s t o b u r n i n g of the d e v o l a t i 1 i z e d (char) 
p a r t i c l e (h). However, i n underground g a s i f i c a t i o n , where a 
l a r g e excess o f c o a l e x i s t s , the r a t e o f c o a l consumption may be 
expected to be zero o r d e r and i s , i n f a c t , found e x p e r i m e n t a l l y t o 
be independent o f a i r f l o w r a t e s , but s t r o n g l y dependent on tern-
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FLOW 
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Figure 2. Data acquisition and control network 
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7. GREENFELD In-Situ Coal Gasification 85 

p e r a t u r e - w i t h the o v e r a l l b urning r a t e c o n t r o l l e d by heat t r a n s 
f e r . G e n e r a l l y , heat i s generated by combustion, w h i l e heat s i n k s 
ar e p r o v i d e d by endothermic chemical r e a c t i o n s , d e v o l a t i 1 i z a t i o n , 
e v a p o r a t i o n o f water and heat l o s s e s through c o n d u c t i o n , convec
t i o n and r a d i a t i o n . 

To d a t e , f o u r g a s i f i c a t i o n r u n s , u s i n g two b l o c k s , have been 
conducted i n the s i m u l a t o r . The f i r s t r u n , p r i m a r i l y intended to 
t e s t system components and o p e r a t i n g p rocedures, l a s t e d f o r about 
22 hours ( d u r i n g which a i r was i n j e c t e d a t 13-25 m 3/hr (8-15 s c f / 
mi η ) , and was t e r m i n a t e d when oxygen c o n c e n t r a t i o n s i n the product 
gas exceeded 5 percent and the temperature began t o f a l l . T a b le I 
shows the c o m p o s i t i o n o f the o r i g i n a l c o a l , and Tab l e 11 summar
i z e s the t e s t d a t a , which were assembled from the c o m p o s i t i o n o f 
the product gas on the assumption t h a t p y r o l y s i s p roducts made no 
s i g n i f i c a n t c o n t r i b u t i o n t o i t . The c o n t r a r y assumption, i . e . 
t h a t a l l gas was produced by thermal decomposition o f the c o a l 
(heated to 300°C a t 3°C/min) would i n d i c a t e a y i e l d o f o n l y 13 
s c f dry g a s / l b c o a l (0.81 m 3/kg) and an energy r e c o v e r y o f M 2 
pe r c e n t . 

TABLE I I 

FIRST BURN AVERAGE DATA 

I n j e c t i o n Gas Pro- Heat Dry Coal M a t e r i a l 
Rate duct ion V a l u e E f f e c t e d Recovery 

BTU/ Scf Dry Gas 
SCFM SCFM SCF LBS/HR Lb. Dry Coal 

Energy 
Recovery 

Btu Dry Gas 
Btu Dry Coal 

10 12 100 15 70 65±10% 

For the purpose o f e s t i m a t i n g the energy r e c o v e r y and sweep 
e f f i c i e n c y , the c o a l b l o c k was cut open a f t e r c o m p l e t i o n o f the 
t e s t , and the burning p a t t e r n i n s p e c t e d . As shown i n F i g u r e h, 
the i n i t i a l c r o s s - s e c t i o n o f the r e a c t i o n channel was found t o 
have been e n l a r g e d t o an e l l i p t i c a l shape ( w i t h the major a x i s 
p e r p e n d i c u l a r t o the c h a n n e l ) , and the c a v i t y narrowed s t e a d i l y 
toward the p r o d u c t i o n h o l e . Reversal o f the gas f l o w would 
p r o b a b l y have a l l o w e d c o n t i n u a t i o n o f g a s i f i c a t i o n by making f o r 
g r e a t e r sweep e f f i c i e n c y and thus compensating the unsymmetrîcal 
burn c a v i t y . 

In the l i g h t o f these f i n d i n g s , another b l o c k was prepared 
f o r more e x t e n s i v e temperature measurements, and d i v i d e d l e n g t h 
w i s e i n t o two compartments. 

second g a s i f i c a t i o n t e s t was c a r r i e d out on the l e f t h a l f 
o f t h e t e s t b l o c k , w i t h the h o r i z o n t a l channel choked o f f near the 
p r o d u c t i o n h o l e i n o r d e r t o s i m u l a t e blockage which may occur 
d u r i n g i n - s i t u p r o c e s s i n g . Attempts t o 'push' the burn through 
the channel proved u n s u c c e s s f u l and, i n s t e a d , as suspected from 
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TABLE !. COAL BLOCK ANALYSES 

BASIS 

PROXIMATE COMPOSITION 
M o i s t u r e % 
Ash % 
V o l a t i l e M a t t e r % 
F i x e d Carbon % 

Capaci t y 
Moi s t u r e 

23.6 
4.8 

29.9 
41.7 

Dry 

6.3 
39.2 
54.5 

Dry 
Ash-Free 

41.8 
58.2 

ULTIMATE COMPOSITION 
Carbon % 
Hydrogen % 
S u l f u r % 
Ash * 
M o i s t u r e % 

C a l o r i f i c V a l u e , g r o s s 
BTU per l b 

53.6 
3.5 
0.3 
4.8 

23.6 

9,200 

70.2 
4.6 
0.4 
6.3 

74.9 
4.9 
0.4 

12,050 12,860 

Figure 4. First burn cavity formation 
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7. GREENFELD In-Situ Coal Gasification 87 

the temperature p r o f i l e s and l a t e r c o nfirmed when the b l o c k was 
opened f o r i n s p e c t i o n , an ' e a s i e r ' path developed t o the l e f t . 
T h i s e v e n t u a l l y c r e a t e d a c a v i t y i n the shape and s i z e o f a l a r g e 
f o o t b a l l , from which a h o r i z o n t a l c r a c k extended over h a l f the 
l e n g t h o f the b l o c k . A l s o , v ery prominent was a v e r t i c a l c r a c k 
above t h e o r i g i n a l c h a n n e l . Due t o p r e s s u r e l i m i t a t i o n s , a i r f l o w 
r a t e s were l i m i t e d t o 6 s c f / m i n i n j e c t e d a t 5 p s i g . T y p i c a l 
product gas c o m p o s i t i o n s a r e g i v e n i n Table I I I . The maximum 
temperature was 1060°C, and product gas e x i t e d a t about 100°C. 

TABLE I I I 

BURN No. 2 TYPICAL PRODUCT GAS 

Heat Value 
C 0 2 CO H 2 CH 4 CriHm 0 2+Ar N 2 BTU/SCF 

7.3 6.1» 10 .5 2.1» 0 .5 13.1 59.8 88.1» 
12.2 6.3 9Λ 2.2 0.1» 7.3 62.2 80.1 
Π . 7 7Λ 11.8 2 .9 0 .5 7.8 57.9 100.1» 

A f t e r t a k i n g s u i t a b l e c o a l samples f o r a n a l y s i s , removing the 
blockage and f i l l i n g the c a v i t y w i t h r e f r a c t o r y cement, the t h i r d 
burn t e s t was c a r r i e d out on the same c h a n n e l . F i g u r e 5 shows 
time-data p l o t s f o r t h i s burn. Because much o f the m o i s t u r e had 
been d r i v e n forward by the pr e c e d i n g burn, o n l y a r e l a t i v e l y low-
BTU product gas was produced; but by c y c l i c a l i n j e c t i o n o f steam 
and a i r , heat v a l u e s c o u l d be p e r i o d i c a l l y i n c r e a s e d . 

The experiment was t e r m i n a t e d when the temperature i n the 
a d j a c e n t c o a l b l o c k began t o exceed 200°C. 

K i n e t i c data f o r the t h i r d experiment have not y e t been ana
l y z e d , but i t appears t h a t product gas heat v a l u e s depend mo s t l y 
on hydrogen c o n t e n t s , and t h a t the use o f h i g h s t e a m / a i r r a t i o s 
promotes hydrogen f o r m a t i o n v i a C + H 20 ·> CO + H 2, f o l l o w e d by 
CO + H 20 -> C0 2 + H 2. Small i n c r e a s e s i n CHk c o n t e n t a r e a l s o 
i n d i c a t e d under such c o n d i t i o n s . 

As can be observed from the temperature p l o t s shown i n 
F i g u r e 6, r a p i d c o o l i n g o f the system r e q u i r e s f u r t h e r i n j e c t i o n 
o f a i r o r oxygen i n o r d e r t o m a i n t a i n r e a s o n a b l y h i g h gas heat 
v a l u e s and minimize f l u c t u a t i o n i n heat v a l u e . 

The temperature p l o t s presented here a r e o n l y a small por
t i o n o f the data c o l l e c t e d f o r heat d i s t r i b u t i o n c a l c u l a t i o n s . 
G e n e r a l l y , the h e a t i n g r a t e i s slow up t o 100°C (due t o water 
v a p o u r i z a t i o n ) and t h e r e a f t e r becomes f a s t e r , on average approach
ing 0.5°C/min, and the combustion temperature u s u a l l y exceeds 
1200°C. 

Thermocouple l o c a t i o n s a t which temperatures were measured 
a r e i d e n t i f i e d i n F i g u r e 7. The f o u r t h burn was c a r r i e d out on 
the r i g h t h a l f o f the b l o c k , w i t h a i r as w e l l as some C 0 2 being 
i n j e c t e d f o r about 13 hours. The diameter o f the r e a c t i o n 
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Sumw4 A Sumw5 Β Sumw6 C 
a 

300 .0 

225 0 

150 0 
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0 0 g 0 
0. 0 1081 

A c c u m u l a t e d Coal Consumed Clbs} vs Time 
.0 
Cm 1ns) 
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Figure 5. Computer plots of experimental parameter, burn No. 3. (a) Coal con
sumption and (b) input and output gas flow rates. 
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GREENFELD In-Situ Coal Gasification 

N2 — A C02 — Β 02 — 6 -

80.0 r 

60.0 

40.0 

20.0 

0.0 
0.0 

%VoIume v s Time Cm i ns) 
1081.0 

Figure 5. Computer plots of experimental parameter, burn No. 3. (c and d) 
Product gas composition. 
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THERM024 A THERM028 — Β THERMO14 — Θ -

0.0 1120.0 
Temperature C°CO vs Elapsed Time Cmlns> 

Figure 6. Computer plots of temperature data. (Top) Channel A, longitudinal 
temperature distribution: (a) ignition point; (b) Γ from ignition point; (c) 2' from 
ignition point. (Top right) Section G, radial temperature distribution. (Bottom 
right) Fluid flow: (a) inlet fluids; (b) product gas;(c)product gas off heat exchanger. 
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THERMO 3 — A THERM027 — Β THERMO40 — 
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Temperature C°C> vs Elapsed Time Cm Ins) 
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7. GREENFELD In-Situ Coal Gasification 93 

TABLE IV 

PHENOLS IN TAR CO-PRODUCED BY GASIFICATION, BURN NO. 4 

Sample Number 

1(1lpm) 2(1:55am) 3(4:30am) Condensate 

Ammonia, g / l i t r e 2 . 8 3 . 8 3 . 2 6 . 9 
P h e n o l , g / l i t r e 
( a b s o r p t i o n data) 4 . 2 8 6 . 9 5 6.51 

Phenol s, g / 1 i t r e 
( i d e n t i f i e d by G.C.) 3 .00 5 . 1 0 4 . 4 0 13.30 

E t h e r - s o l u b l e o r g a n i c s 
g / 1 i t r e 

Phenol 
0 - C r e s o l 
m - C r e s o l 
p - C r e s o l 
0 - E t h y l p h e n o l 
m - E t h y l p h e n o l 
p - E t h y l p h e n o l 
2,6 - d i m e t h y l p h e n o l 
2 , 4 - a n d 2 , 5 -

d i m e t h y l phenol 
2 . 3 - and 3 , 5 -

d i m e t h y l phenol 
3 . 4 - d imethy1 phenol 
Tr i methy 1 phenol s 

4 . 1 3 7 .53 6 .42 126.88 

Weight percent d i s t r i b u t i o n o f i d e n t i f i e d 
phenols 

52.0 50.0 47.7 32.9 
9.4 10.0 10.2 8.4 

15.8 16.5 17.3 14.7 
12.9 12.2 12.4 11.8 

1.3 1.7 1.7 1.8 
1.1 1.4 1.5 3.0 
1.0 1.3 1 .4 5.0 
0.2 0.3 0.5 1.4 

2.9 3.1 3.4 9.2 

2.4 2.4 2.6 7.7 
0.9 1.1 1.1 4.2 
- ? ? 
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channel was 2" f o r the f i r s t o n e-foot l e n g t h , and 7/8" over the 
remaining f o u r f e e t . The burn was te r m i n a t e d when the f i r e broke 
through the f r o n t r e a c t i o n w a l l . Steam e x t i n g u i s h e d t h i s f i r e 
q u i t e e f f e c t i v e l y and produced a medium-BTU gas ( w i t h 335 BTU/scf). 

It was a l s o found t h a t the c a v i t y s h i f t e d toward the l e f t w a l l , 
p r o b a b l y due t o the f a c t t h a t p r e v i o u s h e a t i n g on t h a t s i d e some
what i n c r e a s e d the p e r m e a b i l i t y o f the c o a l . 

The o v e r a l 1 c a v i t y geometry and channel l e n g t h were s i m i l a r t o 
those found i n the t h i r d t e s t , and bur n i n g r a t e s were a l s o s i m i 
l a r . Over most o f the burn p e r i o d (11 hrs ) s t a b l e c o n d i t i o n s pre
v a i l e d , and a gas w i t h over 110 BTU/scf was produced (C0 2-11.3%, 
CO-15.4%, H 2 - 1 3 . 3 * , ChV1.6!, C nH m-0.3%, 0 2+Ar-1.2%, N 2 - 5 6 . 9 * ) . 
The a i r : p r o d u c t gas r a t i o was MD.73, and energy r e c o v e r y reached 
about 70 percent (or j u s t over 80 percent i f the s e n s i b l e heat o f 
the gas i s i n c l u d e d ) . The heat v a l u e s recorded by the c a l o r i m e t e r 
a r e about 8 percent h i g h e r than those computed from gas composi
t i o n s and showing peaks not d e t e c t e d by the gas chromatograph. 

T a b l e IV shows the a n a l y s i s o f the ( t a r ) condensate which was 
recovered from the raw product gas a t a r a t e o f 2 £/hr. 

Conclus ion 

The i n - s i t u c o a l g a s i f i c a t i o n s i m u l a t o r appears t o behave much 
l i k e an underground c o a l seam undergoing g a s i f i c a t i o n , and y i e l d s 
t y p i c a l gas a t r a t e s and e f f i c i e n c i e s v e r y s i m i l a r t o those 
observed i n f i e l d t e s t s . At t i m e s , i t even posed s i m i l a r c o n t r o l 
problems, such as l o c a t i n g the combustion f a c e , gas leakage and 
s e l f r e - i g n i t i o n . 

The e x t e n s i v e temperature d a t a which s t i l l remain t o be 
c o r r e l a t e d w i t h char r e s i d u e s , the shape o f the burn c a v i t y , and 
chemical a n a l y s e s , when combined w i t h data from s e p a r a t e c a r b o n i 
z a t i o n t e s t s now i n p r o g r e s s , a r e expected t o p r o v i d e i n f o r m a t i o n 
from which the e x t e n t o f g a s i f i c a t i o n and the sweep e f f i c i e n c y 
can be p r e d i c t e d w i t h r e a s o n a b l e a c c u r a c y . 

Much e x p e r i e n c e has a l s o been gained which s h o u l d c o n t r i b u t e 
toward b e t t e r u n d e r s t a n d i n g o f the parameters t h a t c o n t r o l e f f e c 
t i v e g a s i f i c a t i o n . 

Based on t h i s e x p e r i e n c e , an improved r e a c t o r , c a p a b l e o f 
o p e r a t i n g a t h i g h e r p r e s s u r e s , and a l l o w i n g sampling a l o n g the 
r e a c t i o n channel as w e l l as f l o w r e v e r s a l , i s now being d e s i g n e d , 
and t e s t s s i m u l a t i n g o p e r a t i o n o f a longwal1 g e n e r a t o r a r e planned. 
F u t u r e work w i l l a l s o i n c l u d e t e s t s o f h o l e - l i n k i n g t e c h n i q u e s and 
s t u d i e s o f the r e l a t i o n between c a v i t y f o r m a t i o n and the o r i e n t a 
t i o n o f c l e a t i n the c o a l . 
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7. GREENFELD In-Situ Coal Gasification 9 5 

s i m u l a t o r f a c i l i t y , and t o Dr. N. Be r k o w i t z f o r h e l p f u l d i s 
c u s s i o n s and a s s i s t a n c e i n the p r e p a r a t i o n o f t h i s paper. 

Abstract 

In actual in-s i tu coal gasif icat ion, numerous processes, i . e . 
oxidation, reduction, thermal cracking and a variety of catalyt ic 
as well as non-catalytic reactions, occur in overlapping zones, 
and to explore the chemistry of these reactions as single or con
secutive unit processes is v i r tua l ly impossible. It i s , however, 
feasible to study the individual reactions under controlled con
ditions by simulating in-s i tu gasification in the laboratory. 
This paper describes a simulator which has been developed at the 
Alberta Research Council and permits gasification in a two-ton 
coal block. In i t ia l gasification experiments with air, steam and 
carbon dioxide are summarized, and data for product gas composi
t ion, heat propagation through the coal block, and gasification 
rates as functions of the geometry of the reaction channel are 
presented. 
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Mesophase Development during Thermal Hydrogenation 
of an Oxidized Bituminous Coal 

K. B E L I N K O , M. T E R N A N , and B. N. NANDI 

Energy Research Laboratories, Canada Centre for Mineral and Energy Technology, 
Department of Energy, Mines and Resources, 555 Booth Street, Ottawa, Canada 

The f o r m a t i o n of coke d u r i n g c a r b o n i z a t i o n of c o k i n g c o a l s i s 
a t t r i b u t e d t o the development of an a n i s o t r o p i c mesophase w i t h i n 
the c o k i n g medium ( 1 ) . The mesophase r e s u l t s from the alignment 
of c e r t a i n s p e c i f i c p y r o l y s i s p r o d u c t s of the c o a l s g i v i n g r i s e 
t o l i q u i d c r y s t a l s t r u c t u r e s . These l i q u i d c r y s t a l s s e p a r a t e 
from the c a r b o n i z i n g medium i n the form of spheres which grow i n 
s i z e and u l t i m a t e l y c o a l e s c e t o g i v e r i s e t o a r e i n f o r c i n g n e t 
work w i t h i n the coke. T h i s r e i n f o r c i n g network i s fundamental t o 
the s t r e n g t h of the coke produced. 

Coking c o a l s can l o s e p a r t o r a l l of t h e i r c o k i n g c h a r a c t e r 
through o x i d a t i o n , the e x t e n t depending on the s e v e r i t y of the 
o x i d a t i o n . The i n c o r p o r a t i o n of oxygen i n t o the c o a l s t r u c t u r e 
i s thought t o be p r i m a r i l y i n t h e form of c a r b o n y l s and c a r b o x y l i c 
groups ( 2 ) . The presence of t h e s e f u n c t i o n a l groups i n c o a l 
t r i g g e r s v a r i o u s forms of p o l y m e r i z a t i o n r e a c t i o n s d u r i n g carbon
i z a t i o n , i n c l u d i n g the f o r m a t i o n of oxygen c r o s s - l i n k a g e s between 
p y r o l y s i s p r o d u c t s of the c o a l . These p o l y m e r i z a t i o n r e a c t i o n s 
s i g n i f i c a n t l y a l t e r t h e t h e r m a l r h e o l o g i c a l p r o p e r t i e s of the 
c o a l , and c o n s e q u e n t l y i n t e r f e r e w i t h the n a t u r a l p r o g r e s s i o n of 
c a r b o n i z a t i o n . The growth of l i q u i d c r y s t a l s can be r e s t r i c t e d 
by t h e presence of c r o s s - l i n k a g e s between the s t r u c t u r a l u n i t s of 
the c o a l and t h i s i n h i b i t s the development of t h e a n i s o t r o p i c 
mesophase. 

I n th e p r e s e n t work, a m i l d thermal hydrogénation treatment 
was used t o r e v i v e the c o k i n g p r o p e r t i e s of an o x i d i z e d b i t u m i n o u s 
c o a l . The c o a l s t u d i e d was a s e v e r e l y weathered h i g h v o l a t i l e 
b i t u m i n o u s c o a l from e a s t e r n Canada. 

E x p e r i m e n t a l Procedure 

An o x i d i z e d bituminous c o a l from P h a l e n Seam i n Nova S c o t i a 
was o b t a i n e d from the Cape B r e t o n Development C o r p o r a t i o n . Some 
p r o p e r t i e s o f t h i s c o a l a r e g i v e n i n T a b l e I . Hydrogénation was 
c a r r i e d out i n a s t a i n l e s s s t e e l , v e r t i c a l f i x e d bed r e a c t o r of 
155 ml c a p a c i t y ( 3 ) . A p p r o x i m a t e l y 150 g of sample, -4 t o 8 US 

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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8. BELINKO ET AL. Mesophase Development during Hydrogénation 97 

TABLE I 

SOME PROPERTIES OF OXIDIZED 
PHALEN SEAM COAL 

wt % 
M o i s t u r e 
Ash 
V o l a t i l e M a t t e r 
F i x e d Carbon 

2.44 
7.62 

32.17 
57.77 

st a n d a r d s i e v e , were i n t r o d u c e d i n t o the r e a c t o r and e l e c t r o l y t i c 
hydrogen (99.9% p u r i t y ) was passed up through the bed a t 2.8 1/min 
a t S.T.P. The p r e s s u r e w i t h i n the r e a c t o r was h e l d c o n s t a n t 
d u r i n g the e n t i r e r u n . The gas f l o w was i n i t i a t e d a t the same 
time as the h e a t i n g c y c l e . The temperature of the r e a c t o r was 
r a i s e d t o the d e s i r e d v a l u e over a p e r i o d of about one hour and 
h e l d c o n s t a n t a t t h a t v a l u e f o r the d u r a t i o n of t h e experiment. 
At the end o f the experiment, the r e a c t i o n bed was a l l o w e d t o 
c o o l i n a hydrogen atmosphere. I n some expe r i m e n t s , n i t r o g e n was 
used i n s t e a d of hydrogen t o c o n f i r m t h a t the e f f e c t s observed 
were i n f a c t a s s o c i a t e d w i t h hydrogénation of the c o a l r a t h e r than 
w i t h h i g h p r e s s u r e e f f e c t s . 

The e f f e c t of r e a c t o r temperature and r e a c t o r p r e s s u r e was 
i n v e s t i g a t e d d u r i n g hydrogénation of the o x i d i z e d c o a l . Tempera
t u r e s and p r e s s u r e s ranged from 375°C to 475°C, and 0.79 MPa t o 
13.9 MPa r e s p e c t i v e l y , w i t h r e s i d e n c e times of up t o 3 h. 

The m a t e r i a l removed from the r e a c t o r subsequent t o h y d r o 
génation g e n e r a l l y showed some degree of a g g l o m e r a t i o n a l o n g w i t h 
t h e presence of a p i t c h - l i k e m a t e r i a l . A l i q u i d and s o l i d y i e l d 
was r e c o r d e d f o r each experiment. Thermal r h e o l o g i c a l p r o p e r t i e s , 
such as F r e e S w e l l i n g Index (FSI) and d i l a t a t i o n , were determined 
f o r t h e hydrogenated p r o d u c t s . Oxygen content o f the samples was 
determined u s i n g a P e r k i n - E l m e r (Model 240) E l e m e n t a l A n a l y s e r . 
D i l a t a t i o n t e s t s were performed i n a Ruhr D i l a t o m e t e r a t a h e a t i n g 
r a t e of 3°C/min t o 550°C, a c c o r d i n g to the German S p e c i f i c a t i o n 
DIN 51739. 

M i c r o s c o p i c examinations of the v a r i o u s samples were p e r 
formed on a L e i t z r e f l e c t e d l i g h t m i croscope. The samples were 
embedded i n L u c i t e p l a s t i c and p o l i s h e d a c c o r d i n g t o ASTM s p e c i 
f i c a t i o n s . M i c r o g r a p h s were taken a t a m a g n i f i c a t i o n of 600 u s i n g 
p a r t i a l c r o s s e d niçois. 

R e s u l t s and D i s c u s s i o n 

C a r b o n i z a t i o n o f t h e o x i d i z e d P h a l e n Seam c o a l a t 550°C 
r e s u l t e d i n a non-agglomérated c h a r . D i l a t a t i o n and F S I r e s u l t s 
f o r t h i s c o a l a r e g i v e n i n T a b l e I I and c o n f i r m i t s non-coking 
c h a r a c t e r . The semi-coke o b t a i n e d from d i l a t a t i o n experiments 
had an i s o t r o p i c s t r u c t u r e , as shown i n F i g u r e 1. 
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TABLE I I 

DILATATION AND FREE SWELLING INDEX RESULTS 
FOR ORIGINAL AND HYDROGENATED PHALEN SEAM COAL 

O r i g i n a l Hydrogenated C o a l 
C o a l (450OC, 13.9 MPa, 3 h) 

S o f t e n i n g temperature °C 339 <290 
Maximum c o n t r a c t i o n % 20 16 
Maximum d i l a t a t i o n % N i l 50 
F r e e S w e l l i n g Index 3 5h 

F i g u r e 2 i s an o p t i c a l m icrograph of the s o l i d r e s i d u e 
o b t a i n e d subsequent t o hydrogénation of o x i d i z e d P h a l e n Seam c o a l 
f o r 3 h a t 450°C and a hydrogen p r e s s u r e of 13.9 MPa. Mesophase 
f o r m a t i o n was i n d i c a t e d i n the hydrogenated p r o d u c t . F S I and 
d i l a t a t i o n r e s u l t s of the hydrogenated c o a l were found t o improve 
c o n s i d e r a b l y over those of the o r i g i n a l c o a l and the semi-coke was 
found t o be agglomerated and h a r d . F i g u r e 3 i s an o p t i c a l m i c r o 
graph of the semi-coke o b t a i n e d from d i l a t a t i o n experiments w i t h 
the hydrogenated o x i d i z e d c o a l , showing a f l o w - t y p e coke s t r u c 
t u r e . 

The e f f e c t of r e a c t o r temperature and hydrogen p r e s s u r e on 
the weight y i e l d of s o l i d r e s i d u e r e c o v e r e d subsequent t o h y d r o 
génation of the o x i d i z e d P h a l e n Seam c o a l i s shown i n F i g u r e 4. 
The y i e l d of s o l i d r e s i d u e decreased as the hydrogen p r e s s u r e i n 
the r e a c t o r i n c r e a s e d , i n d i c a t i n g a h i g h e r c o n v e r s i o n of the c o a l 
i n t o l i q u i d and gaseous p r o d u c t s . A s i m i l a r t r e n d was observed 
f o r i n c r e a s i n g r e a c t o r temperature. 

O x i d i z e d P h a l e n Seam c o a l hydrogenated a t 450°C f o r 3 hours 
a t d i f f e r e n t hydrogen p r e s s u r e s gave the d i l a t a t i o n r e s u l t s 
p r e s e n t e d i n T a b l e I I I . O p t i c a l micrographs of the semi-cokes 
o b t a i n e d from d i l a t a t i o n experiments a r e shown i n F i g u r e s 5 t o 8. 

TABLE I I I 

DILATATION RESULTS FOR OXIDIZED PHALEN SEAM 
HYDROGENATED FOR 3 HOURS AT 450°C 

P r e s s u r e , MPa 
1.5 3.5 7.0 10.4 13.9 

S o f t e n i n g temperature °C NS* NS* 412 350 <290 
Maximum c o n t r a c t i o n % N i l N i l 3 19 16 
Maximum d i l a t a t i o n % N i l N i l N i l 5 50 
P l a s t i c i t y i n d e x N i l N i l 0.06 0.29 0.22 
* NS - No s o f t e n i n g 
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B E L i N K O ET AL. Mesophase Development during Hydrogénation 

Figure 1. Optical micrograph of semicoke from carbonization of oxidized Pha
len Seam coal at 550° C, showing isotropic coke structure 

Figure 2. Optical micrograph of solid residue recovered from hydrogénation 
of oxidied Phalen Seam coal, showing liquid crystal spheres; 450° C, 13.9 MPa, 

and 3.0 hr 
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Figure 3. Optical micrograph of the semicoke from carbonization of the hydro
genated Phalen Seam coal at 550°C; OV, oxidized vitrinite 
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Figure 4. Weight yield of solid residue as a function of reactor temperature and 
pressure for hydrogénation experiments carried out for 3 hr with oxidized Phalen 

Seam coal 
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Figure 5. Semicoke of oxidized Phalen Seam coal hydrogenated at 450°C and 
1.5 MPa for 3 hr, showing a very fine grain, mosaic coke structure 

Figure 6. Semicoke of oxidized Phalen Seam coal hydrogenated at 450°C and 
7.0 MPa for 3 hr, showing fine grain, mosaic coke structure 
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Figure 7. Semicoke of oxidized Phalen Seam coal hydrogenated at 450°C and 
10.9 MPa for 3 hr, showing coarse grain, mosaic coke structure 

Figure 8. Semicoke of oxidized Phalen Seam coal hydrogenated at 450°C and 
13.9 MPa for 3 hr, showing flow-type coke structure 
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A v e r y f i n e g r a i n mosaic coke s t r u c t u r e was observed f o r c o a l 
samples hydrogenated a t p r e s s u r e s of 1.5 MPa and lower ( F i g u r e 5 ) . 
The s t r u c t u r e of the semi-coke v a r i e d from a f i n e g r a i n mosaic 
f o r c o a l samples hydrogenated at 7.0 MPa, t o a c o a r s e g r a i n mosaic 
f o r c o a l samples hydrogenated a t 10.9 MPa, F i g u r e 6 and 7 r e s p e c 
t i v e l y . A pr e d o m i n a n t l y f l o w - t y p e coke s t r u c t u r e was observed i n 
the semi-coke of c o a l samples hydrogenated a t 13.9 MPa, as shown 
i n F i g u r e 8. 

The oxygen c o n t e n t of the s o l i d r e s i d u e r e c o v e r e d from 
hydrogénation experiments of Ph a l e n Seam c o a l a t v a r i o u s hydrogen 
p r e s s u r e s a r e g i v e n i n Tab l e IV. The oxygen content was found t o 
decrease from 6.63% f o r c o a l samples hydrogenated a t 1.5 MPa t o 
2.54% f o r c o a l samples hydrogenated a t 13.9 MPa. 

The c o n v e r s i o n of a non-coking c o a l to a c o k i n g c o a l under 
hydrogénation c o n d i t i o n s has been r e p o r t e d p r e v i o u s l y i n the 
l i t e r a t u r e w i t h l i t t l e r e f e r e n c e made t o the mechanism of the 
p r o c e s s (4,5., 6^ 7^ 8) . From the r e s u l t s r e p o r t e d h e r e , i t appears 
t h a t hydrogénation removes some of the l i m i t a t i o n on the growth 
of l i q u i d c r y s t a l s p h e r e s , t h e r e b y e n a b l i n g the development of an 
a n i s o t r o p i c mesophase d u r i n g c a r b o n i z a t i o n . 

Hydrogénation of o x i d i z e d P h a l e n Seam c o a l r e s u l t e d i n 
deoxygenation of t h e c o a l , as shown i n Tab l e IV. I n f r a - r e d 
a n a l y s i s has r e v e a l e d t h a t the hydrogenated product has a s i g n i 
f i c a n t l y lower p r o p o r t i o n of a r o m a t i c OH- and C-0 groups, and 
C-O-C groups than the o x i d i z e d c o a l , and a h i g h e r p r o p o r t i o n of 
-CH2 and -CHg groups ( 4 ) . I t i s p o s s i b l e t h a t removal o f oxygen 
from the c o a l d u r i n g hydrogénation improved the t h e r m a l r h e o l o g i -
c a l p r o p e r t i e s of the c o a l . I t has p r e v i o u s l y been r e p o r t e d t h a t 
the presence of oxygen and s u l p h u r i n a c a r b o n i z i n g medium can 
l e a d t o t h e f o r m a t i o n of c r o s s - l i n k a g e s between p y r o l y s i s 
p r o d u c t s (9,10) . These c r o s s - l i n k a g e s r e s t r i c t the growth of 
l i q u i d c r y s t a l s , thereby d e s t r o y i n g t h e c o k i n g p r o p e r t i e s o f the 
c a r b o n i z i n g medium. Oxygen removal from an o x i d i z e d c o a l would 
t h e r e f o r e not o n l y improve the t h e r m a l r h e o l o g i c a l p r o p e r t i e s of 
the c o a l , but would l e s s e n some of the i n h i b i t i o n on the growth 
of l i q u i d c r y s t a l s which can be brought about by the f o r m a t i o n of 
oxygen c r o s s - l i n k a g e s . 

TABLE IV 

OXYGEN CONTENT OF PHALEN SEAM COAL 
HYDROGENATED AT 450°C FOR 3 HOURS 

AT DIFFERENT HYDROGEN PRESSURES 
Oxygen, wt % 

1.4 MPa 
3.5 MPa 
6.9 MPa 

13.9 MPa 

6.63 
6.22 
3.74 
2.54 
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C o n c l u s i o n s 

Thermal hydrogénation of an o x i d i z e d bituminous c o a l under 
a p p r o p r i a t e c o n d i t i o n s can r e s t o r e the c o k i n g p r o p e r t i e s of t h e 
c o a l . Removal of oxygen from the o x i d i z e d c o a l d u r i n g hydrogéna
t i o n improved the th e r m a l r h e o l o g i c a l p r o p e r t i e s o f the c o a l , 
and decreased the l i k e l i h o o d o f oxygen c r o s s - l i n k a g e f o r m a t i o n 
between p y r o l y s i s p r o d u c t s of the c o a l . L i q u i d c r y s t a l s a r e 
t h e r e f o r e a l l o w e d t o form w i t h a l e s s e r degree of l i m i t a t i o n on 
t h e i r growth thus e n a b l i n g the development of an a n i s o t r o p i c 
mesophase d u r i n g c a r b o n i z a t i o n . 
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Abstract 

A severely weathered bituminous coal from eastern Canada was 
treated by thermal hydrogenation under various reactor conditions. 
The coking properties of this coal were found to be restored under 
appropriate hydrogenation conditions. The semi-coke of the 
hydrogenated coal exhibited an anisotropic coke structure. The 
size of the anisotropic domains in the semi-coke was found to 
depend on reactor temperature and hydrogen pressure during 
hydrogenation. 
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Methane Production from Manure 

H. M. LAPP 

Department of Agricultural Engineering, University of Manitoba, 
Winnipeg, Manitoba, Canada 

Recent general public awareness that the reserve supply of 
conventional liquid and gaseous fossil fuels is rapidly diminish
ing has given rise to a serious concern for securing the future 
energy supply for all sectors of society. This major concern was 
brought into sharp focus by the oil embargo imposed in 1973 by 
the Organization of Petroleum Exporting Countries (OPEC). This 
event has been of such significance that energy considerations 
are frequently time related as to their occurrence having taken 
place "Prior to" or in "Post" OPEC years. Programs in Canada to 
promote energy conservation and to stimulate research into poten
ti a l l y viable alternate sources for energy fuels have been very 
active during the past five "Post OPEC" years. The utilization 
of the anaerobic digestion process for the conversion of organic 
raw material into a useful energy fuel has emerged as one tech
nology to receive serious attention. This paper will discuss the 
production of methane from manure. 

A n a e r o b i c d i g e s t i o n systems have been i n s t a l l e d i n the a g r i 
c u l t u r a l s e c t o r o f v a r i o u s c o u n t r i e s , the m a j o r i t y of which l i e 
w i t h i n t h e t r o p i c s . Po (1) r e p o r t e d t h a t 7500 u n i t s were ope r a 
t i o n a l i n Taiwan and i n a r e c e n t p e r s o n a l communication he con
f i r m e d t h a t more than 8000 u n i t s were c u r r e n t l y o p e r a t i o n a l . The 
t e c h n o l o g y has been promoted v i g o r o u s l y i n the P e o p l e 1 s R e p u b l i c 
of China s i n c e 1970 and S m i l (2) has r e p o r t e d t h a t the number of 
systems, r a n g i n g i n c a p a c i t y from a few up t o 100 c u b i c metres 
has reached 4.3 m i l l i o n . The I n s t i t u t e o f A g r i c u l t u r a l 
E n g i n e e r i n g and U t i l i z a t i o n i n Korea (3) r e p o r t e d t h a t 24000 
u n i t s were i n s t a l l e d between 1969 and 1973. I n d i a has promoted 
the i n s t a l l a t i o n of b i o g a s p l a n t s f o l l o w i n g the i n i t i a t i o n o f ex
periments i n 1939. A d o p t i o n o f the t e c h n o l o g y has expanded w i t h 
the encouragement o f the K h a d i and V i l l a g e I n d u s t r i e s Commission. 
The Gobar Gas Research S t a t i o n was s t a r t e d i n A j i t m a l , Etawah 
( U t t a r Pradesh) i n 1961 and a v a r i e t y of d e s i g n s f o r gas p l a n t s , 
developed by Singh (4_) , were p u b l i s h e d by t h i s I n s t i t u t i o n i n 
1971. Many of these p l a n t s have been b u i l t i n r u r a l I n d i a and i t 
i s expected t h a t upwards of 200,000 u n i t s w i l l soon be o p e r a t i o n a l . 

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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A l i m i t e d number of d i g e s t e r s were b u i l t i n Europe a f t e r World 
War I I t o use manure f o r the p r o d u c t i o n o f methane gas f o r farm 
f u e l . The use o f these u n i t s were g e n e r a l l y d i s c o n t i n u e d about 
1960 as low c o s t l i q u i d p e t r o l e u m f u e l a g a i n became a v a i l a b l e . 
F i n d l a y (j>,6) f o l l o w i n g two surveys o f 95 Gobar Gas P l a n t s i n 
s t a l l e d i n Nepal i n 1975 and 1976 r e p o r t e d t h a t gobar gas t e c h 
n o logy was b e i n g w e l l accepted i n Nepal. The Nepal A g r i c u l t u r a l 
Bank, which p r o v i d e s low i n t e r e s t l o a n s f o r gas p l a n t c o n s t r u c 
t i o n , have f o r e c a s t t h a t many thousand p l a n t s w i l l be b u i l t i n 
N epal i n the immediate f u t u r e . I n t e r e s t i n the p o t e n t i a l use of 
a n a e r o b i c d i g e s t e r s t o produce methane from manure i n Canada has 
i n c r e a s e d i n r e c e n t y e a r s . 

A program was i n i t i a t e d i n 1971 a t the U n i v e r s i t y of 
Manitoba to i n v e s t i g a t e the t e c h n i c a l and economic f e a s i b i l i t y 
o f p r o d u c i n g methane gas from a n i m a l manure employing the anaer
o b i c d i g e s t i o n p r o c e s s . T e c h n i c a l and economic f e a s i b i l i t y f o r 
on-farm o p e r a t i o n of a n a e r o b i c d i g e s t e r s i n Canada i s c o n s t r a i n 
ed by t h e o c c u r r e n c e o f c o l d temperatures i n w i n t e r . However, 
modern confinement h o u s i n g systems f o r l i v e s t o c k e n t e r p r i s e s r e 
s u l t i n r a p i d and c o n c e n t r a t e d c o l l e c t i o n of l a r g e q u a n t i t i e s of 
manure which i s f a v o r a b l e t o the s u c c e s s f u l o p e r a t i o n o f anaero
b i c d i g e s t e r s . Animal manure c o n t a i n s l a r g e q u a n t i t i e s of o r 
g a n i c m atter which w i l l y i e l d s i g n i f i c a n t q u a n t i t i e s of methane 
gas when s u b j e c t e d t o b i o c o n v e r s i o n through a n a e r o b i c d i g e s t i o n 
i n a c o n t r o l l e d environment. The program a t the U n i v e r s i t y o f 
Manitoba has i n v o l v e d l a b o r a t o r y i n v e s t i g a t i o n s s i n c e 1971 and 
the o p e r a t i o n of a p i l o t p l a n t u s i n g swine manure s i n c e 1973. 
Two farm s c a l e d e m o n s t r a t i o n systems a r e under c o n s t r u c t i o n i n 
Canada, one i n Manitoba on the W. L a n g i l l e Farm a t S t o n e w a l l and 
one i n O n t a r i o on the John F a l l i s farm a t Peterborough. 

A number of u n i v e r s i t i e s , r e s e a r c h s t a t i o n s , farms and f e e d 
l o t s i n the U n i t e d S t a t e s have l a b o r a t o r y programs, p i l o t p l a n t s , 
farm u n i t s and commercial systems i n v a r i o u s s t a g e s of i n v e s t i 
g a t i o n , development and o p e r a t i o n . A s e l e c t e d number of t h ese 
a c t i v i t i e s i n the Midwestern U n i t e d S t a t e s a r e d e s c r i b e d i n a 
1978 t r a v e l r e p o r t by Lapp and Buchanan (7). 

A n a e r o b i c D i g e s t i o n 

P r o d u c t i o n of c o m b u s t i b l e gas i s a n a t u r a l l y o c c u r r i n g b i o 
l o g i c a l p r o c e s s i n v o l v i n g t h e d e c o m p o s i t i o n o f o r g a n i c m a t t e r . 
I t was d i s c o v e r e d i n the 17th Century when s c i e n t i s t s observed 
the s o - c a l l e d "marsh gas" b u r n i n g on the s u r f a c e of swamps. 
N a t u r a l gas was o r i g i n a l l y formed by the d e composition o f organ
i c m a t e r i a l s from p r e h i s t o r i c p l a n t s and animals t h a t had become 
tra p p e d i n sediments. The b i o l o g i c a l p r o c e s s has become known 
as a n a e r o b i c d i g e s t i o n w i t h which the p r o d u c t i o n of gas i s a s s o 
c i a t e d . T h i s gas, c o n s i s t i n g p r i m a r i l y o f methane (CH4) and 
carbon d i o x i d e (CO2) i s commonly r e f e r r e d as " b i o g a s " and i t 
d i f f e r s o n l y from "marsh gas" and " n a t u r a l gas" i n i t s degree o f 
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p u r i t y w i t h r e s p e c t t o i t s methane c o n t e n t . The p r o d u c t i o n o f 
b i o g a s , o f t e n r e f e r r e d t o d i r e c t l y as methane, from a n i m a l manure 
r e q u i r e s an u n d e r s t a n d i n g o f a n a e r o b i c d i g e s t i o n as w e l l as the 
a s s o c i a t e d manure and b i o g a s h a n d l i n g r e q u i r e m e n t s . 

A n a e r o b i c d i g e s t i o n means the b i o l o g i c a l breakdown o f o r 
g a n i c m a t t e r i n the absence of oxygen. I t i s a two-stage p r o c e s s 
i n w h i ch each s t a g e i s performed by a d i s t i n c t group of b a c t e r i a . 
D u r i n g t h e f i r s t s t a g e a complex m i x t u r e o f f a t s , c a r b o h y d r a t e s 
and p r o t e i n s i n manure a r e degraded and c o n v e r t e d t o s i m p l e o r 
g a n i c a c i d s such as a c e t i c and p r o p i o n i c . The " a c i d - f o r m i n g " 
b a c t e r i a reproduce r a p i d l y and are not s e n s i t i v e t o changes i n 
t h e i r environment. The second stage of the p r o c e s s i n v o l v e s t h e 
c o n v e r s i o n of the o r g a n i c f a t t y a c i d s i n t o methane and carbon 
d i o x i d e . The "methane-forming" b a c t e r i a a r e r e l a t i v e l y few i n 
number, do not reproduce r a p i d l y and a r e e x t r e m e l y s e n s i t i v e t o 
t h e i r environment and p a r t i c u l a r l y t o the presence of oxygen. 
T h i s two stage p r o c e s s i s r e p r e s e n t e d c h e m i c a l l y by 

( C 6 H12 0 6 ) n + 3n CH3 C 0 0 H 

CH3 C 0 0 H -*· CH4 + C0 2 

C0 2 + 4H 2 + CH 4 + 2H 20 

C0 2 + H 20 -> H 2 CO3 

( C 6 H 1 2 0 6 ) n + 3n H 20 ·+· 3n CH4 + 3n H 2 CO3 

The a c i d - f o r m i n g and methane-forming b a c t e r i a work s i m u l 
t a n e o u s l y i n the a n a e r o b i c d i g e s t i o n p r o c e s s . Oxygen i s e x c l u d 
ed from the d i g e s t e r and v a r i o u s o t h e r e n v i r o n m e n t a l c o n d i t i o n s 
are c o n t r o l l e d so t h a t the methane-formers a r e m a i n t a i n e d i n 
b a l a n c e w i t h t h e a c i d - f o r m e r s . O t h e r w i s e , the methane-formers 
would be i n h i b i t e d and i n some cases would cease t o f u n c t i o n en
t i r e l y . 

T e c h n i c a l F e a s i b i l i t y of A n a e r o b i c D i g e s t i o n 
f o r Methane P r o d u c t i o n 

Three major system components which need t o be examined 
when a s s e s s i n g the t e c h n i c a l f e a s i b i l i t y o f u s i n g a n a e r o b i c 
d i g e s t i o n to produce methane gas from a n i m a l manure i n c l u d e 
i ) manure h a n d l i n g i i ) b i o l o g i c a l p r o c e s s s t a b i l i t y and i i i ) 
b i o g a s h a n d l i n g . 

Manure H a n d l i n g . The p h y s i c a l c h a r a c t e r i s t i c s o f manure 
a r e such t h a t manure h a n d l i n g systems a r e d i f f i c u l t t o e n g i n e e r 
w i t h any degree o f p r e c i s i o n . Proven manure-handling systems 
w i l l need t o be i n t e g r a t e d w i t h a n a e r o b i c d i g e s t i o n systems i f 
they a r e t o be accepted by a l i v e s t o c k e n t e r p r i s e o p e r a t o r . 
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Energy r e c o v e r y schemes which are not r e l i a b l e o r l a b o r - e f f i 
c i e n t i n a l l a s p e c t s o f manure h a n d l i n g w i l l be abandoned q u i c k 
l y be a l i v e s t o c k producer. 

Manure i s e x c r e t e d from a n i m a l s a t near optimum temperature 
f o r a n a e r o b i c d i g e s t i o n and optimum b i o g a s p r o d u c t i o n . L o c a t i o n 
of a d i g e s t e r i n s i d e the c o n f i n e s of a l i v e s t o c k b u i l d i n g t o r e 
c e i v e excrement w i t h o u t heat l o s s would be d e s i r e d . U n f o r t u n 
a t e l y the e x p l o s i v e c h a r a c t e r i s t i c s of b i o g a s has prevented such 
a development from t a k i n g p l a c e . Consequently, f r e s h manure 
e i t h e r p o s i t i v e l y pumped, m e c h a n i c a l l y scraped o r h y d r a u l i c a l l y 
f l u s h e d from a confinement b u i l d i n g t o an a d j a c e n t d i g e s t e r ap
pears n e c e s s a r y f o r a t t a i n i n g t e c h n i c a l f e a s i b i l i t y from a manure 
h a n d l i n g s t a n d p o i n t . 

H a n d l i n g does not end w i t h e n t r y i n t o the d i g e s t e r s i n c e 
c o n t e n t s must be mixed, scum f o r m a t i o n prevented and e f f l u e n t 
removed t o d i s p o s a l o r s t o r a g e . Welsh e t a l (8) r e p o r t e d t h a t 
a n a e r o b i c d i g e s t i o n r e n d e r s the e f f l u e n t l e s s o f f e n s i v e and more 
pumpable w i t h fewer s e t t l i n g problems. 

B i o l o g i c a l P r o c e s s S t a b i l i t y . The a n a e r o b i c d i g e s t i o n p r o 
cess i n v o l v e s a c o m p l e x i t y o f i n t e r r e l a t e d b i o c h e m i c a l r e a c t i o n s , 
many o f which a r e not c l e a r l y understood. A n a e r o b i c d i g e s t i o n 
t h e r e f o r e , has a poor r e p u t a t i o n from a p r o c e s s - s t a b i l i t y v i e w 
p o i n t . M u n i c i p a l d i g e s t e r s a r e f r e q u e n t l y a t t e n d e d by s k i l l e d 
o p e r a t o r s w i t h e l a b o r a t e m o n i t o r i n g f a c i l i t i e s a t t h e i r d i s p o s 
a l . The a d o p t i o n o f on-farm a n a e r o b i c d i g e s t i o n systems f o r 
methane p r o d u c t i o n a r e u n l i k e l y t o o c c u r under such r e q u i r e m e n t s 
f o r s u c c e s s f u l o p e r a t i o n . 

E n v i r o n m e n t a l f a c t o r s e f f e c t i n g p r o c e s s - i n s t a b i l i t y i n c l u d e 
sudden changes i n temperature, l o a d i n g r a t e s , the n a t u r e of the 
o r g a n i c m a t e r i a l and the presence of t o x i c elements. A f u r t h e r 
c o m p l e x i t y t o the s t a b i l i t y of a n a e r o b i c d i g e s t e r s h a n d l i n g a n i 
mal manure i s due t o the f a c t t h a t these d i g e s t e r s o p e r a t e o u t 
s i d e the range of c h e m i c a l parameters c o n s i d e r e d "normal" f o r 
m u n i c i p a l - s l u d g e d i g e s t i o n . Parameters commonly used t o m o n i t o r 
p r o c e s s s t a b i l i t y i n c l u d e pH, a l k a l i n i t y and the c o n c e n t r a t i o n 
o f v o l a t i l e a c i d s . M u n i c i p a l sewage treatment d i g e s t e r s t y p i c a l 
l y o p e r a t e a t v o l a t i l e a c i d s c o n c e n t r a t i o n s lower than 1000 mg 
L"* as a c e t i c a c i d w i t h an a l k a l i n i t y range of 1000 t o 5000 mg 
L ~ l as Ca CO3 and a pH range o f 6.6 t o 7.6. E x c e s s i v e concen
t r a t i o n s of v o l a t i l e a c i d s and ammonia n i t r o g e n have been con
s i d e r e d t o x i c t o methane formers. 

A range o f c h e m i c a l parameters which have been r e c o r d e d dur
i n g s t e a d y - s t a t e d i g e s t i o n of swine manure d u r i n g p i l o t p l a n t 
s t u d i e s a t the U n i v e r s i t y o f Manitoba a r e r e c o r d e d i n Table 1. 
I t i s s i g n i f i c a n t t o n o t e t h a t p r o c e s s s t a b i l i t y was m a i n t a i n e d 
even though the c h e m i c a l parameters r e c o r d e d were w e l l o u t s i d e 
the normal range f o r m u n i c i p a l d i g e s t e r s . T h i s o c c u r r e n c e dem
o n s t r a t e s t h e unique n a t u r e o f animal-manure d i g e s t i o n as com
pared t o m u n i c i p a l sewage. 
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Table I . D i g e s t e r O p e r a t i n g C h a r a c t e r i s t i c s 

113 

Chemical D l g e S t e r 

Parameter 

T o t a l v o l a t i l e 
a c i d s 

(Mg/1 as HAc) 
850- •4680 1050- •4350 1050- •5400 1050- •4750 

A l k a l i n i t y 
(mg/1 as CaC03> 7480-•16600 8000-•16850 8630-•17230 8250-•16330 

pH 7.80-•8.30 8.0-•8.20 7.70-•8.30 7.70-•8.30 

T o t a l ammonia 
(mg/1 as N) 2260-•3580 2240-•3530 2330-•3570 2430-•3620 

Lapp et a l (9) and K r o e k e r e t a l (10) d u r i n g p i l o t p l a n t 
and l a b o r a t o r y s t u d i e s a t the U n i v e r s i t y of Manitoba have demon
s t r a t e d t h a t extreme p r o c e s s s t a b i l i t y i s p o s s i b l e i n a d i g e s t e r 
u s i n g swine manure. D i g e s t e r - i n s t a b i l i t y r e p o r t e d f o r swine and 
p o u l t r y manure by A n t h o n i s e n and C a s s e l l ( 1 1 ) ; H a r t ( 1 2 ) ; Gramms 
e t a l (13) and Schmid and L i p p e r (14) need not occur i f proper 
a t t e n t i o n i s g i v e n t o a c c l i m a t i n g t h e methane-forming b a c t e r i a 
t o the manure s l u r r y s u b s t r a t e . T h i s s t a b i l i t y i s due t o the 
r e l a t i v e l y h i g h c o n c e n t r a t i o n s of ammonia n i t r o g e n i n s o l u t i o n 
and i s p o s s i b l e o n l y a f t e r a c c l i m a t i o n of methanogenic b a c t e r i a 
to the h i g h n i t r o g e n c o n t e n t of the s l u r r y . S t a b l e d i g e s t e r op
e r a t i o n was m a i n t a i n e d throughout the experiments i n s p i t e o f 
l a r g e temperature f l u c t u a t i o n s a t h i g h and low o r g a n i c l o a d i n g 
r a t e s , and w i t h l a r g e d a i l y v a r i a t i o n s i n o r g a n i c l o a d i n g r a t e s . 
A l l o f these c o n d i t i o n s would be t y p i c a l o f a f u l l - s c a l e i n s t a l 
l a t i o n on a farm. 
1. Seeding. T h i s i s a component o f the s t a r t - u p p r a c t i c e and 
c o n s i s t s of the a d d i t i o n of a c t i v e l y d i g e s t i n g m a t e r i a l t o a 
newly o p e r a t i n g d i g e s t e r . The a d d i t i o n ensures t h a t a c u l t u r e 
o f methane-producing b a c t e r i a i s p r e s e n t f o r s t a r t - u p . 
2. N u t r i e n t B a l a n c e . A l l b i o l o g i c a l systems r e q u i r e an adequate 
s u p p l y o f n u t r i e n t s , p a r t i c u l a r l y n i t r o g e n , phosphorous, and po
tas s i u m . A n i m a l manure n o r m a l l y c o n t a i n s an adequate, w e l l - b a l 
anced n u t r i e n t s u p p l y t o support the e x i s t e n c e o f a t h r i v i n g b i o 
l o g i c a l system. For good a n a e r o b i c d i g e s t i o n the carbon t o n i 
t r o g e n r a t i o s h o u l d range between 15 t o 1 and 30 t o 1. 
3. V o l a t i l e S o l i d s . V o l a t i l e s o l i d s r e p r e s e n t s the o r g a n i c 
component of the t o t a l s o l i d s p r e s e n t and a p p r o x i m a t e l y 85 p e r 
cent o f the t o t a l s o l i d s a r e v o l a t i l e . A b i o l o g i c a l system a l 
ways c o n v e r t s a p o r t i o n of i t s s u b s t r a t e i n t o new c e l l mass and 
g e n e r a l l y l e s s than 50 p e r c e n t o f t h e v o l a t i l e s o l i d s a r e 
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d e s t r o y e d i n p r a c t i c e . 
4. S t a r t - u p . Methane-forming b a c t e r i a a r e p r e s e n t i n most man
ure h a n d l i n g systems but i t t a k e s them a l o n g time t o m u l t i p l y 
i n t o an e f f i c i e n t methane-producing p o p u l a t i o n . The time t o 
e s t a b l i s h a s a t i s f a c t o r y p o p u l a t i o n o f b a c t e r i a can be reduced 
by adding an a c t i v e l y d i g e s t i n g m a t e r i a l (seed) from another d i 
g e s t e r . At l e a s t 15% of the volume o f the d i g e s t e r should be 
f i l l e d w i t h seed a t s t a r t - u p . The seed s h o u l d be added t o the 
d i g e s t e r which has a l r e a d y had the r e m a i n i n g volume f i l l e d w i t h 
water warmed t o the i n t e n d e d o p e r a t i n g temperature. F r e s h man
ure can then be added but s l o w l y a t f i r s t ( a p p r o x i m a t e l y 10% of 
the planned d a i l y l o a d ) t o a l l o w the b a c t e r i a time t o a c c l i m a t e 
t o t he new environment of the f r e s h manure. A f t e r gas p r o d u c t i o n 
has reached about 50% of t h a t expected f o r the low l o a d i n g r a t e , 
the l o a d i n g r a t e s h o u l d be i n c r e a s e d g r a d u a l l y over a t h r e e week 
p e r i o d b e f o r e r e a c h i n g the d e s i r e d l o a d i n g r a t e . T h i s procedure 
s h o u l d i n s u r e good gas p r o d u c t i o n i n about f o u r weeks from s t a r t 
up. 
5. L o a d i n g Rate. L o a d i n g r a t e i s e x p r e s s e d i n terms of the mass 
of v o l a t i l e s o l i d s added per u n i t of d i g e s t e r volume. Accepted 
l o a d i n g r a t e s range from 0.7 t o 5.0 kg per c u b i c metre per day 
(0.6 t o 0.31 l b / f t 3 / d a y ) . 
6. R e t e n t i o n Time. The s o l i d s r e t e n t i o n time r e p r e s e n t s t h e 
average time t h a t microorganisms remain i n the system and i t can 
be determined by d i v i d i n g the mass of v o l a t i l e s o l i d s i n the d i 
g e s t e r by the mass l e a v i n g the system per day. The r e t e n t i o n 
time must be g r e a t enough t o a l l o w time f o r the methane-formers 
to c o n v e r t the a c i d s t o b i o g a s . N o r m a l l y 15 t o 30 days a r e ade
quate f o r manure d i g e s t i o n . 
7. Temperature. Two temperature ranges e x i s t f o r good b i o g a s 
p r o d u c t i o n , m e s o p h i l i c and t h e r m o p h i l i c . Most d i g e s t e r s a re op
e r a t e d w i t h i n the m e s o p h i l i c range o f 20° t o 45°C (69° t o 113°F). 
The t h e r m o p h i l i c range i s 45 t o 55°C (113 t o 131°F). 
8. A l k a l i n i t y and pH. P i l o t - p l a n t d i g e s t e r s a t the U n i v e r s i t y 
of Manitoba have o p e r a t e d s u c c e s s f u l l y a t pH l e v e l s up t o 8.5 
and a t a l k a l i n i t i e s r a n g i n g up t o 14000 mg/L. These l e v e l s a r e 
w e l l above those n o r m a l l y found i n m u n i c i p a l d i g e s t e r s i n which 
pH ranges of 7.2 t o 7.6 and a l k a l i n i t i e s of 1000 t o 5000 mg/L 
n o r m a l l y occur. 
9. M i x i n g . M i x i n g can be accomplished by m e c h a n i c a l r e c i r c u l a 
t i o n , a g i t a t i o n o r by c o n t r o l l e d gas f l o w methods. The p r a c t i c e 
i s d e s i r e d t o f a c i l i t a t e on i n t i m a t e c o n t a c t between methane 
for m i n g b a c t e r i a and t h e i r s u b s t r a t e and t o p r e v e n t the forma
t i o n o f s u r f a c e scum i n the d i g e s t e r . 
10. T o t a l S o l i d s . The optimum t o t a l s o l i d s p r e s e n t i n an anaer
o b i c d i g e s t e r s h o u l d n o r m a l l y range from 7 t o 9 p e r c e n t . A n i m a l 
manure c o n t a i n s from 10 t o 25 p e r c e n t d r y s o l i d s and may r e q u i r e 
d i l u t i o n p r i o r t o l o a d i n g i n t o an a n a e r o b i c d i g e s t e r . 

B i o g a s H a n d l i n g . Q u a n t i t a t i v e b i o g a s p r o d u c t i o n p o t e n t i a l 
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Figure 1. Pilot plant for biogas production at the Faculty of Agriculture's Glen-
lea Research Station, University of Manitoba, Winnipeg, Canada 
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Figure 2. A 16,000 poultry layer operation in a converted dairy barn with an 
anaerobic-digestion biogas plant in the attached shed in the foreground (W. Gib

bons' farm at Ripon, Wisconsin) 

Figure 3. Biogas-fired boiler installed at the Calorific Recovery Anaerobic Proc
ess Plant, Guymon, Oklahoma and operated by Thermonetics Incorporated, Okla
homa City. Manure is processed from feed lots housing 100,000 head of beef 

cattle. 
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from manure i s r e l a t e d t o the b i o d e g r a d a b l e o r g a n i c m a t t e r ( v o l 
a t i l e s o l i d s ) p r e s e n t i n the manure. V o l a t i l e s o l i d s (VS) a r e 
expressed i n u n i t s of kg o f v o l a t i l e s o l i d s p e r day per 1000 kg 
of l i v e w e i g h t . However the v o l a t i l e s o l i d s from one s p e c i e s , 
say p o u l t r y , i s o f t e n more b i o d e g r a d a b l e than from another spe
c i e s , say beef c a t t l e . B i o d e g r a d a b i l i t y of manure i s a l s o a f 
f e c t e d by the l e n g t h and type o f s t o r a g e which o c c u r s p r i o r t o 
d i g e s t i o n . T y p i c a l v a l u e s used t o e s t i m a t e p o t e n t i a l b i o g a s 
p r o d u c t i o n from l i v e s t o c k manure a r e c o n t a i n e d i n Table I I . 

T able I I . T y p i c a l V a l u e s f o r E s t i m a t i n g P o t e n t i a l B i o g a s 
P r o d u c t i o n From V a r i o u s Types of L i v e s t o c k 

Growing-
F i n i s h i n g 
Swine 

D a i r y 
Cows 

L a y i n g 
Hens 

Beef 
Feeders 

U n d i l u t e d F r e s h Feces p l u s 
U r i n e L d a y " l 1000 k g " l 
L i v e w e i g h t 65 82 53 60 
V o l a t i l e S o l i d s P r o d u c t i o n 
Rate kg VS d a y " 1 

1000 k g " 1 l i v e w e i g h t 4.8 8.6 9.5 5.9 
F r a c t i o n o f V o l a t i l e 
S o l i d s Converted t o B i o g a s 0.50 0.35 0.60 0.45 
B iogas P r o d u c t i o n 
m 3 day-1 1000 kg-1 l i v e w e i g h t 2.62 3.28 6.21 2.66 
m 3 d a y 1 m - 3 0 f d i g e s t e r 1.1 1.1 1.3 1.3 

Methane i s flammable and when mixed w i t h a i r i n p r o p o r t i o n s 
r a n g i n g from 5 t o 15 p e r c e n t by volume, i s e x p l o s i v e . S a f e t y 
r e g u l a t i o n s c o v e r i n g b u i l d i n g s , e l e c t r i c a l and m e c h a n i c a l e q u i p 
ment i n s t a l l a t i o n s s h o u l d be s t r i c t l y adhered t o d u r i n g the p l a n 
n i n g , c o n s t r u c t i o n and o p e r a t i o n o f an a n a e r o b i c d i g e s t i o n s y s 
tem. 

B i o g a s i s n o r m a l l y composed of 60 t o 70 p e r c e n t methane and 
from 30 t o 40 p e r c e n t carbon d i o x i d e w i t h s m a l l amounts of hydro
gen s u l f i d e and o t h e r i m p u r i t i e s . Because i t s major c o n s t i t u e n t 
i s methane i t s p r o p e r t i e s c l o s e l y approximate those o f pure meth
ane. The c r i t i c a l p r e s s u r e o f methane i s 4710 kPa a t -82.3°C. 
I t i s r e f e r r e d t o as a permanent gas s i n c e i t cannot be l i q u i f i e d 
by p r e s s u r e a t o r d i n a r y temperatures. T h i s p r o p e r t y g i v e s r i s e 
t o a s t o r a g e problem a s s o c i a t e d w i t h p r o d u c t i o n and u t i l i z a t i o n 
o f b i o g a s i n r e g i o n s l i k e Canada w i t h extreme c l i m a t e s . I n such 
l o c a t i o n s the summer season i s most f a v o r a b l e t o b i o g a s produc
t i o n w h i l e a major need f o r space h e a t i n g o c c u r s i n w i n t e r . B i o 
gas s t o r a g e from summer to w i n t e r seasons i s not p r a c t i c a l . An 
i d e a l farm system would i n v o l v e a p r o d u c t i o n c a p a c i t y matched to 
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an energy u t i l i z a t i o n requirement. Should the u t i l i z a t i o n r e 
quirement i n v o l v e t h e o p e r a t i o n o f i n t e r n a l combustion e n g i n e s , 
which i s t e c h n i c a l l y f e a s i b l e , a d d i t i o n a l gas c l e a n i n g t e c h n o l 
ogy t o remove hydrogen s u l f i d e i s r e q u i r e d and i f e f f i c i e n c y i s 
to be i n c r e a s e d then carbon d i o x i d e s h o u l d a l s o be removed. 

Summary 

The p r o d u c t i o n o f methane from a n i m a l manure i s t e c h n i c a l l y 
f e a s i b l e under the management o f a l i v e s t o c k e n t e r p r i s e o p e r a t o r . 
Many s m a l l farmers a r e s u c c e s s f u l l y o p e r a t i n g s m a l l s c a l e d i g e s 
t e r s i n t r o p i c a l c o u n t r i e s . 

The d e c i s i o n t o b u i l d an a n a e r o b i c d i g e s t e r on a Canadian 
l i v e s t o c k farm s h o u l d be based on advantages t o be d e r i v e d from 
the d i g e s t e r as a component of the t o t a l manure h a n d l i n g system. 
Economic j u s t i f i c a t i o n can o n l y be supported a t p r e s e n t i f c r e 
d i t s a r e g i v e n t o m a t e r i a l s h a n d l i n g , e n v i r o n m e n t a l improvement, 
f e r t i l i z e r n u t r i e n t r e t e n t i o n , p o l l u t i o n r e d u c t i o n and b i o g a s 
(methane) p r o d u c t i o n . Economic f e a s i b i l i t y f o r l a r g e s c a l e con
finement h o u s i n g systems t o employ a n a e r o b i c d i g e s t i o n f o r b i o 
gas p r o d u c t i o n i s near a t hand i n the c o l d c l i m a t e areas o f 
No r t h America. T h i s v i a b i l i t y i s b e i n g a c c e l e r a t e d as p r i c e s 
f o r c o n v e n t i o n a l l i q u i d p e t r o l e u m f u e l s c o n t i n u e t o e s c a l a t e and 
as urban e n v i r o n m e n t a l concerns c o n t i n u e t o grow. 
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10 
Liquid Fuels from Carbonates by a Microbial System 

MORRIS W A Y M A N and MARY W H I T E L E Y 

Department of Chemical Engineering and Applied Chemistry, 
University of Toronto, Toronto, Ontario M5S 1A4 

I n h i s r e v i e w of t e c h n i q u e s f o r t h e enrichment, i s o l a t i o n and 
maintenance of the p h o t o s y n t h e t i c b a c t e r i a , van N i e l (1) c o n t r a s t s 
two k i n d s o f c y c l e s of m a t t e r , a " p r i m i t i v e c y c l e " i n which s u l 
f i d e i s o x i d i z e d t o s u l f a t e by p h o t o s y n t h e t i c b a c t e r i a , the 
r e s u l t i n g s u l f a t e b e i n g reduced t o s u l f i d e a g a i n by o t h e r , non-
p h o t o s y n t h e t i c m i c r o b e s ; and a " t e r r e s t r i a l c y c l e " i n which green 
p l a n t p h o t o s y n t h e s i s p r o v i d e s an o r g a n i c base f o r b i o l o g i c a l r e 
g e n e r a t i o n of carbon d i o x i d e . He i l l u s t r a t e d the two c y c l e s as 
shown i n F i g u r e 1. Carbon d i o x i d e i s e s s e n t i a l i n b o t h c y c l e s , 
b e i n g f i x e d i n p h o t o s y n t h e s i s and r e l e a s e d i n f e r m e n t a t i o n . To 
the e x t e n t t h a t the two c y c l e s i n t e r c h a n g e C 0 2 , they are i n t e r 
a c t i v e . However, the two c y c l e s d i f f e r w i t h r e s p e c t t o some 
p o r t i o n s of the sun's r a d i a t i o n u t i l i z e d by the r e d b a c t e r i a and 
the green p l a n t s , which may be s i g n i f i c a n t i n the f u n c t i o n i n g o f 
the ecosystem as a whole. The p h o t o s y n t h e t i c b a c t e r i a a r e a u t o 
t r o p h s , whereas the s u l f a t e r e d u c e r s l i v e on t h e o r g a n i c m a t t e r 
formed by them. P l a n t , a n i m a l and most m i c r o b i a l o x i d a t i o n s 
r e q u i r e m o l e c u l a r oxygen, whereas m i c r o b i a l s u l f a t e f o r m a t i o n from 
s u l f i d e takes p l a c e a n a e r o b i c a l l y , w i t h o u t the use o f m o l e c u l a r 
oxygen. 

P h o t o s y n t h e t i c b a c t e r i a and s u l f a t e r e d u c i n g b a c t e r i a a r e 
found i n n a t u r e i n c l o s e a s s o c i a t i o n ( 1 , 2 ) , b o t h groups b e i n g en
gaged i n the s u l f u r c y c l e . Upon i s o l a t i o n of the pure c u l t u r e s , 
the r e c y c l i n g of s u l f u r compounds between them i s u p s e t . Membrane-
sep a r a t e d c u l t u r e o f f e r s an o p p o r t u n i t y t o study the growth and 
metabolism of each of the two k i n d s of organisms, and a t the same 
time the i n t e r a c t i o n between them (3) . T h i s paper r e p o r t s on 
such i n t e r a c t i o n s i n membrane-separated a n a e r o b i c c u l t u r e of a r e d 
p h o t o s y n t h e t i c b a c t e r i u m and a c o l o u r l e s s n o n p h o t o s y n t h e t i c s u l 
f a t e r e d u c i n g b a c t e r i u m . I n t h i s m i c r o b i a l system, carbonate was 
the o n l y source o f carbon f o r growth. 

The growth o f the s e p a r a t e s p e c i e s has been f o l l o w e d , as w e l l 
as the f o r m a t i o n and d i s a p p e a r a n c e of s u l f i d e . The h a r v e s t e d m i 
crobes were a n a l y s e d f o r p r o t e i n c o n t e n t . 

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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M a t e r i a l s and Methods 

Organisms « Both new i s o l a t e s were o b t a i n e d from a r e d - p u r p l e 
bloom which o c c u r s i n Durum Lake, Saskatchewan. Durum Lake i s 
r i c h i n sodium s u l f a t e , the h e a v i e r l a y e r s c o n t a i n i n g about 7 t o 8 
p e r c e n t of t h i s s a l t . The bloom o c c u r s a t a lower c o n c e n t r a t i o n , 
about 0.35 p e r c e n t , 1 t o 3 cm below the s u r f a c e . I t c o n t a i n s many 
d i f f e r e n t m icroorganisms, i n c l u d i n g a l g a e and p r o t o z o a . A 
C h l o r e l l a i s o l a t e d from the bloom has been s t u d i e d s e p a r a t e l y ( 4 ) . 
The s e p a r a t i o n of microorganisms i n t o u s e f u l groups was begun 
u s i n g a Winogradsky column and low incandescent i l l u m i n a t i o n . The 
upper l a y e r s were green and t h e lower l a y e r s r e d - p u r p l e . 

The interdependence of the p h o t o s y n t h e t i c b a c t e r i a and the 
s u l f a t e r e d u c i n g b a c t e r i a was observed d u r i n g the enrichment and 
i s o l a t i o n p r o c e s s . As the pH of P f e n n i g ' s s t a n d a r d medium (5) was 
r a i s e d t h e r e was an i n c r e a s e i n the r e d p h o t o s y n t h e t i c b a c t e r i a i n 
the crude enrichment c u l t u r e s . R i c h l y c o l o u r e d r e d c u l t u r e s were 
o b t a i n e d at the h i g h e r pH v a l u e s , and t h i s reached a maximum a t 
i n i t i a l pH 9.0. U s i n g s o - m o d i f i e d P f e n n i g ' s medium, c u l t u r e s o f 
the r e d p h o t o s y n t h e t i c b a c t e r i a c o u l d be d i r e c t l y i s o l a t e d from 
the bloom samples w i t h o u t pre-enrichment i n a Winogradsky column. 
Green p h o t o s y n t h e t i c b a c t e r i a c o u l d a l s o be i s o l a t e d i n t h i s modi
f i e d medium, but o n l y from a Winogradsky column. F o l l o w i n g growth 
of the r e d b a c t e r i a i n t h i s medium, the crude c u l t u r e s were found 
to have pH 7.5 - 7.8, as the medium was not b u f f e r e d t o pH 9. 

I n o r d e r t o o b t a i n pure c u l t u r e s , the crude c u l t u r e which con
t a i n e d Chromâtium s p e c i e s was s e r i a l l y d i l u t e d i n t h i s m o d i f i e d 
medium as suggested by van N i e l ( 1 ) . T h i s was r e p e a t e d s e v e r a l 
times t o ensure the p u r i t y of the c u l t u r e . The agar shake method 
was not used as the l a r g e p h o t o s y n t h e t i c b a c t e r i a f a i l t o grow i n 
agar shake tubes (1) . I n pure c u l t u r e the Chromâtium s p e c i e s d i d 
not grow as w e l l as i n the mixed c u l t u r e s i t u a t i o n . The c u l t u r e 
was not as dense or as r i c h i n c o l o u r as the crude c u l t u r e s . 

The r e d p h o t o s y n t h e t i c b a c t e r i u m appears t o be i d e n t i c a l mor
p h o l o g i c a l l y and i n i t s b e h a v i o u r w i t h a s t o c k c u l t u r e of 
Chromâtium w a r m i n g i i o b t a i n e d from the American Type C u l t u r e 
C o l l e c t i o n , No. 14 959. I t w i l l be r e f e r r e d t o as Chromâtium 
w a r m i n g i i NI (NI = new i s o l a t e ) . 

The s u l f a t e r e d u c i n g b a c t e r i u m was i s o l a t e d from the crude 
c u l t u r e by pre-enrichment i n a l a c t a t e - s u l f a t e b r o t h (1) . S e v e r a l 
anomalous p r o p e r t i e s of t h i s s u l f a t e r e ducer were noted. I t grew 
w e l l on Medium C of B u t l i n ( 6 ) , p l u s a g a r , and formed b l a c k c o l o 
n i e s , but f a i l e d t o grow on s u b c u l t u r e . The agar around the 
c o l o n i e s showed b l a c k e n i n g . T h i s b l a c k e n i n g , and the b l a c k c o l o 
n i e s , imply s u l f a t e r e d u c t i o n . The c u l t u r e was i n c u b a t e d i n an 
anaerobe j a r w i t h a H 2 - C O 2 atmosphere. C o t t o n wool soaked w i t h 
l e a d a c e t a t e was p l a c e d i n the j a r t o p r e v e n t H 2 S p o i s o n i n g of the 
Pd c a t a l y s t ( 7 ) . B l a c k l e a d s u l f i d e became e v i d e n t . 

S t r u c t u r a l l y , the s u l f a t e r e d u c i n g b a c t e r i a a r e p o i n t e d , non-
m o t i l e r o d s , o f t e n a s s o c i a t e d i n p a i r s . They a r e gram-negative 
and n o n - s p o r u l a t i n g . These p r o p e r t i e s do not correspond w i t h the 
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d e s c r i p t i o n s of the s u l f a t e r e d u c i n g b a c t e r i a b e l o n g i n g t o the 
D e s u l f o v i b r i o or DesuIfomaculum groups. However, N. Hvid-Hansen 
has d e s c r i b e d (8) a s u l f a t e r e d u c i n g b a c t e r i u m which he i s o l a t e d 
from s u l f i d e c o n t a i n i n g waters c h a r a c t e r i z e d by a s l i g h t l y a l k a l i n e 
r e a c t i o n , h i g h t o t a l s o l i d s and h i g h b i c a r b o n a t e , low s u l f a t e and 
a low content of o t h e r d i - and t r i - v a l e n t i o n s . T h i s d e s c r i p t i o n 
matches r a t h e r c l o s e l y t o the m o d i f i e d P f e n n i g medium we used, and 
our s u l f a t e r e d u c e r s were a b l e t o grow i n t h i s medium a l o n e . 
Hvid-Hansen r e p o r t e d a f a i l u r e of h i s organisms t o grow on s u b c u l 
t u r e i n media s u i t a b l e f o r the growth of D e s u l f o v i b r i o . He named 
h i s organism D e s u l f o r i s t e l l a h y d r o c a r b o n o b l a s t i c a , t h e s p e c i f i c 
name b e i n g chosen because the organism was found t o c o n t a i n b i t u 
minous subst a n c e s . Our s u l f a t e r e d u c i n g b a c t e r i u m was found t o 
grow, and was m a i n t a i n e d , on the medium of van N i e l f o r photosyn
t h e t i c m i c roorganisms, p l u s agar. Whether or not our s u l f a t e 
r e d ucer i s D e s u l f o r i s t e l l a h y d r o c a r b o n o b l a s t i c a i s q u e s t i o n a b l e , 
and we cannot prove i t s i n c e the o r i g i n a l c u l t u r e has been l o s t . 
However, due t o t h e many s i m i l a r i t i e s we have t e n t a t i v e l y c a l l e d 
i t D e s u l f o r i s t e l l a sp. 

Media. The media employed were based on P f e n n i g ' s s t a n d a r d 
medium (5) f o r the growth of p h o t o s y n t h e t i c s a t pH 6.8. I t was 
m o d i f i e d f o r o t h e r experiments t o pH 9.0. At t h i s pH a p r e c i p i 
t a t e formed which was f i l t e r e d o f f w i t h Whatman No. 1, f o l l o w e d by 
passage through a M i l l i p o r e f i l t e r f o r s t e r i l i z a t i o n . A l l c u l t u r e s 
were grown a t room temperature (21 ± 1°C). 

I l l u m i n a t i o n . Chromâtium c u l t u r e s were i l l u m i n a t e d c o n t i n 
u o u s l y by t h r e e 24 watt i n c a n d e s c e n t b u l b s a t a d i s t a n c e o f 25 t o 
30 cm. 

Membrane-Separated C u l t u r e Apparatus. One of the advantages 
of membrane-separated c u l t u r e s i s t h a t the e x t e n t of c e l l growth 
of each of two (or more) c u l t u r e s can be c o n v e n i e n t l y measured, 
and i n t e r a c t i o n can be observed a t the same time ( 3 ) . I t was 
t h e r e f o r e decided t o use t h i s t y p e of apparatus t o study the i n t e r 
a c t i o n o f Chromâtium w a r m i n g i i and D e s u l f o r i s t e l l a sp. A diagram 
of the apparatus i s shown i n F i g u r e 2. A commercial membrane-
separ a t e d c u l t u r e apparatus ( B e l c o G l a s s Co.) was adapted t o a c c o 
modate f o r a n a e r o b i c c o n d i t i o n s and easy sampl i n g . The domed l i d s 
of the o r i g i n a l apparatus were r e p l a c e d by f l a t aluminum l i d s so 
t h a t the fermenters c o u l d be c o m p l e t e l y f i l l e d . I n a d d i t i o n , ex
t e n s i o n tubes were a t t a c h e d w h ich reached a l e v e l above the l i d s 
f o r f i l l i n g and sampling. The apparatus was f i l l e d through t h e s e 
e x t e n s i o n tubes through M i l l i p o r e f i l t e r s . An o v e r f l o w tube i n 
the top of each l i d a l l o w e d the apparatus t o be f i l l e d t o t h e t o p . 
Each fermenter - each s i d e - h e l d about 1700 ml. A f t e r the appara
t u s was f i l l e d and i n o c u l a t e d , s t e r i l e M i l l i p o r e f i l t e r s were 
a t t a c h e d t o the e x t e n s i o n tubes. These were used t o feed s m a l l 
amounts of media i n t o the u n i t v i a a s y r i n g e . T h i s a d d i t i o n caused 
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Primitive Cycle of Matter 

Microbial fermentations 
and sulfate reduction 

Light, photosynthetic 
bacteria 

~ Organic matter + H 2 SO4" 

Terrestrial Cycle of Matter 
- C 0 2

+ H 2 0 

Plant, animal and bacterial 
fermentations and oxidations 

Light, green plant 
photosynthesis 

Organic matter +Ο2* 

Figure 1. Primitive cycle of matter 

MEMBRANE - SEPARATED CULTURE APPARATUS 

M - Nuclepore Membrane Ε - Extension Tubes 
0 - Overflow F - Millipore Filters 
S - Magnetic Stirrers 

Figure 2. Membrane-separated culture apparatus, modified for anaerobic opera
tion. M, nucleopore membrane; O, overflow; S, magnetic stirrers; E, extension 

tubes; F, millipore filters. 
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e q u a l volumes o f the c u l t u r e s t o o v e r f l o w , and these were c o l l e c t e d 
from t h e o v e r f l o w tubes. A p p r o x i m a t e l y 10 ml samples were taken 
f o r each r e a d i n g . The membrane used t o s e p a r a t e the c u l t u r e s was 
a Nuclepore membrane, pore s i z e 0.2 ym. 

Growth Rate s . The f o l l o w i n g membrane-separated c u l t u r e s y s 
tems were s e t up, and d u r i n g the course of growth, d r y weight o f 
microorga n i s m and the pH of the c u l t u r e s were f o l l o w e d : 

S i d e 1 Fermenter S i d e 2 Fermenter I n i t i a l pH 

C. w a r m i n g i i (ATCC) D e s u l f o r i s t e l l a sp. 6.8 
π ( A X C C ) , » . , . , 9,o 

" " " (NI) h h π 6 # 8 

Η ( Ν Ι ) „ I. „ 9 0 

" 11 11 (ATCC)* C. w a r m i n g i i (NI) 6.8 
π ι· ·· (ATCC)* " " " (NI) 9.0 

* C o n t r o l s i n which the c u l t u r e s were not membrane-separated, but 
se p a r a t e d by a p i e c e o f im p e r v i o u s rubber s h e e t i n g . 

Dry Weight. The growth o f the c u l t u r e s was f o l l o w e d by d r y 
w e i g h t : o p t i c a l d e n s i t y c o u l d not be used s i n c e s u l f u r g l o b u l e s 
which accumulate w i t h i n the c e l l s i n t e r f e r e ( 9 ) . Dry weight was 
measured by f i l t e r i n g 10 ml samples and d r y i n g the f i l t e r membrane 
p l u s c u l t u r e i n a d e s i c c a t o r . The f i l t e r s used were M i l l i p o r e 
type GSWP 025 00, pore s i z e 0.2 ym. 

I n o c u l a . Chromâtium: 5 ml f r e s h l y prepared o v e r n i g h t c u l 
t u r e . D e s u l f o r i s t e l l a : 1 ml f r e s h l y p r epared o v e r n i g h t c u l t u r e . 
C u l t u r e p u r i t y was checked f r e q u e n t l y d u r i n g growth, b o t h m i c r o 
s c o p i c a l l y and by p l a t i n g o u t . 

P r o t e i n D e t e r m i n a t i o n . P r o t e i n was determined by the b i u r e t 
method (10) and expressed as % of dry w e i g h t . The s t a n d a r d was 
bov i n e serum albumin (BDH). 

S u l f u r . These experiments were performed i n 4 oz. Brockway 
b o t t l e s c o n t a i n i n g P f e n n i g ' s medium a t pH 9.0, w i t h e i t h e r s u l f i d e 
or s u l f a t e as the s u l f u r s o u r c e s . P a r a l l e l c u l t u r e s were s e t up 
as f o l l o w s : 5 b o t t l e s C. w a r m i n g i i ( N I ) ; 5 b o t t l e s D e s u l f o r i -
s t e l l a sp.; 5 b o t t l e s mixed c u l t u r e . 

The i n o c u l a t o t a l l e d 1 ml i n each c a s e , the mixed c u l t u r e 
h a v i n g 0.5 ml i n o c u l a of each o f the two organisms. For each ex
perim e n t , a b o t t l e was taken of each c u l t u r e and the s u l f i d e and 
dry weight measured. S u l f i d e was determined by t h e method of 
Pachmayr as d e s c r i b e d by Truper and S c h l e g e l ( 1 1 ) . The c o n c e n t r a 
t i o n of s u l f i d e was measured by absorbance u s i n g a Beckman DB 
spectrophotometer a t 670 nm, and a s t a n d a r d i z e d c a l i b r a t i o n c u r v e . 
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R e s u l t s 

The r e s u l t s a re g i v e n i n T a b l e I and F i g u r e s 3 t o 9. 
Table I p r e s e n t s the r e s u l t s o f the p r o t e i n d e t e r m i n a t i o n . 

Table I . P r o t e i n D e t e r m i n a t i o n R e s u l t s 

P r o t e i n 
% o f d r y weight 

Membrane-separated c u l t u r e s 
Chromât ium w a r m i n g i i pH 9.0 65 - 70 

" pH 6.8 
D e s u l f o r i s t e l l a sp. pH 9.0 

" " " " " pH 6.8 

62 - 68 
38 
32 

F i g u r e 3 shows the r a t e o f growth of each organism i n membrane-
se p a r a t e d c u l t u r e s a t i n i t i a l pH 9.0, and F i g u r e 4 shows the changes 
i n pH d u r i n g growth o f each organism. F i g u r e 5 shows the r a t e of 
growth of the C. w a r m i n g i i i n pure c u l t u r e , a t two pH l e v e l s . F i g 
u r e s 6 and 7 p r e s e n t the r e s u l t s of growth measurement and s u l f i d e 
d e t e r m i n a t i o n i n the b o t t l e experiments u s i n g s u l f i d e medium, and 
the f i n a l two f i g u r e s , 8 and 9, g i v e growth and s u l f i d e d u r i n g c u l 
t u r e i n s u l f a t e medium. 

D i s c u s s i o n 

As i s e v i d e n t i n F i g u r e 3, the C. w a r m i n g i i began t o grow 
f i r s t , f o l l o w e d by v e r y r a p i d growth of the D e s u l f o r i s t e l l a . The 
f i n a l p o p u l a t i o n of the C. w a r m i n g i i was h i g h e r . The d e l a y i n on
s e t of r a p i d growth by the s u l p h a t e r e d u c e r may be due t o the need 
to accumulate s u l f a t e b e i n g produced by the p h o t o s y n t h e t i c bac
t e r i u m as i t o x i d i z e d s u l f i d e . I t i s p r o b a b l e t h a t the sodium 
s u l f i d e s o l u t i o n a l r e a d y c o n t a i n s a v e r y s m a l l amount of s u l f a t e , 
as P o s t g a t e (7) has suggested. P o s t g a t e a l s o has r e p o r t e d t h a t a t 
l e a s t i n D e s u l f o v i b r i o an i n i t i a l pH of 8.6 caused a more r a p i d 
growth of the organisms, but a reduced s t a t i o n a r y p o p u l a t i o n . I t 
s h o u l d be noted t h a t the inoculum of D e s u l f o r i s t e l l a was o n l y one-
f i f t h t h a t of the C. w a r m i n g i i , so the v e r y r a p i d i n i t i a l growth 
can h a r d l y be a t t r i b u t e d t o inoculum s i z e . At pH 9, at about 20 -
30 hours a f t e r the D e s u l f o r i s t e l l a e n t e r e d e x p o n e n t i a l phase the 
Chromâtium c u l t u r e s began t h e i r e x p o n e n t i a l phase. 

Lower growth y i e l d s i n t h i s m i c r o b i a l system were observed a t 
pH 6.8, and t h i s may be a t t r i b u t a b l e t o the D e s u l f o r i s t a l l a , which 
d i d not grow w e l l a t the lower pH, and hence d i d not p r o v i d e the 
needed s u l f i d e f o r the Chromâtium. 

The change i n pH of the membrane-separated c u l t u r e s i s shown 
i n F i g u r e 4. The medium as m o d i f i e d t o pH 9.0 was not b u f f e r e d , 
and the p r o d u c t i o n o f end p r o d u c t s of the r e s p i r a t o r y c h a i n such as 
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Ol *^%τ·"Ί I I I I I I I 1 1 1 1 — ι — 
10 30 50 70 90 110 130 150 

TIME (Hours) 

Figure 3. Membrane-separated culture, pH 9.0 

8h 

7 

6 

ο C. warmingi i (NI) 
• Desul for is te l la sp. 

_i ι ι ι I— 
10 30 50 70 90 100 130 150 

TIME (Hours) 

Figure 4. Membrane-separated culture, initial pH 9.0 

C. warming i i (NI) 

10 30 50 70 90 110 130 150 
TIME (Hours) 

Figure 5. C. warmingii (NI) growth at pH 6.8 and 9.0 
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O.bOr 

TIME (Hours) 

Figure 6. Bottle cultures in sulfide medium, growth 

250 γ 

10 ' 30 ' 50 70 ' 9 0 - 1 110 ' 130 ' 150 
TIME (Hours) 

Figure 7. Bottle cultures in sulfide medium, sulfide concentrations during growth 
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» Mixed cu l ture 
ο C. warmingi i (NI) 
• Desul for is te l la sp. 

o L ^ F P r : 
10 30 50 70 90 110 130 150 

TIME (Hours) 

Figure 8. Bottle cultures in sulfate medium, growth 

« Mixed cul ture 
ο C.warmingi i (NI) 
• Desul for is te l la sp. 

10 30 50 70 90 110 
TIME (Hours) 

130 150 

Figure 9. Bottle cultures in sulfate medium, sulfide concentrations during growth 
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l a c t a t e caused the pH t o f a l l t o 7.4. The pH of the D e s u l f o r i s -
t e l l a f e l l f i r s t a t a time c o r r e s p o n d i n g t o v e r y r a p i d growth (30 
or 40 t o 60 h o u r s ) , and the l a t e r f a l l i n pH of the Chromâtium 
a l s o corresponded w i t h the p e r i o d o f i t s most r a p i d growth (50 t o 
80 o r 70 t o 100 h o u r s ) . At the end of growth, when bot h c u l t u r e s 
were i n s t a t i o n a r y phase, the pH was the same on b o t h s i d e s o f the 
membrane. 

The growth of pure c u l t u r e s of C. w a r m i n g i i i n t h i s medium 
was slow and the y i e l d s a t s t a t i o n a r y phase were much lower than 
i n the membrane-separated c u l t u r e s , as seen i n F i g u r e 5. T h e i r 
growth was l i m i t e d by the a v a i l a b i l i t y o f s u l f i d e . Truper and 
S c h l e g e l (11) r e p o r t e d t h a t the biomass y i e l d o f Chromâtium c o u l d 
be i n c r e a s e d by the a d d i t i o n of sodium s u l f i d e a f t e r the i n i t i a l 
s u p p l y was exhausted. At e x h a u s t i o n of i n i t i a l s u l f i d e , t h e i r 
y i e l d s were about 150 mg/1 a t pH 6.8, w h i l e i n our c a s e , a t t h a t 
pH our y i e l d s were o n l y 60 t o 100 mg/1. T h e i r s t udy used C. o k e n i i , 
a s p e c i e s of l a r g e r b a c t e r i a than C. w a r m i n g i i . They i n c r e a s e d 
t h e i r y i e l d s t o 250 mg/1 upon a d d i t i o n of a second s u p p l y of s u l 
f i d e . 

I n the p r e s e n t s t u d y , y i e l d s of C. w a r m i n g i i were somewhat 
h i g h e r a t pH 9.0 than a t the lower pH, b e i n g 100 t o 150 mg/1. In 
these e x p e r i m e n t s , pH changes were much s m a l l e r i n pure c u l t u r e s 
of C. w a r m i n g i i than i n the membrane-separated c u l t u r e s , a r e s u l t 
a s s o c i a t e d w i t h the lower y i e l d s . 

The experiments w i t h s u l f i d e and s u l f a t e media were designed 
to r e l a t e changes of the s u l f u r compounds t o b a c t e r i a l growth, and 
a l s o t o t r y t o e x p l a i n the i n c r e a s e d y i e l d s a t the h i g h e r pH. The 
r e s u l t s a r e shown i n F i g u r e s 6-9. 

In s u l f i d e medium, s u l f i d e c o n c e n t r a t i o n i n c r e a s e d d u r i n g 
D e s u l f o r i s t e l l a growth, showing the r e d u c t i o n of s u l f a t e , a p r o 
b a b l e contaminant of the s u l f i d e . When t h i s m i c r o o r g a n i s m reached 
s t a t i o n a r y phase, no s u l f a t e c o u l d be d e t e c t e d by barium p r e c i p i 
t a t i o n . D u r i n g Chromâtium growth, s u l f i d e decreased t o almost 
complete d i s a p p e a r a n c e , a t which p o i n t growth ceased. I n the 
mixed c u l t u r e , however, t h e r e was an i n i t i a l i n c r e a s e i n s u l f i d e 
b e f o r e i t s c o n c e n t r a t i o n began t o f a l l . Mixed c u l t u r e growth was 
much more r a p i d . However, by about 90 h o u r s , s u l f i d e c o n c e n t r a t i o n 
had f a l l e n t o a low l e v e l , and the mixed c u l t u r e e n t e r e d the s t a 
t i o n a r y phase. The y i e l d a t s t a t i o n a r y phase was about 400 mg/1, 
whereas the pure c u l t u r e s reached o n l y 70 mg/1 (C. w a r m i n g i i ) o r 
100 mg/1 ( D e s u l f o r i s t e l l a ) . These pure c u l t u r e y i e l d s o b t a i n e d i n 
b o t t l e s a r e q u i t e comparable t o those o b t a i n e d i n pure c u l t u r e 
growth i n the f e r m e n t e r s . 

The r e s u l t s of growth i n the s u l f a t e media are shown i n F i g u r e 
8, and the c o r r e s p o n d i n g s u l f i d e c o n c e n t r a t i o n s a re shown i n F i g u r e 
9. C. w a r m i n g i i cannot u t i l i z e s u l f a t e f o r growth (12, p. 3 7 ) , as 
found here. The C. w a r m i n g i i d i d not grow. However, the D e s u l f o r 
i s t e l l a d i d grow s l o w l y t o about 70 mg/1, w h i l e i n the mixed 
c u l t u r e growth reached 110 mg/1. The mixed c u l t u r e became p i n k i n 
c o l o u r , and the microscope r e v e a l e d the presence of b o t h the 
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Chromâtium and the D e s u l f o r i s t e l l a . S u l f i d e p r o d u c t i o n c l o s e l y 
p a r a l l e l the growth r e s u l t s . No s u l f i d e was produced by the 
Chromâtium c u l t u r e , w h i l e s m a l l amounts were produced by the 
D e s u l f o r i s t e l l a and i n the mixed c u l t u r e s . 

From a l l these r e s u l t s i t can be concluded t h a t the i n t e r a c 
t i o n of C. w a r m i n g i i and the D e s u l f o r i s t e l l a sp. i n c r e a s e d the 
growth y i e l d s over pure c u l t u r e s i n b o t h membrane-separated and 
mixed c u l t u r e s , and t h a t t h i s i n c r e a s e i n y i e l d can be e x p l a i n e d 
by the c y c l i n g o f the s u l f u r between the two organisms, i n the 
manner d e s i g n a t e d by van N i e l as a p r i m i t i v e c y c l e of m a t t e r . 

The b a c t e r i a of t h i s study were grown i n m i n e r a l media. The 
a u t o t r o p h y of s u l f a t e r e d u c e r s has been q u e s t i o n e d ( 7 ) . Growth o f 
the D e s u l f o r i s t e l l a on the m i n e r a l medium a l o n e was n o t g r e a t . 
However, i n mixed c u l t u r e o r i n membrane-separated c u l t u r e , the 
s u l f a t e r e d ucer grew v e r y w e l l , a t times i n c r e a s i n g 1 0 - f o l d i n a 
24 hour p e r i o d , a d o u b l i n g time of about 7 hours. I t i s not c l e a r 
l y shown i n t h i s work whether the carbon f o r the growth came from 
the carbonate o r from o r g a n i c compounds produced by the Chromât ium. 
S t i l l i t i s beyond q u e s t i o n t h a t the m i c r o b i a l system i s a u t o 
t r o p h i c . 

As can be seen from the p r o t e i n a n a l y s i s d a t a i n Table I , C. 
w a r m i n g i i i s r i c h i n p r o t e i n . Truper and S c h l e g e l (11) r e p o r t a 
p r o t e i n c o ntent of 82.6% i n t h e i r paper on C. o k e n i i . They a s s o 
c i a t e the h i g h p r o t e i n c o ntent w i t h the chromatophore f r a c t i o n of 
the c e l l s . Chromâtium c o u l d be c o n s i d e r e d as a source of s i n g l e 
c e l l p r o t e i n (13) and s i n c e i t was grown on carbonate as a s o l e 
source of carbon, i t s c o s t of p r o d u c t i o n s h o u l d be low compared 
w i t h s i n g l e c e l l p r o t e i n based on microbes grown on more expe n s i v e 
carbon s u b s t r a t e s . One can f u r t h e r c o n s i d e r a more complex system 
c o n t a i n i n g a n i t r o g e n f i x e r t o f u r t h e r reduce s u b s t r a t e c o s t s . 

The low p r o t e i n c o n t e n t of the D e s u l f o r i s t e l l a r a i s e s the 
q u e s t i o n o f the c o m p o s i t i o n o f the c e l l s . Hvid-Hansen found a 
"bituminous o i l - l i k e s u b s t a n c e " i n h i s c e l l s , and he r e f l e c t e d t h a t 
f i n d i n g i n h i s s p e c i f i c name h y d r o c a r b o n o b l a s t i c a . I f D e s u l f o r i s 
t e l l a i s indeed c a p a b l e of f o r m i n g hydrocarbons, then the m i c r o b i a l 
system we have been d i s c u s s i n g may be a model f o r the f o r m a t i o n of 
p e t r o l e u m under p r i m i t i v e c y c l e c o n d i t i o n s , i n which C O 2 , as c a r 
bonate, i s reduced t o hydrocarbons. Z o B e l l (14) has d i s c u s s e d 
s e v e r a l p o s s i b l e r o l e s f o r microorganisms i n p e t r o l e u m f o r m a t i o n , 
but t h e r e i s as y e t l i t t l e agreement on how microbes have p a r t i c i 
pated i n the p r o c e s s . The p r e s e n t work suggests one p o s s i b i l i t y , 
namely t h a t m i c r o b i a l p h o t o s y n t h e s i s i s the p r i m a r y p r o c e s s , and 
t h a t s u l f a t e r e d u c e r s such as we have been d i s c u s s i n g , c o n t i n u e the 
r e d u c t i o n of CO2 t o hydrocarbons. 

The f o r m a t i o n of h i g h energy substances by f e r m e n t a t i o n i s 
w e l l e s t a b l i s h e d i n p r o c e s s e s such as those which produce methane, 
a l c o h o l , o r acetone and b u t a n o l . These p r o c e s s e s r e q u i r e o r g a n i c 
s u b s t r a t e s . A u t o t r o p h i c m i c r o b i a l p r o c e s s e s such as a l g a l growth 
have h i g h l y e f f i c i e n t photosysterns and use low energy r a d i a t i o n , 
t h a t i s the l o n g e r wavelengths. P a r t of t h e i r energy f o r C0 2 
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f i x a t i o n and metabolism comes from the o x i d a t i o n o f s u l f i d e s . The 
energy b a l a n c e i n t h i s m i c r o b i a l system i s worthy of f u r t h e r s t u d y . 

The above s p e c u l a t i o n about hydrocarbon f o r m a t i o n suggests 
another advantage of membrane-separated c u l t u r e . We can v i s u a l i z e 
p r o d u c t i o n of h i g h p r o t e i n biomass i n one fe r m e n t e r , w h i l e h i g h 
energy biomass i s produced by i n t e r a c t i o n i n another fermenter of 
such a m i c r o b i a l system. 
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Abstract 

This is a study of the anaerobic growth and interaction in 
membrane-separated cultures of a red photosynthetic sulfide oxi
dizer identified as Chromatium warmingii and a colourless, 
nonphotosynthetic sulfate reducer, tentatively placed with Desul-
foristella. The microorganisms were obtained from purple bloom in 
a sodium sulfate lake, Durum Lake, Saskatchewan. Each organism 
grew much better with interaction than in pure culture. The micro
bial system was autotrophic, carbonate being the sole source of 
carbon. Sulfide was utilized by the Chromatium and formed by the 
Desulforistella. The system fi ts van Niel's (1) description of a 
primitive cycle of matter. The Chromatium contained 62 to 70% 
protein, while the Desulforistella contained only 32 to 38% pro
tein. These results suggest an autotrophic source of single ce l l 
protein, and also may have some bearing on the early formation of 
petroleum. 

Literature Cited 

1. van Niel , C.B., Methods in Enzymology (1971) 23, 3-28. 
2. Pfennig, Ν., Annual Review of Microbiology (1967) 21, 285-324. 
3. Smith, B.S., M.A.Sc. Thesis (1977), Department of Chemical Eng

ineering and Applied Chemistry, University of Toronto, Toronto. 
4. Arciero, G., Thesis (1977), Department of Chemical Engineering 

and Applied Chemistry, University of Toronto, Toronto, Canada. 
5. Lapage, S.P., Shelton, J.E. and Mitchell, T.G., Methods in 

Microbiology, 3A, 119-120, Media Tables No. 76. 
6. Butlin, K.R., Adams, M.E. and Thomas, Μ., J . Gen. Microbiol. 

(1948) 3, 46-59. 
7. Postgate, J.R., J . Gen. Microbiol. (1950) 5, 714-724; 

Bacteriol. Rev. (1965) 29, 425-441. 
8. Hvid-Hansen, Ν., Acta Pathologica Microbiol. Scand. (1951) 29, 

314-334. 
9. van Gemerden, Η., Arch. Mikobiol. (1968) 64, 103-110. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
ch

01
0

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



1 3 2 CHEMISTRY FOR ENERGY 

10. Herbert, D., Phipps, P.J . and Strange, R.E., Methods in 
Microbiology (1971) 56, 244-248. 

11. Trüper, H.G. and Schlegel, H.G., Antonie van Leeuwenhoek 
(1964) 30, 225-238. 

12. Bergey's Manual of Determinative Microbiology, Eighth Edition, 
1974. 

13. Protein-calorie Advisory Group of the United Nationls Organi
zation, PAG Bulletin (1976) 6(3), September. 

14. ZoBell C.E., Science (1945) 102, 364-369. 

RECEIVED July 25, 1978. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
ch

01
0

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



11 
Potential of Biomass to Substitute for Petroleum in Canada 

C. R. PHILLIPS, D. L. GRANATSTEIN, and M. A. WHEATLEY 
Department of Chemical Engineering and Applied Chemistry, University of Toronto, 
Toronto, Ontario, Canada M5S 1A4 

The a t t r a c t i v e n e s s o f p r o d u c t i o n of l i q u i d f u e l s from biomass 
l i e s i n the renewable c h a r a c t e r i s t i c s o f biomass. As a conse
quence, the c o s t s o f an i n d u s t r y based on biomass c o n v e r s i o n would 
be more o r l e s s p r e d i c t a b l e by i n f l a t i o n f o r e c a s t i n g , and ess e n 
t i a l l y independent o f e x t e r n a l p o l i t i c a l f a c t o r s . With the i n c o r 
p o r a t i o n o f m u n i c i p a l s o l i d waste as a biomass f e e d s t o c k , such an 
i n d u s t r y a l s o p r e s e n t s the o p p o r t u n i t y o f d e v e l o p i n g improved 
methods o f r e c y c l i n g and waste d i s p o s a l . 

T h i s paper i s concerned w i t h the p o t e n t i a l f o r p r o d u c t i o n o f 
l i q u i d f u e l s from biomass i n Canada. To t h i s end, the a v a i l 
a b i l i t y and c o s t o f wood wast e s , s u r p l u s roundwood, bush r e s i d u e s , 
energy p l a n t a t i o n t r e e s , and m u n i c i p a l s o l i d wastes (mostly 
c e l l u l o s i c ) are asse s s e d and p r o m i s i n g t h e r m a l , c h e m i c a l and 
b i o c h e m i c a l c o n v e r s i o n p r o c e s s e s reviewed. 

L i q u i d f u e l s have a h i g h energy d e n s i t y , and the w i d e s t 
a p p l i c a b i l i t y o f a l l f u e l forms, but a low e f f i c i e n c y o f conver
s i o n from biomass. I t i s t h e r e f o r e n e c e s s a r y to compare l i q u e 
f a c t i o n w i t h the more e f f i c i e n t p r o c e s s e s o f d i r e c t b u r n i n g and 
g a s i f i c a t i o n as a l t e r n a t i v e modes o f use of the biomass. 

Du r i n g 1977, Canada consumed 658 m i l l i o n b a r r e l s o f p e t r o 
leum p r o d u c t s ( 1 ) . P r o d u c t s marked w i t h an a s t e r i s k i n Table I -
motor g a s o l i n e and l i g h t , heavy and d i e s e l f u e l o i l - account f o r 
80% o f the t o t a l p r o d u c t i o n , and r e p r e s e n t the main p o t e n t i a l f o r 
biomass-based l i q u i d f u e l i n Canada, almost 522 m i l l i o n b a r r e l s 
per annum. 

Biomass Resources 

A v a i l a b i l i t y . I t has been e s t i m a t e d t h a t t h e r e are 450 
m i l l i o n h e c t a r e s o f f o r e s t l a n d s i n Canada of which some 50% are 
p r e s e n t l y p r o d u c t i v e and a c c e s s i b l e . However, o n l y 40-50% o f the 
p e r m i s s i b l e annual y i e l d i s c u r r e n t l y b e i n g used ( 2 , 3 ) . 

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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C H E M I S T R Y F O R E N E R G Y 

Table I 

R e f i n e d P e t r o l e u m P r o d u c t s Canada -
January-December, 1977 

Adapted from Reference (1) 

Pro d u c t B a r r e l s Produced 

Propane and propane mixes 8,409,152 
Butane and butane mixes 4,095,810 
P e t r o c h e m i c a l f e e d s t o c k s 23,406,398 
Naphtha s p e c i a l t i e s 3,707,347 
A v i a t i o n g a s o l i n e 1,480,748 
Motor g a s o l i n e * 225,762,377 
A v i a t i o n turbo f u e l 25,607,799 
Kerosene, s t o v e o i l , t r a c t o r 26,080,239 
D i e s e l f u e l o i l * 82,801,210 
L i g h t f u e l o i l (no. 2 and 3 ) * 87,621,595 
Heavy f u e l o i l (no. 4, 5 and 6 ) * 125,612,433 
A s p h a l t 18,423,926 
Coke 4,874,929 
Lube o i l and grease 4,311,921 
S t i l l gas 21,869,082 
R e f i n e r y l o s s e s -9,122,863 
Other p r o d u c t s 3,728,415 

T o t a l p r o d u c t i o n - a l l p r o d u c t s 658,670,518 

* These p r o d u c t s (motor g a s o l i n e , d i e s e l f u e l o i l , 
l i g h t f u e l o i l (no. 2 and 3) and heavy f u e l o i l 
(no. 4, 5 and 6)) t o g e t h e r comprise about 80% o f 
the t o t a l p r o d u c t i o n 
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11. P H I L L I P S E T A L . Biomass as Substitute for Petroleum 135 

Unused wood r e s i d u e s as a by-product o f c u r r e n t f o r e s t 
o p e r a t i o n s i n Canada are e s t i m a t e d to be o f the o r d e r o f 0.14 
b i l l i o n c u b i c metres ( 4 ) . A p a r t from what i s p r e s e n t l y b e i n g 
u t i l i z e d , t h e r e e x i s t s an e s t i m a t e d annual roundwood s u r p l u s o f 
some 0.2 b i l l i o n c u b i c metres. A s s o c i a t e d w i t h t h i s s u r p l u s 
would be a f u r t h e r 0.2 b i l l i o n c u b i c metres o f wood r e s i d u e s . I f 
t h i s wood were e a s i l y a c c e s s i b l e and a v a i l a b l e a t r e a s o n a b l e c o s t , 
i t c o u l d be c o n v e r t e d to methanol o r f u e l o i l e q u i v a l e n t to about 
t w o - t h i r d s o f Canada's annual p e t r o l e u m p r o d u c t s p r o d u c t i o n . I n 
O n t a r i o , H a l l and Lambert (3) have e s t i m a t e d a v a i l a b l e q u a n t i t i e s 
o f s u r p l u s wood i n s e v e r a l c a t e g o r i e s . 

A g r i c u l t u r a l wastes are d i s p e r s e i n c h a r a c t e r and o f s m a l l 
t o t a l volume, and are b e s t u t i l i z e d on the farm. M u n i c i p a l s o l i d 
waste c o n s t i t u t e s a d i s p o s a l problem (12-20 m i l l i o n tonnes per 
year i n Canada), thereby p r o v i d i n g an i n c e n t i v e f o r i t s use. On 
the o t h e r hand, i t s h e t e r o g e n e i t y (70-80% o r g a n i c c o n t e n t ) and 
a v a i l a b i l i t y i n u s e f u l q u a n t i t i e s o n l y i n l a r g e urban c e n t r e s a r e 
di s a d v a n t a g e s . 

As w e l l as s u r p l u s e x i s t i n g biomass, t h e r e i s i n Canada 
m a r g i n a l farmland of some 30 m i l l i o n h e c t a r e s ( 2 ) . A s m a l l p o r 
t i o n o f t h i s (about 1/2 m i l l i o n h e c t a r e s i n O n t a r i o , f o r example) 
i s p r e s e n t l y known t o be s u i t a b l e f o r c u l t i v a t i o n o f h y b r i d p o p l a r 
energy p l a n t a t i o n s . 

Cost. B a t t e l l e Columbus (5) r e c e n t l y e s t i m a t e d the 1980 
c o s t o f r e a d y i n g timber r e s i d u e , c u l l and dead t r e e s f o r f u e l 
c o n v e r s i o n i n the s t a t e o f Vermont. The a n a l y s i s c o n s i d e r e d p r o 
curement (s t u m p i n g ) , h a r v e s t i n g , c h i p p i n g and t r a n s p o r t a t i o n over 
40 k i l o m e t r e s , but o m i t t e d f e r t i l i z a t i o n c o s t s . Based on green 
wood (45% m o i s t u r e , 10.9 GJ/green t o n n e ) , the wood c o s t was 
e s t i m a t e d as $16.40/green tonne. 

I n Canada, I n t e r G r o u p C o n s u l t i n g Economists (6) e s t i m a t e d 
wood procurement c o s t s i n 62 f o r e s t zones a c r o s s the c o u n t r y and 
generated c o s t data f o r the 20 zones h a v i n g s u f f i c i e n t s u r p l u s 
roundwood to s u s t a i n a minimum 18,000 tonne per ye a r methanol 
p l a n t o p e r a t i o n , based on a biomass r e c o v e r y of 30%. The p r o 
curement c o s t s shown i n Table I I r e p r e s e n t the d e l i v e r e d c h i p c o s t , 
as i n the B a t t e l l e s t u d y , but i n c l u d e c a p i t a l and o p e r a t i n g c o s t s 
on an u n d i s c o u n t e d c o s t b a s i s . U n l i k e the B a t t e l l e s t u d y , the 
e s t i m a t e i s based on oven d r y wood. The f i n a l r e s u l t s a r e v e r y 
s i m i l a r . 

I n t e r T e c h n o l o g y Corp. (7) a n a l y z e d the energy p l a n t a t i o n con
c e p t , i n which f a s t growing p l a n t s p e c i e s a r e c u l t i v a t e d f o r b i o 
mass y i e l d . For a p l a n t a t i o n of h y b r i d p o p l a r , t o t a l c a p i t a l and 
o p e r a t i n g c o s t s i n an u n s p e c i f i e d U.S. l o c a t i o n - from c l e a r i n g 
the l a n d to d e l i v e r i n g wood c h i p s - r e q u i r e a t o t a l revenue per 
oven dry tonne o f $15.25 ( i n e a r l y 1975 d o l l a r s ) ( T a b l e I I I ) . T h i s 
assumes a 15% a f t e r - t a x r e t u r n on e q u i t y . The e s t i m a t e i s based 
on a y i e l d o f 20.2 oven dry tonnes per h e c t a r e . For a y i e l d o f 9 
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136 C H E M I S T R Y F O R E N E R G Y 

Table I I 
Zones o f S u r p l u s F o r e s t Biomass and 
E s t i m a t e d Wood Procurement Costs 

Adapted from Reference (6) 

P r o v i n c e Zone Biomass S u r p l u s Procurement Costs 
(Thousand oven (1976 d o l l a r s / 
dry tonnes) oven dry tonne) 

B.C. 6 1,550 27.72 
8 2,210 39.78 

A l t a . 2,3 1,980 24.74 
4 2,100 25.26 
5 1,370 34.41 
6 2,180 33.85 
7 652 34.93 

Sask. 1 828 31.06 
2,3 1,683 30.55 

Man. 1 869 43.56 
3 707 26.88 

Ont. 1,3 1,860\ 40.93 
2,4 1,592 >* 39.85 
5,6 1,134J 35.79 

P.Q. 2 2,960 41.40 
6,7 572 31.94 

8 1,908 37.55 
9 1,835 43.96 

N.B. 1 620 26.37 

N f l d . 1,2 382 28.84 

* Of t h i s , about 1 0 6 tonnes a r e c o n s i d e r e d to be r e a l i s t i c a l l y 
a v a i l a b l e . 
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11. P H I L L I P S E T A L . Biomass as Substitute for Petroleum 137 

Table III 

Breakdown of Capital and Operating Costs and 
Estimate of Total Revenue Required per Year for 

Deciduous Plant Material Grown on Energy Plantations 
Adapted from Reference (7) 

Basis: Annual productivity of plantation of 20.2 oven dry tonnes 
per hectare per year (9 tons/acre year) 

Annual plant material produced 9.37 χ 10 5 oven dry tonnes 
Number of plantation units 4 (46,200 hectares) 
Average plant-material delivery distance 10 kilometres 

COST ELEMENT: 
Plantation Investment: 

Thousands $ Percent of 
total revenue 

1. Machinery and buildings 5,874 required 
2. Land clearing and preparation 5,514 
3. Total plant investment 11,388 
4. Interest during construction 

(a) Machinery and buildings 138 
(b) Land clearing and preparation 775 

5. Start-up 9,924 
6. Working capital 1,543 
7. Total capital investment 23,768 

Annual Operating Costs: 
8. Fuels 593 4.2% 
9. Land rental 2,565 17.9 

10. Payroll 3,337 23.3 
11. Admin, and general overhead 790 5.5 
12. Operating supplies 664 4.7 
13. Repair parts 1,004 7.0 
14. Local taxes and insurance 307 2.2 
15. Total annual operating cost 9,260 64.8 

Depreciation: 
16. Total Depreciation 2,895 20.2 

Returns: 
17. Allowable gross return 1,566 11.0 
18. Federal income tax 578 4.0 
19. Total capital charges 5,039 15.0 

Total revenue required 14,299 100.0% 

Total revenue required per oven-dry 
tonne of plant material delivered $15.25 
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138 C H E M I S T R Y F O R E N E R G Y 

oven dry tonnes per h e c t a r e , revenue r e q u i r e d r i s e s to $34.39 per 
oven d r y tonne. 

S u s t a i n e d average y i e l d s from h y b r i d p o p l a r NE-388 i n C e n t r a l 
P e n n s y l v a n i a , have reached 21.3 oven dry tonnes per h e c t a r e , w i t h 
0.37 square metres per p l a n t , the f i r s t h a r v e s t a f t e r one y e a r , 
f o l l o w e d by f i v e h a r v e s t s a t two-year i n t e r v a l s (7) . Table IV 
shows y i e l d e x p e r i e n c e f o r h y b r i d cottonwood (from the p o p l a r 
f a m i l y ) i n Canadian and American l o c a t i o n s ( 8 a - 8 f ) . Anderson and 
Z s u f f a (8) conducted growth t e s t s on 35 d i f f e r e n t h y b r i d p o p l a r 
c l o n e s a t K e m p t v i l l e , O n t a r i o . With 0.25 square metres per p l a n t , 
and h a r v e s t i n g a f t e r 2 y e a r s , they o b t a i n e d y i e l d s o f 4.9 t o 19.3 
oven dry tonnes per h e c t a r e y e a r , w i t h an average o f 10.3 f o r the 
30 c l o n e s t h a t s u r v i v e d . Research i s c o n t i n u i n g i n t o f a c t o r s 
r e q u i r e d f o r maximum y i e l d . 

M u n i c i p a l s o l i d waste d i f f e r s from wood biomass i n t h a t i t 
has a n e g a t i v e c o s t . I n urban c e n t r e s o f Canada, waste i s l a n d -
f i l l e d a t a c o s t o f about $6 to $8 p e r tonne. W h i l e v a l u a b l e 
i n o r g a n i c s such as g l a s s and aluminum can be r e c o v e r e d , the c o s t s 
o f s e p a r a t i o n are h i g h , and t e c h n o l o g i e s are s t i l l d e v e l o p i n g . 
W i t h waste a c c u m u l a t i n g a t the r a t e o f about 1.6 k i l o g r a m s per 
c a p i t a per day, a need e x i s t s to reduce t h i s b u l k . However, 
s u i t a b l e q u a n t i t i e s of m u n i c i p a l s o l i d waste f o r f u e l c o n v e r s i o n 
are a v a i l a b l e o n l y i n l a r g e urban c e n t r e s . 

C o n v e r s i o n Technology 

The main c o n v e r s i o n r o u t e s are to methanol (through s y n t h e s i s 
g a s ) , to mixed o i l s by e i t h e r thermal o r c h e m i c a l means, and to 
e t h a n o l by b i o c h e m i c a l means. A l c o h o l p r o d u c t s a r e c o m p a t i b l e 
o n l y to a l i m i t e d e x t e n t w i t h e x i s t i n g end-use t e c h n o l o g y , f o r 
example, the i n t e r n a l combustion g a s o l i n e engine and home h e a t i n g 
f u r n a c e s . A b l e n d o f 15% methanol i n g a s o l i n e has been used i n 
Germany ( 9 ) . Problems which r e q u i r e s p e c i a l a t t e n t i o n i n c l u d e 
phase s e p a r a t i o n , c o r r o s i o n , d r i v e a b i l i t y ( s u r g e , h e s i t a t i o n , c o l d 
s t a r t , e t c . ) . About 20% e t h a n o l i n g a s o l i n e has been used i n 
B r a z i l (10) where the c l i m a t e i s m i l d . The f l a s h p o i n t o f methanol 
i s 11°C which compares u n f a v o u r a b l y w i t h t h a t o f h e a t i n g o i l (38°C 
minimum), thus i n d i c a t i n g a s e r i o u s s a f e t y hazard i n use o f 
methanol i n t h i s a p p l i c a t i o n . 

Mixed o i l p r o d u c t s have g r e a t e r c o m p a t i b i l i t y w i t h e x i s t i n g 
u s e s , a l t h o u g h the s u b s t a n t i a l oxygen co n t e n t of some o f the p r o 
d u c t s may pose c e r t a i n r e f i n i n g and/or use problems. I n the case 
of s u b s t i t u t e f u e l s n o t i n t e r c h a n g e a b l e s i m p l y w i t h e x i s t i n g 
f u e l s , the end-use c o s t s - whether r e - r e f i n i n g , e f f i c i e n c y 
d i f f e r e n c e s , d i s t r i b u t i o n changes or equipment m o d i f i c a t i o n s -
s h o u l d be i n c l u d e d i n the c a l c u l a t e d comparative c o s t i n d o l l a r s 
per GJ. 
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Table IV 

Yield Data for Hybrid Cottonwood 
Adapted from Reference (8) 

Species Age at _^ Oven dry tonnes \ . , ° Stems . _ . variety and harvest ^ ^ a per hectare Reference 
location (years) ^ e r a per year 

P. χ euramericana clones 1-214, Jacometti 78B and 1-45/51 
S. Ontario 1 34,600 

P. triohocarpa 
Washington 2 8,900-108,700 7.4 - 10.5b 8b 

P. triohocarpa 

Washington 2 6,700-108,700 2.2-14.6 8c 

P. trichoearpa 
Washington 2 unknown 2.2-13.5 8d 

P. triohocarpa 
B.C. and 2 

Washington 6,700-108,700 8.1-11.7 8e 

P. triohocarpa 
Washington 4 6,700 - 108,700 12.8-14.1 8f 

a Oven-dry weight estimated by multiplying fresh weight by 0.49 

^ Oven-dry weight estimated by multiplying fresh weight by 0.46 
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Mixed O i l P r o d u c t s 

Thermal. Although the O c c i d e n t a l F l a s h P y r o l y s i s system 
(11) was developed f o r the o r g a n i c c o n t e n t o f s o l i d waste, i t 
c o u l d r e a d i l y be a p p l i e d to a wood f e e d . F i g u r e 1 (12) i s a 
f l o w s h e e t of the p r o c e s s based on 1360 tonnes per day o f f e e d . 
A f t e r s e p a r a t i o n o f the i n o r g a n i c s , the d r i e d ( 3 % m o i s t u r e ) 
o r g a n i c f r a c t i o n o f the f e e d i s f i n e l y shredded t o 80% s m a l l e r 
than 14 mesh (1200 m i c r o n ) . At t h i s p o i n t , o n l y 55 to 60% o f the 
o r i g i n a l waste feed remains, and i s c a r r i e d i n t o the p y r o l y s i s 
r e a c t o r by r e c y c l e d p r o d u c t gas. P y r o l y s i s takes p l a c e a t 500°C 
and 100 kPa i n the absence o f a i r and c a t a l y s t . P y r o l y s i s o c c u r s 
a t the r e a c t o r e n t r a n c e where the f e e d i s t u r b u l e n t l y mixed w i t h 
hot ash from the p r e v i o u s l y combusted char (one o f the p r o d u c t s 
of p y r o l y s i s ) . The v e r y s h o r t r e s i d e n c e time produces the maxi
mum p r o p o r t i o n o f l i q u i d p r o d u c t , about 40% o f the dry f e e d , or 
about 1 b a r r e l per tonne o f waste. I n a d d i t i o n , 20% char (19 
MJ/kg) and 30% gas (14 MJ/m 3) are formed, as w e l l as 10% water. 
Due t o i t s h i g h oxygen content (about 3 0 % ) , the product o i l i s 
v e r y v i s c o u s and o f low energy c o n t e n t , o n l y about 21-26 MJ/kg, 
about o n e - h a l f t h a t of No. 6 f u e l o i l . 

T ables V and VI (11) o u t l i n e the e s t i m a t e d economics f o r a 
910 and an 1820 tonne per day p l a n t . The p r o d u c t revenue i s 
e s t i m a t e d as $13.23 per tonne of waste. For an 1820 tonne per 
day p l a n t , t h e r e i s a n e t c o s t of $6.25 per tonne p r o c e s s e d . On 
the s u r f a c e i t would seem t h a t an expensive p r o c e s s does no 
b e t t e r than l a n d f i l l i n g the m u n i c i p a l s o l i d waste a t $6-$8 per 
tonne. However, an i m p o r t a n t c o n s i d e r a t i o n i s t h a t the q u a n t i t y 
o f unusable s o l i d s has been reduced to 16% by weight and l e s s 
than 5% by volume o f the i n i t i a l waste, a 2 0 - f o l d decrease i n 
l a n d f i l l space requirements. 

Chemical. A c h e m i c a l r o u t e i s f o l l o w e d by two p r o c e s s e s 
which are s i m i l a r , the U.S. Bureau o f Mines (BuMines) waste 
l i q u e f a c t i o n p r o c e s s and the Worcester P o l y t e c h n i c I n s t i t u t e 
(WPI) hydrogénation p r o c e s s . 

The BuMines p r o c e s s i n v o l v e s the r e d u c t i o n o f c e l l u l o s i c s 
w i t h carbon monoxide, water and a sodium carbonate c a t a l y s t . A 
formate i s produced, w h i c h , i t i s thought, a c t s as a hydrogen 
donor to reduce the f e e d . The f o l l o w i n g mechanism has been 
proposed ( 1 3 ) : 

2C0 + H 20 + N a 2 C 0 3 -> 2HC00Na + C0 2 

2HC00Na + H 2 + CO + N a 2 C 0 3 

F i g u r e 2 d e p i c t s the p r o c e s s equipment and F i g u r e 3 i s a f l o w 
sheet f o r a 2700 tonnes of prepared waste per day p r o c e s s i n g 
p l a n t ( 1 4 ) . The p r e p a r e d f e e d o f 30% s o l i d s i s s l u r r i e d i n water 
and r e c y c l e o i l and f e d t o the r e a c t o r a t 350°C and 2 χ 10^ kPa. 
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Table V 

E s t i m a t e d Economies 
O c c i d e n t a l Resource Recovery System I n c l . P y r o l y s i s 

Adapted from Reference (11) 

Second q u a r t e r 1975 c o s t s , g e o g r a p h i c a l l y n o r m a l i z e d 

C a p i t a l Investment 

T o t a l I n t e r e s t 

T o t a l C a p i t a l Cost 

910 tonne/d 
(1000 TPD) 

$25.2 m i l l i o n 

26.1 

51.3 

1820 tonne/d 
(2000 TPD) 

$37.9 m i l l i o n 

39.2 

77.1 

C a p i t a l Cost/tonne $8.59 

O p e r a t i n g Cost/tonne 17.27 

Reven ue /tonne 13.23 

$6.46 

13.29 

13.23 

Net Cost/tonne $12.63 $6.52  P
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Table VI 

P r o d u c t Revenues 
O c c i d e n t a l Resource Recovery System I n c . P y r o l y s i s 

Adapted from Reference (11) 

Second q u a r t e r 1975 c o s t s , g e o g r a p h i c a l l y n o r m a l i z e d 

P r o d u c t * 
Net P r i c e , F r a c t i o n of Refuse Net Revenue, 
$/tonne Recovered $/tonne Refuse 

F e r r o u s M e t a l 45.38 0.0665 3.02 

G l a s s C u l l e t 

Aluminum 

17.33 

330.00 

0.053 

0.004 

0.92 

1.32 

Net P r i c e , 
$/GJ 

Energy Recovery, 
G31 tonne Refuse 

P y r o l y t i c O i l 1.47 5.42 7.97 

T o t a l Net Revenue $13.23/tonne 

* No revenue c r e d i t taken f o r p r o d u c t char a t $27.50/tonne 
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MSW 

Fe 
A l 
HNFM* 
Gl a s s 
Organics 
Waste (ash) 

10,839 
1,275 

319 
14,028 
78,271 
21,521 
33,157 

159,410 
Heater 
11,371 

G l a s s , HNFM, 
ash, 24,230 

Off-gas 
27,859 

R e c y c l e o i l 
183,747 J L i q u e f a c t i o n 

N a 2C0 3 3,258 

Organics 78,271 
Waste (ash) 11,637 
H 20 23,593 

113,501 

34,751 

Reactor 
11,927 

Pro c e s s gas 
23,298 

Gas 
p l a n t 

78,749 

p l a n t 

O i l 
31,497 

Τ 
F r i t 

27,793 

Oxygen 

Gas 11,927 

(* Heavy n o n - f e r r o u s m e t a l s ) 

(1,373,670 b b l / y r ) 

Figure 3. Liquefaction of MSW (all streams kg/hr). Adapted from Ref. 14. 
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A p p r o x i m a t e l y 70% o f the feed i s u t i l i z e d i n the l i q u e f a c t i o n 
r e a c t i o n , the o t h e r 30% b e i n g c o n v e r t e d to s y n t h e s i s gas f o r the 
c o n v e r s i o n and f o r pr o c e s s h e a t . The o i l y i e l d i s 58 p e r c e n t by 
weight o f o r g a n i c s , o r r o u g h l y 200 k i l o g r a m s per tonne of raw 
fe e d . The product o i l i s v i s c o u s , due to i t s 15% oxygen c o n t e n t , 
and has a h e a t i n g v a l u e o f about 32.5 MJ/kg. Tables V I I and V I I I 
(14) o u t l i n e e s t i m a t e d c a p i t a l and o p e r a t i n g c o s t s i n mid-1975 
d o l l a r s f o r the l i q u e f a c t i o n p r o c e s s . The break-even o i l p r i c e 
i s c a l c u l a t e d to be $9.53 per b a r r e l or $1.61 per GJ. 

The WPI pro c e s s i s s i m i l a r t o the BuMines p r o c e s s , the major 
d i f f e r e n c e b e i n g t h a t WPI uses s i m p l e hydrogénation. Hydrogéna
t i o n c a t a l y s t s such as n i c k e l h y d r o x i d e a r e used. O p e r a t i n g tem
p e r a t u r e s are around 450°C and o p e r a t i n g p r e s s u r e s around 10,000 
kPa. Based on p i l o t p l a n t s t u d i e s , a 50% s l u r r y i n r e c y c l e o i l 
would c o n s t i t u t e the f e e d , and 2.37 b a r r e l s of o i l per tonne of 
wet o r g a n i c waste would be expected as y i e l d . Due to a low 
oxygen c o n t e n t , u s u a l l y l e s s than 1%, the product o i l i s v e r y 
s i m i l a r t o heavy f u e l o i l , w i t h a heat content of about 41.9 MJ 
per k i l o g r a m . Table I X (15) i s a c o s t v e r s u s c a p a c i t y comparison 
f o r the pr o c e s s (not s t a t e d , b u t b e l i e v e d to be i n 1974 d o l l a r s ) 
based on a 32.7 tonne per day p l a n t to s e r v i c e the town of Holden, 
Mass. For l a r g e r c a p a c i t y p l a n t s , t h i s scheme appears to be the 
most e c o n o m i c a l l y v i a b l e o i l - p r o d u c i n g p r o c e s s , due to i t s 
expected s u p e r i o r y i e l d and o i l q u a l i t y . 

Methanol P r o d u c t s 

Whether methanol i s produced from wood wastes, m u n i c i p a l 
s o l i d wastes, o r a f o s s i l f u e l such as c o a l , the process c o n s i s t s 
o f the same two p r i n c i p a l s t e p s , the c o n v e r s i o n o f the fe e d to 
s y n t h e s i s gas (CO and H 2) , f o l l o w e d by r e a c t i o n to form methanol. 
G a s i f i c a t i o n t e c h n o l o g y i s s t i l l i n the developmental s t a g e , 
whereas t h a t f o r c o n v e r s i o n to methanol i s w e l l developed, w i t h 
the l a s t major i n n o v a t i o n b e i n g use of a copper c a t a l y s t of h i g h 
a c t i v i t y t o a l l o w low p r e s s u r e o p e r a t i o n ( c o m m e r c i a l i z e d i n 1966 
at the I C I p l a n t i n B i l l i n g h a m , U.K. ( 1 6 ) ) . The d i s c u s s i o n here 
i s l i m i t e d t o the g a s i f i c a t i o n s t a g e . 

The Union Carbide Purox system (17) uses m u n i c i p a l s o l i d 
waste as the f e e d . Shredded f e r r o u s - f r e e r e f u s e e n t e r s the top 
of the c o n v e r s i o n f u r n a c e and i s c o n t a c t e d c o u n t e r c u r r e n t l y w i t h 
hot combustion gases from the r e a c t i o n o c c u r r i n g i n the h e a r t h . 
As the s o l i d s proceed down the s h a f t , they a r e heated w i t h p r o 
g r e s s i v e l y h o t t e r gases. I n i t i a l l y , f r e e water i s v a p o u r i z e d . 
P y r o l y t i c g a s i f i c a t i o n o f the o r g a n i c p o r t i o n o f the r e f u s e then 
takes p l a c e , c o n v e r t i n g 50 t o 60% by weight o f the f e e d . The 
p y r o l y t i c m a t e r i a l which c o n s i s t s of n o n - v o l a t i l i z a b l e carbona
ceous m a t e r i a l and i n o r g a n i c s i s r e a c t e d i n the h e a r t h w i t h pure 
oxygen a t 1650°C. The i n o r g a n i c s a r e melted to a f l u i d s l a g , and 
hot gases a re produced t o c a r r y out the p y r o l y s i s . Gas produced 
by the pro c e s s i s t y p i c a l l y 21-23% H 2, 29-42% CO and 20-34% C 0 2 
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Table V I I 

E s t i m a t e d c a p i t a l c o s t 
(BuMines L i q u e f a c t i o n o f waste) 

Adapted from Reference (14) 

MSW 
($000) 

Feed P r e p a r a t i o n 12,459 

D r y i n g 

R e a c t i o n 50,604 

Pro c e s s Gas P r o d u c t i o n 13,306 

Gas P u r i f i c a t i o n 6,248 

O f f s i t e s 28,916 

I n s t a l l e d P l a n t Cost 111,533 

I n t e r e s t During C o n s t r u c t i o n 22,307 

S u b t o t a l f o r D e p r e c i a t i o n 133,840 

Working C a p i t a l 13,384 

T o t a l Investment 147,224 

American Chemical 
Society Library 

1155 16th St., N.W. 

Washington, D.C. 20036 
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Table V I I I 

E s t i m a t e d o p e r a t i n g c o s t 
(BuMines l i q u e f a c t i o n o f waste) 

Adapted from Reference (14) 

MSW 
($) 

Labour 795,000 
S u p e r v i s i o n 119,300 
F r i n g e B e n e f i t s 274,300 
Maintenance 3,346,000 
Maintenance S u p p l i e s 2,230,700 
General and A d m i n i s t r a t i v e 1,673,000 
Insurance 1,115,300 
O f f i c e S e r v i c e s 237,700 
U t i l i t i e s 1,114,000 
D e p r e c i a t i o n 6,692,000 
Taxes 1,673,000 

T o t a l O p e r a t i n g Costs 19,270,300 
Byproduct C r e d i t s 

I r o n 2,836,500 
Aluminum 3,337,200 

6,173,700 
Net Y e a r l y Cost 13,096,600 
Y e a r l y O i l p r o d u c t i o n ( b b l s ) 1,373,600 
Break Even O i l P r i c e ( $ / b b l ) 9.53 
$/GJ 1.61 
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Table I X 

Cost vs C a p a c i t y 3 (WPI) 
Adapted from Reference (15) 

Tonne/d C a p i t a l Cost 

Annual Net Annual 
O p e r a t i n g P r o d u c t i o n 

Cost b b l / y e a r 

Gross Cost o f 
P r o d u c t i o n 

$/bbl 

4. 55 $341,000 $243,000 2000 121. 50 

9. 1 517,000 265,000 4000 66. 25 

32. 7 1,116,900 348,850 14000 24. 77 

91 2,060,000 498,000 40000 12. 45 

455 5,420,000 1,185,000 200000 5. 92 

910 8,200,000 1,900,000 400000 4. 75 

1820 12,400,000 3,200,000 800000 4. 00 

based on 260 o p e r a t i n g days/year (5 days/week) 

based on 2.37 b b l / t o n n e 
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(by volume) and energy produced i s about 8 GJ/tonne r e f u s e o r the 
e q u i v a l e n t of more than one b a r r e l o f o i l . No c o s t f i g u r e s a r e 
a v a i l a b l e , but due t o h i g h e r temperatures, c o s t s may exceed those 
of the O c c i d e n t a l P e t r o l e u m p r o c e s s . 

The P u l p and Paper Research I n s t i t u t e o f Canada (PPRIC) p r o 
cess (18) i s based upon s a w m i l l and p u l p m i l l r e s i d u e s , m a i n l y 
b a r k . The p r o c e s s i s s i m i l a r t o the Purox p r o c e s s i n t h a t h e a t i n g 
i s c o u n t e r c u r r e n t , and combustion i s by pure oxygen. However, the 
p y r o l y s i s temperature i s l i m i t e d to 810°C, and product t a r and 
some pr o d u c t gas a r e used to p r o v i d e heat f o r the r e a c t i o n . 
T y p i c a l l y , 89.5% o f the dry feed i s c o n v e r t e d to gases, the 
remainder b e i n g c o n v e r t e d to t a r and ash. The gas c o m p o s i t i o n i s 
25.5% H 2, 27.7% CO and 21.2% C0 2 (by volume) and i t i s c a l c u l a t e d 
t h a t energy produced i s about 15.6 GJ/tonne dry f e e d . Based on a 
y i e l d o f 32.5% o f methanol by w e i g h t , and a d e l i v e r e d c o s t o f 
wood waste ( i n the Thunder Bay area) o f $19.58/oven dry tonne, 
PPRIC e s t i m a t e a t o t a l p r o d u c t c o s t ( f o r 910 tonnes methanol/day) 
of $119.20 per tonne, o r $5.98/GJ. (For a wood c o s t o f $40 per 
oven dry tonne and a c o n v e r s i o n r a t e of 2.5 tonnes wood per tonne 
of methanol, the methanol c o s t becomes a p p r o x i m a t e l y $10/GJ.) 
F i g u r e s 4 and 5 (18) are schematics o f the g a s i f i c a t i o n and 
methanol s y n t h e s i s p r o c e s s e s r e s p e c t i v e l y . 

B i o c h e m i c a l P r o c e s s e s 

There are two r o u t e s f o r the b i o c h e m i c a l d e g r a d a t i o n o f 
c e l l u l o s i c s u b s t a n c e s , (a) a e r o b i c f u n g a l o r b a c t e r i a l d e g r a d a t i o n 
to produce g l u c o s e , f o l l o w e d by a n a e r o b i c y e a s t f e r m e n t a t i o n o f 
the g l u c o s e to form a l c o h o l , and (b) a n a e r o b i c d e g r a d a t i o n , w i t h 
methane as the major p r o d u c t . Only the f i r s t p r o c e s s w i l l be 
d e a l t w i t h h e r e . A p o s s i b l e v a r i a t i o n o f t h i s f i r s t p r o c e s s i s 
to use a c i d h y d r o l y s i s o f wood to produce sugars f o r f e r m e n t a t i o n . 
The S c h o l l e r p r o c e s s uses s u l p h u r i c a c i d , and the B e r g i u s , hydro
c h l o r i c . Disadvantages o f a c i d h y d r o l y s i s i n c l u d e h i g h c a p i t a l 
c o s t s due to the c o r r o s i v e n a t u r e of the a c i d , the need f o r h i g h 
steam p r e s s u r e s , and d e c o m p o s i t i o n o f the g l u c o s e by the a c i d 
s o l u t i o n . F u r t h e r , decomposition p r o d u c t s such as m e t h o x y f u r f u r a l 
are t o x i c to the f e r m e n t a t i o n y e a s t s . Decomposition i s p a r t l y 
overcome i n the Madison wood sugar p r o c e s s , where a continuous 
f l o w system i s used. 

C e l l u l o s e i s found i n n a t u r e i n combination w i t h v a r i o u s 
o t h e r s u b s t a n c e s , the n a t u r e and c o m p o s i t i o n of which depend on 
the source and p r e v i o u s h i s t o r y o f the sample. In most p l a n t s , 
t h e r e a r e t h r e e major components: c e l l u l o s e , h e m i c e l l u l o s e s , and 
l i g n i n . E f f i c i e n t u t i l i z a t i o n o f a l l t h r e e components would 
g r e a t l y h e l p the economics o f any scheme to o b t a i n f u e l from 
biomass. H e m i c e l l u l o s e s , l i g n o c e l l u l o s e and l i g n i n r e m a i n i n g 
a f t e r enzymatic d e g r a d a t i o n o f the c e l l u l o s e i n wood would 
r e q u i r e c h e m i c a l o r thermal treatment - as d i s t i n c t from b i o 
c h e m i c a l - to produce a l i q u i d f u e l . 
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I n c o n s i d e r i n g the economics o f f u e l from biomass, i t i s 
n e c e s s a r y to c o n s i d e r n o t o n l y a l t e r n a t i v e uses f o r the biomass, 
but a l s o a l t e r n a t i v e s ources and uses f o r g l u c o s e . A l t e r n a t i v e 
carbon c y c l e s a r e shown i n F i g u r e 6 ( a f t e r Gaden (19). S t a r c h i s 
a major c o m p e t i t o r to c e l l u l o s e f o r the p r o d u c t i o n of g l u c o s e . 
C u r r e n t t e c h n o l o g y shows t h a t s t a r c h - d e r i v e d g l u c o s e i s more 
econ o m i c a l . I n 1975, e s t i m a t e s i n the U.S. f o r a 240 tonne/day 
g l u c o s e p l a n t put c a p i t a l c o s t s f o r c e l l u l o s e a t $23 m i l l i o n , and 
f o r corn a t $19.6 m i l l i o n . Corn g i v e s a 99% g l u c o s e y i e l d i n a 
30% s o l u t i o n , compared to a 76% g l u c o s e y i e l d i n a 4% s o l u t i o n i n 
the case o f c e l l u l o s e . Use o f a food g r a i n f o r the p r o d u c t i o n o f 
e t h a n o l i s however a c o n t r o v e r s i a l i s s u e . P r o d u c t i o n o f e t h a n o l 
from g l u c o s e must compete w i t h the p r o d u c t i o n o f p r o t e i n . Table 
X shows the c o n v e r s i o n e f f i c i e n c y of sugar to v a r i o u s foods. I t 
i s c l e a r t h a t e t h a n o l p r o d u c t i o n must compete w i t h growth o f 
y e a s t f o r s i n g l e c e l l p r o t e i n and w i t h the s y n t h e s i s of sweet 
s y r u p s . As d e v e l o p i n g c o u n t r i e s become more advanced, demand 
i n c r e a s e s f o r sweeteners, f o r s o f t d r i n k s and foods. S i n g l e c e l l 
p r o t e i n demand f l u c t u a t e s because o f i t s d i r e c t c o m p e t i t i o n w i t h 
soya and f i s h meal as a n i m a l f e e d . S i n g l e c e l l p r o t e i n p l a n t s 
are of h i g h c a p i t a l c o s t , and r e q u i r e l a r g e s c a l e o p e r a t i o n . 

F e r m e n t a t i o n o f sugars to a l c o h o l i s a w e l l - e s t a b l i s h e d 
t e c h n o l o g y . Enzymatic h y d r o l y s i s o f c e l l u l o s e i s more r e c e n t , 
and s e v e r a l groups are w o r k i n g on the p r o c e s s d e s i g n and on 
economic e v a l u a t i o n s . One o f the major t e c h n o l o g i c a l problems 
t h a t i s encountered i s the n e c e s s i t y f o r p r e t r e a t m e n t o f the 
c e l l u l o s e . Woody wastes are a s s o c i a t e d w i t h l i g n i n which i s com
b i n e d w i t h the c e l l u l o s e i n such a way as to h i n d e r access o f the 
enzyme mo l e c u l e s t o the c e l l u l o s e . The o t h e r major problem i s 
the degree o f c r y s t a l l i n i t y o f the c e l l u l o s e i t s e l f , which must 
be reduced to a minimum to a l l o w e f f i c i e n t enzyme s a c c h a r i f i c a t i o n . 

P r e t r e a t m e n t may be by p h y s i c a l methods: g r i n d i n g o r m i l l i n g , 
( a l l energy i n t e n s i v e p r o c e s s e s ) , i r r a d i a t i o n , h i g h temperatures 
and p r e s s u r e s o r combinations of these methods, or by c h e m i c a l 
means, such as use o f s w e l l i n g agents l i k e sodium h y d r o x i d e , 
ammonia, o r p h o s p h o r i c a c i d , or by d e l i g n i f i c a t i o n w i t h gaseous 
s u l p h u r d i o x i d e under p r e s s u r e , steaming o r c o n v e n t i o n a l p u l p i n g 
and b l e a c h i n g methods. 

Only a few f u n g i , such as Trichoderma reesei, T. Lignorum 
and T. koningii3 Chrysosporiwn lignorwn and C. pruinosum> 
Pénicillium funioulosum and P. i r i e n s i s , and Fusarium solani, have 
been r e p o r t e d to produce h i g h l e v e l s o f c e l l u l o s e d e g r a d i n g 
enzymes. Some b a c t e r i a , such as Thermoactinomyces, have a l s o been 
s t u d i e d . C e l l u l a s e enzymes are a complex i n t e r r e l a t e d s e t o f 
enzymes, and f o r p r a c t i c a l s a c c h a r i f i c a t i o n s a s t a b l e c e l l - f r e e 
enzyme p r e p a r a t i o n w i t h adequate l e v e l s o f a l l the e s s e n t i a l com
ponents i s r e q u i r e d . 

A p i l o t study f o r l a r g e s c a l e p r o d u c t i o n o f c e l l u l a s e from 
Trichoderma reesei has been developed a t the U.S. Army N a t i c k 
Development Center ( F i g . 7 ( 2 0 ) ) . I n March 1977, enzyme produc-
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Figure 6. The carbon balance. Adapted from Ref. 19. 

Table X 
Con v e r s i o n o f Sugar t o V a r i o u s Foods 

Item 

Beef 

P o u l t r y 

M i l k 

Y e a s t 

Sweet Syrup 

g Food/100 g Sugar 

8 - 1 2 

10 - 15 

15 - 20 

45 - 55 

90 - 100 
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Figure 7. Pilot plant process for cellulose production. Adapted from Ref. 20. 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
ch

01
1

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



156 C H E M I S T R Y F O R E N E R G Y 

t i v i t y from t h i s system was 42 I n t e r n a t i o n a l U n i t s per hour. A 
30 l i t r e seed fermenter was used to p r o v i d e inoculum f o r the 
l a r g e r 400 l i t r e p r o d u c t i o n fermenter. A h i g h degree o f i n s t r u 
m e n t a t i o n i s used to m o n i t o r and c o n t r o l the v e s s e l s d u r i n g 
o p e r a t i o n . Tridhoderma reesei was grown on 1% a l p h a c e l l u l o s e 
w i t h b a s i c s a l t s added. O p t i m i z a t i o n o f the p r o c e s s suggests 
t h a t maximum c e l l u l a s e y i e l d can be o b t a i n e d 3 to 4 days a f t e r 
i n o c u l a t i o n . The fermenter l i q u o r i s then f i l t e r e d to g i v e a 
f i l t e r cake o f c e l l mass and unused c e l l u l o s e (which can be 
r e c y c l e d ) . The f i l t r a t e i s r e f i l t e r e d and c o n c e n t r a t e d f o r 
h y d r o l y s i s . 

F i g u r e 8 i s a schematic f l o w diagram f o r the h y d r o l y s i s o f 
waste n e w s p r i n t . Most o f the p r o c e s s d e s i g n c r i t e r i a and the 
economic e v a l u a t i o n s o f the s a c c h a r i f i c a t i o n p r o c e s s have been 
based on n e w s p r i n t as s u b s t r a t e . N o t a b l e a n a l y s e s a r e those of 
W i l k e and co-workers (21) and Humphrey ( 2 2 ) . I n the h y d r o l y s i s , 
the s u b s t r a t e i s f i r s t p r e t r e a t e d ( m i l l i n g ) , to make i t more 
a c c e s s i b l e to the enzyme. S a c c h a r i f i c a t i o n takes p l a c e i n a 
r e a c t i o n v e s s e l , where the s u b s t r a t e i s c o n t a c t e d w i t h the enzyme 
s o l u t i o n from the f e r m e n t a t i o n v e s s e l . Glucose s o l u t i o n i s 
s e p a r a t e d from u n r e a c t e d s u b s t r a t e a t the o u t l e t o f the v e s s e l 
and the s o l u t i o n passes on to a c o n c e n t r a t i o n s t a g e b e f o r e the 
sugar i s used i n the y e a s t f e r m e n t a t i o n to produce a l c o h o l . 

Most economic e v a l u a t i o n s o f the s a c c h a r i f i c a t i o n p r o c e s s 
(21,22,23) conclude t h a t a t the p r e s e n t time the c o s t o f produc
t i o n o f the most f a v o u r e d p r o d u c t s ( g l u c o s e , s i n g l e c e l l p r o t e i n , 
e t h a n o l ) i s h i g h e r than p r o d u c t i o n from n o n - c e l l u l o s i c s o u r c e s . 
N y i r i (24) made an economic e v a l u a t i o n o f c e l l u l o s e - b a s e d s i n g l e 
c e l l p r o t e i n and e t h a n o l p r o d u c t i o n . He suggested t h a t an 
economical p l a n t output i s between 7 3 and 20 3 m 3/year, and, 
depending on the s i z e and c o m p l e x i t y o f the p l a n t , e s t i m a t e d 
c a p i t a l c o s t s between $6 and $12 m i l l i o n . 

I t can be concluded t h a t the b i o c h e m i c a l p r o d u c t i o n o f 
l i q u i d f u e l s from biomass i s t e c h n o l o g i c a l l y f e a s i b l e , but much 
work i s s t i l l needed to o p t i m i z e the v a r i o u s a s p e c t s o f the p r o 
c e s s e s . The p r e s e n t day economic c l i m a t e i s n o t f a v o u r a b l e f o r 
p r o d u c t i o n o f these f u e l s from biomass by b i o c h e m i c a l r o u t e s . 

The P o t e n t i a l o f Biomass to P r o v i d e L i q u i d F u e l i n Canada 

Biomass, the most u s e f u l form o f which i s wood, may be 
burned d i r e c t l y , g a s i f i e d o r l i q u e f i e d , w i t h energy e f f i c i e n c y 
d e c r e a s i n g i n t h a t o r d e r (Table X I ) . I n a d d i t i o n , t h e r e are non-
energy uses, f o r example, f o r p u l p , o r i n the case o f j u v e n i l e 
p o p l a r l e a v e s , p o t e n t i a l l y f o r c a t t l e f o d d er. C l e a r l y a l s o , 
t h e r e are a l t e r n a t i v e a g r i c u l t u r a l uses f o r the l a n d used f o r 
energy p l a n t a t i o n s . 

I n the case o f d i r e c t b u r n i n g , i t can be argued t h a t heavy 
o i l w i l l be d i s p l a c e d f o r r e - p r o c e s s i n g to produce t r a n s p o r t a t i o n 
f u e l , w hich c o n s t i t u t e s the h i g h e s t v a l u e use o f a l i q u i d f u e l . 
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Heavy o i l may a l s o be d i s p l a c e d by c o a l , n a t u r a l gas ( i n r e l a t i v e 
l y good s u p p l y i n Canada u n t i l about the year 2000) and e l e c t r i 
c i t y . I n t e r f u e l s u b s t i t u t i o n o f heavy o i l by s o l i d f u e l s - c o a l 
and wood - i s e s t i m a t e d to have a p o t e n t i a l to r e p l a c e about 2% 
o f the l i q u i d f u e l consumption o f O n t a r i o ( o r about 10% o f the 
heavy o i l consumption). A d d i t i o n a l r e f i n i n g c o s t s would be 
i n c u r r e d i n c o n v e r t i n g the heavy o i l to g a s o l i n e . 

G a s i f i c a t i o n r e p r e s e n t s the n e x t most energy e f f i c i e n t use 
o f wood, and i s e s t i m a t e d to have a p o t e n t i a l to r e p l a c e about 1% 
o f the t o t a l p e t r o l e u m consumption, s i n c e the low energy d e n s i t y 
o f the gas r e q u i r e s s i t e - s p e c i f i c use. 

L i q u e f a c t i o n i s the l e a s t energy e f f i c i e n t mode o f use o f 
wood. For the O n t a r i o case, based on c o n v e r s i o n o f about 1 0 6 

tonnes/year o f wood and 500,000 h e c t a r e s o f p o p l a r energy p l a n 
t a t i o n (9 t o n n e s / h e c t a r e / y e a r ) , l i q u e f a c t i o n has the p o t e n t i a l 
to r e p l a c e about 2-3% o f the l i q u i d p e t r o l eum consumption of 
O n t a r i o . Given the a v a i l a b i l i t y of a f u r t h e r 1.5 χ 1 0 6 h e c t a r e s 
o f s u i t a b l e l a n d , the p o t e n t i a l would i n c r e a s e to about 8-10%. 
I t s h o u l d be noted t h a t l a r g e s c a l e l a n d use, whether f o r a g r i 
c u l t u r e o r f o r energy p l a n t a t i o n purposes, r a i s e s e n v i r o n m e n t a l 
i s s u e s . 

D i r e c t b u r n i n g i s c l e a r l y l e s s c o s t l y than g a s i f i c a t i o n , 
w h i c h , i n t u r n , i s much l e s s c o s t l y than l i q u e f a c t i o n (Table X I ) . 
(The U.S. Dept. o f Energy (25) has r e c e n t l y e s t i m a t e d s i m i l a r 
l i q u i d f u e l p r o d u c t i o n c o s t s . ) 

A l c o h o l s a r e more c o s t l y i n end-use than hydrocarbon p r o d u c t s 
( f o r example, s y n t h e t i c g a s o l i n e v e r s u s methanol) because d i s t r i 
b u t i o n and equipment changes are u s u a l l y r e q u i r e d f o r a l c o h o l s . 
The i n c r e m e n t a l c o s t o f u s i n g methanol i n g a s o l i n e i s a p p r o x i 
mately e q u a l to the i n c r e m e n t a l c o s t o f c o n v e r t i n g the methanol 
to g a s o l i n e by the M o b i l p r o c e s s . Such end-use c o s t s must o f 
course be i n c l u d e d i n o v e r a l l f u e l comparisons. 

The main c o m p e t i t i v e o p t i o n s f o r Canada f o r l o n g - t e r m l i q u i d 
f u e l s u p p l y are shown i n Table X I I . ( S h o r t - t e r m emergency s u p p l y 
o f l i q u i d f u e l f o r t r a n s p o r t a t i o n i s p o s s i b l e from n a t u r a l gas, 
e i t h e r as methanol o r as s y n t h e t i c g a s o l i n e , a l b e i t a t s u b s t a n t i a l 
c o s t . D i r e c t use o f compressed o r l i q u e f i e d gas i n v e h i c l e s i s 
a l s o p o s s i b l e . ) As c l e a r l y i n d i c a t e d i n Table X I I , l o n g - t e r m non
emergency p r i o r i t i e s s h o u l d be c o n t i n u e d e x p l o r a t i o n f o r crude o i l , 
f u r t h e r development of the o i l sands, and, p o s s i b l y , l i q u e f a c t i o n 
o f c o a l . Only a f t e r these o p t i o n s have been taken as f a r as i s 
a p p r o p r i a t e s h o u l d l i q u e f a c t i o n of biomass be c o n s i d e r e d . T h i s 
may n o t be u n t i l near the t u r n o f the c e n t u r y . I n the i n t e r i m , 
however, d i r e c t b u r n i n g o f wood and wood g a s i f i c a t i o n s h o u l d be 
pursued. Through t h i s (and o t h e r ) i n t e r f u e l s u b s t i t u t i o n , heavy 
o i l may be f r e e d f o r c o n v e r s i o n to t r a n s p o r t a t i o n f u e l . A l t h o u g h 
these i n d i r e c t r o u t e s of biomass u t i l i z a t i o n ( d i r e c t b u r n i n g and 
g a s i f i c a t i o n ) are a t p r e s e n t s t r o n g l y p r e f e r r e d over l i q u e f a c t i o n , 
i n the l o n g term the s c a r c i t y of f u e l s u p p l y from a renewable 
r e s o u r c e base has a t t r a c t i o n , and may r e p r e s e n t an i n t a n g i b l e 
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b e n e f i t which can o f f s e t some of the h i g h e r c o s t o f wood l i q u e 
f a c t i o n . Continued r e s e a r c h , development and demons t r a t i o n i s 
t h e r e f o r e j u s t i f i e d i n t o r e d u c i n g wood su p p l y c o s t s ( a t p r e s e n t 
about 40-50% o f the f i n a l l i q u i d f u e l c o s t ) and i n t o wood con
v e r s i o n technology. 

Abstract 

The potential of biomass to substitute for petroleum is 
examined in terms of resource availability and cost, conversion 
technology, and conversion and end-use costs. The most energy
-efficient and least costly mode of utilization of wood is direct 
burning, followed by gasification, and, last, liquefaction. 

Interfuel substitution of heavy oil by solid fuels such as 
coal and wood and by natural gas and electricity has the potential 
to replace about 2% of the liquid fuel consumption of Ontario. 
The heavy oil thus freed becomes available for refining to a 
transportation fuel. 

Gasification of wood has a potential to replace about 1% of 
the total petroleum consumption of Ontario. 

Liquefaction of surplus wood and energy plantation poplar has 
a potential to replace about 2-3% of Ontario's liquid fuel con
sumption (based on 500,000 hectares of presently known land 
suitable for poplar plantations). If further suitable land areas 
of 1.5 X 106 hectares were proven, this potential would increase 
to about 8-10%. 

Interfuel substitution via direct burning of wood is pre
sently economical in certain cases, and wood gasification may be 
attractive in site-specific applications. Wood liquefaction, 
however, is not at present attractive. 

The priorities in terms of liquid fuel production in Canada 
should be: exploration for crude oil, further development of the 
oil sands, and, perhaps, liquefaction of coal. Liquefaction of 
wood should be pursued at a lower priority. Nevertheless, the 
attraction of security of supply of liquid fuel from a renewable 
resource does justify some research, development and demonstration 
on wood production and wood liquefaction. 
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12 
Potential for Biomass Utilization in Canada 

RALPH OVEREND 
Renewable Energy Resources Branch, Energy, Mines and Resources, Canada 

With the realisation that fossil fuels - crude oil, natural 
gas, tar sands and coals-are of finite extent, the use of re
newable resources is advocated in many countries as a means of 
maintaining energy supplies in the light of declining oi l 
reserves. Figure 1 shows the decline in crude oi l production 
in Canada as well as the anticipated production of syncrudes 
from oil-sands over the next decades. Because of the decline 
of conventional production of o i l , the transition to "non-con
ventional" sources of fuel has commenced and will accelerate as 
the next century approaches. Canada has announced its inten
tion to exploit renewable resources; solar space and water 
heating and forest fuels are the subject of a recent government 
program intended to increase the proportion of energy derived 
from renewable sources from the present 3 1/2% to around 10% in 
the year 2000. In order to achieve this rapid growth i t will 
be necessary to develop suitable technologies so that renewable 
energy will be able to contribute to what is essentially a 
world fueled by liquid and gaseous hydrocarbons. In the case 
of solar thermal applications, the key will be substitution of 
solar heat in applications and processes presently served by 
fossil fuels. For biomass, the key to large scale utilisation 
will be the conversion of photosynthetically produced material 
to forms and products compatible with the delivery and end use 
systems of the petroleum era. It is therefore necessary to 
analyse those resources and technologies available so as to 
identify those areas where there is a shortfall in the systems 
and technologies, before advocating any specific R&D strategy. 

What is required is a form of resource and technology 
assessment. This could be summarized in a matrix in which the 
potential of each resource and technology can be quantified and 
charted. This matrix is shown in figure 2; the items in each 
column are illustrative and the lists are by no means exhaust
ive. The identification of R&D requirements then requires a 
techno-economic assessment of the possibility of different 
pathways through the matrix, and is the product of (Resource)* 
(Transport)* (Conversion Technology)* (Transport)* (End Use). 

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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3000 

2500 

5oo ipssi 

1970 75 80 85 1990 
YEARS 

Èââ Conservation Potential Pembina 

Accelerated Oil Sands and Heavy Oils 

Established Reserves and Committed Oil Sands 

Department of Energy, Mines and Resources, Canada 

Figure 1. Canadian oil demand and availability, high price scenario 1970-1990 
(3) 
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T h e p a t h w a y s i d e n t i f i e d w i l l n o t a l l s a t i s f y t h e c o n 
s t r a i n t s t h a t C a n a d a ' s r e s o u r c e s a n d n e e d s i d e n t i f y , p a r t i c u 
l a r l y i n v i e w o f C a n a d a ' s e n d o w m e n t o f h y d r a u l i c r e s o u r c e s , 
n u c l e a r p o t e n t i a l , g a s a n d c o a l r e s e r v e s a s w e l l a s n o n -
c o n v e n t i o n a l o i l r e s o u r c e s s u c h a s o i l s a n d s a n d h e a v y o i l s . 
T h e s e r e s o u r c e s a r e n o t o n l y c o n s t r a i n t s i n t h e m a t e r i a l a n d 
e c o n o m i c s e n s e b u t a l s o i n i n s t i t u t i o n a l w a y s . E x a m p l e s o f 
s u c h a r e : n a t u r a l g a s i s a C a n a d i a n r e s o u r c e e x p e c t e d t o b e 
a v a i l a b l e w e l l i n t o t h e 2 1 s t C e n t u r y ; h y d r a u l i c a n d n u c l e a r 
e n e r g y d e f i n e a b a s e l i n e i n e l e c t r i c i t y c o s t s o f a r o u n d 30 
m i l l / k W h o r $ 9 / G J ( 1 9 7 7 I); m e t h a n o l f u e l f o r d i r e c t u s e i n 
a u t o m o b i l e s w i l l r e q u i r e r e p l a c e m e n t o f a l a r g e q u a n t i t y o f t h e 
d o w n s t r e a m c a p i t a l s t o c k o f t h e e x i s t i n g p e t r o l e u m d i s t r i b u t i o n 
s y s t e m . A g a i n t h i s i s n o t a n e x h a u s t i v e l i s t , b u t i t s e r v e s t o 
e m p h a s i s e t h a t o t h e r c r i t e r i a t h a n t h e t e c h n i c a l f a c t o f b e i n g 
a b l e t o t r a n s f o r m b i o m a s s i n t o a n y g i v e n p r o d u c t w i l l p r o b a b l y 
d e t e r m i n e t h e e v e n t u a l u t i l i s a t i o n o f t h i s r e n e w a b l e r e s o u r c e . 
To i l l u s t r a t e some o f t h e R&D o p p o r t u n i t i e s i n B i o m a s s , I w i l l 
d i s c u s s o u r p r e s e n t s t a t e o f k n o w l e d g e o f some o f t h e i t e m s i n 
t h e c o l u m n s o f t h e m a t r i x i n F i g u r e 2 . 

R e s o u r c e s 

F o r e s t r y . T h e t o t a l b i o m a s s p r o d u c t i v i t y o f C a n a d a i s n o t 
k n o w n w i t h c e r t a i n t y . U s i n g d a t a f r o m R u s s i a n w o r k f o r t h e 
n o r t h e r n h e m i s p h e r e ( 1 ) , t h e t o t a l e n e r g y c o n t e n t o f a l l t h e 
c a r b o n f i x e d i n Canada" b y p h o t o s y n t h e s i s i n o n e y e a r i s a r o u n d 
100 Ε J (1 E J = 1 0 1 8 J o u l e = 0 . 9 4 8 Q u a d ) . T h i s f i g u r e i s a n 
e x t r e m e l y s m a l l f r a c t i o n o f t h e s o l a r e n e r g y t h a t f a l l s o n t h e 
C a n a d i a n l a n d m a s s i n a y e a r . T h e mean s o l a r i n t e n s i t y o f 
110W/m 2 o n C a n a d a ' s 9 . 9 6 m i l l i o n s q u a r e km c o r r e s p o n d s t o a n 
a n n u a l i n p u t o f 34 0 0 0 E J . W h i l e b i o m a s s o f f e r s t h e m o s t 
i m m e d i a t e o p p o r t u n i t y i n s o l a r r e n e w a b l e e n e r g y , u l t i m a t e l y i t 
i s t h e c o l l e c t i o n a n d t r a n s f o r m a t i o n o f s o l a r e n e r g y i n a m o r e 
d i r e c t f a s h i o n t h a t w i l l p r o v i d e t h e m a j o r i t y o f t h e r e n e w a b l e 
e n e r g y s u p p l y i n t h e d i s t a n t f u t u r e . A t p r e s e n t , h o w e v e r , t h e 
l e s s t h a n 0 . 5 $ b i o l o g i c a l e f f i c i e n c y o f t r a n s f o r m a t i o n o f 
s o l a r - e n e r g y i s c o m p e n s a t e d f o r b y t h e i n h e r e n t s t o r a g e c h a r a c 
t e r i s t i c s a n d h i g h t h e r m o d y n a m i c a v a i l a b i l i t y o f t h e b i o m a s s 
r e s o u r c e . R e n e w a b l e e n e r g y i n t h e f o r m o f h y d r a u l i c i m p o u n d m e n t 
a n d b i o m a s s c o n t r i b u t e 0 . 8 E J ( 2 ) a n d 0 . 3 5 E J (3) r e s p e c t i v e l y 
t o t h e C a n a d i a n p r i m a r y e n e r g y s u p p l y ( t o t a l l i n g "8.4 Ε J i n 197*0 
a n d w h i l e t h i s c a n be i n c r e a s e d u s i n g k n o w n t e c h n o l o g y , t h e u s e 
o f s o l a r a n d a e o l i a n e n e r g y s t i l l r e q u i r e s c o n s i d e r a b l e a d v a n c e s 
i n s t o r a g e t e c h n o l o g y t o b e e c o n o m i c a l l y c o m p e t i t i v e . 

T e r r e s t r i a l b i o m a s s i s o f c o u r s e d e p e n d e n t o n a n o n r e n e w 
a b l e r e s o u r c e - t h e s o i l - f o r m e c h a n i c a l s u p p o r t a n d t h e s u p p l y 
a n d t r a n s p o r t o f n u t r i e n t s t o t h e g r o w i n g p l a n t . T h e C a n a d i a n 
t o t a l l a n d a r e a o f 9 9 6 , 6 9 9 , 0 0 0 h a h a s t h e f o l l o w i n g l a n d c l a s 
s i f i c a t i o n ( 4 ) . 
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T a b l e I 

L a n d T y p e A r e a / 1 0 6 h a % o f T o t a l 

W a t e r 8 1 . 0 0 6 8 . 1 
W i l d l i f e ( t u n d r a , m u s k e g , e t c ) 5 1 9 . 1 0 5 5 2 . 1 
A g r i c u l t u r a l 6 7 . 3 4 4 6 . 8 
U r b a n a n d O t h e r 6 . 1 9 9 0 . 6 
F o r e s t 3 2 3 . 0 4 5 3 2 . 4 

9 9 6 . 6 9 9 1 0 C K 0 

T h e m o s t e x t e n s i v e l a n d r e s o u r c e i s t h e f o r e s t , c o v e r i n g 
1/3 o f t h e l a n d m a s s . T h i s i s t h e f o u n d a t i o n o f t h e l a r g e 
f o r e s t i n d u s t r y i n C a n a d a : a n i n d u s t r y e m p l o y i n g 1 m i l l i o n 
p e o p l e , 300 0 0 0 d i r e c t l y a n d 7 0 0 0 0 0 i n d i r e c t l y , a n d p r o v i d i n g 
a l m o s t 2 0 Î o f t h e v a l u e o f t h e e x p o r t t r a d e . D a t a f r o m F A 0 ( 5 ) 
s o u r c e s s h o w t h e s t a t i s t i c s o f t h e m a j o r f o r e s t c o u n t r i e s m a r k e d 
i n o r d e r o f t h e i r f o r e s t i n v e n t o r i e s . ( 6 ) 

T a b l e I I 

C o u n t r y P o p u l a t i o n F o r e s t I n v e n t o r y R o u n d Wood P r o d u c t i o n 

1θ3 P e o p l e 106m3 C a p i t a 103m3 C a p i t a 

B r a z i l 109 730 74 315 677.2 163 995 1.49 
USSR 2 5 5 038 73 2 5 0 287.2 387 600 1 . 5 2 
USA 2 1 3 9 2 5 18 261 85.4 2 9 5 8 0 2 1 . 3 8 
C a n a d a 22 801 17 811 781 .1 121 2 0 6 5.32 
I n d i a 6 1 3 2 1 7 10 180 1 6 .6 127 465 0.21 
C h i n a 8 3 8 8 0 3 6 000 7.2 195 131 0.23 

T h e f o r e s t o p p o r t u n i t y i n C a n a d a f o r e n e r g y p u r p o s e s i n c o n j u n c 
t i o n w i t h t h e p r e s e n t i n d u s t r y i s a l m o s t u n m a t c h e d e l s e w h e r e i n 
t h e w o r l d . 

T h u s , a l t h o u g h a p p r o x i m a t e l y h a l f o f t h e w o o d h a r v e s t e d i n 
t h e w o r l d i s f o r f u e l , i t c a n b e s e e n t h a t o n l y a f e w c o u n t r i e s 
h a v e s u f f i c i e n t f o r e s t r e s o u r c e s o n a p e r c a p i t a b a s i s t o 
s a t i s f y a l a r g e p r o p o r t i o n o f t h e i r e n e r g y r e q u i r e m e n t s . T h e 
e n e r g y d e m a n d i n d e v e l o p e d c o u n t r i e s i s p r e s e n t l y a r o u n d 
1 0 k W / c a p i t a w h i l e i n t h e " T h i r d w o r l d " i t i s a r o u n d 5 0 0 W / c a p i t a 
( 7 ) . U s i n g a c o n v e r s i o n o f 1m3 w o o d / a n n u m = 232W ( b a s e d o n 
t h e h i g h e r h e a t i n g v a l u e o f w o o d ) i t i s e a s y t o s e e w h y t h e r e 
i s a d e v e l o p i n g f i r e w o o d c r i s i s ( 8 ) . I n d e e d , a l l t h e c o u n t r i e s 
i n t h e t a b l e a b o v e w o u l d n o t b e a b l e t o m e e t a l l o f t h e i r n e e d s 
f r o m f o r e s t b i o m a s s . 

T h e f o r e s t e n e r g y p o t e n t i a l o f C a n a d a h a s b e e n s u r v e y e d 
( 9 ) . T h e a v a i l a b l e m a t e r i a l i s e s s e n t i a l l y o f 3 t y p e s . T h e 
l o w e s t c o s t m a t e r i a l i s w o o d r e s i d u e a t t h e e x i s t i n g f o r e s t 
i n d u s t r y p r o c e s s i n g s i t e s . W h i l e a b o u t h a l f o f t h e m i l l 
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r e s i d u e (bark, s h a v i n g s and sawdust) i s a l r e a d y u t i l i s e d f o r 
energy, i t i s e s t i m a t e d t h a t about 0.l4EJ/annum c o u l d be 
f u r t h e r u t i l i s e d i n t h e r m a l c o n v e r s i o n t o steam and e l e c t r i c i t y 
i n the f o r e s t i n d u s t r i e s t h a t today use about 7.5$ o f a l l f u e l 
o i l and gas i n such a p p l i c a t i o n s . The energy f l o w i n the 
f o r e s t i n d u s t r y i s summarised i n f i g u r e 3· 

F i g u r e 4 i s a g e n e r a l i s e d diagram o f the d i s t r i b u t i o n o f 
biomass among t r e e components. Today o n l y the b o l e o f the t r e e 
i s h a r v e s t e d from the f o r e s t ; the t o p s , l i m b s and r o o t s a r e l e f t 
b ehind. With s i g n i f i c a n t changes i n h a r v e s t i n g t e c h n o l o g y -
some o f which are a l r e a d y i n process - i t w i l l be p o s s i b l e t o 
c o l l e c t and u t i l i s e f o r e s t r e s i d u e . For Canadian s p e c i e s , ex 
r o o t , i t i s e s t i m a t e d t h a t an i n c r e a s e o f about 0.6 ΕJ over the 
p r e s e n t 1.0 E J energy e q u i v a l e n t o f round wood h a r v e s t e d c o u l d 
be o b t a i n e d . 

W h i l e the h a r v e s t i n g o f t r e e s f o r energy a l o n e i s l i k e l y t o 
be too e x p e n s i v e , the u n u t i l i s e d f o r e s t o f Canada c o u l d t h e o r e t 
i c a l l y double the present wood h a r v e s t , though t h i s would have 
t o come from the a r e a o f the f o r e s t c l a s s i f i e d as t e r t i a r y below 

Table I I I 

D i s t a n c e 
from F o r e s t I n d u s t r y 

F o r e s t C e n t r e s 
C l a s s i f i c a t i o n km Area 10"ha 
Reserved i n f i n i t y 13.141 4.1 
Pr i m a r y <B0 157.233 48.8 
Secondary ^ 8 0 < 120 19.849 6.0 
T e r t i a r y ^ 1 2 0 132.822 41.1 

323.045 ΤϋδΤυ* 

Thus a l a r g e i n f r a s t r u c t u r e o f roads and s e r v i c e s o r the 
improvement o f water t r a n s p o r t would be a p r e r e q u i s i t e f o r such 
a development. 

When h a r v e s t i n g o f t r e e s f o r energy can be t i e d t o some 
o t h e r a c t i v i t y , such as i n t e n s i v e f o r e s t management, i t may be 
p o s s i b l e t o j u s t i f y the r e c o v e r y o f some 0.37EJ i n the form o f 
c u r r e n t l y non-commercial t r e e s i n p r i m a r y and secondary f o r e s t 
r e g i o n s . I n summary, the energy p o t e n t i a l o f the f o r e s t system 
i s : 

Source 

Table IV 

10^0Dt/annum Gross Energy Content 
/ E J 

M i l l Residue 7.5 
F o r e s t Residue 31 
u n u t i l i z e d t r e e s 20 
T e r t i a r y F o r e s t 52 

0.14 
0.58 
0.37 
0.97 
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Figure 3. Energy in the Canadian forest industry system 1974. All energy in Ρ J 
(1015 joule) 

Figure 4. Approximate proportions of 
tree biomass (northern species) in per

centage of weight 
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a ) c u r r e n t l y i n c u r s a d i s p o s a l c o s t ; i t s o p p o r t u n i t y v a l u e 
r e l a t i v e t o t h e r m a l c o a l a t a f o r e s t i n d u s t r y s i t e i s 
0 . 8 $ / G J o r a r o u n d $ 2 / G J r e l a t i v e t o o i l a n d g a s . 

b ) W i l l d e p e n d o n c o s t s b e i n g s h a r e d w i t h f o r e s t m a n a g e m e n t 
o b j e c t i v e s . 

A g r i c u l t u r e . The r e l a t i v e l y s m a l l p r o p o r t i o n o f t h e 
C a n a d i a n l a n d m a s s s u i t a b l e f o r a g r i c u l t u r e i s u s e d t o s u p p l y 
t h e d o m e s t i c a n d e x p o r t f o o d s y s t e m . T h e r o l e o f C a n a d a i n t h e 
p r o v i s i o n o f g r a i n t o o t h e r c o u n t r i e s i s n o t l i k e l y t o c h a n g e 
i n t h e f o r e s e e a b l e f u t u r e , a n d t h e m a j o r a g r i c u l t u r a l e n e r g y 
p o t e n t i a l w i l l b e i n r e s i d u e s o f v a r i o u s k i n d s . E v e n t h e s e may 
h a v e h i g h e r o p p o r t u n i t y v a l u e s a s e m e n d a t i o n f o r s o i l s , a s 
a n i m a l f e e d s u b s t i t u t e s o r s u b s t r a t e s f o r s i n g l e c e l l p r o t e i n 
p r o d u c t i o n . 

F i g u r e 5 a f t e r L e a c h ( 1 0 ) i n d i c a t e s t h e r e l a t i v e e n e r g y 
e f f i c i e n c i e s o f c u r r e n t C a n a d i a n f o r e s t r y , p r i m i t i v e a n d 
w e s t e r n a g r i c u l t u r a l p r a c t i c e e x p r e s s e d a s E n e r g y C o n t e n t o f 
P r o d u c t s / E n e r g y I n p u t s f o r t h e p r o d u c t s a t t h e f a r m g a t e o r 
f o r e s t i n d u s t r y y a r d . A g r i c u l t u r a l p r a c t i c e h a s m o v e d t o t h e 
s u b s t i t u t i o n o f c a p i t a l a n d e n e r g y f o r l a b o u r , a l o n g w i t h t h e 
u s e o f h i g h e n e r g y c o n t e n t i n p u t s s u c h a s h e r b i c i d e s , f e r t i l i 
z e r s a n d i r r i g a t i o n . 

The e n e r g y c o n t e n t o f C a n a d i a n a g r i c u l t u r a l p r o d u c t i o n ( 1 1 ) 
i s s e t o u t b e l o w : 

T a b l e V 

A G R I C U L T U R A L P R O D U C T I O N OF B I O M A S S A S FOOD AND F E E D 

P r o d u c t Q u a n t i t y 
10^ t o n n e s 

E n e r g y 
P J 

C e r e a l g r a i n s 
O i l s e e d s 
F o r a g e s 
P a s t u r e 
F r u i t , v e g e t a b l e s a n d 

3 3 . 3 
2 . 2 

3 5 . 2 
4 3 . 1 

5 7 9 
4 4 . 8 

5 9 0 
6 2 7 . 7 

p o t a t o e s 
D a i r y p r o d u c t s 
M e a t a n d p o u l t r y 

4 . 1 5 
9 . 2 
2 . 0 

1 0 . 1 
2 1 . 
2 1 . 6 

T o t a l o f p l a n t o r i g i n 1 1 7 . 9 5 1 8 5 1 . 6 
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T a b l e V I 

A V A I L A B L E C A N A D I A N B I O M A S S P R O D U C T I O N WASTES AND R E S I D U E S 

P r o d u c t Q u a n t i t y E n e r g y 
1 0 ° t o n n e s P J 

A n i m a l w a s t e s - 1 2 . 6 2 7 8 . 2 
C r o p r e s i d u e s * 1 6 . 9 2 4 6 . 4 

T o t a l 2 9 . 5 5 2 5 . 1 

+ A n i m a l w a s t e i s b a s e d o n t h e a s s u m p t i o n t h a t c a t t l e i n t h e 
e a s t a r e i n p a s t u r e a p p r o x i m a t e l y 1/3 t i m e a n d t h a t c a t t l e 
i n t h e w e s t a r e l a r g e l y o n r a n g e a n d t h e r e f o r e o n l y 1/4 o f 
t h e m a n u r e i s a v a i l a b l e . 

* C r o p r e s i d u e a v e r a g e d a t 1/2 t o n p e r a c r e . S t r a w i s a v a i l 
a b l e a t o v e r 1 t o n p e r a c r e i n t h e e a s t b u t m u c h l e s s i n t h e 
w e s t . 

S p e c i a l i s e d f o r m s o f e n e r g y r e c o v e r y f r o m a g r i c u l t u r a l 
r e s i d u e s a r e f e a s i b l e , b u t a r e m i t i g a t e d a g a i n s t i n g e n e r a l b y 
t h e c o s t s o f c o l l e c t i o n . T h i s r e f l e c t s t h e i n h e r e n t s t o r a g e 
c h a r a c t e r i s t i c s o f b i o m a s s — a n n u a l s s u c h a s g r a i n s c a n y i e l d 
a b o u t 1 - 5 t / h a o f s t r a w , a l o n g r o t a t i o n f o r e s t s i t e c a n h a v e a s 
m u c h a s 1 0 0 - 2 0 0 t / h a o f r e s i d u e a n d 100 t / h a o f r o u n d w o o d 
b o l e s . The d i f f e r e n c e i n i n t e n s i t y a n d t h e l a c k o f s e a s o n -
a b i l i t y o f t r e e ( p e r e n n i a l ) h a r v e s t i n g c o m p a r e d w i t h a g r i c u l 
t u r e w i t h 3 r d a n d 4 t h q u a r t e r h a r v e s t i n g , r e s u l t s i n a l a r g e 
e c o n o m i c d i s b e n e f i t t o a g r i c u l t u r e a s a n e n e r g y s o u r c e . 

A n i m a l r e s i d u e s d o e x i s t a t some l o c a t i o n s i n l a r g e c o n c e n 
t r a t i o n s , s u c h a s a t b e e f f e e d l o t s a n d s w i n e a n d p o u l t r y 
o p e r a t i o n s . T h e a b s o l u t e e n e r g y c o n t e n t i s n o t v e r y l a r g e b u t 
t h e e m e r g e n c e o f a n a e r o b i c d i g e s t i o n t e c h n o l o g i e s e n a b l e s 
e n v i r o n m e n t a l a n d s o c i a l o b j e c t i v e s t o b e m e t a l o n g w i t h e n e r g y 
p r o d u c t i o n ( ^ 2 ) . 

A g r o - f o r e s t r y . T h e r e i s a g r e a t d e a l o f i n t e r e s t w o r l d w i d e 
i n t h e d e v e l o p m e n t o f h i g h y i e l d p e r e n n i a l s p e c i e s f o r f o o d , 
f i b r e a n d f u e l p r o d u c t i o n . C a n a d a i s a p a r t i c i p a n t w i t h 5 o t h e r 
c o u n t r i e s i n a n I n t e r n a t i o n a l E n e r g y A g e n c y p r o j e c t o n s h o r t 
r o t a t i o n f o r e s t r y f o r e n e r g y p u r p o s e s . H y b r i d p o p l a r s p e c i e s 
h a v e b e e n d e v e l o p e d ( 1 3 ) w h i c h y i e l d 1 0 - 2 5 t / h a / a n n u m . I f t h e s e 
c a n b e " f a r m e d " w i t h o u t m o v i n g t h e n e t e n e r g y b e n e f i t t o f a r 
i n t o t h e r e g i o n " c r o p s " i n f i g u r e 5 , t h e n t h e e a r l i e r e s t i m a t e s 
o f t h e e n e r g y a v a i l a b l e f r o m f o r e s t r e s o u r c e s c o u l d b e a n 
u n d e r e s t i m a t e b y a s m u c h a s a f a c t o r o f 3 - 5 . 
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Figure 5. Energy inputs and outputs per unit of land for world farming systems 
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Figure 6. Costs ofR,Di?D with time for major energy projects 
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Harvesting and Transport of Biomass 

175 

There i s a very large e f f o r t required to improve biomass 
harvest ing and t ranspor ta t i on . A survey of t h i s f i e l d can be 
gained from the proceedings of the Biomass Energy I n s t i t u t e 
conference Forest and F i e l d Fuels Symposium (21)· The problem 
i s one of mater ia ls handling where the mate r ia l can be h igh ly 
dispersed w i th a rea l dens i t i e s from 5-250 ton/ha (green), 
depending on the species and r o ta t i on l ength . The mater ia l 
i t s e l f i s usua l l y around 50$ moisture content and i s awkwardly 
packaged by nature r e l a t i v e to man made c o l l e c t i o n systems. 
Drying, shredding, ch ipp ing , compaction and f i e l d conversions 
have a l l been t r i e d wi th occas ional success, but as yet t h i s 
remains an area r equ i r ing extensive development. 

Conversion Technologies 

The biomass c h a r a c t e r i s t i c s already descr ibed, namely 50% 
moisture content and heterogeneity, introduce many mater ia ls 
handl ing problems. The importance of sca le should a l so be 
noted—the la rges t biomass processing p lants are pulp m i l l s of 
around 2000 ton/day of product or about 6000 t/day of dry feed 
stock. In e l e c t r i c a l energy terms, the average Canadian pulp 
m i l l of 1200 t/day would correspond to an e l e c t r i c a l s t a t i o n of 
150 M W e (70-85* u t i l i s a t i o n ) or the production of about 1100 
t/day of methanol. This apparent maximum s i z e r e f l e c t s the 
large harvest ing area involved wi th i t s concomitant l o g i s t i c s 
problems. High y i e l d i n g species such as the hybr id poplars 
re ferred to e a r l i e r could improve the sca le from the same area 
to around 500 M W e equivalent or a fac tor of 3. 

The R&D requirements for conversion technologies w i l l 
r e f l e c t the end use demands of soc i e t y , and i t i s here that 
there are great unce r t a in t i e s . The costs of d e l i v e r i n g new 
technologies and the time scales of developments are given i n 
f igure 6 (Jj>). 

The matching of biomass resources to the end needs of 
soc i e ty i s r e l a t i v e l y easy to define over the next 5-7 years, 
s ince wi th the incent ives already announced, the r e l a t i v e l y low 
cost resource at m i l l s i t e s can be u t i l i z e d w i t h i n the forest 
industry to back out of the equivalent of 70,000 bbl/day of 
crude o i l , i n app l i ca t i ons mainly r equ i r ing steam or d i r e c t 
heat. The technology to do t h i s at both large and smal l sca les 
i s already a v a i l a b l e , s ince i n the l i g h t of the RD&D cyc le 
defined i n f igure 6, the equipment i s e i the r f u l l y commercial 
or the 1st commercial p lant i s under cons t ruc t i on . 

There are at present 2 or 3 low Btu g a s i f i e r i n s t a l l a t i o n s 
at the engineering demonstration phase. Over the next few 
years these un i t s are expected to become commercially a va i l ab l e 
for deployment, and w i l l be u t i l i z e d both w i th in the forest 
industry and at other s i t e s where wood waste and plant residue 
are a v a i l a b l e . 
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The major R&D o p p o r t u n i t y t h e r e f o r e l i e s w i t h the r e s o u r c e s 
o t h e r than m i l l waste which w i l l n e a r l y a l l be consumed a t i t s 
p o i n t o f g e n e r a t i o n w i t h i n 7 y e a r s . 

These o t h e r f o r e s t r e s o u r c e s - u n u t i l i z e d t r e e s from i n t e n 
s i v e f o r e s t management and the r e s i d u e today l e f t i n the f o r e s t 
- c o u l d , i f pressed t o t h e i r maximum a v a i l a b i l i t y , c o n t r i b u t e 
around 1 E J t o the energy s u p p l y . To do t h i s w i l l , however, 
r e q u i r e e x t e n s i v e end use product markets s i n c e the end use 
requirement o f heat p r o d u c t i o n i n the f o r e s t i n d u s t r y w i l l 
a l r e a d y be e s s e n t i a l l y s a t i s f i e d by the i n d u s t r i e s 1 own 
r e s i d u e . The c o n v e r s i o n problem i s t h e r e f o r e the t r a n s f o r m a 
t i o n o f biomass t o energy i n t e r m e d i a t e s such as e l e c t r i c i t y f o r 
t r a n s m i s s i o n elsewhere, automobile f u e l s such as the much 
d i s c u s s e d methanol o p t i o n , o r i n t o energy i n t e n s i v e tonnage 
c h e m i c a l s such as ammonia and e t h y l e n e . 

Methanol. I f one t a k e s as an i l l u s t r a t i o n the many propo
s a l s (16,17) t o use f o r e s t biomass t o produce methanol as a 
motor f u e l the R&D p r i o r i t i e s and the b a r r i e r s can be i d e n t i 
f i e d . The p r o d u c t i o n r o u t e i s : 

biomass >, s y n t h e s i s gas > methanol 

The R&D requirement e x i s t s s o l e l y i n the p r o d u c t i o n o f 
s y n t h e s i s gas from wood, s i n c e the c a t a l y t i c p r o d u c t i o n o f 
methanol i s w e l l developed. The v e r t i c a l s h a f t c o u n t e r f l o w 
r e a c t o r developed by Union Carbide (j[8) f o r m u n i c i p a l waste 
c o u l d i n t h e o r y be used t o p r o v i d e a s y n t h e s i s gas from wood, 
and, as w i t h L u r g i t e c h n o l o g y from c o a l , the RD&D phase i s a t 
the l a t e e n g i n e e r i n g demonstration o r indeed f i r s t commercial 
p l a n t c y c l e . I n g e n e r a l the economics o f t h i s a r e w e l l under
s t o o d and, g i v e n t h e poor economies o f s m a l l s c a l e 1100 t/day 
methanol p l a n t s , the product would c o s t around $8-10/GJ, 2/3 o f 
which i s c a p i t a l , when prepared from a r e s i d u e f e e d s t o c k v a l u e d 
a t around $1.50/GJ. 

Other p r o p o s a l s c o u l d reduce the c a p i t a l and o p e r a t i n g 
c o s t s : f o r example, a f l u i d i s e d bed g a s i f i e r c o u l d i n c r e a s e 
the throughput f o r a g i v e n investment. The process o f i n t e 
g r a t i n g e x t e r n a l s u p p l i e s o f methane o r e l e c t r i c i t y t o produce 
methanol i n h y b r i d renewable b i o m a s s / i n e x h a u s t i b l e r e s o u r c e s 
p l a n t s c o u l d use hydrogen generated from h y d r a u l i c o r n u c l e a r 
e l e c t r i c i t y o r n a t u r a l gas t o supplement the carbon d e r i v e d 
from s u n l i g h t . Both o f these c o u l d reduce the c a p i t a l c o s t and 
biomass requirements o f methanol p r o d u c t i o n s i g n i f i c a n t l y . I t 
sh o u l d however be r e c o g n i s e d t h a t these would then put t h e 
proposed system back t o the e n g i n e e r i n g development st a g e o r 
maybe even t o the s c i e n t i f i c f e a s i b i l i t y s tage o f t h e RD&D 
c y c l e shown i n f i g u r e 6. 

The end use problem i s s i m i l a r i n i t s consequences t o the 
problem o f when the methanol o p t i o n can be d e l i v e r e d . Sweden 
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and Germany (JJ9,20) have both demonstrated that w i th co-
solvents such as butanol , modern automobiles can run i n 
c l imates s i m i l a r to Canada's on blends of 15-20$ of methanol i n 
gaso l ine . The trend i n veh ic l e development over the 5-6 year 
minimum period to introduce methanol (with stra ight forward 
production technology), could very we l l be to d i e s e l and broad-
cut fueled v eh i c l e s . Since methanol and d i e s e l are not misc
i b l e we are thrown further back i n t o the development cyc le i f 
we want to make s i g n i f i c a n t inroads of biomass fue l i n t o the 
t ranspor ta t ion sec to r . 

The change i n r e f i n e r i e s and d i s t r i b u t i o n systems required 
for methanol incur not only d i r e c t economic cos t s , but a l so 
a t t r a c t res is tance by the operat ing methods and s o c i a l factors 
of the petroleum system. There are other s o lu t i ons , one of 
which i s the Mobi l s e l e c t i v e ca ta l y s t (2Λ), which can prepare a 
gasol ine from methanol at very l i t t l e energy penalty i n an 
integrated methanol/gasoline p l an t . This i s i n the engineering 
demonstration phase today, and provided the economics are 
improved, could be a super ior opt ion to using methanol e i the r 
d i r e c t l y or as a blend. 

Figure 6 shows that the type of RD&D that i s chosen i s a 
funct ion of the time ava i l ab l e before commercial a p p l i c a t i o n . 
As we l l i t ind i ca tes an obvious but under stated f a c t : any 
RD&D a c t i v i t y can a f ford to have a large d i v e r s i t y at the 
research or s c i e n t i f i c f e a s i b i l i t y stage, but much l ess at the 
development or engineering development stage, and almost none 
at the demonstration phase. Chemists w i l l recognize t h i s t r u t h 
for the development of polymers or drugs i n industry jus t as 
engineers and phys i c i s t s do for the development of a nuclear 
energy system such as CANDU (22). 

Poss ib le Paths 

This a r t i c l e i s not intended to be p r e s c r i p t i v e and f igure 
7 represents only a personal view of the poss ib le developments 
i n biomass energy. The t iming of the use of large sca le b i o 
mass r e f l e c t s the s h o r t f a l l s i n "convent iona l " fue ls forecast 
i n the WAES study (23). 

The s c i e n t i f i c f e a s i b i l i t y stage of the RD&D cyc le cannot 
e a s i l y be d i rec ted - out of t h i s c u r i o s i t y phase i t i s hoped 
that i n t e l l i g e n t so lu t i ons w i l l emerge i n the transformation of 
biomass to end-use products. Entropy considerat ions alone make 
i t of fensive to th ink that wi th e x i s t i n g technologies we can 
only make use fu l moitiés by breaking an elegant na tura l 
s t ruc ture down to synthesis gas and then chemical ly condensing 
t h i s to produce the desired molecule. The p red i c t i on here i s 
that b i o l o g i c a l techniques - mutant s t r a i n s of bac t e r i a , gene
t i c engineering, or whatever - w i l l come along to ta i lor -make 
the derived products by elegant s c i s s i ons of na tura l s t r u c 
tu res . The large Canadian resource base should define t h i s 
d i r e c t i o n even though at present i t i s very neglected. 
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B i o m a s s a n d t h e CO2 p r o b l e m 

T h e i n c r e a s i n g s c a l e o f human i n d u s t r i a l a c t i v i t y h a s 
a l r e a d y i n c r e a s e d t h e n a t u r a l c a r b o n d i o x i d e c o n t e n t o f t h e 
a t m o s p h e r e f r o m 2 6 0 vpm t o 3 3 0 v p m , a n d i t i s i n c r e a s i n g a t 
a r o u n d 1 vpm p e r y e a r p r e s e n t l y ( 2 4 ) . T h e r e i s l i t t l e d o u b t 
t h a t t h e r o o t c a u s e i s a n t h r o p o g e n i c a n d c o n c e r n i s now b e i n g 
e x p r e s s e d a b o u t t h e p o t e n t i a l f o r f o s s i l c a r b o n t o i n c r e a s e t h e 
l e v e l o f CO2 ( a n i n f r a r e d a b s o r b e r ) t o s u c h a n e x t e n t t h a t a 
" g r e e n h o u s e e f f e c t " w i l l t a k e o v e r a n d c h a n g e t h e c l i m a t e o f 
t h e w o r l d s i g n i f i c a n t l y , w i t h u n f o r e s e e a b l e c o n s e q u e n c e s f o r 
f o o d p r o d u c t i o n a n d d e s e r t i f i c a t i o n . 

Some a u t h o r i t i e s b e l i e v e t h a t b i o m a s s e n e r g y w o u l d s e r v e t o 
c o n s t r a i n t h e p r o b l e m b y s e t t i n g u p a c y c l i c s y s t e m w h e r e 
p h o t o s y n t h e t i c a l l y f i x e d CO2 i s b u r n t t o r e t u r n a s CO2 t o 
t h e a t m o s p h e r e . O v e r a l o n g t i m e p e r i o d t h i s i s c o r r e c t , 
t h o u g h w i t h o u r p r e s e n t s t a t e o f k n o w l e d g e o f t h e q u a n t i t i e s 
a n d r e s i d e n c e t i m e s o f c a r b o n i n t h e m a j o r r e s e r v o i r s i t i s n o t 
y e t k n o w n w h e t h e r o r n o t t e r r e s t r i a l b i o m a s s i s s u b t r a c t i n g o r 
c o n t r i b u t i n g CO2 t o t h e a t m o s p h e r e . B o l i n ( 2 5 ) p o s t u l a t e s 
t h a t t h e d e s t r u c t i o n o f t h e t r o p i c a l f o r e s t i s c o n t r i b u t i n g t o 
t h e i n c r e a s e a s m u c h a s f o s s i l f u e l c o m b u s t i o n . T h e r e s i d e n c e 
t i m e o f c a r b o n i n t h e b o r e a l f o r e s t i s p r o b a b l y g r e a t e r t h a n 
100 y e a r s , s o t h a t a r a p i d c h a n g e t o b i o m a s s e n e r g y f r o m t h e 
f o r e s t s w o u l d l i b e r a t e c a r b o n d i o x i d e , i n c r e a s i n g t h e a t m o s 
p h e r i c v a l u e e v e n f u r t h e r b e f o r e a s t e a d y s t a t e i s r e a c h e d . 
T h i s a s s u m e s t h a t t h e r a t e o f r e p l a c e m e n t w i l l b e c o m p a r a b l e t o 
t h a t o f t h e i n i t i a l b i o m a s s s t o c k . L o n g p e r i o d s w i t h o u t 
r e g e n e r a t i o n o r , c o n v e r s e l y , r a p i d r e g e n e r a t i o n w i t h f a s t e r 
g r o w i n g s p e c i e s , c o u l d a l t e r t h e s t e a d y s t a t e v a l u e r e a c h e d . 

T h i s p r o b l e m c o u l d e v e n t u a l l y s e v e r e l y c o n s t r a i n b o t h t h e 
f o s s i l a n d r e n e w a b l e c a r b o n b a s i s o f f u t u r e f u e l s , y e t t o d a y a 
f o r m o f p a r a l y s i s i s t h e s o l e R&D a c t i v i t y d i s c e r n i b l e . 

C o n c l u s i o n s 

T h e r e i s a l a r g e b i o m a s s r e s o u r c e a v a i l a b l e t o C a n a d a i n 
t h e f o r e s t . On a p e r c a p i t a b a s i s C a n a d a c o u l d w e l l h a v e t h e 
g r e a t e s t c o n t r i b u t i o n o f b i o m a s s e n e r g y o f a n y c o u n t r y , y e t t h e 
p r e s e n t p e r c a p i t a c o n s u m p t i o n o f e n e r g y i s a l r e a d y b e y o n d t h e 
c a p a b i l i t y o f t h e p r e s e n t b i o m a s s s y s t e m t o s a t i s f y t h e t o t a l 
d e m a n d . 

I t f o l l o w s t h a t b i o m a s s w i l l p l a y a r o l e c o m p l e m e n t a r y t o 
o t h e r r e s o u r c e s s u c h a s e l e c t r i c i t y f r o m n u c l e a r a n d h y d r a u l i c 
s o u r c e s , a s w e l l a s r e l a t i v e l y i n e x h a u s t i b l e s u p p l i e s o f n a t u r a l 
g a s , n o n - c o n v e n t i o n a l o i l a n d o i l s a n d s . T h e e n d u s e o f t h e s e 
f o r m s w i l l b e d i c t a t e d b y a c o m b i n a t i o n o f h i s t o r i c d e v e l o p m e n t 
a n d " t e c h n o l o g i c a l i n e r t i a " s u c h t h a t s u b s t i t u t i o n p r o d u c t s : 
e l e c t r i c i t y , m e t h a n o l , h y d r o g e n , o r t o n n a g e c h e m i c a l s l i k e 
a m m o n i a , w i l l p r o v i d e t h e m a j o r o u t l e t s f o r b i o m a s s c a r b o n 
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before the next century after primary thermal uses have been 
s a t i s f i e d i n the existing forest industries. 

The role of competition i n biomass for energy u t i l i s a t i o n 
should not be neglected. While biomass i s a renewable form 
derived from solar energy, i t should be remembered that terres-
t i a l biomass i s rooted i n the s o i l , which i s not renewable on a 
time scale commensurate with human a c t i v i t i e s . I would place 
poor stewardship of s o i l i n the same ri s k category as the d i s 
posal of nuclear waste. Since the s o i l i s f i n i t e , and society's 
needs for f u e l , fibres and food are proportional to a growing 
population, biomass energy production may be hotly contested i n 
a hungry world and even the proposed agro-forestry projects may 
be used primarily to provide protein and fi b r e , not energy. 

The role of biomass i n the natural carbon cycle i s not well 
understood, and i n the l i g h t of predictions of a future atmos
pheric energy balance c r i s i s caused by carbon dioxide accumula
tion, i n turn the result of an exponential increase i n the 
consumption of carbon f u e l , the apparent lack of concern by 
sc i e n t i s t s and policy makers i s most troubling. Yet there i s 
no other single issue before us i n energy supply which w i l l 
require action long before the worst effects of excess produc
tion w i l l be apparent. The only satisfactory model i s the 
action taken by the R&D community with respect to the SST i n 
n i t r i c oxide potential and chloro-halocarbon emissions, when i t 
was realised that the stratospheric ozone layer was vulnerable 
to interference. Almost a l l other responses to "pollution" 
have been after d e f i n i t i v e effects have become apparent. 
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13 
Material and Energy Balances in the Production of 
Ethanol from Wood 

MORRIS WAYMAN, JAIRO H. LORA, and EDMUND GULBINAS 

Department of Chemical Engineering and Applied Chemistry, University of Toronto, 
Toronto, Ontario, Canada M5S 1A4 

I n t e r e s t i n r e n e w a b l e r e s o u r c e s a s r a w m a t e r i a l s f o r c h e m 
i c a l s a n d e n e r g y h a s i n t e n s i f i e d i n r e c e n t y e a r s a s a r e s u l t o f 
a n t i c i p a t e d s h o r t a g e s o f p e t r o l e u m a n d n a t u r a l g a s (1,2_93). A 
s i g n i f i c a n t p a r t o f t h i s e f f o r t h a s b e e n d e v o t e d t o t h e p r o d u c t i o n 
o f a l c o h o l s , p a r t i c u l a r l y m e t h a n o l a n d e t h a n o l , f r o m w o o d ( 4 - 8 ) . 
M e t h a n o l i s t h e m a i n c o n s t i t u e n t o f " w o o d a l c o h o l " , made f o r a 
g r e a t many y e a r s b y t h e d e s t r u c t i v e d i s t i l l a t i o n o f w o o d , e s p e c 
i a l l y h a r d w o o d s ( 9 ) . F r o m a t o n o f h a r d w o o d , o n e c o u l d e x p e c t 
a b o u t 6 0 l b , t h a t i s 7 . 5 g a l l o n s o f m e t h a n o l , a l o n g w i t h a v a r i e t y 
o f o t h e r c h e m i c a l s . Wood a l c o h o l i s n o l o n g e r m a d e . T h e p r o 
c e s s e s d i s c u s s e d i n r e c e n t r e p o r t s ( 4 , 5 ) , a r e q u i t e d i f f e r e n t , 
b e i n g b a s e d o n w o o d g a s i f i c a t i o n , f o l l o w e d b y r e a c t i o n s s i m i l a r t o 
t h o s e e m p l o y e d i n s y n t h e s i s o f m e t h a n o l f r o m n a t u r a l g a s . T h e 
e x p e c t a t i o n h a s b e e n h e l d o u t t h a t 8 0 g a l l o n s o f m e t h a n o l c o u l d b e 
o b t a i n e d f r o m a t o n o f w o o d , a b o u t 1 0 t i m e s t h e y i e l d o f t h e o l d 
w o o d a l c o h o l . W h i l e t h e r e i s g e n e r a l a g r e e m e n t t h a t w o o d g a s 
c o u l d p r o b a b l y b e c o n v e r t e d t o m e t h a n o l , t o t h i s d a t e n o o n e h a s 
d o n e i t , a n d t h e r e a r e n o d a t a , l a b o r a t o r y o r o t h e r w i s e , t o i n d i 
c a t e w h a t p r o b l e m s m i g h t b e e n c o u n t e r e d i n t h e c o n v e r s i o n , o r 
w h a t t h e e c o n o m i c s m i g h t b e . T h e r e c e n t s u g g e s t i o n t h a t m i x t u r e s 
o f w o o d g a s a n d r e f o r m e d n a t u r a l g a s may b e a g o o d s o u r c e o f 
m e t h a n o l i s m o s t t i m e l y . O u r c a l c u l a t i o n s s u g g e s t t h a t t h i s may 
n o w b e t h e c h e a p e s t r o u t e t o m e t h a n o l i n many p l a c e s . 

T h e s i t u a t i o n w i t h r e g a r d t o e t h a n o l i s m u c h c l e a r e r : t h e r e 
i s l o n g i n d u s t r i a l e x p e r i e n c e i n t h e m a n u f a c t u r e o f e t h a n o l f r o m 
w o o d , b y f e r m e n t a t i o n o f t h e s u g a r s i n t h e w a s t e e f f l u e n t s o f p u l p 
m i l l s , o r o f t h e s u g a r s made b y w o o d h y d r o l y s i s ( 9 ) . I n t h e y e a r s 
f o l l o w i n g W o r l d W a r I I , w o o d h y d r o l y s i s p l a n t s h a v e b e e n u n a b l e t o 
c o m p e t e e c o n o m i c a l l y w i t h p e t r o l e u m - b a s e d e t h a n o l s y n t h e s i s , 
m a i n l y b y h y d r a t i o n o f e t h y l e n e , a n d t h e y h a v e b e e n s h u t d o w n i n 
m o s t c o u n t r i e s . H o w e v e r , i n t h e S o v i e t U n i o n , we u n d e r s t a n d , 
t h e r e a r e s t i l l a b o u t 30 w o o d h y d r o l y s i s p l a n t s i n o p e r a t i o n ( 1 0 ) . 
M a n y o f t h e s e a r e u s e d f o r f o d d e r y e a s t p r o d u c t i o n ( 1 1 ) b u t t h e 
w o o d s u g a r s a r e a l s o a v a i l a b l e f o r e t h a n o l p r o d u c t i o n . 

R e c e n t m a r k e t d e v e l o p m e n t s a n d t e c h n o l o g i c a l a d v a n c e s h a v e 

T h i s c h a p t e r n o t subject to U . S . C o p y r i g h t . 
P u b l i s h e d 1979 A m e r i c a n C h e m i c a l S o c i e t y . 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
ch

01
3

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



184 C H E M I S T R Y F O R E N E R G Y 

served to s t i m u l a t e i n t e r e s t i n e t h a n o l p r o d u c t i o n from renewable 
r e s o u r c e s once a g a i n . The B r a z i l i a n n a t i o n a l program f o r e x t e n 
d i n g g a s o l i n e and even s u b s t i t u t i n g f o r i t by e t h a n o l (12) has 
been p a r t i c u l a r l y noteworthy. The B r a z i l i a n e x p e r i e n c e has been 
based on f e r m e n t a t i o n of the by-products of cane sugar manufacture, 
and some e t h a n o l has been produced t h e r e from cassava s t a r c h . 
While e t h a n o l from wood sugars has not been p a r t o f t h a t program, 
the s u c c e s s f u l s u b s t i t u t i o n o f e t h a n o l f o r g a s o l i n e c o m m e r c i a l l y 
has r a i s e d the p r o s p e c t of a l a r g e market o u t l e t , and the r a p i d l y 
i n c r e a s i n g p r i c e o f g a s o l i n e here suggests t h a t the economics, i f 
not f a v o r a b l e now, may become so i n a f o r e s e e a b l e f u t u r e . 

Of the v a r i o u s t e c h n o l o g i c a l advances which have been made i n 
wood treatment i n r e c e n t y e a r s , the two most r e l e v a n t t o e t h a n o l 
p r o d u c t i o n appear t o be the a u t o h y d r o l y s i s - e x t r a c t i o n p r o c e s s f o r 
hardwoods (13) and the enzymatic h y d r o l y s i s of c e l l u l o s i c mater
i a l s ( 1 4 ). By the a u t o h y d r o l y s i s - e x t r a c t i o n p r o c e s s , wood i s 
se p a r a t e d i n t o i t s t h r e e main components, c e l l u l o s e , h e m i c e l l u l o s e 
and l i g n i n . The c e l l u l o s e so produced i s a v a i l a b l e f o r h y d r o l y s i s 
by e i t h e r a c i d o r c e l l u l a s e , w h i l e the h e m i c e l l u l o s e s and l i g n i n 
are a v a i l a b l e f o r the c o - p r o d u c t i o n o f che m i c a l s o r energy. By 
a u t o h y d r o l y s i s , t h a t i s steaming under c a r e f u l l y c o n t r o l l e d c o n d i 
t i o n s of time and temperature, the h e m i c e l l u l o s e s a r e s o l u b i l i z e d 
and c o n v e r t e d t o s u g a r s , f u r f u r a l , a c e t i c a c i d and o t h e r p r o d u c t s , 
w h i l e the l i g n i n i s so m o d i f i e d as t o be e x t r a c t a b l e w i t h c a u s t i c 
soda under moderate c o n d i t i o n s a t atmospheric p r e s s u r e , l e a v i n g 
r e l a t i v e l y pure c e l l u l o s e u n d i s s o l v e d . I n t h i s paper we r e p o r t 
our s t u d i e s o f t h i s c e l l u l o s i c r e s i d u e , by h y d r o l y s i s and fermen
t a t i o n t o e t h a n o l . 

The advances made i n enzymatic h y d r o l y s i s o f c e l l u l o s i c 
m a t e r i a l s (14) are a l s o of i n t e r e s t . T h i s t e c h n o l o g y i n v o l v e s 
o n l y moderate temperature p r o c e s s e s i n s i m p l e equipment which p r o 
mises t o be of s i g n i f i c a n t l y lower c a p i t a l c o s t than the p r e s s u r e 
equipment a s s o c i a t e d w i t h c o n v e n t i o n a l a c i d wood h y d r o l y s i s p r o 
c e s s e s . A l l o f these c o n s i d e r a t i o n s combined t o l e a d us t o study 
p r o c e s s e s f o r e t h a n o l p r o d u c t i o n from wood, e s p e c i a l l y i n an 
e f f o r t t o o b t a i n d a t a f o r m a t e r i a l and energy b a l a n c e s , and p o s s i 
b l y f o r the economics. 

Pret r e a t m e n t of the Wood 

The p a r t i c u l a r wood s p e c i e s we chose f o r t h i s study i s aspen 
(Populus t r e m u l o i d e s ) , which i s p l e n t i f u l i n Canada and i n the 
n o r t h e r n U.S.A. The c h e m i c a l c o m p o s i t i o n we found t o be g l u c a n 
53.4%, x y l a n 14.9%, t o t a l c a r b o h y d r a t e 79.0%, l i g n i n 17.1% and 
e x t r a c t i v e s 3.8%. We would expect t o t a l f e r m e n t a b l e sugars o f 
about 56% i n t h i s sample of aspen i n anhydro form ( T i m e l l has r e 
p o r t e d about 60% i n another sample (15)) which upon h y d r o l y s i s 
would y i e l d about 1,250 l b wood sugars p e r ton of wood (dry 
b a s i s ) , from the s t o i c h i o m e t r y . T h e o r e t i c a l c o n v e r s i o n o f t h i s 
sugar t o e t h a n o l would y i e l d 640 l b o r 81.1 g a l l o n s of anhydrous 
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e t h a n o l , o r 85 g a l l o n s of the 95% a z e o t r o p e . 
The wood, i n c h i p form, was t r e a t e d by a u t o h y d r o l y s i s ( 1 4 ) . 

The c h i p s , w i t h i n i t i a l m o i s t u r e of about 50%, were heated w i t h 
steam t o 195°C and h e l d a t t h i s temperature f o r 30 minutes. T h i s 
time-temperature r e s u l t s i n f o r m a t i o n of v o l a t i l e s such as 
f u r f u r a l , w a t e r - s o l u b l e h e m i c e l l u l o s e and a l k a l i - s o l u b l e l i g n i n . 
T y p i c a l l y about 12% of the wood substance was c o n v e r t e d t o v o l a 
t i l e s , and about 12% of h e m i c e l l u l o s e s was o b t a i n e d i n the water 
washings of the r e s i d u e . About 75% of the wood substance 
remained as r e a d i l y d i s i n t e g r a t e d f i b r o u s p u l p . A u t o h y d r o l y s i s 
was c a r r i e d out i n two d i f f e r e n t ways, continuous and b a t c h . 
Continuous a u t o h y d r o l y s i s was c a r r i e d out i n a r e a c t o r i n the 
p l a n t of Stake Technology L i m i t e d , Ottawa ( 1 6 ) . The r e a c t o r was 
a h o r i z o n t a l tube about 10 i n c h e s i n diameter and 8 f e e t l o n g 
e n c l o s i n g a h e l i c a l screw conveyor. I t was f e d c o n t i n u o u s l y by a 
p l u g - f o r m i n g h e l i x a t one end, and d i s c h a r g e d f o r a few seconds 
out o f each minute a t the o t h e r end. Steam was a d m i t t e d a t about 
250 pounds per square i n c h p r e s s u r e near the feed end, and mea
surements i n d i c a t e d t h a t the temperature r o s e t o the d e s i r e d v a l u e 
i n s t a n t a n e o u s l y . The d i s c h a r g e through an o r i f i c e t o atmospheric 
p r e s s u r e s u f f i c e d t o c o m p l e t e l y d i s i n t e g r a t e the c h i p s t o a v e r y 
f i n e p u l p . 

Batch a u t o h y d r o l y s i s was c a r r i e d out i n 300 ml p r e s s u r e v e s 
s e l s i n a preheated s i l i c o n e b a t h , w i t h due a l l o w a n c e f o r 
temperature e q u i l i b r a t i o n t o a c h i e v e as n e a r l y as p o s s i b l e 195°C 
f o r 30 minutes. Chip m o i s t u r e was a d j u s t e d t o 50% f o r the b a t c h 
a u t o h y d r o l y s i s . 

For some experiments, the a u t o h y d r o l y s e d p u l p was s u b j e c t e d 
t o h y d r o l y s i s , e i t h e r a c i d o r e n z y m a t i c , as formed, w i t h o u t 
washing or e x t r a c t i o n . For o t h e r experiments, the a u t o h y d r o l y s e d 
p u l p a f t e r thorough water washing, was e x t r a c t e d w i t h sodium 
h y d r o x i d e s o l u t i o n (20% NaOH on p u l p , 70°C, 2 h o u r s ; 4% NaOH on 
p u l p consumed) t o remove the l i g n i n . About 20 t o 22% of the 
s t a r t i n g wood substance was r e c o v e r e d as l i g n i n from the e x t r a c t 
by a c i d i f i c a t i o n . The c e l l u l o s i c r e s i d u e , about 97% c e l l u l o s e , 
was then about 50% o f the s t a r t i n g wood substance. I t was t h o r 
oughly washed and l i g h t l y a c i d i f i e d b e f o r e h y d r o l y s i s . 

As a r e s u l t o f these v a r i o u s p r e t r e a t m e n t s , the h y d r o l y s i s 
experiments were c a r r i e d out on t h r e e d i f f e r e n t s t a r t i n g mater
i a l s : a u t o h y d r o l y s e d aspen wood made e i t h e r i n b a t c h o r i n 
c o n t i n u o u s equipment; and the c e l l u l o s i c r e s i d u e of the autohydro-
l y s i s - c a u s t i c e x t r a c t i o n p r o c e s s . 

A c i d H y d r o l y s i s 

A c i d h y d r o l y s i s was c a r r i e d out i n s m a l l (30 ml) p r e s s u r e 
v e s s e l s i n s i l i c o n e o i l baths a t 190°C w i t h d i l u t e s u l p h u r i c a c i d . 
Upon c o m p l e t i o n , the v e s s e l s were c o o l e d r a p i d l y , the r e s i d u e was 
t h o r o u g h l y washed w i t h hot water, d r i e d and weighed. The l i q u o r 
and wash waters were c o l l e c t e d and the sugar c o n t e n t determined by 
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the anthrone method ( 1 7 ) . S t u d i e s were made of the e f f e c t o f 
v a r y i n g s u l p h u r i c a c i d c o n c e n t r a t i o n s , l i q u o r t o s o l i d s r a t i o , and 
s i n g l e s t a g e compared w i t h m u l t i - s t a g e h y d r o l y s i s . 

S i n g l e s t a g e a c i d h y d r o l y s i s of the c e l l u l o s i c r e s i d u e o f 
a u t o h y d r o l y s i s and e x t r a c t i o n a t 190°C w i t h 0.5 t o 4.0% E2$0k on 
the weight of the c e l l u l o s e gave r a t h e r u n s a t i s f a c t o r y r e s u l t s . 
The maximum s a c c h a r i f i c a t i o n a c h i e v e d was about 42% o f t h a t 
t h e o r e t i c a l l y p o s s i b l e . D e g r a d a t i o n r e a c t i o n s caused the sugar 
y i e l d t o drop. I n m u l t i s t a g e h y d r o l y s i s , the sugar was removed as 
soon a f t e r f o r m a t i o n as p o s s i b l e . F i g u r e 1 shows the r e s u l t s of a 
m u l t i - s t a g e h y d r o l y s i s w i t h 2.0% l^SOi* on c e l l u l o s i c r e s i d u e by 
h e a t i n g f o r 20 minutes a t 190°C, removing the l i q u o r , washing the 
r e s i d u e w i t h hot w a t e r , then r e p e a t i n g the h y d r o l y s i s w i t h f r e s h 
a c i d . The r e s u l t s show the c o n s i d e r a b l e y i e l d advantage of the 
m u l t i s t a g e a c i d h y d r o l y s i s , over 80% b e i n g o b t a i n e d . T h i s i s 
undoubtedly due t o the removal of the sugar formed i n each stage 
o f the a c i d h y d r o l y s i s , thereby p r e v e n t i n g i t s d e s t r u c t i o n on 
p r o l o n g e d a c i d t r e a t m e n t . The same e f f e c t can, o f c o u r s e , be 
a c h i e v e d i n o t h e r ways such as by p r e s s u r e p e r c o l a t i o n or by 
continuous h y d r o l y s i s i n a p r o p e r l y designed r e a c t o r . 

The c e l l u l o s i c r e s i d u e used i n these experiments i s advan
tageous f o r a c i d h y d r o l y s i s compared to u n t r e a t e d wood. The 
c e l l u l o s i c r e s i d u e i s f i n e l y d i v i d e d , and of h i g h e r d e n s i t y than 
wood c h i p s , 0.5 g/ml 3 compared t o 0.36, and has a v e r y low l i g n i n 
c o n t e n t . As a r e s u l t , the output o f f e r m e n t a b l e sugars f o r a 
g i v e n s i z e of d i g e s t e r w i l l be about t w i c e t h a t o b t a i n a b l e w i t h 
c h i p s . 

Enzyme H y d r o l y s i s 

C e l l u l a s e enzyme, produced by Trichoderma r e e s e i , a v a r i a n t 
of T. v i r i d a e , was k i n d l y s u p p l i e d by Dr. Mandels of the N a t i c k 
l a b o r a t o r y , and used f o r enzymatic h y d r o l y s i s a t pH 4.8, 50°C of 
a u t o h y d r o l y s e d aspen wood o b t a i n e d by c o n t i n u o u s h y d r o l y s i s , and 
c e l l u l o s i c r e s i d u e from the a u t o h y d r o l y s i s - e x t r a c t i o n p r o c e s s . 
Sugar was determined by t h e d i n i t r o s a l i c y c l i c a c i d (DNSA) method 
of M i l l e r (18) as m o d i f i e d by the N a t i c k c e l l u l a s e l a b o r a t o r y 
( 1 9 ) . The N a t i c k l a b o r a t o r y had a l r e a d y t e s t e d a u t o h y d r o l y s e d 
wood samples pre p a r e d i n the c o n t i n u o u s r e a c t o r , w i t h e n c o u r a g i n g 
r e s u l t s . F i g u r e 2 i l l u s t r a t e s our r e s u l t s . I t shows a v e r y 
r a p i d i n i t i a l r e a c t i o n , s l o w i n g c o n s i d e r a b l y a f t e r 24 h o u r s . The 
r e s u l t s i n F i g u r e 2 a l s o show i n c r e a s i n g s a c c h a r i f i c a t i o n when 
h i g h e r amounts of c e l l u l a s e a r e used. When 20% of the enzyme, 
based on a u t o h y d r o l y s e d wood w e i g h t , was used, the y i e l d of sugars 
was 77% of t h e o r y i n 3 days. I n another s e t of experiments u s i n g 
10% by weight o f c e l l u l a s e , the a c t i o n of the enzyme was c o n t i n u e d 
f o r 13 days. The y i e l d a f t e r 3 days was 52%, i n agreement w i t h 
the r e s u l t s shown i n F i g u r e 2, but the a c t i o n of the enzyme con
t i n u e d , new sugar b e i n g formed a t the r a t e of about 3% a day. At 
13 days, when the experiment was d i s c o n t i n u e d , the y i e l d was 90% 
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ο Saccharification, % of Theory 

Hydrolysis Stages 

Figure 1. Multistage hydrolysis of autohydrolyzed-extracted lignocellulosic resi
due, 2.0% HtSOk on lignocellulosic residue; each stage 20 min at 190°C 
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Weight % Cellulase 0.125IuB/mg 
(filter paper activity) PH 4.8 50° C 

Time (days) 

Figure 2. Enzymatic hydrolysis of autohydroly zed aspen wood (continuous auto
hydrolysis) 
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of t h e o r y , and the curve had not l e v e l l e d o f f , s u g g e s t i n g t h a t 
s t i l l h i g h e r y i e l d s were p o s s i b l e from the o r i g i n a l a d d i t i o n o f 
c e l l u l a s e . 

Such curves may be seen i n F i g u r e 3, which shows the r e s u l t s 
o f c e l l u l a s e h y d r o l y s i s o f v a r i o u s s u b s t r a t e s . I n these e x p e r i 
ments absorbent c o t t o n was o n l y s l i g h t l y a t t a c k e d by the enzyme, 
w h i l e the f o u r o t h e r s u b s t r a t e s were r a p i d l y a t t a c k e d i n the f i r s t 
24 h o urs. T h e r e a f t e r , the c e l l u l a s e c o n t i n u e d i t s s a c c h a r i f i c a 
t i o n a c t i o n , sugar y i e l d s of about 90% b e i n g o b t a i n e d i n 12 days 
from shredded f i l t e r paper. There were o t h e r v e r y l a r g e d i f f e r 
ences observed. A u t o h y d r o l y s e d aspen prepared i n the c o n t i n u o u s 
r e a c t o r was almost as good a s u b s t r a t e as the f i l t e r paper, where
as the same p r o c e s s c a r r i e d out i n the b a t c h r e a c t o r s produced 
m a t e r i a l h i g h l y r e s i s t a n t t o enzymatic h y d r o l y s i s . The b a t c h 
a u t o h y d r o l y s e d aspen reached 30% s a c c h a r i f i c a t i o n i n 1 day, then 
r e s i s t e d f u r t h e r enzymatic a t t a c k . The d i f f e r e n c e i s a t t r i b u t a b l e 
t o the p h y s i c a l form, s i n c e the d i s c h a r g e from the c o n t i n u o u s 
d i g e s t e r i n v o l v e s an i n s t a n t a n e o u s change from about 200 pounds 
per square i n c h p r e s s u r e t o atmospheric p r e s s u r e . T h i s i s accom
p a n i e d by f l a s h i n g o f f of steam and v o l a t i l e s . The wood substance 
i s t h e r e b y d i s r u p t e d , and the c e l l s s e p a r a t e d and exposed. Upon 
e x t r a c t i o n of the b a t c h a u t o h y d r o l y s e d m a t e r i a l w i t h NaOH, i t 
became much more s u s c e p t i b l e t o enzymatic h y d r o l y s i s , sugar y i e l d s 
of about 65% b e i n g o b t a i n e d i n 12 days, but as i s e v i d e n t from 
F i g u r e 3 i t d i d not r e a c h t h e r a t e of s a c c h a r i f i c a t i o n a c h i e v e d 
w i t h the c o n t i n u o u s l y a u t o h y d r o l y s e d wood. 

F i g u r e 4 shows the e f f e c t of m u l t i s t a g e enzymatic h y d r o l y s i s 
of c o n t i n u o u s l y a u t o h y d r o l y s e d aspen wood. At the end of 2 days 
of c e l l u l a s e h y d r o l y s i s a t pH 4.8, 50°C w i t h 10% o f enzyme on 
wood, the sugar s o l u t i o n and enzyme were removed and the r e s i d u e 
was washed w i t h hot water. F r e s h enzyme was then added and the 
h y d r o l y s i s c o n t i n u e d f o r another day, when a g a i n sugars and enzyme 
were removed, and a new h y d r o l y s i s s t a r t e d . I t i s e v i d e n t from 
the r e s u l t s of F i g u r e 4 t h a t by the end of day 5, 97.2% s a c c h a r i -
f i c a t i o n was o b t a i n e d , and a f t e r 9 days the y i e l d was 99.9%, the 
r e s i d u e b e i n g a v e r y f i n e l y d i v i d e d b l a c k powder, most l i k e l y 
r e s i d u a l l i g n i n . 

The r e s u l t s of m u l t i s t a g e enzyme treatment suggests t h a t 
f u r t h e r study o f c e l l u l a s e a c t i o n i s f u l l y w a r r a n t e d . One hope
f u l a r e a would be t o decrease the h y d r o l y s i s time and enzyme 
c o n c e n t r a t i o n , and i n c r e a s e the number of s t a g e s . Another 
approach would be t o remove the sugars by some o t h e r means, such 
as d i a l y s i s o r f e r m e n t a t i o n ( 2 0 ) . 

F e r m e n t a t i o n 

S o l u t i o n s o f wood sugars were fermented a n a e r o b i c a l l y by 
o r d i n a r y F l e i s c h m a n n 1 s y e a s t (Saccharomyces c e r e v i s i a e ) . A f t e r 2 
days the brews were t e s t e d f o r r e s i d u a l sugar. A l s o samples of 
the brew were d i s t i l l e d and the d i s t i l l a t e s a n a l y s e d f o r e t h a n o l 
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Figure 3. Enzymatic hydrolysis of various substrates by cellulase, 10.0% on sub
strate, pH 4.8,50°C 
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Time (days) 

Figure 4. Enzymatic hydrolysis of autohydroly zed aspen wood (continuous auto
hydrolysis), 10.0% cellulase on wood, pH 4.8,50°C, single and multi-stage 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
ch

01
3

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



192 C H E M I S T R Y F O R E N E R G Y 

u s i n g gas chromatography. Complete f e r m e n t a t i o n of the sugars 
occured when the sugars were d e r i v e d from a u t o h y d r o l y s e d -
e x t r a c t e d wood c e l l u l o s i c r e s i d u e s , but o n l y 72% of the sugars 
were fermented i n the 2 day p e r i o d when they were o b t a i n e d by 
h y d r o l y s i s of a u t o h y d r o l y s e d but not e x t r a c t e d p u l p . The sugars 
i n the a u t o h y d r o l y s i s l i q u o r s , t h a t i s the h e m i c e l l u l o s e s o l u t i o n s , 
were o n l y 27% fermented i n t h a t p e r i o d . T h i s was not s u r p r i s i n g 
s i n c e most of the h e m i c e l l u l o s e of aspen i s x y l a n , a sugar not 
f e r m e n t a b l e by t h i s y e a s t . 

A l c o h o l r e c o v e r y from the f e r m e n t a t i o n brews was l e s s than 
complete i n most c a s e s , which may be a t t r i b u t a b l e t o l e s s than 
i d e a l c o n d i t i o n s . The b e s t y i e l d s , 60 t o 97% of t h e o r y , were 
o b t a i n e d w i t h sugars o b t a i n e d by h y d r o l y s i s of c e l l u l o s i c r e s i d u e s 
of the a u t o h y d r o l y s i s - e x t r a c t i o n p r o c e s s . U n e x t r a c t e d p u l p s , o r 
the h e m i c e l l u l o s e s o l u t i o n s , gave poor e t h a n o l f o r m a t i o n , which 
suggests i n h i b i t i o n . I n t h e c a l c u l a t i o n o f m a t e r i a l and energy 
b a l a n c e s which f o l l o w s , we have assumed 95% y i e l d s of e t h a n o l 
from wood s u g a r s , which i s r e a d i l y a c h i e v e d i n i n d u s t r i a l p r a c 
t i c e and which we b e l i e v e t o be a c h i e v a b l e w i t h our wood sugars 
as w e l l . 

M a t e r i a l and Energy Balances 

The c h a r t of F i g u r e 5 shows m a t e r i a l and energy b a l a n c e s f o r 
e t h a n o l p r o d u c t i o n from aspen wood f o l l o w i n g a u t o h y d r o l y s i s and 
c a u s t i c e x t r a c t i o n , i n c l u d i n g the r e s u l t s of a c i d h y d r o l y s i s o f 
the l i g n o c e l l u l o s i c r e s i d u e , and the c o r r e s p o n d i n g f i g u r e s f o r 
enzymatic h y d r o l y s i s . The numbers i n b o t h cases a r e based upon 
the d a t a o b t a i n e d i n each s t a g e of p r o c e s s i n g as d e s c r i b e d above 
i n t h i s r e p o r t . 

From the c h a r t of F i g u r e 5, we can expect t o o b t a i n from one 
ton of aspen wood (dry b a s i s ) , f o l l o w i n g a u t o h y d r o l y s i s , c a u s t i c 
e x t r a c t i o n , a c i d h y d r o l y s i s and f e r m e n t a t i o n , 452.6 pounds or 
57.3 g a l l o n s o f 100% e t h a n o l , o r 58.4 g a l l o n s of the 95% e t h a n o l -
water a z e o t r o p e . I f enzyme h y d r o l y s i s i s employed i n s t e a d o f a c i d 
h y d r o l y s i s , somewhat more e t h a n o l i s o b t a i n e d , 533.6 pounds or 
67.6 g a l l o n s of 100% e t h a n o l , c o r r e s p o n d i n g t o 68.9 g a l l o n s of 95% 
e t h a n o l . As was s t a t e d above, the t h e o r e t i c a l e x p e c t a t i o n i f a l l 
s t a g e s gave 100% y i e l d s would be 649 l b s o r 81.1 g a l l o n s . The 
e x p e r i m e n t a l r e s u l t s r e p o r t e d here suggest t h a t we may expect 
r e c o v e r y of e t h a n o l by these two p r o c e s s e s a t 70.7% and 83.4% o f 
t h i s t h e o r e t i c a l l e v e l . I n a d d i t i o n we may expect t o r e c o v e r 426 
l b of s o l i d l i g n i n and 246 l b of r e c o v e r a b l e v o l a t i l e s m a i n l y 
f u r f u r a l and a c e t i c and f o r m i c a c i d s . The l i g n i n so o b t a i n e d may 
be used as a s o l i d f u e l , or i t may be c o n v e r t e d t o u s e f u l chemi
c a l s . The f u r f u r a l i n the v o l a t i l e s i s r e a d i l y condensed and i s 
a l s o a u s e f u l c h e m i c a l . A c e t i c and f o r m i c a c i d s are a l s o a r t i c l e s 
of commerce. 

Energy b a l a n c e s shown on the c h a r t s of F i g u r e 5 are based on 
heat v a l u e s re-determined h e r e . These heat v a l u e s a r e shown i n 
Table I . 
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Aspen Wood Chips 
2000 lbs. (Dry Basis) 

18.49 MM BTU 

autohydrolysis 

Pulp 
(pulp + lignin) 

1496 lbs. 
12.00 MM BTU 

Wash Water 
(hemicelluloses) 

258 lbs. 

V o l a t i l e s 
(acetic acid, formic 
acid, f u r f u r a l , etc.) 

246 lbs. 

I 
Reducing Sugars 

(20%) *• Ethanol 
Detected - Determined 16.6 lbs. 

164 lbs. 0.24 MM BTU 
extraction 
(20% NaOH) 

1 
Pulp 

(mainly cellulose) 
1009 lbs. 

8.17 MM BTU 

Lignin 
452 lbs. 

I 

Solids 
426 lbs. 

3.80 MM BTU 

Remained i n Solution 
26.4 lbs. 

enzyme hydrolysis (95%) 

Glucose 
1065 lbs. 

fermentation (95%) 

Ethanol 
517 lbs. 

6.70 MM BUT 

acid hydrolysis (80%) 

Glucose 
897 lbs. 

fermentation (95%) 

Ethanol 
436 lbs. 

5.65 MM BTU 

Figure 5. Material and energy balance. Acid and enzyme hydrolysis following 
autohydrolysis and caustic extraction. 
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TABLE I 

Heat of Combustion Data 

Substance 

aspen c h i p s 
a u t o h y d r o l y s e d aspen 
l i g n i n 
l i g n o c e l l u l o s i c p u l p 
e t h a n o l ( a b s o l u t e ) 

Heat of Combustion 
BTU/lb 

9,246 
10,010 
11,106 
8,098 

12,968 

U s i n g these d a t a we have the f o l l o w i n g gross energy r e c o v e r y 
per t o n of aspen wood: 

10 6 BTU 
a c i d h y d r o l y s i s enzyme h y d r o l y s i s 

e t h a n o l 
l i g n i n 
v o l a t i l e s 

5.88 
3.80 
+ 

6.93 
3.80 
+ 

9.68 + 
=52.35 +% 

10.73 + 
=58.03+% 

T h i s gross energy r e c o v e r y makes no all o w a n c e f o r p r o c e s s i n g 
energy, i n c l u d i n g a u t o h y d r o l y s i s , a c i d h y d r o l y s i s and a l c o h o l 
d i s t i l l a t i o n . We can e s t i m a t e i t as f o l l o w s : 

1 0 b BTU 
a c i d h y d r o l y s i s enzyme h y d r o l y s i s 

a u t o h y d r o l y s i s 
c a u s t i c e x t r a c t i o n 
h y d r o l y s i s 
d i s t i l l a t i o n 

n et energy r e c o v e r y 

0.6 
0.1 
0.6 
1.7 
3.0 

=37.1% 

0.6 
0.1 
0.2 
2.0 
2.9 

=42.3% 

From these e s t i m a t e s i t i s apparent t h a t the l i g n i n r e c o v e r e d 
i s c a p a b l e of p r o v i d i n g a l l of the energy r e q u i r e d t o op e r a t e the 
p r o c e s s e s , w i t h a l i t t l e l e f t o ver. 

The c h a r t of F i g u r e 6 r e p r e s e n t s the r e s u l t s o f a c i d h y d r o l y 
s i s and f e r m e n t a t i o n of a u t o h y d r o l y s e d aspen. The y i e l d o f 
e t h a n o l i s s l i g h t l y l e s s than t h a t o b t a i n e d from a u t o h y d r o l y s e d 
c a u s t i c e x t r a c t e d aspen b e i n g 436 l b o r 55.2 g a l l o n s of 100% 
e t h a n o l , o r 56.3 g a l l o n s o f 95% e t h a n o l b e i n g o b t a i n e d p e r t o n of 
wood. The h y d r o l y s i s r e s i d u e , a m o d i f i e d l i g n i n , i s o b t a i n e d a t 
the r a t e of 455 l b per t o n of wood, and about 500 l b h e m i c e l l u l o s e s 
and v o l a t i l e s a r e a l s o a v a i l a b l e f o r v a r i o u s uses. The gross 
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Aspen Wood Chips 
2000 l b s . (Dry Basis) 

18.49 MM BTU 

autohydrolysis 

v o l a t i l e s and solubles 

a c i d h y d r o l y s i s 

Glucose 
1087 l b s . 

fermentation 
90% 

Ethanol 
436 l b s . 

5.64 MM BTU 

Residue ( l i g n i n ) 
455 l b s . 

4.06 MM BTU 

Figure 6. Material and energy balance acid hydrolysis of autohydroly zed aspen 
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energy r e c o v e r y i s 52.43%. S i n c e t h e r e i s no c a u s t i c e x t r a c t i o n 
s t a g e , a l i t t l e energy w i l l be saved i n p r o c e s s i n g , and the net 
energy r e c o v e r y i s e s t i m a t e d a t 36.8%. As b e f o r e , t h e r e i s enough 
l i g n i n r e s i d u e t o f u e l the p r o c e s s . 

When a u t o h y d r o l y s e d aspen was t r e a t e d w i t h c e l l u l a s e enzyme, 
poor r e s u l t s were o b t a i n e d . Based on a t o n of d r y wood, o n l y 
about 300 l b o f ferment a b l e sugars were o b t a i n e d , and the fermen
t a t i o n was v e r y i n e f f i c i e n t w i t h low y i e l d s of e t h a n o l . These 
r e s u l t s compare p o o r l y w i t h those shown i n F i g u r e 5 when autohy-
d r o l y s e d - c a u s t i c e x t r a c t e d aspen was t r e a t e d w i t h c e l l u l a s e 
enzyme, and then fermented. I t would appear from these r e s u l t s 
t h a t the c a u s t i c e x t r a c t i o n s t e p f o r l i g n i n removal would be 
ne c e s s a r y i f the enzymatic h y d r o l y s i s p r o c e s s were t o be adopted 
and a d v i s a b l e when a c i d h y d r o l y s i s i s used. 

Economics of the Two P r o c e s s e s 

The d a t a above enable us t o make some rough e s t i m a t e s o f 
c o s t s a s s o c i a t e d w i t h two p r o c e s s e s : ( i ) ACID, t h a t i s aspen 
w o o d - a u t o h y d r o l y s i s - c a u s t i c e x t r a c t i o n - a c i d h y d r o l y s i s - f e r m e n t a 
t i o n - d i s t i l l a t i o n ; and ( i i ) ENZYME, t h a t i s aspen wood-autohydro
l y s i s - c a u s t i c e x t r a c t i o n - e n z y m a t i c h y d r o l y s i s - f e r m e n t a t i o n -
d i s t i l l a t i o n . For purposes of comparison, the pr o d u c t i n bot h 
cases w i l l be assumed t o be 10 m i l l i o n g a l l o n s o f 95% e t h a n o l p e r 
y e a r , a minimum economic s i z e . 

A c i d Enzyme 

Wood req u i r e m e n t , c h i p s , d ry tons/day 490 415 
C a p i t a l C o s t s , $ 
c h i p s t o r a g e and d i s t r i b u t i o n 1,000,000 850,000 
a u t o h y d r o l y s i s stage 4,000,000 3,500,000 
c a u s t i c e x t r a c t i o n stage 1,000,000 1,000,000 
h y d r o l y s i s s t a g e 4,000,000 2,000,000 
f e r m e n t a t i o n 2,800,000 3,500,000 
d i s t i l l a t i o n 1,800,000 1,800,000 
steam system 1,600,000 800,000 
water system 150,000 400,000 
m a t e r i a l s t o r a g e and h a n d l i n g 1,000,000 1,000,000 
p o l l u t i o n c o n t r o l 150,000 150,000 
b u i l d i n g s and l a n d 3,500,000 3,500,000 

t o t a l p h y s i c a l p l a n t 21,000,000 18,500,000 
e n g i n e e r i n g c o n s t r u c t i o n 

overhead, c o n t i n g e n c y 4,000,000 4,000,000 
25,000,000 22,500,000 

w o r k i n g c a p i t a l 3,000,000 3,000,000 
$28,000,000 $25,500,000 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
ch

01
3

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



13. W A Y M A N E T A L . Material and Energy Balances in Ethanol Production 197 

A c i d Enzyme 

Annual O p e r a t i n g Costs $ 
Wood 

c a u s t i c soda 
s u l p h u r i c a c i d 
f e r m e n t a t i o n c h e m i c a l s 
p a c k a g i n g and d i s t r i b u t i o n 

t o t a l v a r i a b l e c o s t s 
u t i l i t i e s 
l a b o u r 
maintenance m a t e r i a l s 
o t h e r 

t o t a l f i x e d c o s t s 
t o t a l annual o p e r a t i n g c o s t s 
20% of investment 

t o t a l annual c o s t s 

4,300,000 
200,000 
600,000 

1,000,000 
6,100,000 

100,000 
2,000,000 

200,000 
200,000 

2,500,000 
8,600,000 
5,600,000 

$14,200,000 

3,630,000 
200,000 

1,000,000 
1,000,000 
5,830,000 

100,000 
2,000,000 

200,000 
200,000 

2,500,000 
8,330,000 
5,100,000 

$13,430,000 

P r i c e per g a l l o n , i n c l u d i n g 
d i s t r i b u t i o n and p r o f i t , but 
no t a x $1.42 $1.34 

The above rough economics suggest a s i g n i f i c a n t advantage f o r 
the enzymatic p r o c e s s , about 10% i n c a p i t a l c o s t s and 6% i n p r o 
duct " c o s t " , o r , s i n c e i t i n c l u d e s an a l l o w a n c e f o r adequate 
r e t u r n on i n v e s t m e n t , p r i c e . The p r i c e per g a l l o n would make 
t h i s e t h a n o l c o m p e t i t i v e w i t h i n d u s t r i a l a l c o h o l today, but i t i s 
too expensive to be c o n s i d e r e d f o r motor f u e l a t p r e s e n t g a s o l i n e 
p r i c e s . 

The c a p i t a l c o s t s g i v e n a r e below those g i v e n by M i t r e ( 2 1 ) , 
or by Katzen ( 2 2 ) , but a r e i n l i n e w i t h those e s t i m a t e d by 
R obertson, N i c k e r s o n (23). I t would take more d a t a than a r e 
a v a i l a b l e to choose among these e s t i m a t e s . Our e s t i m a t e i s based 
on a f l o w s h e e t , i n q u i r i e s of equipment c o s t s and e s t i m a t e s based 
on o t h e r e x p e r i e n c e . D i r e c t e x p e r i e n c e i s , so f a r , not a v a i l a b l e . 
What i s b a d l y needed i s a d e m o n s t r a t i o n p l a n t . 

The d i s t r i b u t i o n of f a c t o r s which e n t e r i n t o the p r i c e may 
be summed up as f o l l o w s : 

v a r i a b l e o p e r a t i n g c o s t s 43% 
c a p i t a l r e l a t e d 39% 
f i x e d o p e r a t i n g c o s t s 18% 

100% 

The major f a c t o r which e n t e r s i n t o v a r i a b l e o p e r a t i n g c o s t s i s 
wood, here taken as $25.00 per dry t o n , a r e a s o n a b l e c u r r e n t p r i c e 
f o r aspen c h i p s i n s e v e r a l l o c a t i o n s i n Canada. Under some spe
c i a l c i r c u m s t a n c e s t h i s can be reduced c o n s i d e r a b l y : waste aspen 
c h i p s , f o r example, would c o s t $18.00 pe r t o n . I f a v a i l a b l e i n 
adequate q u a n t i t y , such c h i p s would cut the c o s t of e t h a n o l by 
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about 10 t o 12c per g a l l o n . Government i n t e r e s t i n i n d u s t r i a l 
employment might r e s u l t i n s u b s i d i e s which c o u l d e f f e c t i v e l y c ut 
the c a p i t a l c o s t i n h a l f . T h i s would reduce the c o s t by 25 t o 28c 
per g a l l o n . Thus, i t i s c o n c e i v a b l e t h a t a p r o p e r l y l o c a t e d and 
funded p r o j e c t c o u l d b r i n g the p r i c e of t h i s e t h a n o l t o $1.00. 
T h i s would r e p r e s e n t a v e r y good p r i c e f o r i n d u s t r i a l e t h a n o l . I t 
i s s t i l l too h i g h f o r g a s o l i n e , even t a k i n g i n t o account expected 
g a s o l i n e p r i c e s as now p r o j e c t e d f o r the next decade, u n l e s s 
u n f o r s e e n s h o r t a g e s impose s p e c i a l advantages f o r t h i s type of 
motor f u e l . 

D i s c u s s i o n 

The p r e s e n t r e s u l t s suggest t h a t the enzymatic h y d r o l y s i s 
p r o c e s s i s a t l e a s t c o m p e t i t i v e w i t h the a c i d h y d r o l y s i s p r o c e s s . 
The main d i f f i c u l t y w i t h i t i s the l o n g time r e q u i r e d f o r the 
h y d r o l y s i s , compared w i t h the a c i d p r o c e s s . The p r e s e n t work 
suggested a mechanism f o r overcoming t h i s problem, which i s t o 
remove the sugars as formed, perhaps by combining the enzymatic 
h y d r o l y s i s and the f e r m e n t a t i o n i n one v e s s e l a t the same time. 
In such a combined p r o c e s s , the removal of the sugars from the 
s o l u t i o n as soon as they a r e formed by the f e r m e n t a t i o n would be 
expected t o i n c r e a s e b o t h the y i e l d and the r a t e of h y d r o l y s i s . 

T h i s work a l s o suggests o t h e r r e s e a r c h and development d i r 
e c t i o n s needed t o b r i n g the p r i c e of e t h a n o l down t o an automotive 
f u e l l e v e l . We need a lower c a p i t a l c o s t h y d r o l y s i s p r o c e s s which 
can produce a c o n c e n t r a t e d sugar s o l u t i o n . We a l s o need a fermen
t a t i o n p r o c e s s a d a p t a b l e to c o n c e n t r a t e d sugar s o l u t i o n s t o lower 
a l c o h o l p u r i f i c a t i o n c o s t s . F i n a l l y we need t o r e c o v e r and i n 
c l u d e by-product v a l u e s - l i g n i n , f u r f u r a l , a c i d s , methanol, e t c . -
i n our income. 

We s h o u l d a l s o t r y t o a c h i e v e economy of s c a l e , which would 
reduce u n i t c o s t c o n s i d e r a b l y . Based on p l a n t a t i o n h y b r i d p o p l a r 
( 1 ) , p l a n t s of 100 t o 200 m i l l i o n g a l l o n s per y e a r can be b u i l t -
10 t o 20 times as l a r g e as the example used i n these c a l c u l a t i o n s . 
T h i s would reduce b o t h c a p i t a l and raw m a t e r i a l c o s t s . Perhaps we 
need t o be b o l d e r i n our approach t o d e s i g n of e t h a n o l frombiomass. 

Summary and C o n c l u s i o n s 

1. Y i e l d s of e t h a n o l from aspen wood are 70.7% and 83.4% of theo
r e t i c a l where a c i d h y d r o l y s i s and enzymatic h y d r o l y s i s were 
employed. These were, r e s p e c t i v e l y , 58.4 g a l l o n s and 68.9 
g a l l o n s o f 95% e t h a n o l per t o n of aspen wood. I n a d d i t i o n 426 
l b l i g n i n w i t h heat of combustion o f 11,100 BTU/lb were 
o b t a i n e d . 

2. Gross energy r e c o v e r i e s ( e t h a n o l + l i g n i n ) by the two p r o c e s s e s 
were 52.4% and 58.0%, r e s p e c t i v e l y . T a k i n g e s t i m a t e s of p r o 
cess energy i n t o account, n e t energy r e c o v e r i e s were 36.1% and 
42.3%. 
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3. Mul t i - s t age hydro lys i s was b e n e f i c i a l , compared to s ing l e stage 
h y d r o l y s i s , for both a c i d and enzymatic h y d r o l y s i s . Sugar 
y i e l d s of 80% of theory were obtained i n 5-stage ac id hydro
l y s i s , and over 99% i n 3-stage enzymatic h y d r o l y s i s . These 
r e s u l t s wi th enzyme hydro lys i s suggest that constant removal of 
sugar as formed, by d i a l y s i s or by fermentation, may grea t ly 
improve present enzymatic hydro lys i s procedures. 

4. Wood pretreated by autohydrolysis and ex t r ac t ion i s necessary 
for successful enzymatic h y d r o l y s i s , and advantageous for ac id 
h y d r o l y s i s . 

5. Economic estimates show a s i g n i f i c a n t advantage i n c a p i t a l and 
operating costs for enzymatic hydro lys i s e thanol . The i nves t 
ment required for a plant to make 10 m i l l i o n gal lons per year 
of aspen-based ethanol would be about $25 to $28 m i l l i o n . The 
p r i c e of the product, i n c l u d i n g a reasonable re turn on i n v e s t 
ment , would be about $1.34 to $1.42 per g a l l o n . About one 
quarter of the cost i s wood cos t , and another two-f i f ths i s 
c a p i t a l r e l a t e d . By a proper choice of l o c a t i o n wi th good pro
x imi ty to cheap aspen ch ips , and by su i t ab le funding arrange
ments, the p r i c e of 95% ethanol could be reduced to $1.00 per 
g a l l o n . This would be a good p r i c e for i n d u s t r i a l a l c o h o l . I t 
i s too high to be considered as a gasoline subs t i t u t e , unless 
unforseen shortages impose s p e c i a l advantages for t h i s type of 
motor f u e l . 
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Abstract 

Experimental production of ethanol from aspen wood gave 
yields of 70.7% or 83.4% of theory when acid hydrolysis or enzy
matic hydrolysis were used after autohydrolysis and extraction of 
lignin. These were, respectively, 58.4 and 68.9 gallons of 95% 
ethanol per ton of aspen wood (dry basis). In addition 426 lb of 
lignin with heat of combustion 11,100 BTU/lb were obtained per ton 
of wood. Gross energy recovery (ethanol + lignin) was 52.4 and 
58.0% by the two processes, or allowing for processing energy, net 
energy recovery was 36.1 and 42.3% respectively. Multi stage 
hydrolysis was beneficial for both acid and enzymatic hydrolysis, 
80% and over 99% of theoretical yields of sugar being obtained by the 
two processes. Economic estimates show a significant advantage in 
investment and operating costs for the enzymatic process. The 
price of 95% ethanol, including a reasonable return on investment 
by this process is estimated at $1.34/gallon. This would be a 
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good price for industrial ethanol, but would be quite high for 
gasoline use under prevailing circumstance. 
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14 
Photochemical Aspects of Solar Energy Conversion and 
Storage 

JAMES R. BOLTON 
Photochemistry Unit, Chemistry Department, University of Western Ontario, 
London, Ontario, Canada N6A 5B7 

Most of the current and proposed applications of solar energy 
involve i ts conversion to heat for space and water heating or to 
drive a Carnot engine to produce mechanical work or electricity. 
There are, however, some applications of solar energy which 
involve its conversion directly into electricity or to be stored 
as chemical energy without any thermal step in the process. These 
applications are quantum processes in that solar photons are 
employed to drive photophysical and photochemical processes. In 
this article, I w i l l define qualitatively and quantitatively the 
thermodynamic and kinetic limits on the photochemical conversion 
and storage of solar energy as it is received on the earth's 
surface, evaluate a number of possible reactions with particular 
emphasis on the generation of solar fuels such as hydrogen from 
water and the generation of electricity. 

A. General Requirements on the Photochemical Reaction 

Many authors have considered the general requirements for 
useful solar photochemical reactions (1, 2, 3, 4, 5). In summary, 
they are: 

1. The photochemical reaction must be endergonic. 

2. The process must be cyclic. 

3. Side reactions leading to the irreversible degradation of 
the photochemical reactants must be totally absent. 

4. The reaction should be capable of operating over a wide 
bandwidth of the visible and ultraviolet portions of the 
solar spectrum with a threshold wavelength well into the 
red or near infrared. 

5. The quantum yield for the photochemical reaction should 
be as high as possible. 

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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14. B O L T O N Solar Energy Conversion and Storage 203 

I n a d d i t i o n , t h e r e a re some requirements w h i c h apply p a r t i 
c u l a r l y t o c h e m i c a l energy s t o r a g e r e a c t i o n s : 

6. The b a c k - r e a c t i o n must be e x t r e m e l y slow under ambient 
c o n d i t i o n s t o p e r m i t long-term s t o r a g e , b u t s h o u l d p r o 
ceed r a p i d l y under s p e c i a l c o n t r o l l e d c a t a l y t i c c o n d i 
t i o n s o r e l e v a t e d temperatures so as t o r e l e a s e the 
s t o r e d energy when needed. 

7. The p r o d u c t ( s ) o f the p h o t o c h e m i c a l r e a c t i o n s h o u l d be 
easy t o s t o r e and t r a n s p o r t . 

8. The reagents and any c o n t a i n e r m a t e r i a l s h o u l d be cheap 
and n o n - t o x i c and the r e a c t i o n s h o u l d be u n a f f e c t e d by 
oxygen. 

A t p r e s e n t , the o n l y p h o t o c h e m i c a l s t o r a g e system w h i c h 
s a t i s f i e s n e a r l y a l l o f these c o n d i t i o n s i s the r e a c t i o n o f photo
s y n t h e s i s ; however, c e r t a i n p h o t o v o l t a i c c e l l s such as the s i l i c o n 
and GaAs c e l l s , s a t i s f y many o f the requirements f o r d i r e c t con
v e r s i o n t o e l e c t r i c i t y . I n a d d i t i o n , t h e r e are s e v e r a l p o s s i b l e 
systems which have a p o t e n t i a l t o s a t i s f y most o f the requirements 
and w i l l be c o n s i d e r e d i n t h i s a r t i c l e . 

B. S o l a r Energy A v a i l a b l e a t the Band Gap Wavelength 

D i r e c t c o n v e r s i o n systems are t h r e s h o l d d e v i c e s , t h a t i s , 
t h e r e i s a minimum photon energy which can i n i t i a t e the photo
ch e m i c a l r e a c t i o n . T h i s i s c a l l e d the hand-gap energy E g w i t h a 
c o r r e s p o n d i n g band-gap wavelength Xg. Eg u s u a l l y corresponds t o 
the 0-0 t r a n s i t i o n t o the l o w e s t e x c i t e d s i n g l e t s t a t e o f the 
absorber (see F i g . 1 ) . Hence, i t i s i m p o r t a n t t o know what f r a c 
t i o n o f the i n c i d e n t s o l a r power i s a v a i l a b l e a t the band-gap 
energy. 

I f NS(X) i s the i n c i d e n t s o l a r photon f l u x i n the wavelength 
band from X t o X + dX ( i n photons m~2 s " 1 nm~l) and α(λ) i s the 
a b s o r p t i o n c o e f f i c i e n t o f the absorber i n the same band, then the 
absorbed f l u x o f photons w i t h λ <_ Xq i s g i v e n by 

λ 

(1) 

0 

The a v a i l a b l e s o l a r power Ε (Wm ) a t E a i s thus 

= J he (2) Ε e 

Then the f r a c t i o n η Ε o f the i n c i d e n t s o l a r power a v a i l a b l e t o 
i n i t i a t e p h o t o c h e m i s t r y i s 
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Reaction coordinate 

Figure 1. Energy profile for a general endergonic photochemical reaction R —» P. 
Eg is the minimum energy gap between the lowest vibrational levels of the excited 
state R* and the ground state R of the absorber. E r * is the activation energy for 

the back reaction Ρ - » R. 
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n E = —œ (3) 

J Ε (λ) άλ 
0 

where the denominator i n Eq. (3) i s the t o t a l i n c i d e n t s o l a r 
power. 

As an a p p r o x i m a t i o n t o the s o l a r d i s t r i b u t i o n a t the e a r t h ' s 
s u r f a c e , we w i l l take Boer's (T/S) d i s t r i b u t i o n f o r AM 1.2 which 
i s f o r a b r i g h t sunny summer day near noon ( 6 ) . (AM stands f o r 
a i r mass. AM Ο would co r r e s p o n d t o i n c i d e n t s o l a r power o u t s i d e 
the e a r t h ' s atmosphere. AM 1 would c o r r e s p o n d t o i n c i d e n t s o l a r 
power a t sea l e v e l w i t h the sun a t the z e n i t h . ) I f we make the 
i d e a l assumption t h a t α (λ) = 1 f o r λ <_ Xg and α (λ ) = 0 f o r λ < Xg , 
t h e n we can c a l c u l a t e an i d e a l v a l u e o f η Ε as a f u n c t i o n o f Xg . 
T h i s i s shown as curve Ε i n F i g . 2. η Ε has a maximum v a l u e o f 47% 
a t 1110 nm f o r AM 1.2 b u t the maximum i s v e r y b r o a d i n t h a t HE i s 
> 45% between 800 nm and 1300 nm. I t i s a common m i s c o n c e p t i o n 
among photochemists t h a t % r e p r e s e n t s the f r a c t i o n o f s o l a r power 
t h a t can be c o n v e r t e d t o e l e c t r i c i t y o r c h e m i c a l energy. The next 
s e c t i o n w i l l attampt t o show the f a l l a c y o f t h i s view. 

C. Thermodynamic L i m i t s on the C o n v e r s i o n o f L i g h t Energy t o Work 

Many authors have t r e a t e d the problem o f thermodynamic l i m i t s 
on the c o n v e r s i o n o f l i g h t t o work (e.g., e l e c t r i c i t y o r c h e m i c a l 
f r e e energy) (7-12) ; however, Ross and H s iao (13) have r e c e n t l y 
p u b l i s h e d a p a r t i c u l a r l y l u c i d t r e a t m e n t which I w i l l b r i e f l y 
summarize h e r e . 

C o n s i d e r a d i l u t e s o l u t i o n o f a dye D i n e q u i l i b r i u m w i t h a 
b l a c k box a t temperature T L as shown i n F i g . 3a. The black-body 
r a d i a t i o n w i l l cause a v e r y s m a l l b u t f i n i t e f r a c t i o n o f the dye 
molecules t o be i n the e x c i t e d s t a t e D*. L e t x L be the mole f r a c 
t i o n o f D* m o l e c u l e s a t e q u i l i b r i u m . S i n c e the system i s com
p l e t e l y a t e q u i l i b r i u m , the c h e m i c a l p o t e n t i a l s o f ground and 
e x c i t e d s t a t e s must be e q u a l , t h a t i s 

e e ο ^ m _ ,. x 

y D = V = V + l n X L ( 4 ) 

Now c o n s i d e r the s i t u a t i o n i n F i g . 3b w i t h an e x t e r n a l l i g h t 
beam i r r a d i a t i n g the s o l u t i o n such t h a t D i s b e i n g e x c i t e d t o D* 
by the l i g h t . I f D* has a s u f f i c i e n t l i f e t i m e (> 1 ps) such t h a t 
a Boltzmann d i s t r i b u t i o n i s e s t a b l i s h e d among the v i b r a t i o n a l 
l e v e l s o f D*, then D* can be c o n s i d e r e d t o be a s e p a r a t e c h e m i c a l 
s p e c i e s which has come t o thermal e q u i l i b r i u m w i t h the b l a c k box 
s t i l l a t the temperature T^. L e t x H be the new mole f r a c t i o n o f 
D* where x H » x L . I f we assume t h a t the l i g h t beam i s not so 
s t r o n g t h a t the ground s t a t e would be s i g n i f i c a n t l y d e p l e t e d ( i . e . 
the mole f r a c t i o n o f the ground s t a t e i s e s s e n t i a l l y u n i t y w i t h o r 
w i t h o u t the l i g h t beam), then 
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200 400 600 800 1000 1200 
Xg (nm) 

1400 1600 

Figure 2. Plots of the efficiencies ηΕ, ηγ, η ρ, and ηα as a function of the wavelength 
λΰ corresponding to the hand gap Eg. The distributions have been calculated for 
AM 1.2 sohr radiation (taken from distribution T/S of Ref. 6). Curves, Ε, Ύ, P , 
and C are plots of ηΕ, ηγ, ηρ, and η0 as defined in Equations 3, 8,12, and 16, respec
tively. η0 has been calculated for 0.6, 0.8, and 1.0 eV energy loss, respectively, as 

indicated on the figure. 
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Figure 3. (a) A dilute solution of a dye D in equilibrium with a black body at 
temperature TL but with no external radiation; (b) same system as in (a) but with 
an external light beam irradiating the dye solution such that D is being excited to 

D* by the light 
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However, w i t h the l i g h t beam the c h e m i c a l p o t e n t i a l o f D* w i l l 
i n c r e a s e and now 

y D * = y°* + R T i n (5) 

Thus, the c h e m i c a l p o t e n t i a l d i f f e r e n c e between D and D* 
which can be generated by the l i g h t beam i s 

μ = M D* - = RT I n ( X J J / ^ ) ( 6 ) 

S i n c e μ i n c r e a s e s as the p o p u l a t i o n o f D* i n c r e a s e s , f o r a 
g i v e n l i g h t i n t e n s i t y μ w i l l have i t s maximum v a l u e μ π 1 3 Χ when the 
o n l y r o u t e f o r decay o f D* i s v i a r a d i a t i v e decay ( i . e . 
Φίΐ^^βσβησβ = 1·0) . C l e a r l y μ depends on the l i g h t i n t e n s i t y 
and goes t o z e r o as the l i g h t i n t e n s i t y goes t o zero ( x H x L ) . 

S i n c e Vmax r e p r e s e n t s the maximum thermodynamic p o t e n t i a l , 
the maximum power y i e l d i s then 

Y = J ·μ (7) e max 
and the maximum thermodynamic e f f i c i e n c y i s 

E(A)dX 

(8) 

η γ i s p l o t t e d as curve Y i n F i g . 2. 
Ross and H s i a o (13) have d e r i v e d the f o l l o w i n g e x p r e s s i o n f o r 

y 
max 

μ = + RT I n J - RT i n [ * X ] (9) max λ e , Λ 2 g hA 
g 

where N 0 i s Avogadro 1 s number and η i s the r e f r a c t i v e i n d e x o f the 
medium. 

I t s h o u l d be noted t h a t ηγ i s the maximum thermodynamic e f f i 
c i e n c y o b t a i n e d under r e v e r s i b l e c o n d i t i o n s , i . e . , such t h a t the 
r a t e o f any photochemica1 r e a c t i o n from D* i s i n f i n i t e s i m a l l y 
slow. A l t h o u g h ηγ has some t h e o r e t i c a l i n t e r e s t , i t has no p r a c 
t i c a l i n t e r e s t s i n c e we are i n t e r e s t e d i n ma x i m i z i n g the r a t e o f a 
ph o t o c h e m i c a l r e a c t i o n from D* which w i l l l e a d t o the p r o d u c t i o n 
o f u s e f u l work. The r a t e o f energy c o n v e r s i o n by such a p r o c e s s 
can be d e f i n e d as 

Ρ = J - (1 - <(> ) ·μ (10) e l o s s 
where <f>i0ss r e p r e s e n t s the sum t o t a l quantum y i e l d f o r a l l p r o -
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cesses which do n o t l e a d t o c o n v e r s i o n t o work (e.g., f l u o r e s 
cence, n o n - r a d i a t i v e decay t o D, e t c . ) . Energy c o n v e r s i o n from D* 
w i l l reduce the s t e a d y - s t a t e p o p u l a t i o n o f D* and hence μ w i l l be 
l e s s than μ ^ χ · p must be s o l v e d f o r a maximum such t h a t Φ 1 θ 3 5 i s 
mi n i m i z e d w h i l e k e e p i n g μ as h i g h as p o s s i b l e . 

U s i n g e x p r e s s i o n s d e r i v e d by Ross and Hs i a o (13) a l o n g w i t h 
t h e i r e s t i m a t e t h a t φ ι 0 5 5 % RT/^ m ax* one can o b t a i n the f o l l o w i n g 
e q u a t i o n f o r the o p t i m a l r a t e o f energy c o n v e r s i o n 

max 
where i t i s assumed t h a t n o n - r a d i a t i v e l o s s e s are i n s i g n i f i c a n t 
( i . e . , <l>internal c o n v e r s i o n = °) · Then the maximum f r a c t i o n o f 
the s o l a r power which can be c o n v e r t e d t o u s e f u l work η^ i s 

η = 1 ( 1 2 ) 

Ρ oo 

J E(X)d\ 

0 

η Ρ was c a l c u l a t e d f o r AM 1.2 s o l a r r a d i a t i o n and i s p l o t t e d as 
curve Ρ i n F i g . 2. I t maximizes a t 32% and 840 nm. I t i s i n t e r 
e s t i n g t h a t (|>ioss v a r i e s from 0.01 a t 400 nm t o 0.04 a t 1500 nm 
and i s o n l y 0.022 a t the maximum o f curve P; hence, most o f the 
d i f f e r e n c e between curve s Y and Ρ i s due t o a drop i n μ from y m x . 

Curve Ρ i s q u i t e g e n e r a l and η ρ r e p r e s e n t s a r e a l i s t i c 
maximum c o n v e r s i o n e f f i c i e n c y f o r any d e v i c e s e e k i n g t o c o n v e r t 
s o l a r energy d i r e c t l y t o e l e c t r i c i t y o r s t o r e d c h e m i c a l energy. 
Ross and H s i a o (13) have c a l c u l a t e d c u r v e s Ε, Y and Ρ f o r AM 0 
s o l a r r a d i a t i o n . 

I n g e n e r a l rjp i n c r e a s e s w i t h l i g h t i n t e n s i t y and hence b e t t e r 
performance c o u l d be o b t a i n e d by c o n c e n t r a t i n g s u n l i g h t (e.g., a t 
100 suns η ρ i n c r e a s e s from 32% t o 36% a t 840 nm); however, one 
then has t o contend w i t h h e a t d i s s i p a t i o n problems so the g a i n may 
not be too s i g n i f i c a n t s i n c e ηρ drops r a p i d l y w i t h i n c r e a s i n g 
temperature (e.g., a t 500 Κ ηρ drops t o 24% from 32% a t 300 Κ a t 
840 nm). 

Another way i n which η ρ may be i n c r e a s e d i s t o use two s e p a r 
ate p h o t o c h e m i c a l s e n s i t i z e r s i n two d i s t i n c t ρhotosystems, each 
w i t h a d i f f e r e n t range o f s p e c t r a l s e n s i t i v i t y . A n a l y s i s o f AM 
1.2 r a d i a t i o n (_5) shows t h a t a d e v i c e i n which one s e n s i t i z e r ab
sorbs a l l l i g h t w i t h λ £ and a second s e n s i t i z e r absorbs a l l 
l i g h t i n the range < λ _< λ 2 c o u l d achieve an e f f i c i e n c y o f 44% 
f o r = 830 nm and λ 2 = 1320 nm. There i s a wide range o f 
v a l u e s o f λχ and λ 2 f o r which η ρ i s above 40%. 

F o r c o n v e r s i o n o f s u n l i g h t t o e l e c t r i c i t y , t h e r e i s no reason 
why η ρ cannot be approached. F o r example, a GaAs s o l a r c e l l has 
been r e p o r t e d (14) w i t h an e f f i c i e n c y (AM 1.4) o f 23% ( A g = 920 
nm). Indeed, an a n a l y s i s o f the maximum e f f i c i e n c y o f a s o l a r 
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c e l l based on a semiconductor model (15) reaches a c o n c l u s i o n v e r y 
s i m i l a r t o t h a t c o n s i d e r e d h e r e . 

D. A K i n e t i c L i m i t a t i o n on the C o n v e r s i o n o f L i g h t t o S t o r e d 
Chemical Energy 

When we w i s h t o c o n v e r t and s t o r e s o l a r energy as, f o r 
example, i n an end e r g o n i c p h o t o c h e m i c a l r e a c t i o n , an a d d i t i o n a l 
k i n e t i c requirement i s imposed which can be seen by r e f e r e n c e t o 
F i g . 1. The c o n v e r s i o n o f R* t o Ρ must be an e x e r g o n i c r e a c t i o n 
so t h a t an a c t i v a t i o n energy E* f o r the back r e a c t i o n w i l l be e s 
t a b l i s h e d (16). O t h e r w i s e , Ρ would have no s t a b i l i t y f o r s t o r a g e 
o r subsequent r e a c t i o n s l e a d i n g t o ch e m i c a l s t o r a g e . 

I f the pho t o c h e m i c a l s t e p i s f i r s t o r d e r ( i . e . , e i t h e r u n i -
m o l e c u l a r o r b i m o l e c u l a r where the two r e a c t a n t molecules a r e 
r e s t r i c t e d t o r e a c t o n l y w i t h each o t h e r as i n a s o l i d s t a t e o r on 
a membrane), t h e n we can a p p l y u n i m o l e c u l a r r a t e t h e o r y (17) t o 
e s t i m a t e Ε 

r 
~ —kT h 

Κ = e l n [ k T T ] ( i n e V ) ( 1 3 ) 

where τ i s t h e l i f e t i m e o f the p r i m a r y p r o d u c t s assuming t h a t the 
o n l y r e a c t i o n p o s s i b l e f o r the p r o d u c t s i s the back r e a c t i o n . F o r 
example, i f τ = 1 ms, E£ = 0.6 eV, i f τ = 1 s, Ε* = 0.8 eV; and i f 
τ = 1 0 3 s, E* = 1.0 eV. 

The c r e a t i o n o f t h i s a c t i v a t i o n b a r r i e r must be done a t the 
expense o f the e x c i t a t i o n energy; the l o s s i s c o n s t a n t and i n d e 
pendent o f Xg. Thus, we can d e f i n e a r a t e o f chemical y i e l d C 
(which, o f c o u r s e , must be l e s s than P) as 

C = E-η . (14) chem 
where Ε i s d e f i n e d by Eq. (2) and 

η . - ^ (15) 
chem Ε 

g 
where AG i s the n e t f r e e energy s t o r a g e i n the ph o t o c h e m i c a l s t e p 
and Eg i s d e f i n e d i n F i g . 1. Then the maximum e f f i c i e n c y f o r the 
r a t e o f chem i c a l s t o r a g e w i l l be 

E(A)dX 
0 

η i s p l o t t e d as curve C i n F i g . 2 assuming t h a t E R * - Ep = 0.6 
ev, 0.8 eV and 1.0 eV. The curves maximize a t 2 7% f o r Xg = 840 
nm, 21% f o r Xg = 750 nm and 16% f o r Xg = 710 nm, f o r 0.6 eV, 0.8 
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eV and 1.0 eV l o s s , r e s p e c t i v e l y . 
A g a i n , the c o u p l i n g o f two photosystems i n s e r i e s can improve 

the y i e l d . F o r example, w i t h 0.8 eV l o s s from each photon, r|ç i s 
29% f o r λι = 600 nm and X2 = 850 nm. 

One may argue t h a t t h e l o s s c o u l d be s m a l l e r i f τ were made 
s h o r t e r ; however, secondary r e a c t i o n s n e c e s s a r y t o s t a b i l i z e the 
r e a c t i o n p r o d u c t s must be e x e r g o n i c which w i l l thus i n c u r a d d i 
t i o n a l l o s s e s . 

I f the p h o t o c h e m i c a l s t e p i s second o r d e r , as f o r the b i m o l -
e c u l a r r e a c t i o n o f two components i n s o l u t i o n , then the l o s s can 
be q u i t e s m a l l because o f the s h o r t l i f e t i m e o f the c o l l i s i o n 
complex. However, i n t h i s case the back r e a c t i o n w i l l be v i r 
t u a l l y d i f f u s i o n c o n t r o l l e d and no n e t s t o r a g e w i l l o c c u r . Any
t h i n g which w i l l s low down the back r e a c t i o n must e i t h e r i n v o l v e 
e x e r g o n i c secondary r e a c t i o n s o r c o n v e r s i o n o f the p r o c e s s t o f i r s t 
o r d e r (e.g. by c o n f i n i n g the r e a c t a n t s t o a s u r f a c e o r a membrane). 
Hence, IX lh imJUktly that one can avoid a JLo&é o£ p&nhapA 0.6 -
1.0 QV In any photochojfnlcal mdeAgonlc At&p leading to chemical 
moAgy àtonagd. 

I t i s i n t e r e s t i n g t h a t i n p h o t o s y n t h e s i s the energy l o s s i n 
the p r i m a r y p h o t o c h e m i c a l s t e p i s ^ 0.8 eV f o r photosystems I and 
I I o f green p l a n t s and algae and a l s o f o r p h o t o s y n t h e t i c b a c t e r i a 
(18). A l s o Xg = 700 nm f o r green p l a n t and a l g a l p h o t o s y n t h e s i s , 
a v a l u e near the optimum f o r the 0.8 eV C curve i n F i g . 2. 

Ε. An E s t i m a t e o f S o l a r Energy C o n v e r s i o n E f f i c i e n c y 

Curve Ρ i n F i g . 2 r e p r e s e n t s the i d e a l thermodynamic l i m i t 
f o r c o n v e r s i o n e f f i c i e n c y and curve C s e t s an approximate l i m i t 
f o r the e f f i c i e n c y o f c o n v e r s i o n t o s t o r e d c h e m i c a l energy. There 
are , however, o t h e r l o s s f a c t o r s t o be c o n s i d e r e d which v a r y 
a c c o r d i n g t o the d e v i c e . These l o s s f a c t o r s have been c o n s i d e r e d 
i n c o n s i d e r a b l e d e t a i l f o r p h o t o v o l t a i c d e v i c e s (15, 19) and 
e s t i m a t e s f o r the u l t i m a t e a c h i e v a b l e c o n v e r s i o n e f f i c i e n c y t o 
e l e c t r i c i t y v a r y from 25 - 28%; however, o n l y r e c e n t l y have e f f i 
c i e n c i e s been c o n s i d e r e d f o r c o n v e r s i o n t o s t o r e d c h e m i c a l energy 
( 5 ) . I n t h i s case 

η ^ = η , η n . η,η Ί 1 (17) s t o r a g e abs Ε chem φ c o l l 
where T l a b s i s the f r a c t i o n o f i n c i d e n t photons w i t h λ <_ λ w h ich 
are absorbed; % and Tlchem are d e f i n e d by Eqs. (3) and (15) 
r e s p e c t i v e l y ; ηψ i s the quantum y i e l d f o r the p h o t o c h e m i c a l 
s t e p ( s ) ; η c oii i s the f r a c t i o n o f p r o d u c t produced which can be 
c o l l e c t e d and s t o r e d . 

^abs i s u n l i k e l y t o be g r e a t e r than ^ 0.75 f o r most absorbers 
and ηψ and r ] C o l l a r e u n l i k e l y t o be g r e a t e r than 0.9 each. Thus, 
i f we take a l l o f the f a c t o r s t o g e t h e r w i t h the maximum v a l u e o f 
HE^chem = 0.21 from F i g . 2, t h e n we f i n d t h a t t h e n e t y i e l d o f 
p r o d u c t i n a p h o t o c h e m i c a l energy s t o r a g e r e a c t i o n i s u n l i k e l y t o 
be g r e a t e r than 12 - 13%. T h i s f i g u r e s h o u l d not be d i s c o u r a g i n g 
because p h o t o s y n t h e s i s , which must be c o n s i d e r e d a v e r y u s e f u l 
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p r o c e s s , has a n e t e f f i c i e n c y o f *\> 6% under i d e a l c o n d i t i o n s (18) 
and 1 - 3 % under a c t u a l f i e l d c o n d i t i o n s ( 2 0 ) . 

A p o t e n t i a l l y more s e r i o u s problem than t h a t o f low e f f i c i e n 
cy i s the requirement t h a t the p h o t o c h e m i c a l absorber operate 
w i t h o u t any s i g n i f i c a n t s i d e r e a c t i o n s . F o r example, i f the quan
tum y i e l d f o r s i d e r e a c t i o n s were 1%, t h e n a f t e r o n l y 100 c y c l e s 
t h e c o n c e n t r a t i o n o f the a b s o r b e r would have decreased t o ^ 37% o f 
i t s o r i g i n a l c o n c e n t r a t i o n . I t i s i n t e r e s t i n g t h a t i n photosynthe
s i s each c h l o r o p h y l l molecule p r o c e s s e s a t l e a s t 10^ photons i n i t s 
l i f e t i m e i n a l e a f . T h i s means t h a t t h e quantum y i e l d f o r r e a c 
t i o n s l e a d i n g t o the d e g r a d a t i o n o f c h l o r o p h y l l must be l e s s t h a n 
1 0 - 5 ! 
F. T h r e s h o l d Wavelength 

F o r p h o t o c h e m i c a l r e a c t i o n s l e a d i n g t o c h e m i c a l energy 
s t o r a g e , t h e r e w i l l be a maximum wavelength ( X m a x ) , c a l l e d the 
t h r e s h o l d wavelength, which w i l l be capable o f i n i t i a t i n g the en-
d e r g o n i c p h o t o c h e m i c a l r e a c t i o n . Xmax c a n -° e c a l c u l a t e d from (16) 

nN hen. , χ = ο chem 
max AG 

where η i s the number o f photons which must be absorbed t o c a r r y 
o u t the o v e r a l l r e a c t i o n and AG i s the f r e e energy s t o r a g e p e r 
mole o f p r o d u c t formed. r) chem w i l l be g i v e n by 

_ AG > 1 9 ) 
nchem AG + E*neN r ο 

where E* i s the a c t i v a t i o n energy f o r the back r e a c t i o n i n eV. 

G. Some P o t e n t i a l l y U s e f u l R e a c t i o n s 

P h o t o c h e m i c a l r e a c t i o n s l e a d i n g t o the c o n v e r s i o n and s t o r a g e 
o f s o l a r energy can be d i v i d e d i n t o f i v e t y p e s . 

1. M o l e c u l a r Energy Storage R e a c t i o n s . T h i s type o f photo
c h e m i c a l r e a c t i o n i n v o l v e s f o r m a t i o n o f new bonds e i t h e r i n t r a -
m o l e c u l a r l y (to form an isomer o f the r e a c t a n t m o l e c u l e , e.g., a 
c i s - t r a n s i s o m e r i z a t i o n about a double bond) o r b i m o l e c u l a r l y t o 
form an a d d i t i o n compound (e.g., the d i m e r i z a t i o n o f a n t h r a c e n e ) . 
The r e a c t i o n s s t u d i e d so f a r almost a l l i n v o l v e u n s a t u r a t e d o r 
g a n i c m o l e c u l e s . The e n d e r g o n i c o r e n e r g y - s t o r a g e f e a t u r e o f 
these r e a c t i o n s o f t e n a r i s e s from e x c e s s i v e " s t r a i n " i n d u c e d i n 
t h e p r o d u c t m o l e c u l e o r l o s s o f resonance energy. The back r e a c 
t i o n t o r e f o r m the r e a c t a n t ( s ) i n most cases y i e l d s o n l y heat and 
thus t h i s type o f r e a c t i o n s h o u l d be c o n s i d e r e d as a p o s s i b l e 
means f o r the l a t e n t s t o r a g e o f heat. Sasse (21) has w r i t t e n a 
comprehensive r e v i e w o f t h i s f i e l d . U n f o r t u n a t e l y , most o f the 
r e a c t i o n s s t u d i e d i n v o l v e u l t r a v i o l e t a b s o r b e r s and hence the 
o v e r a l l s t o r a g e e f f i c i e n c y o f s o l a r energy would be l e s s than 1 -
2%. N e v e r t h e l e s s , i t may be p o s s i b l e t o e x t e n d the a b s o r p t i o n 
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14. B O L T O N Sohr Energy Conversion and Storage 213 

l i m i t w e l l i n t o the v i s i b l e by m o l e c u l a r m o d i f i c a t i o n s . 
Economic a n a l y s e s have been c a r r i e d o u t on a h y b r i d t h e r m a l 

and p h o t o c h e m i c a l c o l l e c t o r and s t o r a g e system by T a l b e r t e t a l . 
(22). C o n v e r s i o n e f f i c i e n c y , energy s t o r a g e c a p a c i t y and l i f e -
c y c l e c o s t s were the p r i m a r y bases o f comparison. To a c e r t a i n 
e x t e n t , c h e m i c a l e f f i c i e n c y can be t r a d e d o f f a g a i n s t energy-
s t o r a g e c a p a b i l i t y . However, t h e r e are l i m i t s and i t appears 
t h a t a s p e c i f i c h e a t s t o r a g e c a p a c i t y o f 300 - 400 J g " 1 w i t h an 
o v e r a l l c h e m i c a l s t o r a g e e f f i c i e n c y o f 20% w i l l be r e q u i r e d . I t 
may be p o s s i b l e t o meet the former c r i t e r i o n b u t r e f e r e n c e t o 
curve C o f F i g . 2 shows t h a t the l a t t e r c r i t e r i o n w i l l be v e r y 
d i f f i c u l t t o meet. 

2. H o m o l y t i c Bond F i s s i o n R e a c t i o n s . The h o m o l y t i c f i s s i o n 
o f a c h e m i c a l bond 

AB A- + B- (19) 

r e p r e s e n t s a p a r t i c u l a r l y simple p h o t o c h e m i c a l r e a c t i o n and i s 
always e n d e r g o n i c . U n f o r t u n a t e l y , as Moggi p o i n t s o u t (23) the 
p r o d u c t s o f the p r i m a r y s t e p are f r e e r a d i c a l s w h i c h are u s u a l l y 
v e r y r e a c t i v e and undergo f u r t h e r r e a c t i o n s which degrade p a r t o f 
the energy a v a i l a b l e i n the f i r s t s t e p . Another d i f f i c u l t y i s 
t h a t the absorbed photon must have an energy g r e a t e r than the AB 
bond energy. Thus, i f we w i s h the m o l e c u l e t o undergo photochem
i c a l h o m o l y t i c f i s s i o n w i t h s o l a r wavelengths even b a r e l y i n t o the 
v i s i b l e , t hen the AB bond energy must be l e s s than ^ 300 k J m o l " 1 . 
T h i s r u l e s o u t most chemiaal bonds. 

N e v e r t h e l e s s , t h e r e a r e a few r e a c t i o n s w h i c h s a t i s f y the 
s t r i n g e n t c r i t e r i a c o n s i d e r e d above, two o f which have been 
s t u d i e d as p o s s i b l e energy s t o r a g e r e a c t i o n s . One o f these i s the 
p h o t o l y s i s o f n i t r o s y l c h l o r i d e (24) 

N0C1 -> NO + 1/2 C l 2 

T h i s r e a c t i o n has the advantage t h a t i t i s s e n s i t i z e d by v i s i b l e 
l i g h t o u t t o 635 nm and the quantum y i e l d i s h i g h . U n f o r t u n a t e l y , 
i t i s d i f f i c u l t t o p r e v e n t t h e back r e a c t i o n and AG° f o r the 
r e a c t i o n i s o n l y 20.5 k J m o l " 1 . N e v e r t h e l e s s , i t i s t h e o r e t i c a l l y 
p o s s i b l e t o s t o r e up t o ^ 4% o f the i n p u t s o l a r energy so more 
work on t h i s r e a c t i o n would seem t o be w a r r a n t e d . 

The o t h e r i n t e r e s t i n g r e a c t i o n i s the d e c o m p o s i t i o n o f 
f e r r i c bromide i o n s 

F e B r 2 + -> F e 2 + + 1/2 B r 2 (21) 

T h i s r e a c t i o n has been s t u d i e d by Chen e t a l . (25) and has the 
advantage t h a t the B r ^ can be e a s i l y removed i n a s t r e a m o f n i t r o 
gen; however, the quantum y i e l d i s o n l y 1 - 2 % and AG° i s o n l y 
28.5 k J m o l " 1 . Hence, o n l y a v e r y s m a l l f r a c t i o n (^ 0.05%) o f 
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214 C H E M I S T R Y F O R E N E R G Y 

s o l a r energy can be s t o r e d . 
I t i s c l e a r t h a t i f h o m o l y t i c bond f i s s i o n r e a c t i o n s are 

going t o be u s e f u l , they must have almost p e r f e c t quantum y i e l d s 
and a AG° between 100 and 150 k J m o l " l . One r e a c t i o n which might 
work i s 

N0F -> NO + 1/2 F 2 (22) 

A G° = 137.6 k J mol 1 . T h e o r e t i c a l l y , t h i s r e a c t i o n c o u l d have an 
e f f i c i e n c y o f o v e r 8%. However, the c o r r o s i v e nature o f f l u o r i n e 
gas would be a problem. 

3. Homogeneous Redox R e a c t i o n s L e a d i n g t o the G e n e r a t i o n o f 
S o l a r F u e l s . The two p r e v i o u s r e a c t i o n types c o n s i d e r e d i n v o l v e d 
m o s t l y u n i m o l e c u l a r r e a c t i o n s a l t h o u g h some b i m o l e c u l a r a d d i t i o n 
r e a c t i o n s were i n c l u d e d i n m o l e c u l a r energy s t o r a g e r e a c t i o n s . 
U n i m o l e c u l a r r e a c t i o n s have the advantage o f o n l y one r e a c t a n t , 
but, as we have seen, t h e r e a r e o t h e r n e g a t i v e f e a t u r e s which make 
them u n a t t r a c t i v e . One o f the major d i f f i c u l t i e s i s t h a t , w i t h a 
few e x c e p t i o n s , t h e whole en e r g y - s t o r a g e p r o c e s s must be accomp
l i s h e d w i t h one photon and o n l y a s m a l l f r a c t i o n o f the photon 
energy ends up as s t o r e d c h e m i c a l energy. Because o f the f a c t 
t h a t s o l a r energy c o n t a i n s m o s t l y r e l a t i v e l y low energy photons, 
any p r o c e s s w h i c h can i n t e g r a t e many photons t o d r i v e an ender-
g o n i c c h e m i c a l r e a c t i o n w i l l have an i n h e r e n t advantage. For 
example, p h o t o s y n t h e s i s a c h i e v e s i t s r e a c t i o n by i n t e g r a t i n g a t 
l e a s t e i g h t photons f o r e v e r y molecule o f CO^ i n c o r p o r a t e d i n t o 
c a r b o h y d r a t e s . 

T a k i n g o u r cue a g a i n from p h o t o s y n t h e s i s , the p r i m a r y photo
c h e m i c a l r e a c t i o n s s h o u l d be s i m p l e o n e - e l e c t r o n t r a n s f e r r e a c 
t i o n s p r o d u c i n g an o x i d a n t and a r e d u c t a n t . That i s 

A + Β h V > A* + Β + A + + B~ (23a) 

o r 

A + Β h V > A + Β* ^ A + + B" (23b) 

where A* and B* are the r e a c t i v e e x c i t e d s t a t e s o f A and B, 
r e s p e c t i v e l y . 

As n o t e d i n S e c t i o n D, ^ 0.8 eV must be l o s t i n c o n v e r t i n g 
the energy o f the e x c i t e d s t a t e i n t o s t a b l e p r o d u c t s . An a d d i 
t i o n a l requirement i n t h i s case i s the need f o r a mechanism t o 
s t o r e e l e c t r o c h e m i c a l e q u i v a l e n t s as most u s e f u l redox r e a c t i o n s 
r e q u i r e the t r a n s f e r o f more than one e l e c t r o n . F o r example, i n 
p h o t o s y n t h e s i s , the w a t e r - s p l i t t i n g enzyme accumulates f o u r p o s i 
t i v e charges n e c e s s a r y t o o x i d i z e two w a t e r mol e c u l e s t o one 
molecule o f oxygen w h i l e the f e r r e d o x i n - N A D P - r e d u c t a s e enzyme 
c a r r i e s o u t the f u n c t i o n o f a c c u m u l a t i n g two n e g a t i v e charges 
n e c e s s a r y t o produce one molecule o f NADPH which p r o v i d e s the 
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14. B O L T O N Sohr Energy Conversion and Storage 2 1 5 

r e d u c i n g power t o reduce CO2 t o c a r b o h y d r a t e s . These charge-
s t o r a g e c a t a l y s t s are v e r y i m p o r t a n t because they p r o v i d e a con
c e r t e d pathway t o the u l t i m a t e p r o d u c t s w i t h o u t r e q u i r i n g t h a t 
h i g h energy and very r e a c t i v e f r e e r a d i c a l i n t e r m e d i a t e s be 
formed. 

A l t h o u g h t h e r e are many p o s s i b l e redox r e a c t i o n s , w h i c h , i n 
p r i n c i p l e , c o u l d be used t o s t o r e c h e m i c a l energy, i t would be 
most d e s i r a b l e from a p r a c t i c a l s t a n d p o i n t t o generate a f u e l 
w hich i s a l r e a d y i n use from f o s s i l f u e l s o u r c e s . Thus f o r the 
purposes o f t h i s a r t i c l e , I w i l l adopt a l i m i t e d d e f i n i t i o n o f a 
f u e l as any reduced chemical 6ub6tance pswduced cu> a KZAvJit o{ an 
mdeAgonlc photochemical t a c t i o n , which on taction uuith oxygen 
ukUL KtZdOUbd the htOKdd chemical energy. A g e n e r a l r e a c t i o n p r o 
d u c i n g a f u e l F i s hence w r i t t e n as 

A + Β ^ > F + 0 2 (24) 

where the s t o i c h i o m e t r y need not be t h a t g i v e n i n Eq. (24) and the 
back r e a c t i o n s e r v e s t o r e l e a s e the s t o r e d energy. 

T a k i n g i n t o account the requirements l i s t e d i n S e c t i o n A, i t 
would be d e s i r a b l e i f the r e a c t a n t s A and Β be compounds which are 
very cheap and r e a d i l y a v a i l a b l e . N a t u r a l l y , t h e c o n s t i t u e n t s o f 
the atmosphere and l i q u i d w a t e r f i l l t h i s r e q u i r e m e n t a d m i r a b l y . 
Table 1 l i s t s most o f the e n d e r g o n i c f u e l g e n e r a t i o n r e a c t i o n s 
which i n v o l v e N 2 , C 0 2 and H 20 as r e a c t a n t s i n c l u d i n g the r e a c t i o n 
o f p h o t o s y n t h e s i s . I t i s s i g n i f i c a n t t h a t the p o t e n t i a l d i f f e r 
ence ΔΕ°, which i s the p o t e n t i a l s t o r e d p e r e l e c t r o n t r a n s f e r r e d , 
i s between 1.02 V and 1.48 V f o r a l l o f the r e a c t i o n s i n T a b l e 1. 
Thus, the energy requirements f o r the p h o t o c h e m i s t r y a r e about the 
same f o r each o f these r e a c t i o n s . We i m m e d i a t e l y see t h a t the 
r e a c t i o n o f p h o t o s y n t h e s i s ( r e a c t i o n 9 o f Table 1) i s i n t r o u b l e 
f o r one photosystem because X m a x i s known t o be 700 nm. The imp
l i c a t i o n i s t h a t the p h o t o s y n t h e s i s r e a c t i o n cannot be o p e r a t e d a t 
700 nm w i t h one p h o t o c h e m i c a l system ( i . e . , one e l e c t r o n t r a n s 
f e r r e d p e r photon absorbed) (18). Indeed, i n o r d e r t o be a b l e t o 
use the l o n g e r wavelength photons, p h o t o s y n t h e s i s has employed two 
photosystems o p e r a t i n g i n s e r i e s so t h a t e i g h t photons are used t o 
d r i v e the r e a c t i o n i n s t e a d o f f o u r . With two photosystems X m a x i s 
872 nm (column 6 o f Table 1) w h i c h l e a v e s p l e n t y o f scope f o r 
an a b s o r b e r a t 700 nm. 

A l t h o u g h A m a x i n column 5 o f Table 1 r e p r e s e n t s the maximum 
t h r e s h o l d f o r the p h o t o c h e m i s t r y where o n l y one photosystem i s 
employed, the t r u e A m a x i s almost c e r t a i n t o be c o n s i d e r a b l y l e s s 
than the v a l u e s i n Table 1 because o f subsequent secondary r e a c 
t i o n s which must be e x e r g o n i c and hence w i l l l o s e more energy. 
Thus, we must conclude t h a t i t i s l i k e l y t h a t more succ e s s w i l l be 
a c h i e v e d i f a t t e n t i o n i s g i v e n t o p h o t o c h e m i c a l p r o c e s s e s employing 
two coupled r e a c t i o n s so t h a t two photons are used f o r e v e r y e l e c 
t r o n t r a n s f e r r e d i n the u l t i m a t e r e a c t i o n ( 1 6). A m a x v a l u e s f o r 
two photosystems are g i v e n i n column 6 o f Table 1. 

Of a l l the p h o t o c h e m i c a l energy s t o r a g e r e a c t i o n s proposed, 
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the p r o d u c t i o n o f hydrogen and oxygen from w a t e r ( r e a c t i o n 1 i n 
Table 1) i s one o f the most a t t r a c t i v e . Hydrogen i s an almost 
i d e a l f u e l and the s t a r t i n g m a t e r i a l i s c e r t a i n l y cheap. S e v e r a l 
authors have c o n s i d e r e d the p o s s i b i l i t i e s f o r a homogeneous photo
c h e m i c a l w a t e r - s p l i t t i n g r e a c t i o n (1-5, 16, 23, 26-30). F o r the 
reasons noted above, i t i s u n l i k e l y t h a t t h i s r e a c t i o n can be sen
s i t i z e d e x c e p t w i t h b l u e and u l t r a v i o l e t l i g h t where o n l y one pho
tosystem i s employed. B o l t o n (_5, 16) has proposed a scheme where
by the r e a c t i o n might be c a r r i e d o u t u s i n g two photosystems. 
N e v e r t h e l e s s , i t may be t h a t i n the l o n g run a p h o t o c h e m i c a l 
method t o c o n v e r t CO2 t o a u s e f u l f u e l w i l l prove more v a l u a b l e . 
A f t e r a l l , hydrogen can be o b t a i n e d by e l e c t r o l y s i s o f water u s i n g 
p h o t o v o l t a i c o r p h o t o e l e c t r o c h e m i c a l c e l l s t o p r o v i d e the e l e c 
t r i c i t y ; whereas, t h e r e i s no known method o f p r o d u c i n g carbona
d o us f u e l s by e l e c t r o l y s i s . One can imagine a p h o t o c h e m i c a l p l a n t 
u s i n g s o l a r energy and s t a c k gas from a f o s s i l f u e l power p l a n t t o 
generate some o f the f u e l s l i s t e d i n Table 1. 

4. P h o t o e l e c t r o c h e m i c a l G e n e r a t i o n o f S o l a r F u e l s . I n some 
cases i t i s p o s s i b l e t o employ a p h o t o s e n s i t i v e e l e c t r o d e , u s u a l l y 
a semiconductor e l e c t r o d e , t o c a r r y o u t e s s e n t i a l l y an e l e c t r o 
l y s i s r e a c t i o n . The f i r s t s u c c e s s f u l experiment was d e s c r i b e d by 
R u j i s h i m a and Honda (3 1 ) . T h i s p r o c e s s i s c a l l e d ρhotoelectroly-
s i s (when no e x t e r n a l e l e c t r i c a l source i s r e q u i r e d ) and photo-
a s s i s t e d e l e c t r o l y s i s (when a s m a l l e x t e r n a l p o t e n t i a l i s r e 
q u i r e d f o r the r e a c t i o n t o g o ) . The o n l y r e a c t i o n s t u d i e d so f a r 
i s t h a t o f the d e c o m p o s i t i o n o f water i n t o hydrogen and oxygen. 
S i n c e t h i s i s a c h e m i c a l energy s t o r a g e p r o c e s s , the same l i m i t a 
t i o n s and c o n s i d e r a t i o n s which were developed f o r homogeneous 
redox r e a c t i o n s i n the p r e v i o u s s e c t i o n a p p l y a l s o t o p h o t o e l e c -
t r o l y s i s p r o c e s s e s . The a n a l o g t o a s i n g l e p h o t o c h e m i c a l system 
i s a c e l l i n w h i c h o n l y one e l e c t r o d e i s i l l u m i n a t e d . Indeed, the 
o n l y c e l l s w h i c h work w i t h o u t t h e need f o r an e x t e r n a l e l e c t r i c a l 
p o t e n t i a l , are those which r e q u i r e u l t r a v i o l e t i l l u m i n a t i o n . The 
e l e c t r o c h e m i c a l a n a l o g t o two p h o t o c h e m i c a l system i s a c e l l i n 
which b o t h e l e c t r o d e s p a r t i c i p a t e i n the p h o t o c h e m i s t r y . The 
requirement f o r two p h o t o s e n s i t i v e e l e c t r o d e s was p o i n t e d o u t by 
Manasseη e t a l . ( 32). N o z i k (33) has proposed such a c e l l and has 
had some l i m i t e d s u c c e s s . R e c e n t l y , Fong e t a l . (34) d e s c r i b e d a 
p h o t o g a l v a n i c w a t e r s p l i t t i n g system u s i n g c h l o r o p h y l l a, d i h y d r a t e 
where À m x i s 740 nm. From r e a c t i o n 1 o f Table 1, we see t h a t 
t h i s A m a x i s w e l l beyond the l i m i t f o r a s i n g l e photosystem. I t 
may be t h a t t h i s e l e c t r o d e i s o p e r a t i n g by a b i p h o t o n i c mechanism 
perhaps u t i l i z i n g the t r i p l e t s t a t e o f c h l o r o p h y l l as the i n t e r 
mediate s t a t e . The f i e l d o f p h o t o e l e c t r o l y s i s has been r e v i e w e d 
r e c e n t l y by G e r i s c h e r ( 3 5 ) . 

5. P h o t o c h e m i c a l Systems Designed t o Generate E l e c t r i c i t y . 
There are t h r e e types o f c o n v e r s i o n d e v i c e s which i n v o l v e the 
p r o d u c t i o n o f e l e c t r i c i t y d r i v e n by a p h o t o c h e m i c a l r e a c t i o n . 
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a. S o l i d - s t a t e p h o t o v o l t a i c c e l l s : Send conductor s o l a r 
c e l l s such as the s i l i c o n , g a l l i u m a r s e n i d e and cadmium s u l f i d e 
c e l l s are the most developed and co m m e r c i a l l y v i a b l e photochemi
c a l d e v i c e s a v a i l a b l e today. E f f i c i e n c i e s are h i g h and the o n l y 
impediment t o l a r g e - s c a l e c o m m e r c i a l i z a t i o n i s t h e c o s t which i s 
c u r r e n t l y about $10/peak w a t t (36). R e c e n t l y , some i n t e r e s t i n g 
work has been r e p o r t e d on o r g a n i c s o l a r c e l l s w hich i n v o l v e an 
o r g a n i c dye, such as c h l o r o p h y l l , t o i n i t i a t e the p h o t o c u r r e n t 
(37). E f f i c i e n c i e s are s t i l l low b u t a c e l l u s i n g monomolecular 
l a y e r s which we have developed (38) shows some promise as i t i s 
p o s s i b l e t o use " m o l e c u l a r e n g i n e e r i n g " t o improve the e f f i c i e n c y . 

b. P h o t o g a l v a n i c c e l l s : These are d e f i n e d as c e l l s i n which 
a dye i n s o l u t i o n undergoes a p h o t o c h e m i c a l r e a c t i o n to produce 
p r o d u c t s which then m i g r a t e t o e l e c t r o d e s where the c o n v e r s i o n t o 
e l e c t r i c i t y o c c u r s . S i n c e a ch e m i c a l i n t e r m e d i a t e must be formed, 
the k i n e t i c l i m i t (curves C o f F i g . 2) a p p l y . T h i s f i e l d has been 
weel reviewed by L i c h t i n ( 3 9 ) . A t h e o r e t i c a l a n a l y s i s by A l b e r y 
and A r c h e r (40) i n d i c a t e s t h a t i t may be very d i f f i c u l t t o ac h i e v e 
v e r y h i g h e f f i c i e n c i e s w i t h p h o t o g a l v a n i c c e l l s . 

c. R e g e n e r a t i v e p h o t o e l e c t r o c h e m i c a l c e l l s : These c e l l s are 
ver y much l i k e the p h o t o e l e c t r o l y s i s c e l l s c o n s i d e r e d above e x c e p t 
t h a t no n e t c h e m i s t r y o c c u r s s i n c e p r o d u c t s produced a t one e l e c 
t rode are consumed a t the o t h e r . These c e l l s a r e sometimes c a l l e d 
"wet" s o l a r c e l l s . The ph o t o c h e m i s t r y o c c u r s i n p h o t o s e n s i t i v e 
semiconductor e l e c t r o d e s . G e r i s h e r (35) has revie w e d the p r i n c i 
p l e s and a p p l i c a t i o n s o f these c e l l s . 

I . C o n c l u s i o n s 

W i t h i n the k i n e t i c and thermodynamic l i m i t a t i o n s on the 
c o n v e r s i o n o f l i g h t energy t o chemical energy, I have shown t h a t 
a reasonable e f f i c i e n c y g o a l would be ^ 25 - 28% f o r c o n v e r s i o n t o 
e l e c t r i c i t y and ̂  10 - 13% f o r s t o r a g e as c h e m i c a l energy. F i v e 
t y p e s o f p h o t o c h e m i c a l c o n v e r t e r s have been d e f i n e d and d e s c r i b e d 
w i t h examples where p o s s i b l e . 

T h i s f i e l d i s i n i t s i n f a n c y - c l e a r l y , much more b a s i c and 
m i s s i o n - o r i e n t e d r e s e a r c h w i l l be necessary t o e s t a b l i s h i f 
workable and economic f u e l - g e n e r a t i o n systems and e l e c t r i c a l 
g e n e r a t i o n systems can be developed. The c h a l l e n g e now i s t o 
che m i s t s , p h y s i c i s t s and b i o l o g i s t s t o develope systems t h a t a t 
l e a s t work i n the l a b o r a t o r y . Only then can mea n i n g f u l economic 
a n a l y s e s be made. H o p e f u l l y t h i s a r t i c l e w i l l h e l p t o p r o v i d e 
some g u i d e l i n e s and o b j e c t i v e s f o r the r e s e a r c h t h a t must be done. 
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15 
Photoelectrolysis of Aqueous Solutions to Hydrogen—An 
Approach to Solar Energy Storage 

FRANK R. SMITH 

Chemistry Department, Memorial University of Newfoundland, 
St. John's, Newfoundland, Canada A1B 3X7 

I t i s g e n e r a l l y ag reed t h a t e l e c t r o l y s i s o f aqueous s o l u t i o n s 
o f f e r s t he b e s t p r o s p e c t f o r the p r o d u c t i o n o f hydrogen from 
w a t e r , because o f t he easy s e p a r a t i o n o f t he H2 and Ο2 p r o d u c t s 
and because o f t h e r e l a t i v e l y low energy consumpt ion i f 
c a t a l y t i c a l l y a c t i v e m e t a l e l e c t r o d e s a r e u s e d . Thus , t he minimum 
energy r e q u i r e m e n t s a r e t hose f o r w h i c h w a t e r , hydrogen and o x y g e n , 
each a t 1 a tmosphere p r e s s u r e , a r e i n e q u i l i b r i u m : 

H 2 0 ( 1 ) = H 2 ( g ) + h 0 2 ( g ) E r e v e r s i b l e = 1.23 V a t 298 Κ 

T h i s e q u i l i b r i u m e . m . f . i n c r e a s e s w i t h hydrogen and oxygen p a r t i a l 
p r e s s u r e s : 

Ε = 1.23 V + 2 ' 3 ° 3 R T l o g ^ p T T p ^ a t 298 Κ. (1) 
r e v F ^10 H 2 * 0 2 

The energy r e q u i r e m e n t o f 1.23 eV p e r h a l f - m o l e c u l e o f H2 t r a n s 
l a t e s t o a minimum o f 1 0 . 6 MJ p e r c u b i c met re a t S . T . P . o f 
h y d r o g e n , whereas p r a c t i c a l e l e c t r o l y s e r s o p e r a t e somewhere 
between 14 and 25 MJ m 3 (_1) . T h i s i s because o f t he need t o 
c a r r y o u t e l e c t r o l y s i s a t a f i n i t e r a t e , t h a t i s t o say a t 
p o t e n t i a l d i f f e r e n c e s g r e a t e r t h a n the e q u i l i b r i u m c o n d i t i o n s 
r e f e r r e d t o above . The v o l t a g e s a r e was t ed i n two p r i n c i p a l ways : 
o v e r v o l t a g e s a s s o c i a t e d w i t h hydrogen and oxygen e v o l u t i o n , η and 
η , r e s p e c t i v e l y , and r e s i s t i v e l o s s e s . S i n c e the exchange 
c u r r e n t d e n s i t i e s f o r oxygen e v o l u t i o n , i 1 , a r e i n g e n e r a l 
s m a l l e r t h a n t hose f o r hydrogen e v o l u t i o n , i , t he o v e r v o l t a g e s 
a s s o c i a t e d w i t h the former a r e l a r g e r t h a n t S o s e o f the l a t t e r . 
B o t h i n c r e a s e i n a l o g a r i t h m i c f a s h i o n w i t h c u r r e n t d e n s i t y , i : 

n c = η Η = b l o g 1 ( ) ( i / i o ) (b ~ 30 mV a t 300K) (2) 

η = η = b 1 l o g 1 A ( i / i ' ) (b 1 ~ 60 mV a t 300K) (3) 
a 2 J-U ο 

This chapter not subject to U.S . Copyright. 
Published 1979 American Chemical Society. 
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The r e s i s t i v e l o s s e s (the i R drops i n the s o l u t i o n between the 
e l e c t r o d e s ) a r e more s i g n i f i c a n t because they i n c r e a s e l i n e a r l y 
w i t h c u r r e n t d e n s i t y . B r i n g i n g the e l e c t r o d e s c l o s e r t o g e t h e r 
s h o u l d d i m i n i s h t h e se l o s s e s , i n p r i n c i p l e , b u t e l e c t r o l y s i s a t 
h i g h p r e s s u r e i s even more advantageous i n d e c r e a s i n g r e s i s t i v e 
l o s s e s (e.g. a t 100 atmospheres by 0.4 V) because the gas bubbles 
a r e s m a l l e r , t h i s decrease more than o f f s e t t i n g the 0.1 V i n c r e a s e 
i n Ε ( 2 ) . I r o n o r n i c k e l - p l a t e d s t e e l e l e c t r o d e s a r e u s u a l l y 
u s ed^ e?hese m e t a l s b e i n g q u i t e good c a t a l y s t s , even i f they a r e 
i n f e r i o r t o the much more ex p e n s i v e p l a t i n u m . R e c e n t l y , the use 
o f a t h i n s o l i d ion-exchange r e s i n e l e c t r o l y t e and f i n e l y d i v i d e d 
p l a t i n u m cathode has been advocated f o r l o w e r i n g the energy 
consumption i n p r a c t i c a l e l e c t r o l y t i c hydrogen g e n e r a t i o n (3). 

P h o t o - e f f e c t s a t M e t a l s and Semiconductors 

I n o r d e r t o d i m i n i s h the energy which has t o be s u p p l i e d from 
an e l e c t r i c a l power source t o l i b e r a t e hydrogen from water, one 
may l o o k f o r a s s i s t a n c e i n the form o f l i g h t energy. Photo-
e f f e c t s have been observed a t metal-aqueous s o l u t i o n i n t e r f a c e s , 
e.g. a t mercury, b u t these i n v o l v e p r o d u c t i o n o f h y d r a t e d 
e l e c t r o n s and t h e i r subsequent r e a c t i o n s w i t h e l e c t r o n scavengers 
(4). They a r e n o t l i k e l y t o be o f i n t e r e s t i n the p r e s e n t 
c o n t e x t . I n s t e a d , one must c o n s i d e r semiconductor-aqueous 
s o l u t i o n i n t e r f a c e s , where p h o t o - c u r r e n t s a r e known t o o c c u r , 
e n a b l i n g e l e c t r o c h e m i c a l r e a c t i o n s t o o c c u r i n i l l u m i n a t i o n w h i c h 
h a r d l y o c c u r a t a l l i n t h e d a r k . Thus, hydrogen e v o l u t i o n a t 
p-type Ge (J5,6) and a t p-type Se (_7) o c c u r s w i t h i n c r e a s e d c u r r e n t 
d e n s i t y ( r a t e ) o r w i t h d e c r e a s e d o v e r v o l t a g e upon i l l u m i n a t i o n . 
I n the case o f s e l e n i u m , green l i g h t d i m i n i s h e d t h e o v e r v o l t a g e 
much more tha n d i d r e d l i g h t , o n l y the former b e i n g o f energy > 
th e band gap o | t h e semiconductor (1.8 eV ( 8 ) ) . Whereas the 
r e d u c t i o n o f H was shown t o r e q u i r e t r a n s f e r o f c o n d u c t i o n band 
e l e c t r o n s from η-type Ge i n t h e dark o r o f photo-generated 
e l e c t r o n s (from t h e c o n d u c t i o n band) o f i l l u m i n a t e d p-type Ge, the 
r e d u c t i o n o f Ο2 r e q u i r e d h o l e t r a n s f e r t o the v a l e n c e band (9). 
A l t h o u g h oxygen l i b e r a t i o n was n o t demonstrated u s i n g germanium 
e l e c t r o d e s , because o f the i n t e r v e n t i o n o f a n o d i c d i s s o l u t i o n o f 
the semiconductor, a p r o c e s s i n v o l v i n g h o l e t r a n s f e r from t h e 
v a l e n c e band, i t i s e v i d e n t t h a t the r e v e r s e r e a c t i o n t o Ο2 
r e d u c t i o n a l s o i n v o l v e s h o l e t r a n s f e r , t h a t i s t o say i t would 
o c c u r a t a p-type semiconductor l i k e germanium i n the d a r k , o r a t 
the same η-type semiconductor when i l l u m i n a t e d . 

I n f a c t , i n 1972, F u j i s h i m a and Honda (10) demonstrated t h a t 
O2 e v o l u t i o n on η-type Τ1Ο2 o c c u r s as a p h o t o c u r r e n t , p r o p o r t i o n a l 
t o the l i g h t i n t e n s i t y ( F i g u r e 1) o f wavelengths l e s s t han 415 nm, 
i . e . f o r photon e n e r g i e s e q u a l t o o r g r e a t e r than the band gap o f 
Τ1Ο2 : 3.0 eV. I n t h i s work and t h a t o f O h n i s h i e t a l . (11) a 
p l a t i n u m b l a c k m e t a l cathode was connected i n an e x t e r n a l c i r c u i t 
t o an i n d i u m c o n t a c t on the back s i d e o f the photo-anode (see 
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F i g u r e 2 ) . Hydrogen was e v o l v e d a t the cathode, the o v e r - a l l 
p r o c e s s b e i n g t h e d e c o m p o s i t i o n o f w a t e r . T h i s p r o c e s s , i n v o l v i n g 
an a p p l i e d p o t e n t i a l d i f f e r e n c e between the anode and cathode, we 
s h a l l r e f e r t o as p h o t o - a s s i s t e d e l e c t r o l y s i s . 

Energy C o n d i t i o n s f o r P h o t o - a s s i s t e d E l e c t r o l y s i s 

R e f e r r i n g t o F i g u r e 3, evidence e x i s t s f o r placement o f the 
Fermi l e v e l s ( c h e m i c a l p o t e n t i a l s ) o f t h e redox r e a c t i o n s 
i n v o l v i n g H 2 , H2O and Ο2 r o u g h l y a t the p o s i t i o n s shown r e l a t i v e 
t o the e n e r g i e s o f the c o n d u c t i o n band minimum and v a l e n c e band 
maximum o f the semiconductor, Ε and Ε , r e s p e c t i v e l y . T h i s 
p i c t u r e t a k e s t h e e l e c t r o n i n a vacuum a t i n f i n i t y as the z e r o o f 
energy. On t h i s b a s i s , the Fermi l e v e l f o r the r e a c t i o n 

H + + e" = h H_ (g) aq vac 2 ^ 

has the v a l u e E° ,„ Λ . s Ζ -4.5 eV f o r u n i t a c t i v i t y o f a l l the F ( H 2 0 / H 2 ) 

s p e c i e s (12). T h i s E° i s the s t a n d a r d c h e m i c a l p o t e n t i a l p e r 
e l e c t r o n t r a n s f e r r e d , i . e . AG /nN , f o r the r e a c t i o n , where AG 
i s the s t a n d a r d Gibbs f r e e energy o f t h e r e a c t i o n , η the number 
o f e l e c t r o n s t r a n s f e r r e d and Ν Avogadro 1 s number. On the same 
b a s i s , t h e r e d u c t i o n o f oxygen under s t a n d a r d c o n d i t i o n s 

k Ο (g) + h H 0(1) + e~ = 0H~ 
2 λ vac aq 

has a Fermi l e v e l , E° . ,„ Λ ν Ζ -5.73 eV, o r 1.23 eV below F (Ο2/Η2Ο) 

t h a t f o r the hydrogen i o n . Changes i n c o n c e n t r a t i o n s o f 
r e a c t a n t s and p r o d u c t s change the Fermi l e v e l s f o r redox 
r e a c t i o n s i n accordance w i t h a m o d i f i e d form o f N e r n s t e q u a t i o n , 
e.g. f o r the hydrogen r e a c t i o n , ! 

E F ( H 2 0 / H 2 ) = E F ( H 2 0 / H 2 ) + * T l n Ί ^ Τ " ( 4 ) 

A t e q u i l i b r i u m i n the d a r k , the Fermi l e v e l s f o r e l e c t r o n s 
and h o l e s i n a p a r t i c u l a r sample o f semiconductor a r e c o i n c i d e n t , 
b e i n g near t h e t o p o f the f o r b i d d e n gap i n an η-type and near t h e 
bottom o f t h e gap i n a p-type semiconductor. F i g u r e 4 
i l l u s t r a t e s the r e g i o n near the s u r f a c e o f an η-type semi
c o n d u c t o r , the Fermi l e v e l s f o r e l e c t r o n s and h o l e s , c o i n c i d e n t 
up t o the e l e c t r o d e - s o l u t i o n i n t e r f a c e , b e i n g denoted E_ and E_ 

η F ρ F 
r e s p e c t i v e l y . I n F i g u r e 3 the Fermi l e v e l s f o r e l e c t r o n s and 
h o l e s a r e s e p a r a t e d as a r e s u l t o f the a b s o r p t i o n o f photons o f 
energy, hV, g r e a t e r than the semiconductor band gap. T h i s 
a b s o r p t i o n o f energy l e a d s t o the g e n e r a t i o n o f e l e c t r o n s and 
h o l e s (one o f each f o r each photon a b s o r b e d ) , i n the volume o f 
the semiconductor p e n e t r a t e d by the l i g h t . The degree o f 
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Nature 

Figure 1. Photocurrent/electrode potential curves for η-type TiOt single crystal 
with ohmic-indium contact on back side. Potentials measured with respect to 
saturated KCl calomel electrode with a platinum black counter electrode. Light 
intensity increasing in order 3,2,1. Wavelength, 415 nm or less. Exposed surface 

of TiOt crystal: (001) (10). 

Verlag Chemie GmbH 

Figure 2. Cell and circuit used in experiments like those in Figure 1. (1)Illumi
nated TiOg electrode; (2) platinum counter electrode in the dark; (3) reference 
electrode (SCE); (4) buffered electrolyte solution; (5) quartz window for UV 

light; (A) ammeter; (V) voltmeter (11). 
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s e p a r a t i o n o f t h e q u a s i - F e r m i l e v e l s , E* and E* i n c r e a s e s w i t h 
η F Ρ F 

the l i g h t i n t e n s i t y , as F i g u r e 5 i l l u s t r a t e s . 
I t m ight be thought t h a t p h o t o g e n e r a t i o n o f e l e c t r o n s and 

h o l e s i n a semiconductor w i t h n o r m a l l y a s m a l l p o p u l a t i o n o f one 
o r o t h e r (or both) charge c a r r i e r would r e s u l t i n b o t h hydrogen 
and oxygen p r o d u c t i o n a t t h e i n t e r f a c e , through the r e a c t i o n s : 

H + + e ( c o n d u c t i o n band) = h H (g) 

OH~ + h + (valence band) = h 0 o ( g ) + h H 0(1) 
aq 2. 2. 

G e r i s c h e r (13) has termed such a p r o c e s s " p h o t o c a t a l y t i c a c t i o n 
o f a semiconductor e l e c t r o d e " . The re a s o n t h a t such p r o c e s s e s 
h a r d l y o c c u r i s t h a t they a r e i n t e r f a c i a l r e a c t i o n s and, i n 
t r a v e l l i n g from the r e g i o n beneath the s u r f a c e t o the i n t e r f a c e , 
t he e l e c t r o n s and h o l e s have many e n c o u n t e r s , t h e s e encounters 
l e a d i n g t o r e c o m b i n a t i o n and r e - e m i s s i o n o f l i g h t . R e f e r r i n g t o 
F i g u r e 3, n e c e s s a r y c o n d i t i o n s f o r the r e a c t i o n s above a r e 
f u l f i l l e d when, r e s p e c t i v e l y , 
1) t h e Ferm i l e v e l f o r e l e c t r o n s l i e s above t h a t o f the H 2 O / H 2 

redox system 
and 
i i ) t he Fermi l e v e l f o r h o l e s l i e s below t h a t o f the O 2 / H 2 O 

system. 
U n f o r t u n a t e l y , t h e s e c o n d i t i o n s a r e n o t s u f f i c i e n t . I t i s 
ne c e s s a r y t o f i n d some way t o s e p a r a t e the charge c a r r i e r s 
because t h e i r i n t e r a c t i o n i s so s t r o n g and t h e i r r e c o m b i n a t i o n so 
r a p i d t h a t they must n o t be p e r m i t t e d t o occupy the same r e g i o n 
o f t h e c r y s t a l . T h i s i s n o t such a d i f f i c u l t c o n d i t i o n t o meet 
as might be a t f i r s t thought. F i g u r e 4 and F i g u r e 5 a r e 
i l l u s t r a t i v e o f one approach, t h a t o f u s i n g an η-type semi
conductor w i t h a s u r f a c e h a v i n g a c o n s i d e r a b l y d ecreased e l e c t r o n 
p o p u l a t i o n , a s o - c a l l e d d e p l e t i o n l a y e r . T h i s m a t e r i a l would 
form t h e anode f o r oxygen g e n e r a t i o n , hydrogen g e n e r a t i o n 
o c c u r r i n g a t t h e m e t a l cathode. These a r e the c o n d i t i o n s a l r e a d y 
e x e m p l i f i e d by the work o f F u j i s h i m a and Honda (10) i n F i g u r e s 1 
and 2. Two a l t e r n a t i v e approaches a r e p o s s i b l e , use o f a p-type 
semiconductor cathode and a m e t a l anode o r use o f a p-type 
semiconductor cathode and an η-type anode i n c o m b i n a t i o n , i n 
each case the semiconductor h a v i n g a d e p l e t i o n l a y e r a t i t s 
s u r f a c e . Each approach w i l l be o u t l i n e d , b e g i n n i n g w i t h the 
η-type anode. 

η-type Semiconductor i n the Dark and Under I l l u m i n a t i o n 

F i g u r e s 4 and 5 show an η-type semiconductor w i t h a s u r f a c e 
d e p l e t i o n l a y e r , t he energy bands bending upwards as the s u r f a c e 
i s approached from the i n t e r i o r . Under i l l u m i n a t i o n ( F i g u r e 5) 
the band bending i s d i m i n i s h e d because o f the p h o t o - g e n e r a t i o n 
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Academic Press 

Figure 3. Schematic of a semiconduc
tor-aqueous electrolyte solution inter
face, ignoring band bending. EC and EV 

are the band edges of the conduction and 
valence bands, respectively. EF(H2O/H2) 
and EF(0X/Hgo) are the Fermi levels in 
the solution for the redox reactions indi
cated. The quasi-Fermi levels with illu
mination by light of energy hv are 
designated NEF* and P E F * respectively, 

for electrons and holes (13). 

E F(H 2Q/H 2) 
i.23eV 

E F ( 0 2 /H 2 0) 

Semiconductor-Aqueous Electrolyte Solution 

DARK 

Academic Press 

Figure 4. Semiconductor-electrolyte so
lution interface in the dark. An n-type 
semiconductor with a depletion layer at 
the surface is illustrated. Ε is electron 
energy, NEF and PEF are the equal Fermi 
levels for electrons and holes at equi
librium, other symbols as in Figure 3 

(13). 

"0, t r^TJ^^IL 0 1 ! 

E F (H 2 0 /H 2 ) 

E F ( 0 2 / H 2 0 ) 

at dark 

- F ( 0 2 / H 2 0 ) p E f " " 

J F ( H 2 ) E ; 

1 F(0 2) 

moderate 
illumination 

intense 
illumination 

Academic Press 

Figure 5. η-Type semiconductor-electrolyte solution interface with a surface 
depletion layer, in the dark and with two intensities of illumination. Symbols as 
in Figure 3 and 4 with EC* and EV* the band edges of the conduction and valence 
bands, respectively, under illumination, and EF(H2) and EF(0M) abbreviations for 
EF(HJSO/H2) and EF(0I/H2o), respectively. The quasi-Fermi levels NEF* and V E F * 
are at different positions in the surface region than in the bulk as a result of the 
limited penetration of light into the interior. Fermi levels in solution as in Fig

ures 3 and 4 (IS). 
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o f c a r r i e r s i n t h e r e g i o n near the s u r f a c e . The band gap remains 
the same: Ε* - Ε* = Ε - Ε . Whereas i n the d a r k the c ν c V c o n c e n t r a t i o n s o f e l e c t r o n s , n, and o f h o l e s , p, a r e r e l a t e d t o 
the (equal) numbers o f e l e c t r o n s and h o l e s i n an i n t r i n s i c semi
c o n d u c t o r , n^, by the mass a c t i o n law: 

η ρ = n ^ (5) 

under c o n d i t i o n s o f i l l u m i n a t i o n the c o n c e n t r a t i o n s a r e i n c r e a s e d 
t o v a l u e s n* and p* where η* - η and ρ* - ρ depend on the l i g h t 
i n t e n s i t y and t h e q u a s i - F e r m i l e v e l s d i f f e r from t h e e q u i l i b r i u m 
(dark) v a l u e s : 

Ε* - Ε = kT I n — (6) n F n F η 

Ε* - E„ = kT I n 2 - (7) p F p F ρ 
F o r an η-type semiconductor the q u a s i - F e r m i l e v e l f o r 

e l e c t r o n s w i l l n o t s h i f t v e r y much ex c e p t a t t h e s u r f a c e w h ich 
f o r m e r l y was d e p l e t e d o f e l e c t r o n s , because elsewhere n* w i l l n o t 
be g r e a t l y i n excess o f n. F o r h o l e s , however, the c o n c e n t r a t i o n 
p* w i l l be much l a r g e r than ρ where l i g h t p e n e t r a t e s i n t o t h e 
semiconductor. F o r t h i s r e a s o n , the q u a s i - F e r m i l e v e l f o r h o l e s 
E*, d e p a r t s markedly from i t s former v a l u e when l i g h t o f 

l u f f i c i e n t l y h i g h frequency i s i n c i d e n t upon the m a t e r i a l . 

P h o t o - a s s i s t e d E l e c t r o l y s i s o f Water U s i n g η-type Anode and M e t a l 
Cathode 

Four c r i t e r i a have t o be met f o r s u c c e s s f u l p h o t o - a s s i s t a n c e 
w i t h the e l e c t r o l y s i s o f water t o hydrogen and oxygen, assuming 
t h a t t h e semiconductor band gap exceeds 1.23 eV. 
F i r s t , t h e r e must be upward bending o f the energy bands a t the 
i n t e r f a c e , even under i n t e n s e i l l u m i n a t i o n . 
Second, t h e q u a s i - F e r m i l e v e l f o r e l e c t r o n s must l i e above t h a t 
f o r the H 2 O / H 2 redox system. 
T h i r d , t h e l i g h t i n t e n s i t y must be h i g h enough t o s p l i t 
s u f f i c i e n t l y t h e q u a s i - F e r m i l e v e l s f o r e l e c t r o n s and h o l e s , 
i . e . by more tha n 1.23 eV, such t h a t the l e v e l f o r h o l e s a t the 
i n t e r f a c e i s below t h a t f o r the Ο2/Η2Ο redox system, as shown i n 
F i g u r e 6. 
F o u r t h , the f a v o u r e d a n o d i c r e a c t i o n a t the semiconductor must be 
Ο2 e v o l u t i o n from w a t e r , r a t h e r than some a n o d i c d i s s o l u t i o n 
p r o c e s s i n which the semiconductor breaks down, as happens w i t h 
Ge ( 9 ) , GaP (14,15,16) CdS o r even ZnO (13). 

I n F i g u r e 6, t h e case o f η-type Τ1Ο2 and a m e t a l cathode i s 
d e p i c t e d , w i t h an a p p l i e d p o t e n t i a l d i f f e r e n c e (E^, - E')/e, 
e i t h e r t o ensure t h a t the Fermi l e v e l o f e l e c t r o n s i n t h e m e t a l 
i s h i g h e r than the H 2 O / H 2 redox system so t h a t hydrogen 
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e v o l u t i o n o c c u r s a t a l l , o r t o i n c r e a s e the r a t e o f such 
e v o l u t i o n (and t h a t o f Ο2 as w e l l ) . H o l e s , generated near the 
s e m i c o n d u c t o r - e l e c t r o l y t e i n t e r f a c e , t r a v e l towards t h i s i n t e r 
f a c e , some b e i n g l o s t by r e c o m b i n a t i o n w h i l e the remainder r e a c t : 

0H~ + h + ( T i 0 _ , v a l e n c e ) = h Ο.(g) + h H.0(1) 
aq 2 2 2 

E l e c t r o n s , g e n e r a t e d near the s e m i c o n d u c t o r - e l e c t r o l y t e i n t e r f a c e 
a r e unable t o s t a y i n t h i s r e g i o n because o f the e l e c t r i c f i e l d 
t h e r e which d r i v e s them i n t o the b u l k o f the T1O2 c r y s t a l , o u t 
through t h e m e t a l l i c c o n t a c t , the e x t e r n a l c i r c u i t (where the 
p h o t o - c u r r e n t may be measured) and i n t o the c a t a l y t i c a l l y a c t i v e 
m e t a l . A t t h e i n t e r f a c e o f t h i s m e t a l w i t h the e l e c t r o l y t e 
s o l u t i o n , r e a c t i o n o c c u r s : 

H* + e" (metal) = % H. (g) 
ct.vj Ζ 

A c c o r d i n g t o N o z i k (16) the energy a v a i l a b l e f o r e l e c t r o l y s i s 
when an η-type anode and m e t a l cathode a r e used i s : 

E g a p " V B " ( E c " V ' ά - ( A G / F + \ + n c + i R + V ( 8 ) 

Ο 

where the terms on the l e f t - h a n d s i d e r e f e r t o the semi
conductor and i t s e l e c t r o n i c e q u i l i b r i u m , whereas those on the 
r i g h t r e f e r t o t h e two e l e c t r o c h e m i c a l c h a r g e - t r a n s f e r r e a c t i o n s . 
The minimum energy o f l i g h t e x pected t o be e f f e c t i v e i s 
hv = Ε = Ε - Ε . v i s the amount o f band bending, e q u a l gap c ν Β 
t o Ε ( s u r f a c e ) - Ε (bulk) so t h a t the l e f t - h a n d s i d e may be 
s i m p l i f i e d t o E p - V E ( s u r f a c e ) . On the r i g h t - h a n d s i d e , t h e 
symbols η and Ν a r e the number o f e l e c t r o n s t r a n s f e r r e d i n a 
s i n g l e s t e p o f ?he r e a c t i o n and Avogadro 1 s number, r e s p e c t i v e l y . 
The f i r s t term i n parentheses i s the Gibbs f r e e energy change i n 
the o v e r a l l r e a c t i o n , t h e second and t h i r d a r e the a n o d i c 
( e q u a t i o n (3)) and c a t h o d i c ( e q u a t i o n (2)) o v e r v o l t a g e s , 
r e s p e c t i v e l y , f o r oxygen and hydrogen e v o l u t i o n , the f o u r t h i s the 
i R drop ( r e s i s t i v e l o s s e s ) term,which i n the case o f semi
conductor e l e c t r o d e s i n c l u d e s l o s s e s from charge passage through 
the s o l i d phase as w e l l as i n s o l u t i o n , and the l a s t term embraces 
the p o t e n t i a l drops a c r o s s the s o l u t i o n double l a y e r s a t the 
anode and cathode. U s i n g a semiconductor anode i s l i k e l y t o 
d r i v e up the o v e r v o l t a g e o f the r e a c t i o n o c c u r r i n g a t t h a t 
e l e c t r o d e (η ) compared w i t h the o v e r v o l t a g e t o be expected i f a 
m e t a l were used i n s t e a d . The double l a y e r p o t e n t i a l drops i n 
s o l u t i o n a r e l i k e l y t o be s m a l l i f moderately c o n c e n t r a t e d 
s o l u t i o n s a r e employed, b u t the i R drop i n the semiconductor 
e l e c t r o d e may be i n c o n v e n i e n t l y l a r g e u n l e s s h e a v i l y doped 
m a t e r i a l (of h i g h e r c o n d u c t i v i t y ) i s used. 
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'metal η-type Ti0 2 

Academic Press 

Figure 6. Schematic showing energy 
correlations for photoassisted electrolysis 
of water using n-type TiOx as a photo-
anode and a metal cathode. Symbols as 
in Figures 3, 4, and 5, except EF is Fermi 
level for metal contact to TiOx and E/ 
is higher Fermi level in metal cathode, 
polarized by an external source to a 
potential negative to the semiconductor 
anode. EF(ffg) and EF(o2) &fe abbrevi
ated forms for Fermi energies for redox 

systems of Figure 3 (13). 

E F(H 20/H 2) 

[EF(02/H20)| 

electrolyte 
solution 

Academic Press 

Figure 7. Schematic showing energy 
correlations for photoelectrolysis of water 
without external power source. An n-
type semiconductor is depicted with a 
metal contact and connection through an 
external circuit to a catalytically active 
metal with E/ = EF. Other symbols as 

in Figures 5 and 6 (13). 
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P h o t o - e l e c t r o l y s i s W ithout A p p l i e d P o t e n t i a l U s i n g η-type Anode 
and M e t a l Cathode 

P r o v i d e d t h a t l i g h t o f s u f f i c i e n t l y s h o r t wavelength i s 
used, p h o t o - a s s i s t e d e l e c t r o l y s i s s h o u l d be r e l a t i v e l y easy t o 
a c h i e v e w i t h a range o f η-type semiconductors. Τ 1 Ο 2, SnOz, WO3, 
t i t a n a t e s and t a n t a l a t e s have been used, these m a t e r i a l s h a v i n g 
band gaps o f 2.7 t o 3.5 eV (20, 21, 2 2 ) . The most i n t e r e s t i n g 
c a s e , however, i s t h a t o f a c h i e v i n g hydrogen and oxygen g e n e r a t i o n 
by a c t i o n o f l i g h t a l o n e , i . e . w i t h o u t an a p p l i e d p o t e n t i a l . T h i s 
has been a c h i e v e d w i t h t h e η-type anode / m e t a l cathode 
c o n f i g u r a t i o n i n o n l y one c a s e , t h a t o f S r T i 0 3 , which has a band 
gap o f 3.2 eV b u t a g r e a t e r amount o f band bending a t the 
i n t e r f a c e t h a n Τ 1 Ο 2 , e s p e c i a l l y i n s t r o n g l y a l k a l i n e s o l u t i o n . 
The d i f f e r e n c e between Τ 1 Ο 2 and S r T i 0 3 i n band bending can be 
expr e s s e d by q u o t i n g the f l a t - b a n d p o t e n t i a l s o f t h e two 
m a t e r i a l s : Ο V f o r T i 0 2 (23) and -0.25 V f o r S r T i 0 3 (17, 2 0 ) , 
b o t h w i t h r e f e r e n c e t o a s t a n d a r d hydrogen e l e c t r o d e . The 
consequence o f t h i s i n c r e a s e d band bending i s t h a t the charge 
s e p a r a t i o n o f e l e c t r o n s and h o l e s i n the s u r f a c e r e g i o n which i s 
n o t p o s s i b l e f o r Τ 1 Ο 2 when i l l u m i n a t e d i n the absence o f an 
a p p l i e d v o l t a g e making E^, h i g h e r than Ε (as i n F i g u r e 6 ) , 
becomes p o s s i b l e f o r S r T i 0 3 (17, 1 8 ) . T h i s s i t u a t i o n i s 
i l l u s t r a t e d i n F i g u r e 7. S t r o n t i u m t i t a n a t e i s s t a b l e under 
c o n d i t i o n s o f use as an anode i n aqueous a c i d o r base. Photo-
c u r r e n t s o bserved i n one stu d y a t ze r o a p p l i e d p o t e n t i a l ranged 
from 0.5 mA t o 1.5 mA cm" 2 i n 9.1 M NaOH, u s i n g a 200 W super-
p r e s s u r e mercury lamp f o c u s s e d on the photo-anode (18). 

P o t a s s i u m t a n t a l a t e , KTaO3, has a s i m i l a r degree o f band 
bending ( f l a t band p o t e n t i a l o f -0.2 V) b u t i t s band gap i s even 
l a r g e r (3.5 eV) (20). 

P h o t o - e l e c t r o l y s i s W i t h Semiconductor Cathodes 

L o g i c a l l y , t h e use o f a p-type cathode f o r e v o l v i n g hydrogen 
and a m e t a l anode i s complementary t o t h e systems j u s t d i s c u s s e d . 
D i f f i c u l t i e s a r i s e i n t h i s c a s e , however, because o f the h i g h 
o v e r p o t e n t i a l s needed t o d r i v e hydrogen e v o l u t i o n on semi
c o n d u c t o r s such as S i and GaAs. G a l l i u m phosphide i s a f a v o u r a b l e 
i n s t a n c e , however, p h o t o - e v o l u t i o n o f hydrogen a t i l l u m i n a t e d 
p -type m a t e r i a l o c c u r r i n g a t a h i g h e r p o s i t i v e p o t e n t i a l than 
expected (14), see e.g. F i g u r e 10. 

N o z i k has proposed the co m b i n a t i o n o f a p-type cathode w i t h 
an η-type anode as a means o f u t i l i s i n g l i g h t energy a t b o t h 
e l e c t r o d e s i n s t e a d o f a t j u s t one o f them (1 6 ) , i . e . a two-photon 
p h o t o - e l e c t r o l y s i s . I n t h i s p r o p o s a l i t s h o u l d be p o s s i b l e t o 
u t i l i s e semconductors w i t h s m a l l e r band gaps than the 3.0 - 3.2 eV 
o f Τ 1 Ο 2 and S r T i 0 3 , because i t i s o n l y n e c e s s a r y t h a t E*(n) be 
below t h e oxygen Fermi l e v e l and t h a t E*(p) be above Ihe hydrogen 
Fermi l e v e l . The energy c o n d i t i o n s anâ t h e i n f l u e n c e o f l i g h t 
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i r r a d i a t i o n on them a r e i l l u s t r a t e d i n F i g u r e s 8 & 9. 
The energy a v a i l a b l e f o r e l e c t r o l y s i s ( c o r r e c t i n g an e r r o r 

o f s i g n i n (16)) when use i s made o f a p-type cathode and an 
η-type anode i s : 

Egap(n) + Vp(P) " V n ) + V p ) " V n ) + V n ) + Ev(p) " V p ) 

w h i c h s i m p l i f i e s t o (E^(n) - E
v ( n ' s u r f a c e ) ) + (Ε^(ρ, s u r f a c e ) -

E
F(p))· T h i s corresponds t o t h e e q u i l i b r i u m s i t u a t i o n d e p i c t e d 
i n F i g u r e 8. T h i s a v a i l a b l e energy i s equated t o the terms on the 
r i g h t - h a n d s i d e o f e q u a t i o n ( 8 ) , so t h a t 

(E_(n) - Ε (η, s u r f a c e ) ) + (Ε ( p # s u r f a c e ) - Ε (ρ)) 
Jî V C F 

= — ^ — (AG/F + η + η + i R + ν ) (9) nN a c H ο 
M a x i m i z a t i o n o f t h e a v a i l a b l e energy f o r e l e c t r o l y s i s w i t h a 
g i v e n semiconductor seems t o r e q u i r e use o f t h e most h e a v i l y 
doped m a t e r i a l t o g e t h e r w i t h a m i n i m a l band bending c o n s i s t e n t 
w i t h e f f i c i e n t charge s e p a r a t i o n , so t h a t i n t h e n-semiconductor, 
E^, (n) i s as h i g h as p o s s i b l e w h i l e Ε (n, s u r f a c e ) i s as low as 
p o s s i b l e and i n t h e p-semiconductor £p(p) i s as low as p o s s i b l e 
and Ε (ρ, s u r f a c e ) as h i g h as p o s s i b l e . C a u t i o n must be 
e x e r c i s e d , however, because a h e a v i l y doped semiconductor may 
become degenerate, i . e . m e t a l l i c i n b e h a v i o u r and, as we have 
a l r e a d y n o t e d , i t i s ne c e s s a r y t o have s u i t a b l e band bending t o 
s e p a r a t e the char g e s . 

N o z i k 1 s i d e a had a l r e a d y been t r i e d by Yoneyama e t a l . ( 1 9 ) . 
F i g u r e 10 shows t h e p h o t o - c u r r e n t s observed by these workers w i t h 
a p-type GaP cathode and an n-type T1O2 anode i n H2S0t». F i g u r e s 
11 and 12 show t h e s e workers' d e t e r m i n a t i o n s o f t h e f l a t band 
p o t e n t i a l s o f Τ 1 Ο 2 and GaP i n the same e l e c t r o l y t e s o l u t i o n , b o t h 
i n the dark and w i t h UV i l l u m i n a t i o n . The p o s i t i v e p o t e n t i a l 
s h i f t upon i l l u m i n a t i o n o f Τ 1 Ο 2 and the n e g a t i v e p o t e n t i a l s h i f t 
a t GaP a r e i n t h e d i r e c t i o n s e x p e c t e d , b u t i t was thought t h a t 
the p h o t o - c u r r e n t s o f F i g u r e 10 would have begun a t the f l a t band 
p o t e n t i a l f o r t h e i l l u m i n a t e d c a s e , whereas i t a c t u a l l y commenced 
a t b o t h m a t e r i a l s a t p o t e n t i a l s c l o s e r t o the "dark" f l a t band 
v a l u e . T h i s appears t o be a f a v o u r a b l e c i r c u m s t a n c e , perhaps, 
however, brou g h t about by d i f f e r i n g i n t e n s i t i e s o f i l l u m i n a t i o n 
i n t he two t y p e s o f experiment. S u f f i c e t o say, the f l a t band 
p o t e n t i a l i s a f f e c t e d by the i n t e n s i t y o f l i g h t , i n c r e a s e d 
i n t e n s i t y p r o d u c i n g g r e a t e r p o t e n t i a l s h i f t s , as expected 
t h e o r e t i c a l l y . 

F i g u r e 13 shows p h o t o - c u r r e n t s o b s e r v a b l e a t p-type GaP and 
n-type T1O2 i n NaOH, where a g a i n the f l a t band p o t e n t i a l s d i d n o t 
q u i t e c o i n c i d e w i t h the commencement o f t h e p h o t o - c u r r e n t . 
C u r r e n t s i n t h e dark f o r a l l o f these cases were r e p o r t e d t o be 
n e g l i g i b l y s m a l l . 
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E c(n) 

AVAILABLE 

\\V M ENERGY 

mm (OXIDN) 

n-type semiconductor 

E F (H 2 0/H 2 < 

E C(P) 

[AVA ILABLE . 
ENERGY hZ/ m i Jp) 
(REDN) I m , n 

EF(Ofe/HyO[ 

electrolyte 
solution 

E V ( P ) 

p-type semiconductor 

Figure 8. Schematic showing energy correlations at equilibrium for cell with 
two semiconductor electrodes in contact with aqueous solution and through an 
external circuit with each other. An n-type semiconductor anode and a p-type 
cathode are shown to left and right, respectively. In each case the minimum light 
energy to give rise to a photocurrent is indicated by hvmin (n) and hvmin (p), respec
tively. The energies available for oxidation and reduction are also indicated. Ε/η) 
and Ε υ(n) are conduction and valence band edges for the n-type material and 
E6. (p) ana Ev(p) are those for the p-type material. Other symbols as in Figure 7. 
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NON-EQUILIBRIUM SITUATION 

STORED 
ENERGY 
(OXIDN) 

E c(n) /"J 

p,E*(n) 
\ 
\ 

\ 

E v (n) 

n-type semiconductor 

E F ( H 2 0 / H 2 ) k t 

E F(0 2/H 20) 

electrolyte 
solution 

EC(P) 

\ n t p ( p ) 
\ r 

\ 
I 
\ 
\ 
V * * 

pEpCp)^ 

EV(P) 

p—type semiconductor 

STORED 
ENERGY 
(REDN) 

Academic Press 

Figure 9. Schematic showing energy correlations under conditions of illumina
tion for the cell of Figure 8. Both electrodes are assumed to be illuminated and 
the general case of unequal band gaps is shown. The stored energy for oxidation 
is equal to EF(0I/H2o) — n E F * (n, surface) while that for reduction is EF(H2O/H2) 
— P E F * fp, surface). E F denotes the Fermi level as it was at equilibrium in the 
dark in Figure 8, while EF* and EF** are the Fermi levels in the two metals when 
the semiconductors are both illuminated. Other symbols as in Figures 7 and 8 (13). 
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Pergamon Press 

Figure 10. Cathodic polarization curve of p-type GaP and anodic polarization 
curve of n-type TiOt in 0.5M H f S 0 4 with illumination by an ultrahigh-pressure 

mercury arc lamp (19). 
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L L 

E ο 

Pergamon Press 

Figure 11. Mott-Schottky plots of reciprocal square of differential capacitance 
of n-type TiOg electrode in 0.5M H2SO,, vs. electrode potential. (O) In the dark; 
(O) under illumination as in Figure 10. Intercept at C = cc gives the value of 

the flat-band potential (19). 
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V / see 

Pergamon Press 

Figure 12. Mott-Schottky plots as in Figure 11 hut for p-type GaP in 0.5M 
H 2S0 4. Symbols have the same meaning as in Figure 11 (19). 

Pergamon Press 

Figure 13. Polarization curves as in 
Figure JO, but with I M NaOH as elec

trolyte (19) 

I NaOH 
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P h o t o - a s s i s t e d E l e c t r o l y s i s i n S i m u l a t e d S u n l i g h t 

F i g u r e 14 shows the s p e c t r a l responses f o r T i 0 2 and f o r GaP 
w i t h , f o r comparison, the energy d i s t r i b u t i o n i n s u n l i g h t . The 
band gaps o f t h e two m a t e r i a l s a r e a l s o i n d i c a t e d . As i s e v i d e n t 
from t h i s diagram the l i g h t energy range i n which Τ1Ο2 f u n c t i o n s 
i s w e l l away from the broad maximum i n the s o l a r energy i n c i d e n t 
upon the E a r t h ( a t 500 t o 900 nm f o r a i r mass 2 (24)). Even f o r 
GaP the band gap i n d i c a t e d a t 2.38 eV i s an i n d i r e c t one, the 
maximum f o r t h i s m a t e r i a l o c c u r r i n g c l o s e r t o the d i r e c t gap a t 
2.77 eV. Thus b o t h m a t e r i a l s may be expected t o f u n c t i o n l e s s 
e f f e c t i v e l y t h a n d e s i r a b l e i n u t i l i z a t i o n o f s o l a r energy. Never
t h e l e s s , they have been combined by N o z i k (16) i n t o a c e l l w i t h 
p h o t o - e f f e c t s a t b o t h e l e c t r o d e s as shown i n F i g u r e 15. W i t h 
t h i s c e l l , hydrogen and oxygen were produced f o r t h e f i r s t t ime 
from s i m u l a t e d s u n l i g h t w i t h z e r o a p p l i e d p o t e n t i a l . 

I n F i g u r e 16 i s shown the p h o t o - c u r r e n t / p o t e n t i a l r e l a t i o n 
f o r an n-type GaP anode and a p-type GaP cathode. The c u r r e n t a t 
z e r o a p p l i e d p o t e n t i a l i s l a r g e r i n t h i s c a s e , b u t t h i s i s because 
the a n o d i c r e a c t i o n i s d i s s o l u t i o n o f the GaP and n o t oxygen 
e v o l u t i o n . 

F u t u r e P r o s p e c t s 

The p r o s p e c t s f o r an economic p r o c e s s f o r p h o t o - e l e c t r o l y t i c 
H2 and Ο2 e v o l u t i o n a r e u n c e r t a i n . I t i s n e c e s s a r y t o f i n d 
m a t e r i a l s w i t h s m a l l e r band gaps than those used s u c c e s s f u l l y i n 
u l t r a v i o l e t l i g h t as anodes and t o f i n d some a l t e r n a t i v e 
m a t e r i a l s , a l s o w i t h s m a l l e r band gaps, f o r use as cathodes. The 
d ouble p h o t o - e f f e c t approach o f N o z i k appears t o be the most 
p r o m i s i n g and GaP might prove adequate as a cathode i f no b e t t e r 
m a t e r i a l becomes a v a i l a b l e . The r e c e n t l y r e p o r t e d (25) e x t e n s i o n 
o f s p e c t r a l response o f p-GaP t o beyond 1000 nm by e l e c t r o -
d e p o s i t e d monolayers o f Ag, Pd o r Au i s an encouraging d e v e l o p 
ment. A p p a r e n t l y , hydrogen uptake i s i m p l i c a t e d i n the 
phenomenon. F o r a n o d i c Ο2 e v o l u t i o n , o x i d e s appear the most 
p r o m i s i n g b u t some w i t h s u i t a b l e band gaps, e.g. a-Fe2Û3 (2.2 eV 
(27)) have u n s u i t a b l e band bending (+ 0.7 eV) (20, 28. 2 9 ) , 
n e c e s s i t a t i n g a l a r g e a p p l i e d p o t e n t i a l and thus d e f e a t i n g the 
o r i g i n a l purpose. The i n c r e a s e i n p h o t o - o x i d a t i o n e f f i c i e n c y a t 
p o l y c r y s t a l l i n e a-Fe2Û3 i n the presence o f c h e l a t i n g agents such 
as c i t r a t e o r EDTA (30) may be o f advantage. 

Other problems a r e those o f m a t e r i a l s c o s t s and m a t e r i a l 
p r o c e s s i n g c o s t s , e.g. whether f l a t s i n g l e c r y s t a l s have t o be 
used. F i n a l l y t h e r e i s the q u e s t i o n o f s p a t i a l r e q u i r e m e n t s , 
b o t h f o r i n t e r c e p t i o n o f s o l a r r a d i a t i o n and f o r p r o v i s i o n o f a 
s u i t a b l y l a r g e e l e c t r o d e a r e a t o g i v e u s e f u l r a t e s o f H2 
g e n e r a t i o n . One may wonder, w i t h G e r i s c h e r (13), whether i t 
might n o t be b e t t e r t o g e n e r a t e e l e c t r i c i t y by p h o t o - v o l t a i c 
means, u s i n g t h i s t o e l e c t r o l y s e water i n a c o n v e n t i o n a l f a s h i o n . 
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Wavelength / nm 

Pergamon Press 

Figure 14. Spectral responses of n-type Ti02 (O) and of p-type GaP (O)in 0.5M 
H2SOt while polarized at -1.0 V vs. SCE (GaP) or at +1.0 V vs. SCE (Ti02). 
The band edges (gaps) for each material are indicated by vertical dashed lines. 
The sohr energy distribution ( ) is also shown. Photoresponses and sohr 

energy distribution are in arbitrary units (19). 

American Institute of Physics 

Figure 15. Photocurrent/cell potential difference for n-type Ti02 anode and 
p-type GaP cathode in 0.1 M H2SOh illuminated by ca. 100 mW cm'2 of simuhted 
sunlight from a xenon hmp. The H2/H* and 02/H20 reduction potentials are 
indicated. Hydrogen and oxygen evolution were obtainable at zero potential 

difference as indicated (16). 
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0 l 1 I ι ι 1 
-1.0 0 1.0 2.0 

TERMINAL VOLTAGE / V 

American Institute of Physics 

Figure 16. Photocurrent/cell potential difference for n-type GaP anode and 
p-type GaP cathode in O.I M H2SOh illuminated as in Figure 15. Hydrogen evo
lution occurred at the GaP cathode without visible degradation, but in this cell 
the anodic reaction is oxidation of P3' to H3POs and dissolution of the anode mate

rial (16). 
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However, the approaches discussed here may well have special 
advantages for fuel generation in remote unattended locations, 
e.g. in Canada's North. 

Abstract 

The advantages of hydrogen storage combined with the 
generation of electricity by solar radiation make the concept of 
photo-electrolysis of water an attractive one. Photo-effects 
have been observed both at oxygen evolving anodes and at hydrogen 
evolving cathodes, both being of use in practical photo
-electrolysis when the incident radiation is ultraviolet. The 
requirements are of semiconductor anodes or cathodes which do not 
decompose in the electrolyte and which are electrocatalysts for 
oxygen or hydrogen evolution from water. The band gaps of the 
semiconductors should be reasonably matched to the solar spectrum 
for high efficiency and a suitable degree of bending of the bands 
at the surface is desirable. Materials that have been used as 
anodes include TiO2, various titanates and tantalates, WO3 and 
Fe2O3. GaP stands essentially alone as a cathode material. 
Prospects for the future are surveyed. 
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Electrochemically Codeposited Large-Area Photoelectrodes 
for Converting Sunlight to Electrical Energy 

B. LIONEL FUNT, MARZIO LEBAN, and ALDEN SHERWOOD 
Department of Chemistry, Simon Fraser University, Burnaby, 
British Columbia, Canada V5A 1S6 

Photoelectrochemical cells based on semiconductor photoelec
trodes are potential candidates for low cost, large area, conver
sion devices. The basic starting materials are inexpensive and 
photoelectrodes of large area can be produced by electrodeposition. 

In this paper we describe the construction and performance of 
a photoelectrochemical cel l of 100 cm2 photoelectrode area and 
indicate some of the parameters which are affected by the scale-up 
from typical electrodes of under 1 cm2. 

The photoelectrochemical converter is composed of a semicon
ductor in contact with a solution containing a suitable redox 
couple. CdSe with a band gap (Eg = 1.7 eV) utilizes a large part 
of the solar spectrum. These electrodes can be prepared by catho-
dic codeposition (1) on Ni substrates. Until recently such photo-
electrochemical converters were impractical because the action of 
light on the surface of the photoelectrode produced dissolution. 

CdSe hv Cd+2(aq) + Se(s) + 2e-

However, Wrighton et al (2-6) showed that the photoelectrodes 
could be stabilized in a polysulfide medium. The recognition that 
these devices could show high stabili ty, large area, and low cost, 
spurred on further investigation of the factors involved in pro
ducing working devices. 

Experimental 

a) Production of Photoelectrodes. CdSe photoelectrodes were 
prepared by codeposition of Cd and Se on nickel f o i l substrates. 
This electrochemical method is a slight variation of a technique 
devised by G. Hodes et al (l) , to whom we are indebted for supply
ing additional details of their processes. 

The nickel f o i l and a cadmium electrode were immersed in a 
stirred solution which was 0.5 M in CdSÔ  and 1 M in NH^Cl. Cad
mium and nickel electrodes were shorted through an ammeter. This 
resulted in a rapidly decaying current which stabilized at about 

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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0.1 mA a f t e r a few minutes. S e 0 2 was added, i n s o l i d form, (-20 
mg a t a time) w i t h a s p a t u l a and produced c u r r e n t s o f up t o ho mA 
d u r i n g c o d e p o s i t i o n o f CdSe. D e p o s i t i o n t i m e s o f up t o h3 minutes 
were employed. Repeated a d d i t i o n s o f S e 0 2 p r e v e n t e d t he c u r r e n t 
from f a l l i n g below 20 mA. 

F i n a l l y , t h e d e p o s i t s were heat t r e a t e d a t !*00°C f o r 5 min
u t e s under a N 2 atmosphere. X-ray f l u o r e s c e n c e d a t a c o n f i r m e d the 
presence o f Cd and Se i n t h e d e p o s i t s w i t h no o t h e r d e t e c t a b l e 
i m p u r i t i e s . CdSe p h o t o e l e c t r o d e s , 10 cm 2 i n a r e a ( 2 x 5 em) were 
p r e p a r e d i n t h i s manner w i t h a success r a t e o f about 50$. 

b) C o u n t e r e l e c t r o d e s . Union C a r b i d e " g r a f o i l " was used as 
the c o u n t e r e l e c t r o d e m a t e r i a l . The .010" t h i c k g r a p h i t e f o i l was 
found t o be con v e n i e n t t o use and t o p e r f o r m as w e l l as g r a p h i t e 
r o d s . 

c) C e l l D e s i g n . The p r o t o t y p e p h o t o e l e c t r o c h e m i c a l c e l l i s 
shown i n F i g u r e 1. Ten 10 cm 2 CdSe p h o t o e l e c t r o d e s make up t h e 
100 cm 2 c e l l . P h o t o e l e c t r o d e s were mounted i n tandem on p l a s t i c 
s t r i p s . S i x c o u n t e r e l e c t r o d e s , each on a p l a s t i c s u p p o r t , were 
mounted p e r p e n d i c u l a r t o and i n between the p h o t o e l e c t r o d e s . See 
F i g u r e 2 f o r t h e unmounted c e l l . Each e l e c t r o d e has i t s own ex
t e r n a l c o n n e c t i o n , a l l o w i n g i n d i v i d u a l t e s t i n g . The e n t i r e c e l l , 
i n c l u d i n g t h e c y l i n d r i c a l l e n s p a n e l shown i n F i g u r e 1, was con
s t r u c t e d o f p l e x i g l a s s . T h i s p a n e l , i n t e n d e d t o f o c u s l i g h t on 
the p h o t o e l e c t r o d e s , was c o n s t r u c t e d by g l u i n g t o g e t h e r f i v e 
c y l i n d r i c a l l e n s e s each w i t h a k cm f o c a l l e n g t h . 

d) L i g h t Source. The l i g h t source was a 200 w, 2k v , E J L 
Quartz Halogen lamp w i t h a maximum i n t e n s i t y a t about 6500 X. 
Wavelength v s . I r r a d i a n c e was o b t a i n e d w i t h a J a r r e l l Ash Model 
82-UlO Spectrophotometer and a Model 65 A YSI K e t t e r i n g Radiometer. 

Theory 

The p h o t o e l e c t r o c h e m i c a l c e l l c o n s i s t s o f a CdSe p h o t o e l e c 
t r o d e immersed i n an aqueous s o l u t i o n which i s 1 M i n NaOH, Na 2S, 
and S. When the CdSe p h o t o e l e c t r o d e i s i l l u m i n a t e d , e l e c t r o n s a r e 
generated w h ich may f l o w through the e x t e r n a l c i r c u i t t o t h e coun-
t e r e l e c t r o d e . The CdSe p h o t o e l e c t r o d e a c q u i r e s a n e g a t i v e charge 
and t h e c o u n t e r e l e c t r o d e a p o s i t i v e charge. 

Upon immersion o f t h e CdSe semiconductor i n t o t he e l e c t r o l y t e , 
e l e c t r o n exchange a t the i n t e r f a c e o c c u r s u n t i l e q u i l i b r i u m i s 
a t t a i n e d . A t e q u i l i b r i u m , t h e Fermi l e v e l o f t h e semiconductor i s 
a d j u s t e d by t h e presence o f a space charge l a y e r a t t h e semicon
d u c t o r s u r f a c e . T h i s l a y e r i s due t o t h e d i f f e r e n c e between t h e 
Fermi l e v e l o f t h e semiconductor and t h e Fermi l e v e l o f the e l e c 
t r o l y t e which i s measured a t t h e redox couple . The p o t e n t i a l 
drop a t t h e space charge l a y e r and t h e amount o f band bending a l s o 
depend on t h e degree o f Fermi l e v e l mismatch a t t h e semiconductor-
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Figure 1. The 100-cm2 CdSe photoelectrochemical cell 

Figure 2. Unmounted cell; photoelectrodes on the right, counterelectrodes on 
the left 
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e l e c t r o l y t e i n t e r f a c e . F i g u r e 3 i l l u s t r a t e s "band bending f o r t h e 
to p o f the v a l e n c e band (VB) and t h e bottom o f t h e c o n d u c t i o n 
band (CB). The h o r i z o n t a l c o o r d i n a t e r e p r e s e n t s d i s t a n c e from 
th e i n t e r f a c e , w h i l e t he v e r t i c a l r e p r e s e n t s energy. The d i r e c 
t i o n o f band bend i n g shown i s t y p i c a l o f an n-type semiconductor 
such as CdSe. Opposite band bend i n g would occur f o r a p-type 
semiconductor (3) . The Fermi l e v e l o f t h e redox c o u p l e , E-p, 
r e f e r r e d t o the vacuum l e v e l , i s g i v e n by (9) ' 

Ε = Constant-E° F 
where E° i s the e q u i l i b r i u m redox p o t e n t i a l measured a g a i n s t the-
s t a n d a r d hydrogen e l e c t r o d e , and the v a l u e o f t h e c o n s t a n t i s k.5 
eV (15,16). 

Band bend i n g a t the semiconductor s u r f a c e causes a d e p l e t i o n 
o f t h e m a j o r i t y c a r r i e r s ( e l e c t r o n s f o r n-type CdSe) underneath 
the s u r f a c e ( d e p l e t i o n l a y e r ) . F o r mation o f a d e p l e t i o n l a y e r 
g i v e s r i s e t o a system e q u i v a l e n t t o a S c h o t t k y b a r r i e r between 
a m e t a l and a semiconductor. 

I n t h e d a r k , t h e system i s a t e q u i l i b r i u m and no c u r r e n t o r 
p o t e n t i a l i s observed. When t h e semiconductor absorbs a photon 
w i t h hV > band gap energy, an e l e c t r o n from t h e v a l e n c e band may 
be promoted t o the c o n d u c t i o n band. A h o l e ( p o s i t i v e charge) i s 
c r e a t e d i n t h e v a l e n c e band (_8). When e l e c t r o n h o l e p a i r forma
t i o n o c c u r s w i t h i n the d e p l e t i o n r e g i o n , t h e m i n o r i t y charge c a r 
r i e r s ( h o l e s ) are swept t o the semiconductor e l e c t r o l y t e i n t e r 
f a c e . A t t h e same t i m e , e l e c t r o n s move i n t o t h e semiconductor 
b u l k (£). E l e c t r o n h o l e r e c o m b i n a t i o n may occur b e f o r e h o l e s 
r e a c h t h e s u r f a c e o r e l e c t r o n s r e a c h t h e semiconductor b u l k 
r e s u l t i n g i n t h e f o r m a t i o n o f h e a t , ( E l e c t r o n + h o l e = h e a t ) . 
M o tion o f e l e c t r o n s and h o l e s w i t h i n t h e d e p l e t i o n r e g i o n i s due 
t o t h e e l e c t r i c f i e l d i n t h e space charge l a y e r . Holes ( p o s i t i v e 
charges i n t h e v a l e n c e band o f F i g u r e 3) t h a t r e a c h t h e semicon
d u c t o r e l e c t r o l y t e i n t e r f a c e may undergo e l e c t r o n exchange w i t h 
t h e redox couple i n t h e e l e c t r o l y t e (10). Here, t h e redox c o u p l e 
i s S/S""2. Hol e s behave as o x i d i z i n g agents and may be n e u t r a l i z e d 
by e l e c t r o n s o f the s u l f i d e o r p o l y s u l f i d e s p e c i e s i n s o l u t i o n 
(10). A t t h e c o u n t e r e l e c t r o d e , t h e o p p o s i t e r e a c t i o n o c c u r s ( f o r 
m ation o f s u l f i d e o r p o l y s u l f i d e ) r e s u l t i n g i n no net c h e m i c a l 
change o f t h e e l e c t r o l y t e . The S/S""2 redox couple not o n l y 
quenches d i s s o l u t i o n o f t h e p h o t o e l e c t r o d e and completes the 
i n t e r n a l c i r c u i t o f the p h o t o e l e c t r o c h e m i c a l c e l l , b u t a l s o p r o 
v i d e s a mechanism f o r e x t r a c t i n g t h e energy momentarily s t o r e d a t 
th e p h o t o e l e c t r o d e . I n d i r e c t l y c o n v e r t i n g s u n l i g h t t o e l e c t r i c a l 
energy, t h e energy ( o b t a i n e d from l i g h t ) absorbed by t h e semicon
d u c t o r p h o t o e l e c t r o d e i s s t o r e d as photogenerated e l e c t r o n h o l e 
p a i r s . The l i f e t i m e o f these p a i r s i s l o n g enough t o a l l o w t h e 
redox r e a c t i o n s t o compete w i t h e l e c t r o n h o l e r e c o m b i n a t i o n . 
These p r o p e r t i e s o f the semiconductor p h o t o e l e c t r o d e r e n d e r photo
e l e c t r o c h e m i c a l c e l l s u s e f u l as s o l a r energy c o n v e r t e r s . 
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Figure 3. The semiconductor electro
lyte interface; CB, conduction band; VB, 
valence band; positive charges represent 

holes 
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Figure 4. Voltage-current-power characteristics; light intensity 92.5 mW/cm2 
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Performance 

Each p h o t o e l e c t r o d e was t e s t e d p r i o r t o mounting. The maxi
mum and minimum p h o t o c u r r e n t s and p o t e n t i a l s observed f o r t h e 10 
e l e c t r o d e s were 80 and 30 mA and U50 and 300 mV, r e s p e c t i v e l y . 
The e f f e c t o f c o n s t a n t i l l u m i n a t i o n f o r 20 hours on a p h o t o e l e c 
t r o d e was t o reduce the s h o r t c u r r e n t p h o t o c u r r e n t by 15$. How
ever the o r i g i n a l output was almost r e s t o r e d when the e l e c t r o d e 
was p l a c e d i n a f r e s h s o l u t i o n . The l o n g term s t a b i l i t y r e p o r t e d 
by Hodes i s encouraging ( 1 1 ) . 

Semiconductor d e p o s i t s t h i c k e r t h a n the d e p l e t i o n l a y e r 
(~10 cm) a r e r e q u i r e d f o r optimum performance. The CdSe depos
i t s were e s t i m a t e d t o range up t o 10 cm. The d e p o s i t s were not 
doped c h e m i c a l l y , b u t the heat treatment v a p o r i z e s Se l e a v i n g 
excess Cd which may a c t as a dopant. A marked i n c r e a s e i n s h o r t 
c i r c u i t p h o t o c u r r e n t s was observed a f t e r heat t r e a t m e n t s . 

The r e s i s t a n c e between the semiconductor d e p o s i t and t h e 
n i c k e l s u b s t r a t e was l e s s t h a n 2 ohm, i n d i c a t i n g a good c o n t a c t 
between d e p o s i t and s u b s t r a t e . 

Each p h o t o e l e c t r o d e was r e t e s t e d a f t e r mounting and c u r r e n t 
v o l t a g e p l o t s o b t a i n e d . A l l p h o t o e l e c t r o d e s decreased i n p e r f o r 
mance and one became e s s e n t i a l l y i n o p e r a t i v e . T h i s i s a t t r i b u t e d 
t o e x c e s s i v e h a n d l i n g d u r i n g mounting which r e s u l t e d i n a b r a s i o n 
and d e t e r i o r a t i o n o f t h e d e p o s i t . The maximum power output o f t h e 
i n d i v i d u a l mounted e l e c t r o d e s i n t h e assembly v a r i e d from 5-70 mW 
t o 0.13 mW. The maximum power o b t a i n e d from t h e assembled con
v e r t e r was 27 mW. Under s h o r t c i r c u i t c o n d i t i o n s t h e maximum 
power at 90.2 mA and 100 mV was 9.0 mW. The l i g h t i n t e n s i t y i n c i 
dent a t the p h o t o c e l l was 92.5 mW/cm2. 

Some a d d i t i o n a l f a c t o r s s h o u l d be c o n s i d e r e d i n p l a c i n g t h e s e 
r e s u l t s i n p e r s p e c t i v e . A l t h o u g h the c o u n t e r e l e c t r o d e s u r f a c e 
a r e a was almost t w i c e t h a t o f the p h o t o e l e c t r o d e , t h i s may not 
have been adequate t o m i n i m i z e the o v e r p o t e n t i a l . Any o v e r p o t e n -
t i a l w i l l decrease output v o l t a g e s and e f f i c i e n c i e s under a l o a d 
(13,1*0 . Low o v e r p o t e n t i a l c a t a l y t i c c o u n t e r e l e c t r o d e s may o f f e r 
a s o l u t i o n t o t h i s problem ( 1 3 ) . I t i s a l s o p o s s i b l e t h a t i n 
homogeneous i l l u m i n a t i o n o f t h e e n t i r e 100 cm may have c o n t r i 
b u t e d t o the reduced power o u t p u t . 

Scale-Up C o n s i d e r a t i o n s 
2 

I n t e r m e d i a t e s i z e d p h o t o e l e c t r o d e s o f 25 cm ( 5 x 5 em) were 
p r e p a r e d w i t h p a r t i a l s u c c e s s . Uneven d e p o s i t s were formed as 
i n d i c a t e d by patches o f d i s c o l o r a t i o n . I n i t i a l p h o t o c u r r e n t s o f 
75 mA were observed which q u i c k l y d e t e r i o r a t e d t o 1.5 mA. The 
u n s u i t a b i l i t y o f "beaker t y p e " p r e p a r a t i o n c o n d i t i o n s i s e v i d e n t 
f o r l a r g e a r e a d e p o s i t i o n . Large a r e a p h o t o e l e c t r o d e p r o d u c t i o n 
w i l l r e q u i r e a d e p o s i t i o n t e c h n i q u e w i t h c o n t r o l l e d p o t e n t i a l o r 
c u r r e n t . Experiments have shown t h a t w i t h c o n t r o l l e d p o t e n t i a l 
CdSe p h o t o e l e c t r o d e s may be p r e p a r e d i n a more r e p r o d u c i b l e manner. 

American Chemical 
Society Library 

1155 16th St., H.W. 

Washington, O.C. 20036 
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248 CHEMISTRY FOR ENERGY 

P h o t o e l e c t r o d e s formed i n t h i s way w i l l he i n c o r p o r a t e d i n our 
next 100 cm 2 p h o t o e l e c t r o c h e m i c a l c e l l . 

C e r t a i n c o n d i t i o n s o f c e l l d e s i g n must he met. I n o r d e r t o 
decrease i n t e r n a l c e l l r e s i s t a n c e the c o u n t e r e l e c t r o d e s h o u l d be 
as c l o s e as p o s s i b l e t o the p h o t o e l e c t r o d e , but must not o b s t r u c t 
the l i g h t . The modular c o u n t e r e l e c t r o d e d e s i g n , F i g u r e 1, meets 
t h i s requirement b u t l i m i t s t he a c t u a l s i z e o f the p h o t o e l e c t r o d e . 
The i d e a l c o u n t e r e l e c t r o d e would be t r a n s p a r e n t t o l i g h t and would 
be d e p o s i t e d on the i n s i d e o f the c e l l window. T h i s geometry 
a l l o w s c e l l d e s i g n s o f s i n g l e l a r g e a r e a p h o t o e l e c t r o d e s w i t h 
c o u n t e r e l e c t r o d e p r o x i m i t y . S n 0 2 i s a c a n d i d a t e f o r such a coun
t e r e l e c t r o d e . The pa t h l e n g t h o f l i g h t i n the e l e c t r o l y t e s h o u l d 
be l i m i t e d s i n c e a b s o r p t i o n o c c u r s i n t h e near UV w i t h p r e s e n t 
e l e c t r o l y t e s . 

An o b j e c t i v e o f t h i s work was t h e assessment o f t h e f a c t o r s 
r e l e v a n t t o s c a l e - u p t o u s e f u l power o u t p u t s . The p r e l i m i n a r y 
r e s u l t s thus f a r o b t a i n e d have been encouraging. The p r e p a r a t i o n 
o f l a r g e r e l e c t r o d e s has proved t o be si m p l e and t h e r e a r e no 
apparent l i m i t a t i o n s t o t h e p r e p a r a t i o n o f much l a r g e e l e c t r o d e s 
by t h e s e t e c h n i q u e s . The c o s t s o f t h e s t a r t i n g m a t e r i a l s , Cd and 
Se are q u i t e low and r e l a t i v e l y s m a l l q u a n t i t i e s a r e r e q u i r e d i n 
the p r e p a r a t i o n o f a p h o t o a c t i v e s u r f a c e . O v e r a l l m a t e r i a l c o s t s 
are t h e r e f o r e q u i t e modest. The s t a b i l i t y o f t h e p h o t o e l e c t r o d e 
i s s t i l l under i n v e s t i g a t i o n . Hodes ( l l ) r e p o r t e d good s t a b i l i t y 
f o r a number o f l i g h t - d a r k c y c l e s o v e r s e v e r a l weeks. Our mea
surements i n d i c a t e r e l a t i v e s t a b i l i t y o f i n d i v i d u a l e l e c t r o d e s . 
However t h e r e has been a s i g n i f i c a n t d e t e r i o r a t i o n i n the p e r f o r 
mance o f t h e assembled 100 cm 2 c o n v e r t e r ; and t h i s i s a t t r i b u t e d 
i n p a r t t o the e f f e c t s o f h a n d l i n g and mounting. 

The r e d u c t i o n i n o v e r a l l e f f i c i e n c y on s c a l e - u p deserves 
f u r t h e r d e s i g n and performance c o n s i d e r a t i o n . The net power o u t 
put was lower than expected from t h e summed performance o f the 
i n d i v i d u a l u n i t s and the o p t i c a l , s o l i d s t a t e o r e l e c t r o c h e m i c a l 
f a c t o r s which c o n t r i b u t e t o t h i s r e d u c t i o n i n performance need t o 
be c l a s s i f i e d . 

The r e p o r t e d performances ( U ,5) and our own o b s e r v a t i o n i n d i 
c a t e t h a t i n d i v i d u a l p h o t o e l e c t r o d e s w i t h a c o n v e r s i o n e f f i c i e n c y 
o f s u n l i g h t t o e l e c t r i c a l energy o f 2% may be p r e p a r e d . A r e a l i s 
t i c o b j e c t i v e i s t o r e t a i n an e f f i c i e n c y o f zl% i n a l a r g e w o r k i n g 
c o n v e r t e r w i t h an output o f ~10 w/m2. 

Some o f t h e c o n s i d e r a t i o n s f o r d e s i g n o f l a r g e r c o n v e r t e r s 
a r e : 

(1) P r o d u c t i o n o f r e p r o d u c i b l e p h o t o e l e c t r o d e s , doped e l e c 
t r o c h e m i c a l l y , w i t h r e a s o n a b l e o u t p u t s ( i . e . , 3 mA/cm2 a t 350 mV). 

(2) Use o f c o u n t e r e l e c t r o d e s w i t h low p o l a r i z a t i o n and low 
o v e r p o t e n t i a l s . 

(3) O p t i m i z a t i o n o f l i g h t t r a n s m i s s i o n through the e l e c t r o 
l y t e by r e d u c t i o n o f s u l f u r c o n c e n t r a t i o n and path l e n g t h . 

(k) M i n i m i z a t i o n o f c e l l r e s i s t a n c e . 
(5) I n v e s t i g a t i o n o f a l t e r n a t i v e redox couples f o r 
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stabilization of photoelectrode, but with better optical trans
mission in solution. 

In our opinion preliminary results thus far obtained warrant 
further intensive investigation of photoelectrochemical converters 
as potentially important and useful devices. 
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Electrochemical Energy Storage Systems 

On the Selection of Electrolytes for High-Energy 
Density Storage Batteries 

E. J. CASEY and M. A. KLOCHKO 
Defense Research Establishment, Ottawa, Ontario, Canada K1A 0Z4 

Relevance of Electrical Energy Storage. The importance of 
energy storage seems to derive from the versatility it offers to 
an energy system. The controlled storage, transformation and use 
of stored energy permits us to conserve any excess energy from 
the source, and to disburse it later, presumably wisely and 
according to need. Possible transformations which storage 
permits are: (a) controlled time-phasing, (b) energy-form 
changes, and (c) controlled disbursement into loads (Figure 1). 

In the context of this Symposium entitled Chemistry for 
Energy, the task set for the authors by the organizers was to 
draw a perspective on electrical energy storage -- not only to 
summarize the state-of-the-art and indicate why performance is 
limited, but also to draw attention to chemical problems, by way 
of example, which might capture the participants' attention. 

The renewed activity and support of research and development 
of this field seems to have arisen as a result of the assumptions 
which follow: 
(a) Research, if to be supportable poli t ically, must be demon

strably relevant to the solution of some national problem. 
(b) Energy-storage, -transport and -distribution are such 

problems. 
(c) Renewable resources w i l l be much more easily harnessed and 

be more widely used once better methods of conversion and 
storage become available. 
Storage of electrical energy holds a special place. The 

further assumptions here seem to be: 
(a) Improved electrical energy storage wi l l relieve the technical 

and economic pressures on the total energy system, by 
simplifying the (centralized and localized) storage and 
redistribution of electricity, as well as by enabling the 
introduction of electric vehicles on a massive scale. 

*Issued as DREO Report No. 785. 

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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LOADS 

Figure 1. Energy system with storage. Possible transformations include: con
trolled time phasing, energy-form changes, and controlled disbursement to loads.  P
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17. CASEY AND KLOCHKO Electrochemical Energy Storage 255 

(b) I n c r e a s e d r e s e a r c h a c t i v i t y i n the e l e c t r o c h e m i c a l f i e l d w i l l 
r e s u l t i n b e t t e r b a t t e r i e s and i n a l t e r n a t e e l e c t r i c a l - e n e r g y -
s t o r a g e systems not even y e t imagined. 
Each o f these assumptions can be c h a l l e n g e d , but they are 

d i f f i c u l t t o prove f a l s e , o r even u n j u s t i f i e d . A n a l y s t s d i f f e r 
i n t h e i r judgements about what l e v e l o f e f f o r t s h o u l d be funded 
by governments. The U.S. made a c o n s c i o u s d e c i s i o n i n 197^ t o 
i n v e s t h e a v i l y i n energy R & D ; Canada was w r e s t l i n g w i t h o t h e r 
p r i o r i t i e s . E l e c t r i c a l - e n e r g y s t o r a g e R & D has r e c e i v e d 
s u b s t a n t i a l f a l l - o u t i n the U.S.A., and the m u l t i - m i l l i o n d o l l a r 
hydrogen, b a t t e r y , f u e l c e l l , and e l e c t r o l y z e r programs have 
f l o w e r e d , a l o n g w i t h the more s p e c t a c u l a r n u c l e a r , s h a l e - o i l , 
c o a l g a s i f i c a t i o n and o t h e r major e f f o r t s . I n Canada, t a r sands 
and o i l e x p l o r a t i o n have r e c e i v e d added s t i m u l u s . The n u c l e a r R 
& D program assumes 2/3 o f t h e f e d e r a l energy R & D budget. The 
e l e c t r i c a l - e n e r g y - s t o r a g e and hydrogen programs have r e c e i v e d 
some new s t i m u l u s . 

The i n t e r e s t s o f our C o l l e a g u e s w i t h i n the Energy Co n v e r s i o n 
D i v i s i o n o f Defence Research E s t a b l i s h m e n t Ottawa i n c l u d e energy 
r e l a t e d problems r e s o l v a b l e by b a t t e r i e s , f u e l c e l l s , e n g i n e s , 
w i n d m i l l s , t h e r m o e l e c t r i c g e n e r a t o r s , e t c . ; and i n c l u d e m o d e l l i n g 
o f energy c o n s e r v a t i o n methods as w e l l . At the end o f t h i s paper 
we g i v e an example o f a m o d e l l i n g s t u d y prepared i n answer t o the 
q u e s t i o n : "Energy s t o r a g e ? F i r s t o f a l l , who wants i t w i t h i n 
our own o r g a n i z a t i o n ? And why? 

Reference P o i n t s f o r t h i s Review. Rather than prepare a 
t u t o r i a l on the s u b j e c t , we have taken t h e i n v i t a t i o n as an 
o p p o r t u n i t y t o t r y t o r e v i e w the s t o r a g e - b a t t e r y f i e l d from a new 
p o i n t o f view, one not t r e a t e d i n the l i t e r a t u r e . We focus on 
the e l e c t r o l y t e and t r y t o uncover u n t r i e d but p o t e n t i a l l y u s e f u l 
new s t o r a g e b a t t e r y systems based on l i g h t m e t a l s . 

I n c o n s i d e r i n g the s e l e c t i o n o f anodes f o r h i g h energy 
d e n s i t y (HED) s t o r a g e ( o r secondary) b a t t e r i e s ( S B ) , we note t h a t 
t h e r e are some 19 metals whose f r e e - e n e r g y d e n s i t y (TED) o f 
r e a c t i o n w i t h o x i d a n t s such as 0 2 , C I 2 , and F2 a r e h i g h e r than 
those o f Zn w i t h the same o x i d a n t s . Most o f these metals r e a c t 
v i o l e n t l y w i t h water. The remainder a r e p a s s i v a t e d by water. 
T h e r e f o r e o t h e r e l e c t r o l y t e s must be c o n s i d e r e d f o r these m e t a l s , 
based on non-aqueous, molten s a l t , o r s o l i d - s t a t e i o n i c 
c o n d u c t o r s . Much e x p e r i m e n t a l work has been c a r r i e d out d u r i n g 
the l a s t two decades on p r i m a r y and secondary b a t t e r i e s based on 
anhydrous e l e c t r o l y t e s , aimed a t u t i l i z a t i o n o f the a c t i v e 
m e t a l s . 
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TABLE I . Re l e v a n t P r o p e r t i e s o f Some A c t i v e A nodic M e t a l s 

M e t a l Atomic g.-Equiv. Abundance E° TED, Wh/kg 
No. ppm 25° mo 2 M+C12 M+S 

L i 3 6.94 65 -3.04 5536 2680 3020 
Na 11 22.99 28300 -2.71 1873 1954 1329 
Ca 20 20.05 36300 -2.87 3148 1991 1850 
Mg 12 12.15 29900 -2.37 4158 1874 1712 
A l 13 9.00 81300 -1.66 4609 1450 1320 
T i 22 23.95 4400 -1.61 2305 1116 1070 
Zn 30 32.68 132 -0.76 1211 848 579 

Six of the 19 active metals can be singled out as the most 
promising ones for HED SBs: L i , Na, Ca, Mg, Al and T i . Being 
located i n the upper left-hand corner of the periodic table (even 
T i i s close) these metals possess HED*s i n their reactions with 
many other substances and have high potentials and low equivalent 
weights. Four of them, v i z . L i , Na, Ca and T i , have begun to 
attract attention of the researchers during the la s t decade. The 
main obstacle for the introduction of Mg, Al and T i into SBs i s 
their passivation. By contrast, the use of the other 3 metals, 
L i , Na and Ca, i s hindered by the rate of their reaction with 
water. However, the high energy of the reactions of a l l these six 
metals with the common oxidants, and their abundance i n the 
earth's crust are facts which quicken one's interest i n their 
possible use. Some of the properties of these metals are given 
i n Table I. They can be compared with zinc, which i s currently 
the most widely used metal i n primary batteries and i s also the 
working anode i n the Ni-Zn and Ag-Zn SBs. 

L i t t l e p r a c t i c a l success has been achieved up to now i n the 
design and construction of SBs based on lig h t metals, despite 
extensive work done i n that direction. The only new SBs which 
are today under test for p r a c t i c a l large-scale use are the ones 
based on the reversible reaction Na + S, with a s o l i d electrolyte 
of the type Na20(Al2Û3 h 1 , and the SB based on the reversible 
reaction of L i + FeS x i n a molten chloride electrolyte. 

To prepare this report we f i r s t composed a referenced account 
of research work on electrolytes which seemed to be pertinent to 
the development of tr u l y advanced rechargeable battery systems. 
We note some opportunities which seem to exist with (a) dry 
organic and inorganic systems, with (b) s o l i d - electrolytes and 
with (c) molten-salt electrolyte systems. Then we suggest 
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17. CASEY AND K L O C H K O Electrochemical Energy Storage 257 

( d ) t h a t t h e s l i g h t l y s o l v a t e d l o w - m e l t i n g s a l t s y s t e m s may 
b e c o m e a t t r a c t i v e i n t h e f u t u r e . T h e s u r v e y p a r t t h e r e f o r e 
n a t u r a l l y f a l l s i n t o f o u r p a r t s . I n t h e f i n a l s e c t i o n s we 
s u m m a r i z e a r e c e n t a n a l y s i s o f w h a t t o e x p e c t f r o m a n 
e l e c t r i c a l - e n e r g y s t o r a g e s y s t e m i f i n t r o d u c e d i n t o s m a l l 
i s o l a t e d c o m m u n i t i e s i n C a n a d a * s N o r t h , a n d t h e n we g i v e o u r 
c u r r e n t p e r c e p t i o n o f t h e p r e s e n t p o i n t s o f v i e w o f C a n a d i a n 
m a n u f a c t u r e r s a n d i n d u s t r i a l i s t s t o whom e l e c t r i c a l - e n e r g y 
s t o r a g e i s v i t a l . 

F i r s t , a s a r e f e r e n c e p o i n t s o m e b a s i c b a t t e r y l o r e may n o t 
b e o u t o f p l a c e . G o o d b a t t e r y e l e c t r o l y t e s a r e g o o d i o n i c 
c o n d u c t o r s . T h e s e c o u l d b e a q u e o u s s o l u t i o n s , m o l t e n s a l t s , 
s o l i d e l e c t r o l y t e s ( i n o r g a n i c , o r g a n i c ) , o r s o l u t i o n s o f s a l t s i n 
d r y o r g a n i c o r i n o r g a n i c s o l v e n t s . N o t o n l y m u s t t h e e l e c t r o l y t e 
b e a g o o d c o n d u c t o r , i t m u s t b e r e s i s t a n t t o a n o d i c o x i d a t i o n a n d 
c a t h o d i c r e d u c t i o n . N o r c a n i t b e u n m a n a g e a b l y c o r r o s i v e t o 
e l e c t r o d e m a t e r i a l s , c a s e , o r s e a l s . I d e a l l y i t s h o u l d b e 
i n n o c u o u s o r n o n - p o i s o n o u s a s w e l l . I t s h o u l d b e s t a b l e 
t h e r m a l l y o v e r a u s e a b l e r a n g e o f t e m p e r a t u r e . A n d i t s h o u l d 
h a v e a l o w f r e e z i n g p o i n t , p e r m i t t i n g o p e r a t i o n a t l o w t e m p e r a 
t u r e s . One v a l u e s s a f e t y a n d l o n g e v i t y , a n d l o w c o s t a s w e l l . 
M a n y i n t r i g u i n g r e d o x s y s t e m s h a v e f a i l e d t o b e a c c e p t e d b e c a u s e 
o f p o o r p r o s p e c t s o n s a f e t y o r c o s t . 

S u l f u r i c a c i d i s a n a c c e p t a b l e e l e c t r o l y t e — a g o o d i o n i c 
c o n d u c t o r , a f f o r d a b l e , r e a d i l y a v a i l a b l e , l o w f r e e z i n g p o i n t i f 
c o n c e n t r a t e d , e t c . — t h e b a s i s o f t h e Pb/Pb02 s t o r a g e b a t t e r y 
s y s t e m . T h e r e a c t i o n p r o d u c t , P b S O i * , i s h i g h l y i n s o l u b l e a n d 
t h e r e f o r e t e n d s t o r e m a i n i n p l a c e , o n t h e p l a t e s , d u r i n g 
c y c l i n g . T a b l e I I g i v e s s o m e b a c k g r o u n d i n f o r m a t i o n o n t h e l e a d 
a c i d s y s t e m , w i t h w h i c h e v e r y o n e i s m o r e o r l e s s f a m i l i a r . 
A l t h o u g h h e a v y , i t i s r e l i a b l e , a n d f o r m s t h e b a c k b o n e o f t h e 
s t o r a g e b a t t e r y i n d u s t r y w o r l d - w i d e . I t s e n e r g y - d e n s i t y o f o n l y 
26 W h / k g , h o w e v e r , s t i m u l a t e s o n e t o l o o k e l s e w h e r e f o r s y s t e m s 
p o t e n t i a l l y c a p a b l e o f m u c h h i g h e r e n e r g y d e n s i t y . We l o o k f o r 
c h e m i c a l r e a c t i o n s w i t h h i g h t h e o r e t i c a l e n e r g y d e n s i t y , s t r o n g 
e l e c t r o l y t e s , a s c i r c u m s c r i b e d a b o v e , e l e c t r o c h e m i c a l r e v e r s 
i b i l i t y o f i n s o l u b l e r e a c t a n t s a n d p r o d u c t s , l o w p o l a r i z a t i o n s a t 
b o t h e l e c t r o d e s , a n d h i g h t u r n a r o u n d e f f i c i e n c y : e n e r g y o u t 
d i v i d e d b y e n e r g y i n . 

T h e t h e o r e t i c a l u n d e r s t a n d i n g o f s t r o n g e l e c t r o l y t e s b a s e d o n 
m o l e c u l a r a n d c l u s t e r t h e o r i e s i s n o t w e l l e n o u g h a d v a n c e d t o 
p e r m i t a p r i o r i s e l e c t i o n o f e l e c t r o l y t e s f o r h i g h - p e r f o r m a n c e 
b a t t e r y s y s t e m s w h i c h c o u l d i n c o r p o r a t e t h e l i g h t , a c t i v e a n o d e s . 
T h e c o n c e n t r a t i o n o f v o i d s p a c e s i n p u r e a n d i n t w o - c o m p o n e n t 
s o l v e n t s d o s e e m t o c o r r e l a t e w i t h c o n d u c t i v i t y a n d f r e e z i n g 
p o i n t , b u t t h e c u r i o u s c o m p l e x i n g w h i c h o c c u r s i n m o l t e n s a l t s , 
a n d w h i c h s e e m s i n e x t r i c a b l y r e l a t e d t o t h e m o r p h o l o g y o f t h e 
r e d e p o s i t e d m e t a l a t t h e a n o d e , i s s i m p l y n o t w e l l e n o u g h 
u n d e r s t o o d t h a t o n e c a n p r e d i c t w i t h a n y c o n f i d e n c e . We a r e 
r e d u c e d u l t i m a t e l y t o m a k i n g j u d i c i o u s c h o i c e s a n d t r y i n g t h e m 
o u t . 
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TABLE I I . Lead Acid Storage Battery (SB) : ED vs TED 

(-) Pb // H2S0t> aq. // Pb0 2 (+) 

(a) Pb + Pb0 2 + 2 H2S0i* 
disch,. 2 PbSOi» + 2 H 20 

Ε * 2.0V rev. 

(b) 2 e q u ^ V ' χ 96,500 — χ 2.0 volts = 4 χ 10 7 jou/mole 
mole equiv. J 

• theor. energy density (TED) 
200 Wh/kg (y 100 Wh/lb) of reactants only 

• p r a c t i c a l energy density (ED) 
26 Wh/kg Cv> 12 Wh/lb) of battery ( a l l components) 

(c) P r a c t i c a l energy density decreases with power withdrawn, 
and decreases with decreasing temperature — and age. 

(d) safe r e l i a b l e affordable 

heavy slow charge acceptance at low temperatures 

"nonaqueous" Electrolytes 

Many organic and inorganic compounds which are l i q u i d at 
ambient temperatures have been considered as solvents for l i g h t 
metal s a l t s , to determine whether the solutions so formed could 
be used as electrolytes i n electrochemical c e l l s (1,2). 
R e v e r s i b i l i t y at both electrodes i s required of electrochemical 
processes i n c e l l s intended for secondary batteries. This 
condition i s a d i f f i c u l t one. Only solvents can be used from 
which the anode metal can be electrochemically deposited. On 
account of the rapid or even violent reaction between the a l k a l i 
metals and water, nonaqueous aprotic solvents have been sought as 
the basis for electrolytes for power c e l l s using these metals as 
anodes. However, the sa l t s of these metals, especially of the MX 
type, where M i s the metal and X the halogen, are generally not 
soluble i n aprotic l i q u i d s . "Complex s o l u b i l i z a t i o n " can be 
employed: i n the presence of Al halides the MX s a l t s are f a i r l y 
soluble i n many aprotic solvents because of complex formation. 
Applying this method for the preparation of solutions of a l k a l i 
metal sa l t s i n nitrobenzene, for example, one of the authors some 
years ago succeeded i n depositing L i , Na, K, Rb and Cs on the 
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17. CASEY AND KLOCHKO Electrochemical Energy Storage 259 

cathode at ambient temperature ( 3 ) . Very r e c e n t l y Tobias used 
t h i s method a g a i n and d e s c r i b e d new r e s u l t s ( 4 ) . 

P r i m a r y B a t t e r y Development. Many p u b l i c a t i o n s (5-15) and 
p r e s e n t a t i o n s have o c c u r r e d i n the '70's on PRIMARY c e l l s based 
on d r y o r g a n i c o r i n o r g a n i c e l e c t r o l y t e s . HED* s have been 
a c h i e v e d . Low-temperature output has been a c h i e v e d w i t h some. 
Table I I I l i s t s some o f the more p o p u l a r s o l v e n t s . P r e f e r r e d 
e l e c t r o l y t e s i n c l u d e P0C1 3 + L i P F 6 o r L1BCI3, and S0C1 2 + L i A l C H 
o r L i A s F 6 . 

R e c h a r g e a b i l i t y has been c l a i m e d i n p r e s s r e l e a s e s , and i n 
one paper on L i / T i S 2 ( s m a l l (4$) depth o f d i s c h a r g e ( d o d ) ) . But 
h i g h c y c l e l i f e a t r e a s o n a b l e dod's has NOT been a c h i e v e d and 
c o n f i r m e d y e t . The problem i s t h a t the l i t h i u m , c a l c i u m o r 
sodium w i l l not r e d e p o s i t ( r e c h a r g e ) a t o p e r a t i o n a l l y u s e f u l 
c u r r e n t s . Many l a b s are working on t h i s problem, i n c l u d i n g our 
own. Perhaps our contemporaries may soon be s e l l i n g a c e l l , o r 
d i s c l o s i n g how t o make a HED c e l l , c a p a b l e o f 1000, s a y , 80$ dod 
c y c l e s , the package ( h o p e f u l l y ) c o n t a i n i n g a t l e a s t 150 Wh/kg. 

D e t a i l s on L i p r i m a r y c e l l s based on t h r e e i n o r g a n i c s o l v e n t s 
— P0C1 3, S O C I 2 ( t h i o n y l c h l o r i d e ) and S 0 2 C 1 2 ( s u l f u r y l c h l o r i d e ) 
— are g i v e n i n ( 6 ) . I n a l a t e r paper (8) c e l l s based on the 
L i / S O C l a + L i A l C U / C system, w i t h Ε = 3.90V and ED t h e o r . = 1875 
Wh/kg, which had been s e l e c t e d f o r development as p r i m a r y 
b a t t e r i e s , were d e s c r i b e d . The work o f M a r i n c i c (11) and B e h l 
(13) has c o n t r i b u t e d s u b s t a n t i a l l y t o the development o f such 
prima r y c e l l systems. 

Some o t h e r i n o r g a n i c s o l v e n t s were t r i e d w i t h L i anodes as 
w e l l (16-18). 

A g r e a t many p u b l i c a t i o n s , a r t i c l e s , r e p o r t s and p a t e n t s on 
t h e use o f o r g a n i c s o l v e n t s f o r HED c e l l s have appeared d u r i n g 
the l a s t 15 y e a r s . Most o f these p u b l i c a t i o n s (perhaps over 90$ 
o f them) are concerned w i t h L i c e l l s and were r e c e n t l y reviewed 
i n a paper which i n c l u d e s i n i t s 169 r e f e r e n c e s the l i t e r a t u r e up 
t o 1974 ( 1 9 ) . Some da t a used i n t h i s p r e l i m i n a r y work can be 
found i n (1-4) and i n (19-21), and i n the p u b l i c a t i o n s c i t e d i n 
those r e f e r e n c e s . As a r e s u l t o f the e f f o r t s spent d u r i n g the 
l a s t decade on primary nonaqueous b a t t e r i e s , a t l e a s t some o f 
these systems a r e now a c h i e v i n g the commercial s t a g e . The 
a t t r a c t i v e f e a t u r e o f such b a t t e r i e s i s the h i g h t h e o r e t i c a l TED 
o f t h e i r redox c o u p l e s , accompanied by h i g h OCV. I n a t a b l e 
presented i n Gilman's overview o f the primary L i b a t t e r y program, 
which i s based m o s t l y on propylene carbonate (PC) s o l u t i o n s w i t h 
a L i anode and v a r i o u s cathodes, the OCV f o r a ( C ^ F ) n cathode was 
g i v e n as 5.23V, the t h e o r e t i c a l ED b e i n g 2020 Wh/kg and the 
e x p e r i m e n t a l ED - 1228 Wh/kg. For the ( C F ) n cathode the f i g u r e s 
are even h i g h e r : TED = 3280 and ED i s 2200 Wh/kg. A c r i t i c a l 
d i s c u s s i o n o f the primary Li-nonaqueous b a t t e r i e s , as w e l l as the 
r e c e n t l i t e r a t u r e r e f e r e n c e s , can be found i n ( 2 2 ) . 
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TABLE I I I . Some Non-Aqueous Solvents for Candidate Storage-
Battery Electrolytes 

Solvent Formula 
M.P. 
°C 

B.P. 
°C 

D.C. 
25°C 

Max. Κ of 
ΙΜ-LiClOi* Soin, 

at 25°C 

Propylene 
Carbonate 

PC 

Butyro-
lactone 

BL 

Dimethyl 
Formamide 
DMF 

C H 3 - C H - C H 2 -49.2 241 64.4 
Q 0 

Vo 
C H 2 - C H 2 -42 206 39 
I 1 
CH2 C=0 V 

/ C H 3 _ 6 1 1 5 3 3 6 > 6 

H-C-N 
H \ 
0 CH3 

0.0073 

0.015 

0.021 

Aceto-
n i t r i l e 

AN 
CH3-C=N -45.7 81 36 0.029 

Methyl 
formate 

MF 
H-C^ 

OCH3 

-99 32 8.5 0.032 

Thionyl-
chloride 

TC 
0=S 

i l 

Ni -104 77 9 0.020 
(with 2M-LiAlCli») 

Water 100 78 0.09 

H-iSOij aq. 0.82 
(25% soin.) 

KOH 
aq. 0.60 

(20% soin.) 

Molten Salts: KC1; KOH; NaOH; KOH+NaOH eut. 0.75-2.5 
(50°C above M.P.) 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
ch

01
7

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



17. CASEY AND KLOCHKO Electrochemical Energy Storage 261 

The s w e l l i n g o f the cathode ( C F x ) n i n f l u e n c e s the d i s c h a r g e 
through the f o r m a t i o n o f a L i F p r e c i p i t a t e ( 2 3 ) . A f i l m o f L i C l 
i s formed on the L i anode by i t s r e a c t i o n w i t h the d e p o l a r i z e r 
S0C1 2; t h i s causes the v o l t a g e d e l a y d u r i n g d i s c h a r g e ( 2 4 ) . 
Traces o f water a r e thought t o cause the f o r m a t i o n o f a f i l m on 
the anode i n t h e L i / d i m e t h y l s u l f i t e system ( 2 5 ) . By 1973 t h e r e 
were a d v e r t i s e m e n t s t h a t p r i m a r y L i - o r g a n i c ( L i / S 0 2 ) c e l l s were 
c o m m e r c i a l l y a v a i l a b l e ( 2 6 ) , and indeed i n 1978 they are 
a v a i l a b l e from a number o f m a n u f a c t u r e r s . Even a D - s i z e Li-CuS 
c e l l w i t h a mixed nonaqueous s o l v e n t i s s u p e r i o r t o the aqueous 
Lec l a n c h e c e l l o f the same s i z e , a c c o r d i n g t o the a u t h o r s o f 
( 2 7 ) . 

A l o n g - l i f e , wide-temperature-range o r g a n i c e l e c t r o l y t e c e l l , 
Li/PC-THF+ L i A s F 6 / A g C l , based on propylene carbonate and 
t e t r a h y d r o f u r a n was proposed i n ( 2 8 ) . The performance 
c h a r a c t e r i s t i c s o f Li-SC^ and L i - C F X b a t t e r i e s were a l s o 
d i s c u s s e d ( 2 9 ) . Both showed e x c e l l e n t performance a t low 
temperatures. However, some unsafe f e a t u r e s a s s o c i a t e d w i t h 
leakage o f S O 2 and/or i n t e r n a l s h o r t i n g became apparent, and 
f u r t h e r e f f o r t s a re needed b e f o r e the L i - o r g a n i c e l e c t r o l y t e 
b a t t e r y can be c o n s i d e r e d f i t f o r g e n e r a l use ( 2 9 ) . 

Other p r i m a r i e s have been proposed (30,31). Of a l l t h e s e , 
the most advanced i s the Li -S02 c e l l . The d i s c h a r g e c h a r a c t e r 
i s t i c s o f the L 1 - S O 2 b a t t e r y system are d i s c u s s e d i n (32a); 
comparison was made w i t h the o t h e r systems (32b). With a 
p r a c t i c a l ED o f 290 Wh/kg a t room temperature, i t can operate 
down t o -53°C w i t h ED = 55 Wh/kg. The S O 2 i s d i s s o l v e d i n 
a c e t o n i t r i l e «1- propylene carbonate i n t h i s c a se. 

B u t y r o l a c t o n e i s the p r e f e r r e d s o l v e n t o f Japanese workers 
f o r p r i m a r y b a t t e r i e s w i t h carbon f l u o r i d e cathodes, a l t h o u g h the 
Κ o f the e l e c t r o l y t e a t 45° shows a maximum o f o n l y 9 x 10~ r ohm 
cm" 1. The p r e p a r a t i o n o f ( C F x ) n and the ED dependence on the 
v a l u e o f χ i n ( C F x ) n a r e r e p o r t e d (33,34). 

P u b l i s h e d work on o t h e r m etals ( 3 5 ) , e f f e c t s o f m o i s t u r e 
( 3 6 ) , u n u s u a l s a l t a d d i t i v e s (37) and mixed e l e c t r o l y t e s (38,39), 
round out the s u r v e y . 

From a r e v i e w o f the r e c e n t R u s s i a n e l e c t r o c h e m i c a l 
l i t e r a t u r e i t can be concluded t h a t i n t e n s i v e r e s e a r c h on 
nonaqueous b a t t e r i e s i s c a r r i e d out i n the U.S.S.R. Although no 
r e s u l t s o f the performance o f such b a t t e r i e s are p u b l i s h e d , 
papers on p r o p e r t i e s o f L i s o l u t i o n s i n s o l v e n t s used i n L i 
c e l l s , and on the behaviour o f m e t a l l i c L i i n nonaqueous 
s o l u t i o n s , which have appeared r e c e n t l y i n R u s s i a n l i t e r a t u r e , 
can be i n f e r r e d t o be the t i p o f an i c e b e r g o f r e s e a r c h i n t h a t 
f i e l d . For example, the e l e c t r o d e p o s i t i o n o f L i from 
dimethylformamide s o l u t i o n s o f i t s s a l t s ( 4 0 ) , o r the behaviour 
o f L i i n a p r o t i c s o l u t i o n s ( 4 l a ) and the s o l u b i l i t y and 
c o n d u c t i v i t y o f i t s s a l t s i n these s o l u t i o n s (41b) emanate from 
an unnamed r e s e a r c h i n s t i t u t e i n Moscow. 
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S e c o n d a r y B a t t e r y R e s e a r c h . T h e f a c t t h a t a n a l k a l i m e t a l 
c a n b e e l e c t r o d e p o s i t e d f r o m a n o n a q u e o u s s o l u t i o n o f i t s s a l t s 
a t a m b i e n t t e m p e r a t u r e s ( 3 , 4 ) s u g g e s t s t h e p o s s i b i l i t y o f 
d e s i g n i n g a SB b a s e d o n t h a t s y s t e m w i t h a n a l k a l i m e t a l a s 
a n o d e . I f t h e m e t a l c a n b e r e g e n e r a t e d b y c h a r g i n g , i t w i l l w o r k 
a g a i n a s a n o d e . M a n y a t t e m p t s h a v e b e e n made t o b r i n g a b o u t t h i s 
p o s s i b i l i t y . 

T h e c o u p l e L i / C u S O ^ , w i t h ED = 1060 Wh/kg a n d emf o f 3 . 4 1 V , 
h a s b e e n s t u d i e d w i t h t h e a i m o f d e s i g n i n g a SB w i t h e l e c t r o l y t e 
b a s e d o n t h e s u l f a t e s a n d p e r c h l o r a t e s o f t e t r a a m m o n i u m c o m p l e x e s 
i n PC a n d m e t h y l s u l f a t e . H o w e v e r , L i r e d u c e s t h e s o l v e n t ( 4 2 ) , 
a n d o t h e r m o r e s t a b l e s o l u t i o n s a r e n e e d e d . 

A t t e m p t s w e r e made t o u t i l i z e t r a n s i t i o n - m e t a l s u l f i d e s a s 
c a t h o d e s i n S B s . T h e s e s u l f i d e s , a n d e s p e c i a l l y t h o s e o f T i , a r e 
e l e c t r o c h e m i c a l l y a c t i v e a n d r e v e r s i b l e i n c e l l s s u c h a s t h a t 
b a s e d o n L i a n d T i S 2 i n a L i A l C l ^ - p r o p y l e n e c a r b o n a t e 
e l e c t r o l y t e . M o r e t h a n 80 c y c l e s w e r e p e r f o r m e d w i t h T i S 2 , i t 
w a s r e p o r t e d ( 4 3 a ) . E l e v e n h u n d r e d s h a l l o w ( 4 $ ) c y c l e s w e r e 
r e p o r t e d l a t e r ( 4 3 b ) . 

T h e c h e m i s t r y o f N b S e 3 a n d T i S 2 a n d t h e i r b e h a v i o u r a s 
c a t h o d e s i n r e v e r s i b l e c e l l s w i t h L i a n d n o n - a q u e o u s e l e c t r o l y t e s 
w e r e s t u d i e d a t t h e B e l l L a b o r a t o r i e s . T h e r e v e r s i b i l i t y o f t h e 
M X 3 c a t h o d e s y s t e m i s e x p l a i n e d b y t h e f o r m a t i o n o f i n t e r c a l a t i o n 
c o m p o u n d s b e t w e e n L i a n d t h e s u l f i d e ( 4 4 a ) . F o r e x a m p l e , i n t h e 
c e l l L i / L i C l O i » i n P C / M S 3 , w h e r e M s Nb o r T i , L i 3 M S 3 i s f o r m e d 
a n d t h e c a t h o d i c r e a c t i o n was f o u n d t o b e c o m p l e t e l y r e v e r s i b l e 
( 4 4 b ) . S c a n n i n g e l e c t r o n - m i c r o s c o p i c s t u d i e s o f t h e c y c l i c 
b e h a v i o u r o f t h i s c e l l w e r e made w i t h N b S e 3 , N b S 3 , T a S e 3 a n d T i S 3 . 
A l t h o u g h a l l t h e s e s y s t e m s s h o w r e c h a r g e a b i l i t y , c e l l f a i l u r e s 
a r e r e l a t e d t o L i - a n o d e m o r p h o l o g y c h a n g e s , a c c o m p a n i e d b y t h e 
f o r m a t i o n o f a r e l a t i v e l y n o n - a d h e r e n t d e p o s i t o f L i ( 4 5 a ) . T h e 
d i s c u s s i o n i n r e f e r e n c e ( 4 5 a ) i s o f s u b s t a n t i a l i n t e r e s t , s i n c e 
w o r k e r s i n t h e same f i e l d f r o m o t h e r l a b o r a t o r i e s p o i n t e d o u t 
c a u s e s o f d e l a y i n t h e a c h i e v e m e n t o f p r a c t i c a l r e s u l t s w i t h 
L i - n o n a q u e o u s S B s . 

T h e f i r s t c r u c i a l p r o b l e m s e e m s t o b e u n f a v o r a b l e m o r p h o l o g y 
o f t h e L i d e p o s i t s , s i n c e L i i s i n t r i n s i c a l l y r e a c t i v e i n a l l t h e 
s o l v e n t s t h a t a r e o f i n t e r e s t f o r L i - o r g a n i c e l e c t r o l y t e S B s . 
T h i s r e a c t i v i t y d o e s n o t a p p e a r w i t h b a r s o r f o i l s o f m e t a l l i c 
L i , b u t o n l y w i t h a c y c l e d L i e l e c t r o d e . I f r e c h a r g e a b l e L i S B s 
a r e t o b e p r a c t i c a l , a m e a n s t o c o n t r o l t h e m o r p h o l o g y o f L i m u s t 
b e f o u n d ( 4 5 b ) . 

T h e s e c o n d c r i t i c a l p r o b l e m i s t h e c h e m i c a l i n s t a b i l i t y o f 
L i w h i c h d e p o s i t s d u r i n g t h e c y c l i n g o f s e c o n d a r y c e l l s . 
E l e c t r o d e p o s i t e d L i h a s s u c h a h i g h s u r f a c e a r e a t h a t i t i s n o t 
s t a b l e i n many s o l u t i o n s i n w h i c h f l a t L i f o i l i s s t a b l e ( 4 5 c ) . 
H o w e v e r , t h e p e s s i m i s t i c o p i n i o n s o f ( 4 5 b a n d c ) h a v e n o t 
i n h i b i t e d t h e a u t h o r s o f ( 4 5 a ) f r o m c l a i m i n g a p a t e n t f o r a 
n o n a q u e o u s b a t t e r y u s i n g c h a l c o g e n i d e e l e c t r o d e s , t h e s p e c i f i c 
s t r u c t u r e o f w h i c h i s t h e m a i n f e a t u r e o f t h e SB ( 4 6 ) . 
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The r e v e r s i b i l i t y problem o f t r a n s i t i o n m e tal c h a l c o g e n i d e s 
i n L i nonaqueous b a t t e r i e s has a t t r a c t e d the a t t e n t i o n o f o t h e r 
r e s e a r c h e r s who have s t u d i e d the s t r u c t u r e o f these compounds and 
the complexes they form w i t h L i ( 4 7 ) . The r e l a t i o n s between the 
s t r u c t u r e o f the t e r n a r y phases formed a t the cathode o f a 
L i - t r a n s i t i o n m e t a l s u l f i d e , o r o x i d e , and the r e v e r s i b i l i t y o f 
the c e l l are d i s c u s s e d i n ( 4 8 ) . The r e v e r s i b i l i t y o f the 
d i s c h a r g e r e a c t i o n i s maximized when no c h e m i c a l bonds are broken 
d u r i n g d i s c h a r g e ( i n t e r c a l a t i o n r e a c t i o n ) and i t i s minimized 
when a l l the c h e m i c a l bonds are broken, such as i n the case o f 
CuS o r CuF 2. When o n l y some, but not a l l , o f the c h e m i c a l bonds 
are broken and the s t r u c t u r e i s d i s t o r t e d as i n T1S3 and V 2 O 5 , 
p a r t i a l r e c h a r g e a b i l i t y i s found. Thus c e l l s o f the type 
L i / L i C l O ^ - o r g a n i c s o l v e n t / V 2 0 5 have been s t u d i e d w i t h v a r i o u s 
s o l v e n t s . PC s u p p o r t s the g r e a t e s t number o f c y c l e s . A f t e r 
about 400 c y c l e s f a i l u r e o c c u r r e d , due t o the s w e l l i n g o f the L i 
e l e c t r o d e as a r e s u l t o f i t s low d e n s i t y a f t e r b e i n g d e p o s i t e d a t 
the n e g a t i v e e l e c t r o d e ( 4 9 ) . A r e v e r s i b l e c e l l w i t h a d i s s o l v e d 
cathode o f L i 2 S n and e l e c t r o l y t e based on d i m e t h y l s u l f o x i d e and 
t e t r a h y d r o f u r a n as a mixed s o l v e n t , Li/DMSO or THF + L i C l O u / L i 2 S n 9 

was s t u d i e d i n ( 5 0 ) . A nonaqueous L i - B r 2 secondary c e l l : 
L i / L i B r - P C / B r 2 was s t u d i e d i n ( 5 1 ) . With an OCV o f 3.82V i t has 
an ED o f 704 Wh/kg. More tha n 1700 c y c l e s were a c h i e v e d . The B r 2 

e l e c t r o d e was s t i l l c o m p l e t e l y s e r v i c e a b l e but the L i e l e c t r o d e 
had p a r t l y d i s i n t e g r a t e d . 

The a u t h o r s o f (49) were g r a n t e d a U.S.A. pa t e n t on a 
r e c h a r g e a b l e b a t t e r y d e s c r i b e d above. The e l e c t r o d e s are 
e n c l o s e d i n s p e c i a l wrappings t o prevent the passage o f l a r g e L i 
p a r t i c l e s ( 5 2 ) . A patent was g r a n t e d t o the a u t h o r s o f ( 4 5 a ) , 
who c l a i m t h a t t h e a d d i t i o n o f c e r t a i n dopants t o t h e i r b a t t e r y 
w i l l improve i t s performance, e s p e c i a l l y the c y c l i n g ( 5 3 ) . 

A l t h o u g h most o f the p u b l i c a t i o n s on nonaqueous SBs are 
concerned w i t h L i anodes, t h e r e are s e v e r a l a r t i c l e s and p a t e n t s 
on secondary c e l l s w i t h o t h e r l i g h t m e t a l s . Thus a c e l l Na/PC • 
N a I / N a x T i S 2 was d e s c r i b e d i n ( 5 4 ) , a German patent was t a k e n out 
f o r a nonaqueous r e c h a r g e a b l e Na-halogen b a t t e r y ( 5 5 ) , and a 
number o f Japanese p a t e n t s have been g r a n t e d f o r nonaqueous 
b a t t e r i e s w i t h L i , Mg o r A l anodes ( 5 6 ) . N o thing i s s a i d about 
c y c l e l i f e , but good c a p a c i t y i s i n d i c a t e d . 

P r o s p e c t s f o r SBs Based on "Nonaqueous 1 1 E l e c t r o l y t e s . 
D e s p i t e the a v a i l a b i l i t y o f s e v e r a l a r t i c l e s and p a t e n t s on 
nonaqueous secondary b a t t e r i e s (42-56), t h e r e i s l i t t l e hard 
evidence t h a t t h ese b a t t e r i e s are a p p r o a c h i n g the commercial 
s t a g e . However, the f a c t known l o n g ago t h a t l i g h t m e t als o f 
h i g h energy d e n s i t y can be e l e c t r o d e p o s i t e d from t h e i r nonaqueous 
s o l u t i o n s a t ambient temperatures (3,4,21), and the s u c c e s s f u l 
c o m p l e t i o n o f s e v e r a l p r i m a r y nonaqueous b a t t e r i e s t o the 
commercial s t a g e , has r a i s e d hopes o f the p o s s i b l e c o n s t r u c t i o n 
o f secondary HED b a t t e r i e s based on the same s o l u t i o n s . So f a r , 
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c o n s i d e r a b l e d i f f i c u l t i e s a n d o b s t a c l e s h a v e b e e n met d u r i n g t h e 
w o r k o n r e c h a r g e a b l e b a t t e r i e s . One o b s t a c l e , w h i c h i s common t o 
b o t h p r i m a r y a n d s e c o n d a r y b a t t e r i e s , i s t h e l o w c o n d u c t i v i t y o f 
n o n a q u e o u s s o l u t i o n s , w h i c h i n t h e b e s t c a s e s i s l e s s t h a n 0 . 0 2 5 
o h m " 1 c m " 1 . H o w e v e r , t h i s d i f f i c u l t y c a n b e c i r c u m v e n t e d b y u s i n g 
e l e c t r o d e s o f l a r g e s u r f a c e s w i t h c l o s e d i s t a n c e s b e t w e e n t h e m . 
T h e s e c o n d d i f f i c u l t y , w h i c h i s s p e c i f i c f o r t h e s e c o n d a r y 
b a t t e r y , l i m i t i n g i t s c y c l e l i f e , i s t h e s t a t e o f t h e a n o d e a f t e r 
r e c h a r g i n g . T h e b r i t t l e , c r u m b l i n g , r e g e n e r a t e d a n o d e , 
i m p r e g n a t e d w i t h a g u m - l i k e s u b s t a n c e , w i l l h a v e e l e c t r o c h e m i c a l 
p r o p e r t i e s f a r d i f f e r e n t f r o m t h e m e t a l l i c b a r o r f o i l o f t h e 
u n c y c l e d , f r e s h a n o d e . P o i n t i n g t o t h e c h a n g i n g m o r p h o l o g y o f 
t h e L i a n o d e d u r i n g c y c l i n g , t h e a u t h o r o f a 1976 r e v i e w s t a t e d 
( 1 9 ) t h a t o n t h e w h o l e t h e p r a c t i c a l s e c o n d a r y L i - e l e c t r o d e i n 
o r g a n i c e l e c t r o l y t e s w i l l p r o b a b l y r e m a i n a n u n a c h i e v e d a m b i t i o n , 
a t l e a s t f o r t h e n e a r f u t u r e , a l t h o u g h s e v e r a l t y p e s o f p r i m a r y 
L i - b a t t e r i e s a r e a l r e a d y c o m m e r c i a l l y a v a i l a b l e . P e r h a p s t h e 
a n s w e r w i l l b e f o u n d w i t h new s o l v e n t s , s u c h a s t h o s e p r o p o s e d b y 
C a i o l a e t a l . ( 5 7 ) . 

I t i s o f i n t e r e s t t o n o t e t h a t , d e s p i t e t h e s e a n d some o t h e r 
p e s s i m i s t i c a p p r a i s a l s o f t h e L i - n o n a q u e o u s S B s f o r t h e f u t u r e , 
a t t h e X l t h M e n d e l e e v C o n g r e s s i n A l m a - A t a ( K a z a k h s t a n ) i n t h e 
p r e s e n c e o f m a n y h u n d r e d s o f c h e m i s t s ( S e p t e m b e r 2 2 - 2 7 , 1 9 7 5 ) 
A . N . F r u m k i n , j u s t a f e w m o n t h s b e f o r e h i s d e a t h , r e c a l l e d t h a t 
a m o n g t h e m o s t o p t i m i s t i c o p p o r t u n i t i e s i n a p p l i e d 
e l e c t r o c h e m i s t r y a r e t h e c r e a t i o n o f f u e l c e l l s f o r c o n t i n u o u s 
p o w e r a n d o f h i g h - e n e r g y - d e n s i t y s t o r a g e b a t t e r i e s b a s e d o n 
a p r o t i c s o l v e n t s a n d a l k a l i m e t a l s ( 5 8 ) . A n d t h e r e a r e many 
E u r o p e a n a n d N o r t h A m e r i c a n e n t h u s i a s t s who a g r e e , a s t h e 
r e f e r e n c e s a t t e s t . 

T h e r e a r e a t l e a s t t w o w a y s t o o v e r c o m e t h e d i f f i c u l t i e s 
c o n n e c t e d w i t h t h e r e v e r s i b i l i t y o f S B s b a s e d o n n o n a q u e o u s 
e l e c t r o l y t e s , q u i t e a p a r t f r o m t h e u s u a l t r i c k o f s u p p o r t i n g t h e 
e l e c t r o d e m a t e r i a l s : 
( a ) I n v e s t i g a t e a n u m b e r o f o t h e r s o l v e n t s a n d t h e i r m i x t u r e s i n 

t h e s e l e c t i o n o f e l e c t r o l y t e s f o r S B s . 
( b ) C r e a t e c o n d i t i o n s u n d e r w h i c h t h e c h a n g e s i n t h e a c t i v e 

m e t a l ' s m o r p h o l o g y d u r i n g r e c h a r g e w o u l d n o t i n f l u e n c e 
t h e c y c l e l i f e o f t h e c e l l . 
T h e t e n o r s o o r g a n i c s o l v e n t s a n d t h e 4 o r 5 i n o r g a n i c o n e s 

( T a b l e I I I ) t e s t e d i n e x p e r i m e n t s w i t h n o n a q u e o u s S B s r e p r e s e n t 
o n l y a s m a l l f r a c t i o n o f t h e l i q u i d c o m p o u n d s w h i c h may p r o v e t o 
b e u s e f u l a s a b a s i s f o r e l e c t r o l y t e s i n t h e s e b a t t e r i e s . T h e 
p r o b l e m o f n o n a q u e o u s s o l v e n t s f o r e l e c t r o c h e m i c a l u s e i s 
d i s c u s s e d i n ( 5 9 ) , w h e r e n i n e g r o u p s o f o r g a n i c a n d i n o r g a n i c 
l i q u i d s — n i t r i l e s , a m i d e s , a m i n e s a n d s o o n — w e r e c o n s i d e r e d . 
T h e y i n c l u d e a l s o s u c h c o m p o u n d s a s a l c o h o l s a n d a c i d s w h i c h h a v e 
n o t b e e n t e s t e d f o r S B s , b e i n g n o t a p r o t i c . I n a n y e v e n t s u c h 
c o m p o u n d s , e s p e c i a l l y i n m i x t u r e s w i t h a p r o t i c o n e s , s h o u l d b e 
e x a m i n e d . S p e c i a l a t t e n t i o n m u s t b e g i v e n t o i n o r g a n i c c o m p o u n d s 
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w h i c h c a n p l a y a d o u b l e r o l e , b o t h a s s o l v e n t f o r t h e c o n d u c t i n g 
s p e c i e s a n d a s o x i d i z e r , i . e . a n a c t i v e c a t h o d e m a t e r i a l . 
H y d r a z i n e ( 6 0 ) a n d a c e t a m i d e ( 6 1 ) c o u l d b e c o n s i d e r e d a s 
c a n d i d a t e s o l v e n t s , b u t i n f o r m a m i d e ( 6 2 ) l i t h i u m d e p o s i t s b e c o m e 
c r u m b l y . 

T h e r e a r e many s o l v e n t s w h i c h h a v e n o t y e t b e e n t r i e d i n 
c e l l s w i t h l i g h t m e t a l s i n t e n d e d t o b e r e v e r s i b l e . V a r i o u s 
s y s t e m s o f s o l v e n t s ( s o m e o f t h e m c o n t a i n i n g e v e n s e v e r a l p e r c e n t 
o f w a t e r ) a r e o f t e n m o r e s u i t a b l e t h a n t h e i r c o m p o n e n t s i n 
r e v e a l i n g v a l u e s o f p r o p e r t i e s b e y o n d t h o s e o f t h e c o m p o n e n t s . 
M u c h m o r e a t t e n t i o n m u s t a l s o b e g i v e n t o t h e r o l e o f t h e c o m p l e x 
f o r m a t i o n a n d m a s s - t r a n s f e r j u s t p r i o r t o t h e e l e c t r o d e p o s i t i o n 
o f t h e a c t i v e m e t a l d u r i n g r e c h a r g e . A s y s t e m a t i c a n d t h o r o u g h 
k i n e t i c a n a l y s i s o f t h e r e l a t i o n s h i p s a m o n g s t t h e v a r i o u s 
e l e m e n t a r y s t e p s o f t h e m e t a l r e d e p o s i t i o n p r o c e s s i s b a d l y 
n e e d e d — o t h e r w i s e we may s e a r c h a l o n g t i m e w i t h o u t f i n d i n g t h e 
p r o b a b l y q u i t e n a r r o w s e t o f c o n d i t i o n s u n d e r w h i c h m o r p h o l o g i c a l 
r e v e r s i b i l i t y w i l l o c c u r o v e r a l a r g e n u m b e r o f c y c l e s . 

F i n a l l y , t h e e x c l u s i v e a t t e n t i o n t o L i a s t h e a n o d e i n HED 
n o n a q u e o u s S B s a t t h e e x p e n s e o f t h e o t h e r f i v e l i g h t m e t a l s 
c a n n o t r e a l l y b e j u s t i f i e d . A l t h o u g h i t s r e a c t i o n s h a v e h i g h e r 
t h e o r e t i c a l E D s , t h e d i f f e r e n c e b e t w e e n t h e ED a v a i l a b l e w i t h i t 
a n d w i t h N a , C a , Mg a n d A l , w h e n t h e w e i g h t o f t h e w h o l e c e l l 
w i t h i t s a c c e s s o r i e s ( e l e c t r o l y t e , c o n d u c t o r s , s e p a r a t o r s a n d 
c a s i n g ) i s t a k e n i n t o a c c o u n t , i s r e a l l y q u i t e s m a l l . T h e s e 
m e t a l s , a n d e v e n T i , may s h o w s u c h a d v a n t a g e s i n t h e i r 
e l e c t r o c h e m i c a l b e h a v i o u r ( e s p e c i a l l y i n c y c l e l i f e ) w h i c h may 
c o u n t e r b a l a n c e t h e i r c o m p a r a t i v e l y l o w e r T E D f s . 

M o r t e n S a l t E l e c f r r o l v f r e s 

T h e t h e o r e t i c a l a n d e x p e r i m e n t a l w o r k o n e l e c t r o c h e m i c a l 
p r o p e r t i e s o f m o l t e n s a l t s d o n e u p t o t h e 1 9 1 0 ' s was s u m m a r i z e d 
i n t h e m o n o g r a p h s o f R i c h a r d L o r e n z , who h i m s e l f made i m p o r t a n t 
c o n t r i b u t i o n s i n t h a t f i e l d ( 6 3 ) . F u r t h e r d e v e l o p m e n t s i n m o l t e n 
s a l t e l e c t r o c h e m i s t r y o c c u r r e d i n t h e 1 9 3 0 * s i n c o n n e c t i o n w i t h 
t h e e l e c t r o c h e m i s t r y o f l i g h t m e t a l s , N a , Mg a n d e s p e c i a l l y A l . 
M a n y b o o k s , p a p e r s a n d r e v i e w s w e r e p u b l i s h e d i n t h e E n g l i s h , 
G e r m a n a n d R u s s i a n l i t e r a t u r e , f r o m t h a t t i m e o n ( s e e , f o r 
e x a m p l e , ( 6 4 , 6 5 ) ) . T h e d e v e l o p m e n t o f n u c l e a r p o w e r i n t h e 
1 9 5 0 ' s a n d t h e 1 9 6 0 · s r e - s t i m u l a t e d e x p e r i m e n t a l w o r k o n m o l t e n 
s a l t s , w h i c h w e r e s u g g e s t e d a s c o o l a n t s a n d h e a t - t r a n s f e r r i n g 
m e d i a i n a t o m i c r e a c t o r s . T h e p a p e r s f r o m t h e US B u r e a u o f M i n e s 
a n d f r o m t h e A t o m i c E n e r g y C o m m i s s i o n a r e r i c h a n d n u m e r o u s . 
S e v e r a l b o o k s a n d r e v i e w s w h i c h h a v e a p p e a r e d r e c e n t l y c o n t a i n 
c h a p t e r s o n e l e c t r o c h e m i s t r y o f m o l t e n s a l t s ( 6 6 ) . A r e v i e w o f 
g a l v a n i c c e l l s i n m o l t e n s a l t s w i t h 351 r e f e r e n c e s w a s p u b l i s h e d 
i n 1 9 6 8 ; m o s t o f t h e w o r k s c i t e d t h e r e d e a l w i t h t h e p o t e n t i a l s 
o f v a r i o u s e l e c t r o d e s i n f u s e d s a l t m e d i a ( 6 7 ) . A r e v i e w o f 
m o l t e n s a l t b a t t e r i e s a n d f u e l c e l l s was p u b l i s h e d i n 1971 ( 6 8 ) . 
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The development of the M o l t e n S a l t I n f o r m a t i o n Center at 
R e n s s e l a e r P o l y t e c h n i c a l I n s t i t u t e , by G.J. J a n z , has been a boon 
to r e s e a r c h e r s i n t h i s f i e l d . 

Use of L i g h t M e t a l s . T a b l e s o f the open c i r c u i t v o l t a g e 
(OCV) and of t h e o r e t i c a l EDs are p r e s e n t e d i n (68) f o r 
h y p o t h e t i c a l c e l l s formed by l i g h t m etals w i t h h a l o g e n s , oxygen 
and s u l f u r at 500°C. We have condensed these i n t o T able IV. 

TABLE IV. OCV and TED (KWh/kg) of C e l l s a t 500°C 

F CI Br I 0 S 
V ED V ED V ED V ED V ED V ED 

L i 5.56 5.74 3.65 2.31 3.21 0.99 2.57 0.57 2.14 3.84 2.3 

Na 5.12 3.27 3.52 1.61 3.16 0.82 2.59 0.50 1.62 1.40 1.82 1.25 

Κ 5.02 2.32 3.76 1.35 3.48 0.78 2.98 0.52 1.27 0.72 
Mg 5.01 4.31 2.68 3.57 2.26 0.66 1.61 0.34 2.68 3.56 
Ca 5.60 3.84 3.53 1.70 3.06 0.82 2.48 0.49 2.88 2.75 2.33 1.71 
A l 3.87 3.71 2.48 3.91 

The v o l t a g e s of Ca and i t s EDs are noteworthy: they are 
h i g h e r than o r c l o s e to those of Na. As t o Mg and A l , they too 
p r e s e n t v a l u e s of V and ED c l o s e t o those of Na. The ED f o r the 
c h l o r i d e , f o r example, of Mg i s even h i g h e r than t h a t of L i . And 
as t h e V f s and ED 1s of p r a c t i c a l c e l l s a r e lower than those of 
the h y p o t h e t i c a l ones because of the IR l o s s e s ( f o r V) and the 
weight o f the whole c e l l ( f o r ED), the p r a c t i c a l f i g u r e s f o r 
these l i g h t m e t a l s are even c l o s e r . However, as i s shown i n 
Table V, a l s o based on (68), the c e l l v o l t a g e s , the power 
c a p a c i t i e s , and the EDs of the molten s a l t e x p e r i m e n t a l SBs a r e 
much h i g h e r than those of the c o n v e n t i o n a l ones. 

Two e a r l i e r r e v i e w s were p u b l i s h e d on h i g h temperature c e l l s 
and b a t t e r i e s based on molten s a l t and s o l i d e l e c t r o l y t e s . The 
f i r s t one (69) d e s c r i b e s the L i / C l 2 c e l l s , p a r t i c u l a r l y the 
L i A l / L i C l - K C l / C l 2 c e l l w i t h gaseous C l 2 . L i c e l l s w i t h 
c h a l c o g e n i d e s as cathode m a t e r i a l s are mentioned, as w e l l as some 
d e t a i l s of c o n s t r u c t i o n . T h i s r e v i e w , and the 26 r e f e r e n c e s 
a t t a c h e d to i t , r e f l e c t s the s t a t e o f the L i molten s a l t 
b a t t e r i e s t o the end of 1970 (69). The second r e v i e w ( 7 0 ) , 
p r e p a r e d two years l a t e r i s more comprehensive. I t d i s c u s s e s i n 
d e t a i l some t h e o r e t i c a l problems, the thermodynamics and r a t e 
p r o c e s s e s i n e l e c t r o c h e m i c a l c e l l s , and p r e s e n t s t a b l e s and 
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TABLE V. Comparison o f P r o p e r t i e s o f C o n v e n t i o n a l and New 
Types of SBs. (See Ref. 68) 

B a t t e r y Τ °C 
C e l l 

V o l t a g e 
Power 

C a p a c i t y 
W/kg 

ED 
Wh/kg 

C y c l e 
L i f e 

P b - a c i d ambient 2.1-1.5 6-30 20-30 100-400 
Ni-Fe it 1.3-0.8 7-40 30-35 100-3000 
Ni-Cd If 1.3-0.8 7-45 36-40 100-2000 
Ag-Zn tt 1.35-1.1 25-150 80-100 100-300 
Z n - a i r II 1.4-1.0 40-60 100-150 
N a - a i r 130 2.6-1.8 80-100 180-273 
L i - S 340 2.3-1.2 550-800 250-360 
L i - F e S 340 2.0-1.2 ^ 600 120-200 100-800 
Na-Bi 350 0.8-0.4 80 40 
Na-S 300 2.1-1.2 200-350 180-330 50-2000 

L i - C l 2 

(G.M.) 650 3.5-3.0 200-400 300-400 

L i - C l 2 

(Sohio) 450 3.4-1.0 330-440 100-180 225 

L i - T e 470 1.8-1.0 550-800 185-265 
L i - S e 375 2.2-1.2 600-1000 220-330 
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graphs c h a r a c t e r i z i n g the hig h - t e m p e r a t u r e secondary c e l l s . F i v e 
such c e l l s , w i t h molten s a l t e l e c t r o l y t e s and L i anodes, a r e 
pr e s e n t e d i n Table V I I of t h a t r e v i e w , and the c y c l e - l i f e and the 
s t a t e o f development, a l o n g w i t h the l i t e r a t u r e c i t e d , a r e 
i n d i c a t e d . 

The o p e r a t i n g temperature of such c e l l s i s from 340° t o 650°C 
and the c y c l e - l i f e can v a r y w i d e l y : 100 c y c l e s f o r t h e L i - A l / T e C l i * 
(C) c e l l , t o >220 f o r the c e l l L i - A l / C l ( C ) f o r example. These two 
c e l l s a r e i n the l a b o r a t o r y development s t a t e , b e i n g e v a l u a t e d as 
c e l l s and b a t t e r i e s . Three o t h e r s , based on S, Se and CI a r e 
s t i l l i n the e a r l y e x p e r i m e n t a l s t a g e , as s i n g l e c e l l s . The 
number of c h a r g e - d i s c h a r g e c y c l e s o f the secondary c e l l depends, 
f o r the same system, upon the c u r r e n t d e n s i t y and on the depth o f 
d i s c h a r g e . G e n e r a l l y , molten s a l t c e l l s w i t h s t a n d deep d i s c h a r g e 
c y c l e s b e t t e r than aqueous o r non-aqueous c e l l s , i t seems. 

The problems connected w i t h the T e C l ^ C ) and C1(C) c e l l s a r e 
low c a p a c i t y and p a r a s i t i c c u r r e n t s , and o f the S, Se and C l 2 

c e l l s c o r r o s i o n o f t h e s e a l s and i n s u l a t o r s . A l l these c e l l s 
were ( i n 1973) i n the e a r l y s t ages of development. The c e l l s 
have ED o f about 200 Wh/kg ( 7 0 ) . 

We now c o n s i d e r some p u b l i c a t i o n s on molten s a l t SBs which 
have appeared s i n c e 1973. 

L i and L i - A l l o y SBs. Of a l l the l i g h t m e t a l s , L i shows the 
l e a s t tendency t o d i s s o l v e r a p i d l y and e a s i l y i n molten s a l t s , a 
f a v o r a b l e f a c t f o r L i c e l l s . L i d i s s o l v e s i n L i C l a t 640° up t o 
0.2-0.5 mole %, whereas the s o l u b i l i t y o f Na i n NaCl a t 811° i s 
2.8 mole % and of Ca i n C a C l 2 a t 1000° i s 5.4 mole % ( 7 0 a ) . 

The two L i - C l 2 c e l l s shown i n Tab l e V, which operate a t 650° 
and 450° r e s p e c t i v e l y , have r e q u i r e d s u b s t a n t i a l improvements 
d i r e c t e d t o t h e i r p o s s i b l e p r a c t i c a l use. The f i r s t one, s t u d i e d 
i n the G.M. l a b o r a t o r i e s , has seen i t s o p e r a t i n g temperature 
lowered from 650° t o 425° by the u t i l i z a t i o n o f the t e r n a r y s a l t 
m i x t u r e L i F - L i C l - K C l . The c e l l L i ( l i q . ) / L i F + L i C l + KC1/C1(C) 
(porous g r a p h i t e ) , which gave 232 c y c l e s and about 350 Wh/kg ED, 
was recommended as one of the most p r o m i s i n g h i g h - t e m p e r a t u r e 
SBs f o r v e h i c u l a r p r o p u l s i o n ( 7 1 ) . 

However, more p u b l i c a t i o n s have appeared on L i SBs w i t h 
s u l f u r o r s u l f i d e cathodes. For example, a c e l l L i / L i C l - K C l 
eutec./S-As, i n which a r s e n i c was added t o r e t a i n t h e s u l f u r 
i n s i d e a molybdenum-mesh s u p p o r t , was c y c l e d ( 7 2 ) . The same 
e l e c t r o d e m a t e r i a l s , w i t h L i F - L i C l - K C l as e l e c t r o l y t e , were s t u d i e d 
i n the Argonne Labs f o r a p p l i c a t i o n t o e l e c t r i c a u t o m o b i l e s . The 
ED i s >200 Wh/kg and s p e c i f i c power >200 W/kg, when operated a t 
380 t o 425° ( 7 3 ) . 

Pure S i s u n s u i t a b l e because the o p e r a t i n g temperature o f 
these c e l l s i s so h i g h (about 400°) t h a t S d i s s o l v e s i n the 
L i C l - K C l e l e c t r o l y t e and r e a c t s w i t h L i a t the anode, l e a d i n g t o 
s e l f - d i s c h a r g e . However, i n m e t a l - s u l f i d e c e l l s t hese problems 
have been circumvented. Attempts have been made t o r e p l a c e S by 
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s u l f i d e s o f Fe, N i , Co and Cu; s e v e r a l d i s c l o s u r e s have been 
i s s u e d on t h i s t o p i c (74,75). I n T a b l e VI the OCV and the 
t h e o r e t i c a l ED f o r such SBs, a r e g i v e n , as w e l l as t h e formulas 
of the cathode m a t e r i a l b e f o r e and a f t e r d i s c h a r g e . Up t o 300 
c y c l e s ( f o r Cu-S up t o 912) have been a c h i e v e d ( 7 6 ) . At the 
temperatures of the e l e c t r o l y t e s (350°-400°), L i i s l i q u i d and 
h i g h l y c o r r o s i v e . 

TABLE V I . L i - M S n SBs. T h e o r e t i c a l ED's, OCV, and the Compo
s i t i o n o f the Cathodes B e f o r e and A f t e r D i s c h a r g e 

S u l f i d e s 
P r o b a b l e com
p o s i t i o n o f the 
cathode b e f o r e 
the d i s c h a r g e 
D i s c h a r g e d 
Cathode 
T h e o r e t i c a l ED 
Wh/kg ( L i - M S n ) 
OCV 

Fe-S Cr-S 

F e S 1 # 5 CrS 

Fe Cr 

1153 693 
f o r F e S 2 ) 
1.62 1.27 

Ni-S Cu-S 

N i 3 S 2 Cu 2S 

N i Cu 

678 518 

1.70 1.68 

T h e r e f o r e many attempts have been made t o use L i a l l o y s w h i ch 
a r e s o l i d a t h i g h temperatures. The compound L i A l m e l t s a t 718°, 
i . e . i t i s s o l i d a t the o p e r a t i n g temperature o f the SB, which i s 
u s u a l l y below 450°. Experiments have been c a r r i e d out on the 
a n o d i c d i s s o l u t i o n o f t h i s a l l o y : i t shows a v o l t a g e between 
-1.95 t o -2.0V a t a L i c o n t e n t between 14.7 and 48 atom % ( 7 7 ) ; 
and SB c e l l s of more than 120 Wh/kg ED, i n t e n d e d f o r o f f - p e a k 
energy s t o r a g e and f o r c a r p r o p u l s i o n , a r e under development. 
The f a i l u r e mechanism and c a p a c i t y l o s s , due t o the d i s i n t e g r a t i o n 
o f the A l - L i a l l o y d u r i n g c y c l i n g , were s t u d i e d ; and i t has been 
suggested t h a t p y r o m e t a l l u r g i c a l l y prepared a l l o y s might show 
b e t t e r r e s u l t s ( 7 8 ) , but t h i s a w a i t s d e m o n s t r a t i o n . F u r t h e r , 
X-ray r a d i o g r a p h y was used t o study the f a i l u r e mechanism and 
c a p a c i t y l o s s due t o d i s i n t e g r a t i o n o f the A l - L i a l l o y d u r i n g 
c y c l i n g o f the c e l l L i - A l / K C l - L i C l / T e ( 7 9 ) . 

L i - A l anodes have been combined i n c e l l s w i t h C l 2 i n the 
Sohio Carb-Tek b a t t e r y , o p e r a t i n g w i t h a molten s a l t e l e c t r o l y t e 
i n the range of 400°-500°C. A porous carbon cathode and a BN 
s e p a r a t o r were used. A d d i t i o n of T e C l 2 t o the p o s i t i v e e l e c t r o d e 
i n c r e a s e d the c a p a c i t y i n the 3.25-2.5V range. A l t h o u g h the 
b a t t e r y p r e s e n t e d many problems a s s o c i a t e d w i t h the m a t e r i a l s o f 
the e l e c t r o d e , the c a s i n g and the s e a l , c o r r o s i o n by C l 2 b e i n g 
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e s p e c i a l l y troublesome, i t was found t h a t , i n an 0 2 - f r e e 
e l e c t r o l y t e , vanadium may s e r v e as a s t a b l e c u r r e n t c a r r i e r ( 8 0 ) . 
L i - A l and L i - S i a l l o y s were compared i n ( 8 1 ) . The s t r u c t u r e and 
anodic d i s c h a r g e b e h a v i o u r of L i - B a l l o y s i n t h e L i C l - K C l 
e u t e c t i c melt a r e d i s c u s s e d i n d e t a i l i n r e c e n t a r t i c l e s . I n one 
s t u d y , from the shape of the d i s c h a r g e curves the e x i s t e n c e o f a 
compound L i 2 B i n the L i - B system was surmised. The experiments 
have shown t h a t L i - B a l l o y s promise good r e s u l t s ( 8 2 ) . 

The d a t a i n some v e r y r e c e n t p u b l i c a t i o n s i n d i c a t e t h a t l o n g 
l i f e may v e r y w e l l be a c h i e v a b l e i n some L i - m o l t e n s a l t systems. 
P a r t i c u l a r l y e ncouraging i s the work r e p o r t e d i n P r o c . IECEC i n 
1977 by the teams from Argonne N a t i o n a l L a b o r a t o r y , G e n e r a l 
Motors Research L a b o r a t o r y and Atomics I n t e r n a t i o n a l , under the 
s t i m u l u s of the U.S. Government's Energy Research and Development 
A d m i n i s t r a t i o n . I n the e a r l i e r symposium, a t Argonne N a t i o n a l 
L a b o r a t o r i e s i n 1976, more d e t a i l e d r e v i e w s of the s e v e r a l 
approaches b e i n g made by these groups were g i v e n . At t h i s r a t e 
of e f f o r t and p r o g r e s s the c a p a b i l i t y f o r i n d u s t r i a l i z a t i o n of 
molten s a l t HED b a t t e r y systems indeed seems f e a s i b l e by 1983, as 
the U.S. Department of Energy ( f o r m e r l y ERDA) a p p a r e n t l y f u l l y 
i n t e n d s . 

The Other F i v e C a n d i d a t e s . A l l the molten s a l t SBs reviewed 
above have e i t h e r a L i anode o r a l i t h i u m a l l o y , one i n which L i 
p r e v a i l s q u a n t i t a t i v e l y . As t o the o t h e r 5 l i g h t metals they a r e 
seldom mentioned i n the l i t e r a t u r e as c a n d i d a t e s f o r anodes i n 
these SBs, except A l . I n (82) i t i s s t a t e d t h a t molten s a l t 
b a t t e r i e s w i t h Ca o r Mg anodes y i e l d o n l y a s m a l l p r o p o r t i o n of 
t h e i r t h e o r e t i c a l energy because (a) Ca anodes r e a c t c h e m i c a l l y 
w i t h the e l e c t r o l y t e , and (b) b o t h Ca and Mg anodes a r e 
p a s s i v a t e d a t h i g h c u r r e n t d r a i n s , becoming coated w i t h r e s i s t i v e 
f i l m s of s o l i d s a l t s . I n a melt c o n t a i n i n g L i s a l t s , Ca r e p l a c e s 
L i i o n s by the d i s p l a c e m e n t r e a c t i o n Ca + 2 L i C l = C a C l 2 + 2 L i . 

The L i m e t a l so produced w i l l form a l i q u i d a l l o y w i t h Ca 
(m.p. 231°) i n t h e r m a l b a t t e r i e s (83a) , eg. Ca/LiCl-KCl-CaCrO i * /Fe, 
t o w hich t h e heat needed t o melt the e l e c t r o l y t e i s p r o v i d e d by 
Fe + KC10 3 p e l l e t s (83b). More r e c e n t l y a r e c h a r g e a b l e b a t t e r y 
based on c a l c i u m was d e s c r i b e d : C a - A l / C a C l 2 + NaCl/FeS. A l t h o u g h 
i t s OCV i s o n l y about 1.86V, the c e l l was shown to be c a p a b l e o f 
s u s t a i n i n g some tens o f c y c l e s , and show promise ( 8 4 ) . (See the 
s e v e r a l o t h e r papers a l o n g t h i s l i n e i n the same Pr o c e e d i n g s of 
the e x c e l l e n t Symposium a t Argonne.) 

I n a U.S.S.R. p a t e n t , Na anodes i n molten s a l t s (NaOH + NaBr) 
were d i s c l o s e d as a source o f e l e c t r i c power a t h i g h temperature, 
but no c y c l i n g d a t a were p r e s e n t e d ( 8 5 a ) . A secondary b a t t e r y 
o p e r a t i n g a t 150° w i t h h i g h TED and a c h i e v e d energy output i s 
d e s c r i b e d i n a German p a t e n t , based on the system Na/NaAlCl^/C, 
w i t h a b e t a - A l 2 Û 3 s e p a r a t o r (85b). 

There are s e v e r a l p u b l i c a t i o n s on molten s a l t SBs w i t h A l 
anodes. A l B r 3 , the A l h a l i d e w i t h t h e lowest m.p. (97.5°), mixed 
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w i t h one o r more a l k a l i m e t a l h a l i d e s , was o f f e r e d as an 
e l e c t r o l y t e f o r the b a t t e r y A l / A l B r 3 + MX/C, o p e r a t i n g i n the 
temperature range 50-250°, but n o t h i n g i s s a i d i n the p a t e n t 
a b s t r a c t about c y c l i n g ( 8 6 ) . 

Table V I I g i v e s the m.p. of o t h e r a l u m o h a l i d e s and t h e i r 
mixed systems. For example, l o w - m e l t i n g e l e c t r o l y t e s based on 
AICI3 *MC1 c h l o r a l u m i n a t e s , where M i s L i , Na, K, have been 
c o n s i d e r e d ( 8 7 ) , and c e l l s w i t h A l anode and v a r i o u s cathodes, 
b o t h i n o r g a n i c and o r g a n i c , were t e s t e d . The s u l f u r cathode seems 
to be the most s u i t a b l e , a l t h o u g h complex c h l o r i d e s , f l u o r i d e s 
and s u l f i d e s show p o s s i b i l i t i e s . An e x p e r i m e n t a l A l / S c e l l i s 
d e s c r i b e d i n d e t a i l i n ( 8 8 ) . The r e a c t i o n : 2A1 + 3S = A 1 2 S 3 

p r o v i d e s a TED of 1275 Wh/kg a t 200°. I t i s viewed o n l y as a 
p r i m a r y b a t t e r y , however a t the p r e s e n t time ( 8 8 ) . 

The f e a s i b i l i t y of the use of t i t a n i u m i n r e c h a r g e a b l e SBs 
has been the p r i n c i p a l t o p i c o f a r e c e n t r e p o r t prepared by the 
a u t h o r s . The s i t u a t i o n can be summarized as f o l l o w s . A l t h o u g h 
T i can be d i s s o l v e d i n molten s a l t s and d e p o s i t e d from these 
s o l u t i o n s by e l e c t r o c h e m i c a l r e d u c t i o n ( 8 9 ) , the p r e s e n t authors 
have not found any p u b l i c a t i o n s i n which T i i s o f f e r e d as the 
r e c h a r g e a b l e n e g a t i v e p l a t e i n molten s a l t SBs. Perhaps no 
s e r i o u s attempts have been made t o i n v e s t i g a t e t h e p o s s i b i l i t y o f 
d e v e l o p i n g c e l l s w i t h T i as n e g a t i v e p l a t e , e i t h e r i n nonaqueous 
or molten s a l t e l e c t r o l y t e s ; a t l e a s t , n o t h i n g o f such attempts 
has been p u b l i s h e d . There are however, s e v e r a l p u b l i c a t i o n s 
d i s c u s s i n g the use of T i compounds i n the c a t h o d i c m a t e r i a l , o r 
T i a l l o y s i n s u p p o r t s , c a s i n g and c o n d u c t o r s . I n T a b l e I of 
( 9 0 a ) , t i t a n i u m i s l i s t e d as an anode among o t h e r c a n d i d a t e 
metal-oxygen systems. I t s v o l t a g e and EDs i n such systems are 
among the h i g h e s t , and the c o s t per kWh the l o w e s t , but no 
i n d i c a t i o n s of i t s use were c l a i m e d i n ( 9 0 a ) . Our d e t a i l e d 
r e v i e w of p o s s i b i l i t i e s i s g i v e n i n (90b), and the r e a c t i o n w i t h 
N i i 2 P 5 i n molten NaP0 3 i s r e p o r t e d i n ( 9 1 ) . 

I n T a b l e s V I I , V I I I and I X , which a r e based on the d a t a g i v e n 
i n (92-94), are l i s t e d some o t h e r c a n d i d a t e molten s a l t s , 
i n o r g a n i c and o r g a n i c , worthy o f c o n s i d e r a t i o n as e l e c t r o l y t e s . 
I t w i l l be noted t h a t t h e r e are many l o w - m e l t i n g molten s a l t s 
whose p o t e n t i a l t o form complexes w i t h the l i g h t - m e t a l i o n s i s 
h i g h , and which have not been examined e x p e r i m e n t a l l y as to the 
t h r o w i n g power f o r e l e c t r o d e p o s i t i o n (recharge) of the a c t i v e 
m e t a l . F u r t h e r from h i s computerized l i s t i n g of p r o p e r t i e s of 
molten s a l t s , Janz has t a b u l a t e d an even more i m p r e s s i v e l i s t o f 
p o s s i b i l i t i e s ( 9 3 ) , some of which have a c c e p t a b l e c o n d u c t i v i t y and 
t h e r m a l s t a b i l i t y as w e l l . F u r t h e r a p r i o r i s e l e c t i o n of s u i t a b l e 
c a n d i d a t e s might perhaps be based on knowledge of the n a t u r e and 
e x t e n t of complexing w i t h the a c t i v e m e t a l i o n s , were such i n 
f o r m a t i o n a v a i l a b l e . 
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TABLE V I I . A l u m o h a l i d e s and T h e i r Systems [92] 

A. I n d i v i d u a l A l u m o h a l i d e s 

Pure Compounds M.P. B o i l i n g P. °C 

A1F 3 

AICI3 
A l B r 3 

A l l 3 

445 
192.4 
97.5 

191 

1272 
187 
253 
380 

B. Systems 
Mole % 

A Β C M.P., °C Β 
L i C l - AICI3 105 58 
NaCl - A I C I 3 110 61 
KC1 - AICI3 128 67 
NaCl - AICI3 150 50 
L i B r - A l B r 3 105 (75) 
L i B r - A l B r 3 195 50 
NaBr - A l B r 3 95 76 
KBr - A l B r 3 191 50 
N a l - A l l 3 123 70 
K I - A l l 3 105 67 
NaCl* A I C I 3 " N a l - A l l 3 80 
A I C I 3 - N a l - A l l 3 65 
NaCl - KC1 - AICI3 88 16. 63.5 
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TABLE V I I I . Low-Melting I n o r g a n i c Compounds and Systems [93] 

A. Compounds 

Compound M.P., °C Compound M.P. °l 

T e C l 2 175 B i l 3 43 
M0CI3 194 S b l 3 170 
I n C l 225 
I n C l 2 235 NH^CNS 87. 

KCNS 171 
L i C L 0 3 127.6 
L i C l O * 236 ΝΗι»Ν03 169 

NaFeCli» 163 
S b B r 3 96.6 KFeCli» 250 
GaBr 3 124.5 NaNH 2 208 
S n B r 2 232 

Systems 
Mole % 

A Β C M.P. °C Β C 

L i N 0 3 - ΝΗι»Ν03 97 75 
T i C l CuCl 122 60 
KCNS NaCNS 123.5 70 
L i N 0 3 - KN0 3 125 44 
KC1 S n C l 2 180 62 
NaOH - KOH 187 40 
LiNOs - NHI+N03 - NH^Cl 86 66.7 7.5 
NaC10 3 - L i C 1 0 3 - L i N 0 3 92.6 (50) (40) 
L i N 0 3 - KNO3 - NaN0 3 120 53 17 
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TABLE IX. Organic S a l t s and Systems [93] 

A. Compounds M.P. °C 

T1C00H 100.8 
KC00H 167.5 
TiCOOCH, 130 

B. Systems 

Mole % 
Β C 

KCNS-KHCO 2 78.5 54 
Ca(HC0 2 ) 2-2TlHC02 94.2 91.2 
Sr(HC0 2 ) 2-2TlHC02 96.8 94.9 
KCNS-KHCO2-KN0 3 55.5 48.3 16.8 
( C s , K , L i ) C H 3 C 0 2 73 27 20 
KBr-KCNS-KHC0 2 75 43 55 
KC1-KCNS-KHC0 2 76 43.5 55 
K,Li-HC0 2-CNS 53 50 45 

P r o s p e c t s f o r SBs Based on M o l t e n S a l t E l e c t r o l y t e s . The 
main advantage of molten s a l t e l e c t r o l y t e s f o r HED SBs i s the 
f a c t t h a t each o f the s e l e c t e d s i x most a c t i v e l i g h t m etals — L i , 
Na, Ca, Mg, A l and T i — can work r e v e r s i b l y i n molten, mixed 
e l e c t r o l y t e s , i . e . they can b e . a n o d i c a l l y o x i d i z e d d u r i n g 
d i s c h a r g e , and c a t h o d i c a l l y reduced by r e c h a r g i n g . F u r t h e r , some 
m a t e r i a l s l i k e s u l f i d e s have been found t o be r e v e r s i b l e as 
cathodes. Another advantage of the molten s a l t e l e c t r o l y t e s i s 
h i g h c o n d u c t i v i t y — about 100 times t h a t o f the same s a l t i n 
non-aqueous s o l v e n t s , and 5-10 times h i g h e r than t h e i r aqueous 
s o l u t i o n s . There are two i n t r i n s i c shortcomings which r e s u l t 
from the h i g h o p e r a t i n g temperature: (a) h i g h r a t e of c o r r o s i v e 
s i d e r e a c t i o n s , which can be circumvented o n l y by j u d i c i o u s 
c h o i c e o f o f t e n e xpensive m a t e r i a l s , and (b) the i n e v i t a b l e heat 
management r e q u i r e d . 

The L i - A l / F e S x system i s b e i n g h e a v i l y s t u d i e d c u r r e n t l y , and 
i s b e i n g b u i l t i n t o a v e h i c l e - d e m o n s t r a t i o n u n i t . I t i s one HED 
system which does show e x c e l l e n t promise as a l o n g - l i v e d s t o r a g e 
b a t t e r y . T h i s i m p o r t a n t breakthrough suggests t h a t t h e r e may be 
o t h e r systems even more s u i t a b l e . Thus r e s e a r c h e r s have been 
e x p l o r i n g lower m e l t i n g molten s a l t e l e c t r o l y t e s , the mixed 
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h a l i d e s of aluminum, eg, (85-88), and t h e r e a r e many o t h e r molten 
s a l t e l e c t r o l y t e s which a r e l i q u i d i n the temperature range 
60°-125°C (Tables V I I I and I X ) . I t w i l l be noted t h a t amongst the 
l o w - m e l t i n g systems t h e r e are many which c o n t a i n the c a t i o n s L i + , 
Na+, K + and A1+++ and the anions C I " , B r " and NO";. Tables V I I t o 
I X cover o n l y a f r a c t i o n o f a l l the low m e l t i n g systems: s t u d i e s 
on o t h e r s have been p u b l i s h e d i n the l i t e r a t u r e . 

I n T a ble X we g i v e a condensed l i s t o f e l e c t r o l y t e s which 
need t o be examined e x p e r i m e n t a l l y as p o t e n t i a l l y capable of 
s u p p o r t i n g r e v e r s i b l e e l e c t r o c h e m i c a l p r o c e s s e s a t anode and 
cathode. S t i l l many more p o s s i b l e combinations have not y e t been 
i n v e s t i g a t e d , such as those c o n t a i n i n g Ca4"**, Mg"*"4" and Ti"*""*" 
c a t i o n s , as w e l l as HS0"£, HS0 3, H C O 7 , and some o t h e r a n i o n s . 
The c o m p a t i b i l i t y o f each l i g h t m e t a l c a t i o n w i t h any l o w - m e l t i n g 
m o l t e n s a l t e l e c t r o l y t e must be examined e x p e r i m e n t a l l y . I t can 
be a n t i c i p a t e d t h a t at l e a s t some such combinations w i l l have 
u s e a b l e p r o p e r t i e s . 

TABLE X. Some M o l t e n - S a l t Candidates as SB E l e c t r o l y t e s 
(See Table I.A.4 o f (93)) 

E l e c t r o l y t e M.P. 
°C Status/Use 

c r y o l i t e NaF«AlF 3 886 commercial w i n n i n g o f A l 
" s a l t " NaCl 800 commercial e l e c t r o d e p . of T i 
f l i n a k LiF-NaF-KF e u t . 454 e l e c t r o d e p . of V, Mo, W, eg. 
c l l i k L i C l - K C l e u t . 357 b a s i s o f L i / F e S s t o r a g e b t y 
n i t r a t e s L i N 0 3 - K N 0 3 e u t . 191 unknown as SB e l e c t r o l y t e 
c a u s t i c NaOH-KOH 187 b a s i s of H 2 / O 2 f u e l c e l l 
formates C a , T i ( H C 0 2 ) 2 e u t . 94 u n r e p o r t e d 
fen's KCNS-KHCO2 78 p r o b a b l y u n t r i e d 

The a v a i l a b i l i t y of l o w - m e l t i n g s a l t combinations opens up 
p o t e n t i a l i t i e s f o r a l l the l i g h t m e t a l s . As we have seen above, 
almost a l l the r e s e a r c h work on HED SBs w i t h molten s a l t 
e l e c t r o l y t e s i s c a r r i e d out w i t h L i as an anode and w i t h 
c h l o r i d e s as e l e c t r o l y t e s . Other l i g h t m e t a l systems s h o u l d be 
i n v e s t i g a t e d t o o , e s p e c i a l l y i n view of the much g r e a t e r n a t u r a l 
abundance of some of these o t h e r m e t a l s . 
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S o l i d S t a t e E l e c t r o l y t e s 

L i k e the L i / F e S x system, which i s p r e s e n t l y the most advanced 
r e c h a r g e a b l e b a t t e r y system based on a molten s a l t e l e c t r o l y t e , 
the Na/S system i s p r e s e n t l y the most advanced r e c h a r g e a b l e 
b a t t e r y system based on a s o l i d e l e c t r o l y t e ( b e t a - a l u m i n a ) . I t 
operates a t about 300°C. 

A p p r e c i a b l e i o n i c conductance o f s e v e r a l s o l i d s has been 
known s i n c e the t u r n of the c e n t u r y when the uniqueness of A g i 
was uncovered. S i n c e then, doped i o d i d e s , mixed i n o r g a n i c s a l t s 
w i t h s u p e r - l a t t i c e s , and even i o n i c a l l y - c o n d u c t i n g o r g a n i c 
polymers, have been d i s c o v e r e d o r s y n t h e s i z e d . S e r i o u s attempts 
t o use these m a t e r i a l s i n s t o r a g e b a t t e r i e s a r e q u i t e r e c e n t , 
however; the o n l y r e a l l y s u c c e s s f u l a p p l i c a t i o n i n a 
r e c h a r g e a b l e b a t t e r y so f a r i s t h a t o f b e t a - a l u m i n a . S o l i d 
e l e c t r o l y t e s can be made t h i n , g e n e r a l l y , as can c e l l s made from 
them. Some of th e m a t e r i a l s have h i g h c o n d u c t i v i t i e s , even a t 
temperatures c l o s e t o ambient, the s i l v e r i o n c o n d u c t o r s , f o r 
example. The s e a r c h i s f o r one through which one of the l i g h t 
a l k a l i m e t a l c a t i o n s has h i g h c o n d u c t i v i t y a t normal temperature 
or a t an e l e v a t e d temperature e a s i l y m a i n t a i n e d o p e r a t i o n a l l y : 
one which can be made t h i n , i d e a l l y f l e x i b l e o r not f r i a b l e , 
whose c h e m i c a l c o m p o s i t i o n i s s t a b l e , and w i t h which s o l i d - s t a t e 
c o n t a c t s can be m a i n t a i n e d by a n o d i c and c a t h o d i c m a t e r i a l s 
d u r i n g r e p e a t e d c y c l i n g . 

A v e r y i n s t r u c t i v e p e r s p e c t i v e c o n c e r n i n g c e l l d e s i g n 
concepts from which r e c h a r g e a b l e c e l l s based on s o l i d e l e c t r o l y t e s 
can be viewed has been o f f e r e d by Armand, Univ . de Grenoble. 
M o d i f i e d somewhat, i t i s g i v e n i n F i g u r e 2. Note how p r o p e r t i e s 
of the e l e c t r o l y t e can o f t e n d i c t a t e the d e s i g n of a s t o r a g e 
b a t t e r y . 

Complex Compounds of A g i . A h i s t o r i c a l r e v i e w o f the 
conductance s t u d i e s of these compounds and the emf's of c e l l s 
based on these s o l i d e l e c t r o l y t e s , was p u b l i s h e d i n 1969 ( 9 5 ) . 
Another r e v i e w , which d i s c u s s e s the conductance and the s t r u c t u r e 
of v a r i o u s s o l i d e l e c t r o l y t e s ( A g i and i t s d e r i v a t i v e s , A g 2S, 
L i 2 S 0 i * , Na 20«llAl 20 3) was p u b l i s h e d i n 1972 ( 9 6 ) . There have been 
s e v e r a l papers p u b l i s h e d s i n c e , e s p e c i a l l y by I t a l i a n and 
Japanese worke r s . 

As a r u l e , one s o l i d phase of these e l e c t r o l y t e s i s a f a i r l y 
good c o n d u c t o r , i t s open s t r u c t u r e a l l o w i n g the c a t i o n ( A g + , N a + , 
L i + ) t o move f a i r l y f r e e l y i n s i d e the l a t t i c e . I n the case o f 
A g i the c o n d u c t i v i t y , K, i n c r e a s e s by two o r d e r s o f magnitude a t 
147°C, as t h e b e t a - m o d i f i c a t i o n i s transformed i n t o a more open 
a l p h a - s t r u c t u r e . A t ambient temperature t h e c o n d u c t i v i t y o f A g i 
i t s e l f i s v e r y s m a l l , but i t i s much h i g h e r i n some complexes, 
such as RbAg^Is, i n which Κ = 0.2 ohm"1 cm" 1 a t 20°C, f o r 
example. S i n c e the d i s c o v e r y o f the h i g h i o n i c c o n d u c t i v i t y of 
RbAgi^Is (97a) much work has been done on s o l i d e l e c t r o l y t e s . 
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Takahashi and coworkers have s t u d i e d t h e conductance and the 
c r y s t a l s t r u c t u r e of A g i complexes, as w e l l as t h e i r b e h a v i o r i n 
e l e c t r o c h e m i c a l c e l l s (97b). 

Values of Κ as h i g h as 6 χ 1 0 " 2 ohm"1 cm" 1 have been found i n 
combinations o f A g i w i t h s u b s t i t u t e d ammonium i o d i d e s ( 9 8 ) . 
These s t u d i e s were extended and t h e r e s u l t s used i n the 
development o f p r i m a r y s o l i d - s t a t e b a t t e r i e s , f o r o p e r a t i o n a t 
ambient temperatures, based on c e l l s such as L i / L i I - C a l / A g I ( C ) 
( 9 9 a ) , and w i t h Ag2Cr0i*, Ag 3 P0i* and t h e s u p e r l a t t i c e s formed w i t h 
A g i ( 99b). 

The p r o p e r t i e s o f the Agl-based s o l i d e l e c t r o l y t e s have been 
s t u d i e d a l s o i n the U.S.S.R., and s e v e r a l p u b l i c a t i o n s have 
appeared. The r e s e a r c h was d i r e c t e d towards t h e use o f s o l i d 
e l e c t r o l y t e s i n b a t t e r i e s and i n i n f o r m a t i o n d e v i c e s (100a). 
A t h i n - f i l m g a l v a n i c b a t t e r y w i t h s o l i d RbAgi»Is, and based on 
Ag + Te was s t u d i e d (100b), and s e v e r a l p u b l i c a t i o n s d e s c r i b e the 
c o n s t r u c t i o n and p r o p e r t i e s o f t h a t c e l l ( 1 01). The method o f 
s y n t h e s i z i n g the compound RbAg^Is by p r e c i p i t a t i o n i n acetone 
(102) i s a l s o d e s c r i b e d . A r e c e n t a u t h o r i t a t i v e r e v i e w on these 
and o t h e r compounds i s now a v a i l a b l e ( 1 0 3 ) . See e s p e c i a l l y T a b l e 
IV i n t h a t r e v i e w . 

A l t h o u g h p r i m a r y b a t t e r i e s of v a r i o u s types based on A g i 
complexes are a t p r e s e n t a v a i l a b l e c o m m e r c i a l l y , no s u b s t a n t i a l 
s uccess has been a c h i e v e d w i t h r e c h a r g e a b l e SBs w i t h Ag compounds 
c o n d u c t i n g a t ambient temperature ( a l t h o u g h Ag/complex/Ag 
coulometers capable of b e i n g c y c l e d many thousands of times a r e 
r e a d i l y a v a i l a b l e ) . A f t e r a decade o f s t u d i e s , c e l l s based on 
A g i complexes have not y e t been made whi c h a r e r e c h a r g e a b l e t o 
any e x t e n t : t h e complex tends t o break down i n t o i s l a n d s of the 
γ-AgI, which i s v e r y p o o r l y c o n d u c t i v e a t room temperature. 

The Beta-Alumina SB. The b e t a - a l u m i n a c e l l from the v e r y 
b e g i n n i n g was c o n s i d e r e d t o be a SB. The f i r s t d e t a i l e d 
p u b l i c a t i o n s on i t appeared i n 1967 ( 1 0 4 ) , and s i n c e t h a t time 
s c o r e s o f open p u b l i c a t i o n s and p a t e n t s and s e v e r a l r e views on 
t h i s SB have been i s s u e d . I n the r e v i e w s c i t e d above on h i g h 
temperature c e l l s (69,70) s u b s t a n t i a l p o r t i o n s are devoted t o 
t h i s SB; the s t r u c t u r e and p r o p e r t i e s of i t s s o l i d e l e c t r o l y t e , 
N a 2 0 e l l A l 2 0 3 , a r e d i s c u s s e d i n ( 9 6 ) . The c e l l has a l i q u i d Na 
anode and a l i q u i d S cathode. The r e a c t i o n p r o d u c t i s the sodium 
p o l y s u l f i d e , o f v a r y i n g c o m p o s i t i o n and p h y s i c a l p r o p e r t i e s . The 
good performance of t h e c e l l i s based on the f a c t t h a t the 
e l e c t r o l y t e i s e a s i l y p e n e t r a b l e by N a + a t r e a c t i o n temperatures 
of about 300°C. D u r i n g the c h a r g i n g p r o c e s s sodium i o n s a r e 
c a r r i e d back through the b e t a - a l u m i n a e l e c t r o l y t e t o the anode 
where they are r e c o n v e r t e d t o Na m e t a l . I n p r a c t i c e p o l y s u l f i d e s 
of Na a r e formed a t the cathode. The h i g h o p e r a t i n g temperature 
of the Na/S b a t t e r y i s n e c e s s a r y not o n l y because o f the h i g h m.p. 
of the Na p o l y s u l f i d e s formed a t the cathode, but a l s o because 
the c o n d u c t i v i t y o f the b e t a - a l u m i n a i s b e t t e r t h e h i g h e r the 
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temperature. Attempts have been made t o decrease the o p e r a t i n g 
temperature by i n c o r p o r a t i n g MgO o r FeO i n t o the e l e c t r o l y t e 
( 1 05). Many p a t e n t s have been granted t o workers who c l a i m t h a t 
the SB can be improved by o t h e r m o d i f i c a t i o n s (106). R e s u l t s o f 
e x t e n s i v e r e s e a r c h work world-wide are a v a i l a b l e (107). 

The h i s t o r y of the b e t a - a l u m i n a SB development and the s t a t e 
of the problem i n 1974 are p r e s e n t e d i n Ref. (107a), which 
i n c l u d e s r e f e r e n c e s t o the most impo r t a n t l i t e r a t u r e up t o t h a t 
time. The p r o c e s s e s a t the cathode are c o m p l i c a t e d . The Na-S 
phase diagram has been i n v e s t i g a t e d : two e u t e c t i c s ( a t 235° and 
257°) were found and the r e g i o n of the two l i q u i d l a y e r s was 
b r a c k e t e d a t 78 - 100% S ( 1 0 3 ) . The paper seems t o be one of the 
most comprehensive and s u b s t a n t i a l a r t i c l e s y e t t o be i s s u e d on 
t h a t t o p i c . I t i s b e l i e v e d t h a t the Na-S SB has a p o t e n t i a l 
energy s a v i n g of a f a c t o r of n i n e over the l e a d - a c i d b a t t e r y and 
c o u l d g i v e a range of more than 100 m i l e s to e l e c t r i c c a r s . 
E l e c t r i c buses w i t h a 40-mile o p e r a t i o n a l range have a l r e a d y been 
b u i l t ( 1 0 8 ) . A l t h o u g h the t i m e - t a b l e has s l i p p e d somewhat as 
m a t e r i a l s problems have been uncovered and r e s o l v e d , i t i s v e r y 
p r o b a b l e t h a t the world-wide e f f o r t on the Na-S SB, may y e t be 
crowned w i t h s u c c e s s f u l a p p l i c a t i o n . 

The shortcomings of s o l i d e l e c t r o l y t e s — the s e n s i t i v i t y o f 
the b e t a - a l u m i n a b a t t e r i e s t o v i b r a t i o n and shock, and the low 
c o n d u c t i v i t y , the h i g h c o s t and low c y c l a b i l i t y of the A g i based 
c e l l s — have s t i m u l a t e d the s e a r c h f o r new types o f s o l i d 
e l e c t r o l y t e s . I n the 1972 r e v i e w (109a) of the advances i n L i / 
s o l i d - s t a t e b a t t e r i e s , most o f the c e l l s d i s c u s s e d c o n t a i n e d Ag 
and L i / L i I / l 2 - b e n z i d i n e , a r e a l s o d i s c u s s e d (109a). The 
i o d i n e - b e n z i d i n e c e l l i s d e s c r i b e d i n some d e t a i l i n (109b), and 
the i o d i n e c e l l i n ( 1 0 9 c ) . The p r o p e r t i e s of the h i g h temperature 
phase o f L i 2 S 0 i f as a s o l i d e l e c t r o l y t e are c o n s i d e r e d i n (110) . 
So f a r , such c e l l s have found o n l y l i m i t e d p r a c t i c a l a p p l i c a t i o n s , 
and these are p r i m a r y b a t t e r i e s w i t h v e r y s m a l l c u r r e n t s and 
l o n g s h e l f l i f e . L i t t l e s uccess has been r e a l i z e d from attempts 
to make mini-SBs based on s o l i d e l e c t r o l y t e s . 

A number of p u b l i c a t i o n s have appeared r e c e n t l y on 
s u p e r - l a t t i c e complexes which have enhanced c o n d u c t i v i t y , eg. 
" n a z i r p s i o " : NasPOi^ · 2 Z r 0 2 · 2S1O2 whose c o n d u c t i v i t y a t room 
temperature i s of the same o r d e r as t h a t of an aqueous s a l t 
s o l u t i o n . Most of the s u p e r - l a t t i c e s a r e u n s t a b l e thermo-
d y n a m i c a l l y , and can be expected t o c o l l a p s e under c h e m i c a l 
a t t a c k by the anodic and c a t h o d i c r e a c t a n t s . However, t h e r e may 
e x i s t some the rmo dyη ami c a 1 l y s t a b l e s t r u c t u r e s , and the s e a r c h 
s h o u l d c o n c e n t r a t e on the c o m p l i c a t e d phase-diagram s t u d i e s o f 
s e l e c t e d q u a t e r n a r y s . 

I n the I n s t i t u t e o f New Chemical Problems i n Moscow, the 
r e s i s t a n c e a t the boundaries between Na and Na 2O eMgO e10A1 20 3 was 
s t u d i e d (111a). A p a t e n t f o r a s o l i d e l e c t r o l y t e c o n t a i n i n g NaF 
and AI2O3 was granted (111b). These s o l i d e l e c t r o l y t e s were 
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s y n t h e s i z e d by a gas-flame method. Those w i t h the c o m p o s i t i o n 
Na 20«MgO*nAl 203 (n = 5 t o 12) possess i o n i c c o n d u c t i o n of about 
0.1 ohm - 1 cm - 1 a t ambient temperature; t h i s v a l u e decreases when 
Na 20 i s p a r t i a l l y r e p l a c e d by L i 2 0 o r MgO (112). 

A s m a l l amount of Sb 203, added t o the s u l f i d e cathode of the 
s o l i d AI2O3 b a t t e r y , decreases the m e l t i n g p o i n t o f the s u l f i d e , 
w h i l e not i m p a i r i n g the r e a c t i o n s o f the c e l l ( 1 13). Other 
compounds have been b r i e f l y d e s c r i b e d ( 1 1 4 ) . 

S o l i d Polymer E l e c t r o l y t e s . Some s o l i d polymer e l e c t r o l y t e s 
are l i s t e d i n Table X I . The most c e l e b r a t e d , " n a f i o n " , a H + 

conductor, was e a r l y r e c o g n i z e d as a s u i t a b l e e l e c t r o l y t e f o r the 
H 2 / O 2 f u e l c e l l , and more r e c e n t l y f o r hydrogen/oxygen o r 
hydrogen/halogen s t o r a g e b a t t e r y systems. Attempts a r e b e i n g 
made by the US Department o f Energy, through Brookhaven N a t i o n a l 
L a b o r a t o r y ( 1 1 5 ) , to l e a r n how to handle the m a s s - t r a n s f e r 
problems i n the " e l e c t r o l y z e r / f u e l c e l l s t o r a g e - b a t t e r y 1 1 concept. 
E s t i m a t e d a c h i e v a b l e energy d e n s i t i e s a r e r e s p e c t a b l e , above 200 
Wh/kg. Alt h o u g h the turnaround e f f i c i e n c y expected f o r H 2/0 2 

i s l e s s than 50%, the emergence of n a f i o n - l i k e m a t e r i a l s p e r m i t s 
the s e r i o u s d e s i g n and development o f the hydrogen/halogen 
e l e c t r i c a l - s t o r a g e - b a t t e r y systems, f i r s t proposed i n 1964 (116), 
t o be c o n s i d e r e d . L o a d - l e v e l l i n g SBs can be e n v i s a g e d , i n 
which the e f f i c i e n c y may exceed 70% (115). 

By c o n t r a s t , Nal-doped p o l y e t h y l e n e o x i d e membranes have 
p e r m i t t e d e x p e r i m e n t a l r e s e a r c h on t i n y r e c h a r g e a b l e N a / I 2 

b a t t e r i e s t o be i n i t i a t e d ( F i g u r e 2 ) . Chemical s t a b i l i t y o f the 
e l e c t r o l y t e , and the i n t e g r i t y of the m e c h a n i c a l c o n t a c t s a t the 
c u r r e n t c o l l e c t o r / e l e c t r o l y t e i n t e r f a c e s , d u r i n g r e p e t i t i v e 
c y c l i n g , must be improved. 

The P r o s p e c t s For S o l i d E l e c t r o l y t e SBs. For reasons 
d i s c u s s e d above, the Agl-based c e l l s , b e i n g u s e f u l f o r some 
s p e c i a l types o f pr i m a r y b a t t e r i e s , a r e not v e r y p r o m i s i n g f o r 
secondary ones. The b e t a - a l u m i n a c e l l s , on the c o n t r a r y , have 
a l r e a d y been developed t o the p i l o t - p l a n t s t a g e and t h e i r 
p r o s p e c t s a r e f a i r l y good t o become c o m m e r c i a l i z e d . They a r e the 
most advanced among the c a n d i d a t e b a t t e r i e s f o r t r a c t i o n . The 
h i g h o p e r a t i n g temperature c o u l d be lowered i f a s o l i d 
e l e c t r o l y t e w i t h Κ v a l u e s of about 0.1-0.3 ohm - 1 cm - 1 a t lower 
temperatures c o u l d be found. S i n c e the m e t a l i o n ( N a + , L i + ) 
moves through the i n t e r s t i t i a l v a c a n c i e s , the s t r u c t u r e o f 
c r y s t a l s w i t h such v a c a n c i e s i s the o b j e c t o f study. Such 
compounds might be found among s i l i c a t e s ; thus even a t p r e s e n t 
some L i - c o n t a i n i n g s i l i c a t e s , L i ^ S i O ^ , f o r example, a re known f o r 
which Κ = 9.0 χ 10 _ t f a t 400°C. L i A l S i O i * has a K-value of 5.6 χ 
10~ 5 (114a). Among the g r e a t v a r i e t y o f s i l i c a t e s , perhaps o t h e r , 
b e t t e r - c o n d u c t i n g complexes can be found. Dehydrated z e o l i t e s of 
s p e c i a l s t r u c t u r e might be found which can a c t as a ion-exchanger 
e l e c t r o l y t e , c o n t a i n i n g i o n s of any l i g h t m e t a l i n the s e r i e s 
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17. CASEY AND KLOCHKO Electrochemical Energy Storage 281 

T A B L E X I . Some S o l i d - P o l y m e r s a s C a n d i d a t e SB E l e c t r o l y t e s 

p e r f l u o r o c a r b o x y l i c a c i d ( a s a h i ) 

- C F 2 - C F 2 - C F - C F 2 -

0 CF 3 

( C F 2 - C F ) - 0 - C F 2 - C 0 0 H 

p e r f l u o r o s u l f o n i c a c i d ( n a f i o n ) 

C F 3 

- ( C F 2 - C F - C F ) -

I + 
SO3 -H 

r a d i a t i o n - g r a f t e d p o l y e t h y l e n e ( p e r m i o n ) 

H H H H 

- C — C - ( C H 2 - C H 2 ) - C — C -

( C H - C H ) ( C H - C H ) 
, η j η 

R R 

c o n d e n s a t i o n p o l y m e r 

ÎI 
- 0 - ( P - 0 - C H 2 - C H 2 ) -

I n 

ONa 
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282 CHEMISTRY FOR ENERGY 

from l i t h i u m t o t i t a n i u m . 
C e l l s w i t h Se complexes, such as Mg/Ba xMg 6- xSe6/NbSe are 

examples of how the e l e c t r o l y t e can a d j u s t t o accommodate the 
anode-metal c a t i o n s (114b). S i m i l a r complexes can i n 
p r i n c i p l e be s y n t h e s i z e d f o r A l , Ca and T i . But Na and Κ 
complexes, such as Na 2SbÛ3, NaTaW0 6, 2Κ 20·3Nb 2Û6, and some o t h e r s 
w i t h Κ = η χ 10" 5 ohm - 1 cm""1 (114c) , may a l s o s e r v e as s o l i d 
e l e c t r o l y t e s . Perhaps some w i t h h i g h e r conductances w i l l be 
found. Recent advances i n s y n t h e t i c i n o r g a n i c c h e m i s t r y r a i s e 
the hopes of a c h i e v i n g some success i n t h i s d i r e c t i o n . U n i t e d 
e f f o r t s o f e l e c t r o c h e m i s t s , c r y s t a l l o g r a p h e r s and i n o r g a n i c 
chemists i n the f i e l d o f s o l i d i o n i c conductors w i l l i n c r e a s e the 
chances of c r e a t i n g HED SBs based on s o l i d e l e c t r o l y t e s . 

Ion-exchanger r e s i n s as s o l i d polymer e l e c t r o l y t e s , impreg
nated w i t h the c a t i o n s of the chosen anode m e t a l , may prove 
a p p l i c a b l e . T h e i r use i n the f u e l - c e l l / e l e c t r o l y z e r s i n g l e 
module concept i s a l r e a d y under i n v e s t i g a t i o n as t o c o m p l e x i t y 
and o p e r a b i l i t y (115). D o u b t l e s s b e t t e r SPE fs w i l l be 
d i s c o v e r e d . 

M o i s t and Mixed E l e c t r o l y t e s 

We c o n s i d e r now the a p p l i c a b i l i t y o f some water as a 
component i n mixed aqueous-nonaqueous, o r aqueous-molten s a l t 
e l e c t r o l y t e s , and we d e a l w i t h the p o s s i b l e use o f the s i x l i g h t , 
a c t i v e metals i n SBs based on " m o i s t " o r " t r a n s i t i o n r e g i o n " 
e l e c t r o l y t e s . 

The main reason f o r a v o i d i n g w a t e r as a s o l v e n t i s the f a c t 
t h a t the e l e c t r o l y s i s of aqueous s o l u t i o n s of a l k a l i and 
a l k a l i n e - e a r t h m e t a l s a l t s commences a t 1.7-2.0 v o l t s (depending 
on the e l e c t r o d e m a t e r i a l ) and r e s u l t s i n the e v o l u t i o n o f 0 2 and 
H 2. I f the c e l l i t s e l f has a h i g h e r v o l t a g e , i n t e r n a l 
e l e c t r o l y s i s can, but not always does o c c u r , accompanied by t h e 
e v o l u t i o n o f H 2 and 0 2 and by s e l f - d i s c h a r g e ( 1 1 7 ) . However, 
t h i s f a c t does not p r e c l u d e attempts t o c r e a t e m o i s t pri m a r y 
b a t t e r i e s w i t h L i , Na o r Ca, i f the a c t i v i t y o f H 20 i s kept 
s u f f i c i e n t l y low. 

Minor admixtures of water t o nonaqueous e l e c t r o l y t e s a r e 
o f t e n h a r m f u l , f o r example i n b a t t e r i e s w i t h i n o r g a n i c s o l v e n t s 
such as P O C I 3 , S0C1 2, S 0 2 C 1 2 , where i t i s im p o r t a n t t h a t the 
e l e c t r o l y t e be f r e e o f water c o n t a m i n a t i o n because of the 
p o s s i b l e f o r m a t i o n o f o x y c h l o r i d e cements: 

M 0 C l n + H 20 = M0 ( O H ) C l n _ 1 + HC1 

where Μ = Ρ o r S (118) . S p e c i a l water scavengers ( s y n t h e t i c 
z e o l i t e s ) have been proposed (119) t o m a i n t a i n t h e H 20 l e v e l i n 
the e l e c t r o l y t e below t h a t which i n t e r f e r e s w i t h the o p t i m a l 
performance of c e l l s such as L i or N a / P 0 C l 3 / ( C F ) n . 
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17. CASEY AND KLOCHKO Electrochemical Energy Storage 283 

P r i m a r y C e l l S t a t u s as B a s e l i n e . Some time ago a s h o r t 
r e p o r t was made on the Symposium on B a t t e r i e s f o r T r a c t i o n (see 
(90)) on the s t u d i e s i n the Lockheed Research L a b o r a t o r y on 
e l e c t r i c power sources based on r e a c t i o n s o f a l k a l i m etals w i t h 
w a t e r . These r e a c t i o n s produce v e r y h i g h ED 1s, are s u r p r i s i n g l y 
e f f i c i e n t : about 3000 Wh per kg of a c t i v e m e t a l ( 1 2 0 ) . 

F o l l o w i n g t h i s d i s c l o s u r e , s e v e r a l papers and p a t e n t s 
appeared which we have found t o be v e r y i n s t r u c t i v e (121-124): 
under o p e r a t i n g c o n d i t i o n s the sometimes v i o l e n t l y e n e r g e t i c 
r e a c t i o n s can be c o n t r o l l e d , e s p e c i a l l y when the a c t i v i t y o f 
water i s kept low. However, c o n d i t i o n s under which i t i s 
p o s s i b l e t o r e d e p o s i t e l e c t r o c h e m i c a l l y the a l k a l i m e t a l i n a 
recharge r e q u i r e f u r t h e r s t udy. 

The c l a i m o f the au t h o r s of (123) t h a t t h e e l e c t r o c h e m i c a l 
b e h a v i o u r of L i i n aqueous s o l u t i o n s o f i t s h y d r o x i d e i s unique, 
however, needs f u r t h e r e x a m i n a t i o n . I t has not y e t been proved 
e x p e r i m e n t a l l y t h a t Na o r Ca do not form f i l m s i n c o n c e n t r a t e d 
s o l u t i o n s , o f the hydroxy1 i o n (OH"). NaOH s o l u t i o n s can be 
prepared i n the s o - c a l l e d t r a n s i t i o n r e g i o n between molten NaOH 
and i t s aqueous s o l u t i o n s , i . e . w i t h c o m p o s i t i o n s a t which the 
mole f u n c t i o n o f water « 0.2. The p h y s i c o - c h e m i c a l p r o p e r t i e s 
o f the c o m p o s i t i o n s i n the t r a n s i t i o n r e g i o n a r e q u i t e d i f f e r e n t 
from those o f d i l u t e s o l u t i o n s o f s a l t s o r h y d r o x i d e s i n wate r . 

T r a n s i t i o n Region C o n s i d e r a t i o n s . The conductance of a 
b i n a r y system can be approached from the v a l u e s of c o n d u c t i v i t y 
of the pure e l e c t r o l y t e ; one f o l l o w s t he v a r i a t i o n o f conductance 
as one adds water o r o t h e r second component t o the pure e l e c t r o 
l y t e . The same approach i s u s e f u l f o r o t h e r e l e c t r o c h e m i c a l 
p r o p e r t i e s as w e l l : the e.m. f. and t h e anodic b e h a v i o u r o f l i g h t , 
a c t i v e m e t a l s , f o r i n s t a n c e . The s t r u c t u r e o f water i n t h i s 
" t r a n s i t i o n r e g i o n " (TR), and t h e r e f o r e i t s r e a c t i o n s , can be 
expected t o be q u i t e d i f f e r e n t from i t s s t r u c t u r e and r e a c t i o n s , 
i n d i l u t e aqueous s o l u t i o n s . (The same i s t r u e i n r e l a t i o n t o 
o t h e r non-conducting s o l v e n t s . ) The m o l e c u l a r s t r u c t u r e o f any 
l i q u i d can be assumed t o be c l o s e t o t h a t of the c r y s t a l s from 
which i t i s d e r i v e d . The narrower i s the temperature gap between 
the l i q u i d and the s o l i d u s c u r v e , the c l o s e r are the s t r u c t u r e s 
of l i q u i d and s o l i d . I n the c o m p o s i t i o n r e g i o n s between the pure 
water and a e u t e c t i c p o i n t the s t r u c t u r e of the l i q u i d i s 
b a s i c a l l y l i k e t h a t of wat e r ; between e u t e c t i c and the pure s a l t 
o r i t s h y d r a t e s the s t r u c t u r e i s b a s i c a l l y t h a t o f these 
compounds. A t the e u t e c t i c p o i n t , the conductance-isotherm runs 
through a maximum and the v i s c o s i t y - i s o t h e r m b r e a k s . Examples 
a r e shown i n (125). 

Hydrates c o u l d p l a y an impo r t a n t r o l e i n e l e c t r o l y t e s f o r 
b a t t e r i e s w i t h a c t i v e m e t a l s . The w a t e r , b e i n g i n v o l v e d i n the 
h y d r a t e s t r u c t u r e , i s l e s s a c t i v e than a t the c o m p o s i t i o n s on the 
water s i d e o f the diagram, i . e . between the e u t e c t i c and pure 
w a t e r . The r a t e o f the an o d i c d i s s o l u t i o n o f the a l k a l i and 
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a l k a l i n e - e a r t h m e tals can be made low enough so t h a t the an o d i c 
r e a c t i o n can be harnessed. Hydrates o f the h a l o g e n s , l i k e C l 2 

can be employed f o r s t o r a g e o f the C l 2 i n a r e c h a r g e a b l e b a t t e r y . 
The i o n s of the s a l t , which are f r o z e n i n the l a t t i c e o f the 

s o l i d s a l t , can move when t h e s a l t m e l t s , and the melt w i l l 
conduct. The a d d i t i o n o f a few p e r c e n t o f water lowers 
s u b s t a n t i a l l y the v i s c o s i t y (η) of the s a l t , a c t i n g as a 
" l u b r i c a n t " f o r the movement o f the i o n s , i n c r e a s i n g t h e i r 
m o b i l i t y and the c o n d u c t i v i t y o f the m e l t . Thus, f o r example, 
whereas f o r 100% L i C 1 0 3 a t 128°, Κ = 0.107 ohm"1 cm"1 and η = 66.1 
cp, the a d d i t i o n o f o n l y 1.1% by weight (5.28 mole %) of H 20 
the c o n d u c t i v i t y i s about 2 times t h a t o f pure LÎC103 and η i s 
about 10 times l e s s ( 1 2 6 ) . The a d d i t i o n o f s m a l l amounts of 
water may lower s u b s t a n t i a l l y the m e l t i n g p o i n t . Thus 14.5% o f 
water mentioned above decreases the m.p. of LÎC10 3 from 127.6° t o 
20°C. For the b i n a r y system L i N 0 3 (m.p. 260°) and ΝΗ^Ν0 3 (m.p. 
169°), t h e e u t e c t i c i s a t 97°. Other l o w - m e l t i n g systems (see 
Tables V I - V I I I ) can be formed a t ambient temperatures (-10°C t o 
+50°C) by the a d d i t i o n o f 5-10 wt% of H 20 t o b i n a r y m i x t u r e s , but 
the c o m p o s i t i o n o f t h e system a t these temperatures w i l l s t i l l 
remain i n the TR. I f t h i s c o m p o s i t i o n can be c o n t r o l l e d , e l e c -
t r o d e p o s i t i o n may be p o s s i b l e f o r the l i g h t metals such as Na and 
Ca. I n t h e case of m o l t e n - s a l t e l e c t r o l y t e s the a d d i t i o n of 
water would lower the o p e r a t i n g temperature towards ambient, 
d e c r e a s i n g s i m u l t a n e o u s l y the v i s c o s i t y o f the e l e c t r o l y t e and 
i n c r e a s i n g i t s c o n d u c t i v i t y . 

I n t h e case o f non-aqueous ( i n o r g a n i c and o r g a n i c ) s o l v e n t s 
the a d d i t i o n of s m a l l amounts of H 20 w i l l sometimes i n c r e a s e the 
u s u a l l y poor c o n d u c t i v i t y , and p e r m i t the use o f a c o m p a r a t i v e l y 
h i g h - m e l t i n g s o l v e n t . From such a b i n a r y e l e c t r o l y t e the 
morphology of the m e t a l d e p o s i t e d d u r i n g recharge might be q u i t e 
a c c e p t a b l e . I n Ta b l e X I I we l i s t some u n t r i e d t r a n s i t i o n - r e g i o n 
e l e c t r o l y t e s , a l l s p e c u l a t i v e , which might be c o n s i d e r e d . 

TABLE X I I . Some U n t r i e d T r a n s i t i o n - R e g i o n M i x t u r e s 
As Candidate SB E l e c t r o l y t e s 

w ater i n molten KOH o r molten o x y - s a l t s 
• m o i s t s a l t i n dioxane o r acetamide 
• dry HC1 i n ur e a 
• t r i c h l o r o s u l f o n a t e i n anhydrous H 2S0i» 

• m o i s t s a l t i n l i q u i d NH 3 

(-) a c t i v e m e t a l // e l e c t r o l y t e // o x i d a n t (+) 
? ? ? 
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A c t i v e M e t a l s : L i , Na and Ca. The p r o c e s s e s i n the p r i m a r y 
L i b a t t e r i e s w h i ch were d i s c u s s e d i n (120-124) cannot be r e v e r s e d 
e l e e t r o e h e m i e a l l y , because they are accompanied by the e v o l u t i o n 
of H 2, which i s removed from the c e l l . Experiments i n which L i , 
Na and Κ (127) are d i s s o l v e d i n aqueous s o l u t i o n s of t h e i r 
h y d r o x i d e s have shown a s u b s t a n t i a l decrease i n the r a t e o f the 
p r o c e s s as the h y d r o x y l i o n c o n c e n t r a t i o n i s i n c r e a s e d . Breaks 
i n t h e c u r v e : r a t e - o f - d i s s o l u t i o n vs O H " - c o n c e n t r a t i o n , o c c u r a t 
c o m p o s i t i o n s c o r r e s p o n d i n g t o the f o r m a t i o n of h y d r a t e s ; 
c o r r e s p o n d i n g breaks were a l s o observed on the c o n d u c t i v i t y - and 
v i s c o s i t y - c o m p o s i t i o n c u r v e s . The decrease o f the d i s s o l u t i o n 
r a t e i s s u b s t a n t i a l . Thus when the c o n c e n t r a t i o n of NaOH was 
i n c r e a s e d from 7-m t o 21-m, t h e r a t e decreased 200 t i m e s , and i n 
a s o l u t i o n c o n t a i n i n g 1-m H 20 i n 10-m d i o x a n e , t h e speed of Na 
d i s s o l u t i o n was r e p o r t e d t o be a thousand times l e s s than i n pure 
water ( 1 2 7 ) . As t o the Cl 2·6Η 20 h y d r a t e , i t might be i s o l a t e d 
from the e l e c t r o l y t e by a s e p a r a t o r , as i s done i n a semi-
aqueous Li-HgO prim a r y b a t t e r y ( 1 2 8 ) , o r r e p l a c e d by another 
cathode m a t e r i a l , l i k e B r 2 , o r C u C l 2 o r o t h e r . A L i - a l l o y might 
a i d i n a c h i e v i n g r e v e r s i b i l i t y . 

L e t us c o n s i d e r some examples. L i / L i N 0 3 - u r e a / C , a p r i m a r y L i 
b a t t e r y i s p a t e n t e d i n t h e U.S.S.R. (129a). A secondary b a t t e r y 
w i t h an a l k a l i m e t a l o r i t s a l l o y as anode, a s t r o n g o x i d a n t 
( s t r o n g a c i d s , molten n i t r a t e s o r n i t r i t e s , c h l o r a t e s o r 
p e r c h l o r a t e s ) i n an i n e r t medium as e l e c t r o l y t e , and a cathode of 
s t e e l , Mo o r o t h e r a l l o y , i s d e s c r i b e d i n a German p a t e n t granted 
t o the workers of the Moscow Energy I n s t i t u t e . I t i s c l a i m e d 
t h a t the v i o l e n t r e a c t i o n of t h e a l k a l i metals w i t h the o x i d a n t s 
s u b s i d e s i f the heat produced i n the r e a c t i o n i s conducted away. 
Thus H 2 S0t» , H 2 S 2 0 7 , H S 0 3C1 and H S O 3 F a r e among the p o s s i b l e 
o x i d a n t s l i s t e d (129b). 

The b a t t e r y system, L i / H 2 S 0 i + / F e o r Mo, has TED =7.4 kWh/kg, 
and the p r o d u c t s of the r e a c t i o n , 

H2S0x> + 1 2 L i = 2 L i H + L i 2 S + 4 L i 2 0 

a r e m o s t l y s o l u b l e i n t h e l i q u i d . The temperature of the anode 
i s 40-50° and the cathode (which i s heated) i s a t 250-400° 
(129b). Could i t be made r e v e r s i b l e w i t h j u d i c i o u s a d d i t i o n t o 
the e l e c t r o l y t e ? 

The f o r m a t i o n o f an a n o d i c f i l m on a l k a l i m e t a l anodes i s 
mentioned i n (129b). I f i t can be c o n f i r m e d t h a t L i i s n o t 
unique i n i t s r e a c t i o n w i t h w a t e r , as i t i s c l a i m e d i n (123-124), 
then Na may a l s o develop such a f i l m i n c o n t a c t w i t h H 20 o r 
non-aqueous l i q u i d s and so be p r o t e c t e d . Design v a r i a t i o n s i n 
Na-H 20 primary b a t t e r i e s a r e d e s c r i b e d (130-132). 

I n a l l p u b l i c a t i o n s on a l k a l i metal-water b a t t e r i e s i n which 
the c e l l r e a c t i o n i s d i s c l o s e d , i t i s noted t h a t hydrogen i s 
e v o l v e d . No SB can be based on t h i s r e a c t i o n as l o n g as H 2 i s 
b e i n g l o s t . Perhaps i t c o u l d be r e t a i n e d i n the e l e c t r o l y t e 
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under h i g h p r e s s u r e . A more f r u i t f u l approach might be t o r e a c t 
the anode w i t h an o x i d a n t l i k e C I 2 , B r 2 o r oxygen i n such a way 
t h a t the product formed remains i n s i d e the c e l l and H 20 does not 
decompose but works o n l y as a l u b r i c a n t f o r d e c r e a s i n g the 
v i s c o s i t y , i n c r e a s i n g the conductance and l o w e r i n g the o p e r a t i n g 
temperature. Thus i n a c e l l such as Me/MeAlCli»/Cl2 ·6Η 20, the 
m e t a l c h l o r i d e i s t h e d i s c h a r g e product and Me and C l 2 the 
charged r e a c t a n t s . C l 2 i s c a p t u r e d by H 20 t o form C1 2"6H 20. The 
Zn/C1 2*H 20 s t o r a g e system i s b e i n g developed ( 8 4 ) . 

I f H 2 i s e v o l v e d , i t c o u l d be c a p t u r e d by the s i m u l t a n e o u s l y 
d e p o s i t e d m e t a l t o form a h y d r i d e , a l t h o u g h such a process would 
r e q u i r e s p e c i a l c o n d i t i o n s . Na r e a c t s w i t h molten NaOH forming 
NaH a t 400° (133). I t would be w o r t h w h i l e t o study such 
r e a c t i o n s i n c e l l s a t temperatures below 150°, u s i n g a NaOH + KOH 
e u t e c t i c t o which a few p e r c e n t of water has been added. F u r t h e r , 
m i x t u r e s of KOH, NaOH, LiOH and of t h e i r e u t e c t i c s , w i t h w a t e r , 
acetone, dioxane (134) and o t h e r s o l v e n t s , may s e r v e as s u i t a b l e 
e l e c t r o l y t e s f o r SBs w i t h sodium or o t h e r a l k a l i m e t a l s . There 
are c e r t a i n l y i n t e r e s t i n g p o s s i b i l i t i e s t o be e x p l o r e d i n t h i s 
a r e a . 

Ca i s cheap, and i t s sources a r e p r a c t i c a l l y i n e x h a u s t i b l e . 
I t s r e a c t i o n s w i t h o x i d a n t s have h i g h t h e o r e t i c a l ED fs. The 
study of i t s b e h a v i o u r i n r e v e r s i b l e c e l l s might be rewarded by 
s u c c e s s . S e v e r a l p u b l i c a t i o n s on the use of Ca i n p r i m a r y 
t h e r m a l b a t t e r i e s can be found i n the l i t e r a t u r e . I n one c e l l , 
w i t h a Ca-Ba a l l o y and a molten s a l t e l e c t r o l y t e , the presence of 
water has been shown to be h a r m f u l ( 9 0 a ) . However, d e t a i l e d 
s t u d i e s of the b e h a v i o u r o f a Ca anode i n o t h e r mixed water and 
molten s a l t e l e c t r o l y t e s have not been c a r r i e d out. The r e a c t i o n 
of Ba w i t h water i s slow, and a l l o y i n g i t i n s u i t a b l e p r o p o r t i o n 
w i t h Ca may be h e l p f u l i n c o n t r o l l i n g the r a t e o f the anodic 
d i s s o l u t i o n of Ca. Ca(OH) 2 i s v e r y s p a r i n g l y s o l u b l e i n w a t e r , 
and f i l m f o r m a t i o n by i t on the a n o d i c a l l y p o l a r i z e d Ca s u r f a c e 
i s v e r y p r o b a b l e . However, t h i s f i l m may d i s s o l v e r a p i d l y enough 
i n l o w - m e l t i n g h y d r a t e s , such as Ca(N0 3) 2·4Η 20 (m.p. 42.7°), 
Ca C l 2 - 6 H 2 0 (m.p. 30.2°), or Mg(N0 3) 2·6H 20 (m.p. 89.9°), t o p e r m i t 
s u b s t a n t i a l a n odic l i m i t i n g - c u r r e n t d e n s i t i e s , and t o o f f e r p r o 
s p e c t s of r e c h a r g e a b i l i t y . A c e l l of the type 

Ca(Mg,Ba) | J ^ ' J ^ 3 1 C 1 2 ' 6 H 2 ° o r C a C l z 

might open the v i s t a s f o r a u s e f u l SB based on an anode o f Ca o r 
one o f i t s a l l o y s . 

P a s s i v e M e t a l s : Mg, A l and T i . L i k e Ca, Mg and A l are a l s o 
cheap, and the TED of t h e i r c o u p l e s w i t h o x i d a n t s i s h i g h . A 
r e v i e w o f the performance o f Mg and A l as p r i m a r y c e l l anodes, 
p u b l i s h e d i n 1959, i n d i c a t e d t h a t Mg dry c e l l s were a l r e a d y 
a v a i l a b l e f o r s p e c i a l purposes and might a c h i e v e commercial 
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s i g n i f i c a n c e , but t h a t p r o s p e c t s f o r d r y c e l l s based on A l were 
poor ( 1 3 5 ) . S i n c e 1960 s e v e r a l p u b l i c a t i o n s have been i s s u e d on 
the b e h a v i o u r of Mg, such as i n aqueous s o l u t i o n s o f M g C l 2 ( 1 3 6 ) , 
and on i t s use i n aqueous pr i m a r y b a t t e r i e s ( 1 ) . 

A comprehensive paper on t h e use o f Mg a l l o y s i n aqueous power 
sources has appeared r e c e n t l y . The a u t h o r recommends more ex
t e n s i v e use of Mg i n p r i m a r y b a t t e r i e s because the p r i c e per gram-
e q u i v a l e n t i s 2.2 times s m a l l e r than t h a t of Zn and the 
t h e o r e t i c a l ED i s more than 8 times h i g h e r than t h a t of Zn i n a c i d 
s o l u t i o n and about 6 times h i g h e r i n b a s i c s o l u t i o n s . Mg has the 
most n e g a t i v e e l e c t r o d e p o t e n t i a l t h a t i n p r a c t i c e can be a c h i e v e d 
i n aqueous c e l l s . The c e l l Mg/NaC10i*/0 2 i s d i s c u s s e d (137a). The 
m e t a l l u r g y of the l i t h i u m - r i c h end o f t h e Li-Mg dry c e l l s com
m e r c i a l l y a v a i l a b l e are d e s c r i b e d i n a r e c e n t monograph on p r i m a r y 
b a t t e r i e s ( 1 3 8 ) . A commercial s e a w a t e r - a c t i v a t e d Mg b a t t e r y i s 
d e s c r i b e d i n (139) and t h e r e are s e v e r a l p a t e n t s on t h a t t o p i c . 

However, t h e r e are no known SB systems w i t h Mg i n aqueous 
s o l u t i o n s . The Mg anode's i r r e v e r s i b i l i t y i n aqueous s o l u t i o n s 
i s thought t o be due, i n p a r t t o t h e e x i s t e n c e of monovalent Mg 
i o n s d u r i n g the e l e c t r o c h e m i c a l d i s c h a r g e , i n p a r t t o the s e l f -
c o r r o s i o n and f i l m f o r m a t i o n , and i n p a r t caused by o t h e r f a c t o r s 
(136,140). A l l attempts t o d e p o s i t t h i s m e t a l on the n e g a t i v e 
e l e c t r o d e from aqueous e l e c t r o l y t e s have f a i l e d . I t i s c l a i m e d 
t h a t the Mg c e l l w i t h molten s a l t e l e c t r o l y t e , L i C l - K C l e u t . , i s 
r e v e r s i b l e (141): i t o p e r a t e s a t temperatures above the e u t e c t i c 
m e l t i n g p o i n t , i . e . about 400°C. S m a l l amounts o f water might 
decrease the o p e r a t i n g temperature. 

Mg c e l l s w i t h s o l u t i o n s o f i t s s a l t s i n acetamide-H 2 0 
m i x t u r e s might show r e c h a r g e a b i l i t y . Thus, the i n t e r e s t i n g c e l l 
M g / L i Cl-acetamide/V 20 5 i s mentioned i n ( 1 , ρ 100). Bromides o f 
Cu o r Co might be more e f f e c t i v e than V 2 0 s . Once formed on the 
s u r f a c e , MgO i s o n l y s l o w l y complexed away. 

S i n c e A l o f f e r s the p o s s i b i l i t y o f a 2-to 3 - f o l d r e d u c t i o n i n 
anode weight and volume over Zn i n a l k a l i n e p r i m a r y b a t t e r i e s , 
many attempts have been made t o use i t . C e l l s of the type 
A1/3M-K0H/C have been proposed f o r l a r g e A l - a i r o r A l - 0 2 

b a t t e r i e s . A l a l l o y s a r e a l s o used, w i t h porous N i as cathodes 
(142). There are s e v e r a l a r t i c l e s and p a t e n t s d e a l i n g w i t h 
L e c l a n c h e - t y p e dry c e l l s i n w h i ch Zn i s r e p l a c e d by A l and v a r i o u s 
compounds a r e used as e l e c t r o l y t e s . A c e l l Al/HClOi* + HCl/Mn0 2 

o r P b 0 2 , i s o f f e r e d i n ( 1 4 3 ) . Some o r g a n i c compounds, l i k e 
HC0 2NH 2, a r e added t o i n c r e a s e the s h e l f - l i f e o f the c e l l ( 1 4 4 ) . 
W a t e r - a c t i v a t e d r e s e r v e b a t t e r i e s w i t h A l anodes a r e d e s c r i b e d , 
the c h l o r i n e a t the cathode b e i n g d e l i v e r e d by an o r g a n i c com
pound, a c o m m e r c i a l l y a v a i l a b l e c h l o r i n a t i n g agent, which r e a c t s 
(145) a c c o r d i n g t o t h e r e a c t i o n : 

C 3 N 3 O 3 C I 3 + 2A1 + 6H 20 = C 3 N 3 0 3 H 3 + 2A1(0H)3 + 3HC1 

D e s p i t e t h i s work, i n a r e c e n t book on p r i m a r y b a t t e r i e s i t i s 
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s t a t e d t h a t A l has not y e t been u t i l i z e d i n a c o m m e r c i a l l y 
i m p o r t a n t b a t t e r y and i t s r e a l i z a t i o n s t i l l has t o be c o n s i d e r e d 
to be i n the e x p e r i m e n t a l s t a g e ( 1 3 8 ) . W a s t e f u l anode c o r r o s i o n 
i s s t i l l a problem. 

None of these f a c t s generates much hope f o r the r e a l i z a t i o n 
o f r e a c h a r g e a b l e b a t t e r i e s w i t h A l anodes i n aqueous s o l u t i o n s . 
However, the o x i d e f i l m on A l can be complexed away i n a l k a l i 
s o l u t i o n s . I n v e r y s t r o n g a l k a l i , such as the l o w - m e l t i n g 
e u t e c t i c s o f KOH and NaOH, aluminum might be r e c h a r g e a b l e . The 
performance o f A l i n the TR o f such a melt t o wh i c h some water i s 
added a l s o might be v e r y i n t e r e s t i n g : the b a t t e r y ' s o p e r a t i n g 
temperature c o u l d be markedly decreased and the f i l m formed on 
the A l rendered porous and perhaps r e d u c i b l e . 

The p o s s i b i l i t i e s f o r r e c h a r g e a b l e A l systems based on o t h e r 
m o i s t i n o r g a n i c and o r g a n i c nonaqueous e l e c t r o l y t e s a r e s i m p l y 
not known. 

The e l e c t r o c h e m i c a l p r o p e r t i e s o f T i were d i s c u s s e d i n a 
p r e v i o u s r e p o r t and some pure and mixed e l e c t r o l y t e s c o n s i d e r e d 
(90b). The t i g h t o x i d e f i l m on T i can be a n o d i c a l l y d i s s o l v e d i n 
a c i d i c aqueous s o l u t i o n s (146,147). E l e c t r o p l a t e r s have found 
complexes from which T i can be d e p o s i t e d ( 1 4 8 ) . However t h i s 
o x i d e f i l m m i l i t a t e s a g a i n s t b o t h a n o d i c o x i d a t i o n and c a t h o d i c 
r e d u c t i o n b e i n g accomplished i n the same aqueous s o l u t i o n . No 
p a s s i v a t i o n o c c u r s d u r i n g a n o d i c d i s s o l u t i o n o f T i i n CH3OH + HC1 
i n t he absence of H2O ( 1 4 9 ) . T i and T i - a l l o y cathodes i n aqueous 
a l k a l i n e s o l u t i o n s absorb H and render t h e system r e c h a r g e a b l e 
(150-152). Thus c e l l s based on N i T i 2 H x / s t r o n g KOH/Ni(OH) 2 have 
been c o n s t r u c t e d and c y c l e d (152). 

The u t i l i z a t i o n o f T i as a r e c h a r g e a b l e n e g a t i v e r e s t s on the 
a t t e n u a t i o n o f the e f f e c t s o f the p a s s i v a t i n g o x i d e f i l m . I n the 
re v i e w , s e v e r a l dry molten s a l t systems a r e proposed which would 
seem t o have promise (90b). The e f f e c t s o f a d d i t i o n o f m o i s t u r e 
to decrease b o t h the m.p. and o p e r a t i n g temperature were not 
c o n s i d e r e d t h e r e . 

P r o s p e c t s f o r TR E l e c t r o l y t e SBs. I n view o f the h a r m f u l 
e f f e c t s o f t e n c i t e d i n t h e l i t e r a t u r e o f even s m a l l t r a c e s o f 
water on the o p e r a t i o n o f non-aqueous b a t t e r i e s w i t h a l k a l i m e t a l 
anodes, i t might be supposed t h a t e l e c t r o l y t e s o f the TR com
p o s i t i o n cannot be a p p l i e d i n such b a t t e r i e s . T h i s same i d e a may 
dominate when molten s a l t SBs a r e c o n s i d e r e d . Such a g e n e r a l 
c o n c l u s i o n cannot be j u s t i f i e d . A d i l u t e s o l u t i o n o f water i n a 
s a l t has the s t r u c t u r e e i t h e r o f t h i s s a l t p r o p e r o r i t s a d j a c e n t 
h y d r a t e , and t h e energy, p r o p e r t i e s and r e a c t i o n s of t h i s water 
a r e q u i t e d i f f e r e n t from those o f pure water o r o f d i l u t e 
s o l u t i o n s of v a r i o u s compounds i n i t . On the o t h e r hand, a s m a l l 
amount o f water i n the e l e c t r o l y t e system w i l l decrease i t s 
m e l t i n g p o i n t and i n c r e a s e i t s c o n d u c t i v i t y . M i x t u r e s of water 
w i t h such l i q u i d s as some a l c o h o l s o r dioxane and o t h e r a p r o t i c 
and even p r o t o n - f o r m i n g s u b s t a n c e s , may open new p r o s p e c t s f o r 
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non-aqueous SBs. Ref. (129b) may i n d i c a t e a breakthrough. 
S i n c e the t h e o r e t i c a l f o u n d a t i o n o f TR e l e c t r o l y t e s i s not 

a p p l i c a b l e a t t h i s s tage t o the a p r i o r i s e l e c t i o n o f e l e c t r o 
l y t e s f o r s t u d y , each new c o m p o s i t i o n of such e l e c t r o l y t e s 
must be examined e x p e r i m e n t a l l y w i t h the p r o s p e c t i v e e l e c t r o d e 
m a t e r i a l s o f the b a t t e r y . We s h o u l d not c o n t i n u e t o r e j e c t the 
t r a n s i t i o n r e g i o n s o l u t i o n s as p o s s i b l e e l e c t r o l y t e s f o r the 
a c t i v e metals i n SBs. 

P e r s p e c t i v e Drawn From the Review o f E l e c t r o l y t e s f o r HED SBs 

1. C o n v e n t i o n a l and Advanced Aqueous E l e c t r o l y t e Systems 
(a) Improvements a r e expected i n a l l t h e f a c t o r s t h a t count: 

energy d e n s i t y (ED), cost/kWh, s a f e t y , r e l i a b i l i t y , as w e l l 
as turnaround e f f i c i e n c y and c y c l e l i f e a t deeper depths of 
d i s c h a r g e (dod). 

(b) I n t e r e s t i n g c h e m i s t r y i s found i n the i n v e s t i g a t i o n o f new 
a l l o y s , i n the s u b t l e t i e s o f dopants which decrease the 
p o l a r i z a t i o n s , and i n the development of new s e p a r a t o r 
m a t e r i a l s . 

2. Dry Organic and I n o r g a n i c E l e c t r o l y t e Systems 
(a) S e v e r a l new systems based on a l k a l i m etals and l a y e r e d 

s u l f i d e s have v e r y h i g h energy d e n s i t y . 
(b) I n 1978 we s t i l l l a c k evidence of the a r r i v a l o f the f i r s t 

r e c h a r g e a b l e c e l l which i s r e p e t i t i v e l y c h a rgeable a t g r e a t e r 
than 60% depth o f d i s c h a r g e a t a p r a c t i c a l r a t e o f r e c h a r g e . 

(c) I n t e r e s t i n g c h e m i s t r y i s found i n the i n t e r c a l a t i o n r e a c t i o n s 
of the l a y e r e d compounds and i n t h e b a r r i e r s t o r a p i d r e 
charge of the n e g a t i v e . 

3. M o l t e n S a l t E l e c t r o l y t e Systems 
(a) The bre a k t h r o u g h was the L i - A l / L i C l - K C l eut./FeS system: 

i n t e r m e d i a t e ED, good c y c l e l i f e proven a t >60% dod. There 
a r e p r o b a b l y many o t h e r systems j u s t as good o r b e t t e r . 

(b) I n t e r e s t i n g c h e m i s t r y i n c l u d e s appearance o f new c r y s t a l l i n e 
complexes as i n t e r m e d i a t e s ; b e w i l d e r i n g s t a b i l i t y problems 
w i t h s e p a r a t o r s , c a s e s , s e a l s ; and v e r y f a s t c h a r g e - t r a n s f e r 
p r o c e s s e s . 

4. S o l i d E l e c t r o l y t e Systems 
(a) Good i o n i c conductors a r e emerging, b o t h i n o r g a n i c and 

o r g a n i c , but t h e s t a b i l i t y of o p e n - l a t t i c e c o n d u c t i v e paths 
as c y c l i n g proceeds seems d o u b t f u l , and s o l i d s t a t e 
i n t e r f a c e - i n t e g r i t y d u r i n g c y c l i n g seems u n l i k e l y . 

(b) L i q . / s o l i d / l i q . systems o f f e r b e s t p r o s p e c t s , i f s o l i d 
e l e c t r o l y t e s can be made t h i n , tough, and c h e m i c a l l y r e 
s i s t a n t as w e l l as c o n d u c t i v e . Turnaround e f f i c i e n c y can be 
h i g h , i n b o t h the Na / 3 - A l 2 0 3 / S and the H 2 / s o l i d - p o l y m e r -
e l e c t r o l y t e / C l 2 systems, as c l a s s examples. 

5. T r a n s i t i o n Region (TR) ("Moist") E l e c t r o l y t e Systems 
(a) Low a c t i v i t y o f water ( o r o t h e r second s o l v e n t ) may p e r m i t 

c y c l i n g o f l i g h t metals and permit o x i d e cathodes to be used. 
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Low-water c h e m i s t r y c o u l d d i s c l o s e i n t e r e s t i n g s u r p r i s e s , 
(b) No system i n t h e TR has been i n v e s t i g a t e d i n d e t a i l y e t , from 

the s t o r a g e - b a t t e r y v i e w p o i n t . 

Who Wants B e t t e r E l e c t r i c a l Energy Storage? 

V a r i o u s e l e c t r i c power companies worldwide have a n a l y z e d t h e i r 
needs f o r e l e c t r i c energy s t o r a g e , and have p r o j e c t e d c o s t 
b e n e f i t s (See ( 1 5 3 ) , f o r example). I n Canada the N a t i o n a l Energy 
Board and the Department of Energy, Mines and Resources have been 
doi n g c o s t - e f f e c t i v e n e s s a n a l y s e s o f the s t o r a g e o f e l e c t r i c a l 
energy i n times of p l e n t y t o be used i n times o f excess demand i n 
d i f f e r e n t g e o p o l i t i c a l r e g i o n s o f Canada. I n our L a b o r a t o r y we 
have f o c u s s e d on a h y p o t h e t i c a l new m i l i t a r y base i n the f a r 
N o r t h ; and f o r p r e s e n t purposes we s h a l l use t h i s work as an 
example. The h y p o t h e t i c a l base would be i s o l a t e d from the g r i d 
system, and f u e l c o s t s w i l l be h i g h ( u n l e s s of course i t i s 
l o c a t e d on top o f a gas w e l l s i t e ! ) . R e l e v a n t o p e r a t i n g d a t a on 
the d a i l y and s e a s o n a l v a r i a t i o n i n e l e c t r i c i t y demand f o r 
i s o l a t e d communities, a r e kept by the N o r t h e r n Canada Power 
Commission: from the q u i e t Eskimo v i l l a g e of A r c t i c Red R i v e r , 
w i t h 150 i n h a b i t a n t s , t o the t h r i v i n g n o r t h e r n c e n t e r of I n u v i k , 
w i t h 9000 i n h a b i t a n t s — i n powerplant t e r m i n o l o g y , of average 
demand from 50 kW to 3.2 MW. 

R e s u l t s o f t h i s a n a l y s i s (154) can be summarized as f o l l o w s . 
At a s i t e the s i z e of Cambridge Bay, p o p u l a t i o n 700, where the 
average s e a s o n a l demand i s 510 kW and the d i u r n a l v a r i a t i o n i s 
v e r y l a r g e ( F i g u r e 3 ) , i f s t o r a g e c a p a b i l i t y were t o be added t o 
power system, the d i e s e l i n s t a l l a t i o n would need t o have o n l y 510 
kW i n s t a l l e d c a p a c i t y i n s t e a d of t h e 821 kW p r e s e n t l y i n s t a l l e d 
t o s u p p l y peak power l o a d s . I t would r u n a t d e s i g n l o a d , where 
the e f f i c i e n c y of use o f the f u e l i s h i g h e s t , and not a t p a r t 
l o a d , where the e f f i c i e n c y i s c o n s i d e r a b l y l e s s . C r e d i t s would 
acc r u e t o lower c o s t of a s m a l l e r d i e s e l i n s t a l l a t i o n and t o 
h i g h e r e f f i c i e n c y of i t s use of f u e l . D e b i t s would i n c l u d e the 
c o s t s of the s t o r a g e - b a t t e r y system and o f the p o w e r - c o n d i t i o n i n g 
system. 

T h i s o p e r a t i o n was modelled u s i n g a s i n u s o i d a l r e p r e s e n t a t i o n 
o f the d a i l y and s e a s o n a l power f l u c t u a t i o n s . The C o s t - B e n e f i t 
e q u a t i o n c o n t a i n s f o u r terms : 

$ Cost B e n e f i t = F u e l S a v i n g + Reduced D i e s e l Cost B e n e f i t 
- Cost of Power C o n d i t i o n i n g - Cost of S torage B a t t e r y 

each o f which c o n t a i n s a p p r o p r i a t e c o n s t a n t and v a r i a b l e p a r a 
meters. I n t h i s work (154) t h e c o n s t a n t s were determined from the 
o p e r a t i o n a l d a t a . The t o t a l c o s t s o f o p e r a t i n g w i t h and w i t h o u t 
s t o r a g e were c a l c u l a t e d and compared. 

I t was found t h a t c o s t b e n e f i t s c o u l d indeed be a c h i e v e d i f 
s t o r a g e were i n t r o d u c e d , a t today's N o r t h e r n Canadian p r i c e s f o r 
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o i l , b a t t e r i e s , power c o n d i t i o n i n g equipment: f o r a community i n 
which d a i l y peak-trough c y c l i n g i s h i g h (no smoothing base l o a d s ) , 
i . e . when peak power i s >20% above average power. Cost b e n e f i t s 
do i n c r e a s e w i t h i n c r e a s i n g d i f f e r e n c e between peak and average 
power. Cost b e n e f i t s a r e markedly dependent upon the l i f e s t y l e 
of the community, i t seems. 

The numbers generated put i n t o q u a n t i t a t i v e terms the c o s t 
b e n e f i t s which can accr u e from s t o r a g e i f i t i s a p p l i e d p r o p e r l y . 
They g i v e a much f i r m e r b a s i s upon which t o p l a n an e x p e r i m e n t a l 
d e m o n s t r a t i o n of b e n e f i t s o f e l e c t r i c a l energy s t o r a g e t o a s m a l l 
community. T h i s c o u l d be a h a r b i n g e r o f t h i n g s t o come i n l a r g e r 
communities i f f u e l c o s t s and e l e c t r i c i t y demand c o n t i n u e t o 
s o a r , and i f peak-power l o a d s a r e a l l o w e d t o i n c r e a s e . 

The g e n e r a l c o n c l u s i o n i s t h a t w i t h b a t t e r y s t o r a g e a t 
s e l e c t e d l o c a t i o n s one c o u l d save h i g h - p r i c e d hydrocarbon f u e l . 
T h i s i s not t o say t h a t one c o u l d , through s t o r a g e , circumvent 
the second law of thermodynamics: every energy t r a n s f o r m a t i o n 
e x a c t s i t s p e n a l t y , i n c r e a s e s the entropy o f the system 
somewhere. The c h o i c e depends upon WHAT one wants t o save, and 
WHERE one wants t o save i t . A s a v i n g t r a n s f o r m a t i o n i n one 
l o c a t i o n w i l l a s s u r e d l y cause a d i s s i p a t i o n somewhere e l s e i n the 
t o t a l energy system. 

The p r o s p e c t s f o r g r e a t e r investment i n e l e c t r i c a l - e n e r g y 
s t o r a g e a r e b e i n g a s s e s s e d w o r l d-wide. I n many p l a c e s , Canada 
i n c l u d e d , i t i s no l o n g e r a t r i v i a l concern. C o n s e r v a t i o n i s the 
g o a l w h ich p e r f u s e s these a n a l y s e s . A reminder which we have 
found u s e f u l i n such assessments, and which the rea d e r may f i n d 
h e l p f u l a l s o , i s o f f e r e d i n F i g u r e 4. The symbols a r e s t a n d a r d . 
The l a s t e q u a t i o n i s p r o v o c a t i v e : economic l o s s e s can be equated 
to e n t r o p y l o s s e s o n l y i f the t o t a l energy system under c o n s i d e r 
a t i o n i s the whole u n i v e r s e ; f o r s i m p l e r , p r a c t i c a l " t o t a l energy" 
systems, c o s t - a c c o u n t i n g i s d e f i n i t i v e , t he e q u i v a l a n c e u s u a l l y 
does not h o l d , and t h e assumption t h a t i t does can be h i g h l y 
m i s l e a d i n g . 

I n d u s t r i a l V i e w p o i n t s on R & D i n E l e c t r i c a l Energy Storage 

The Canadian B a t t e r y M a n u f a c t u r e r s A s s o c i a t i o n r e c e n t l y 
completed a study c a l l e d " E l e c t r i c a l Energy Storage Research 
P l a n " ( 1 5 5 ) . They made c o n s i d e r a b l e e f f o r t t o underscore the 
impediments t o i n d u s t r i a l r e s e a r c h b e i n g done i n Canada under 
f e d e r a l government s u p p o r t , c i t i n g p a r t i c u l a r l y t h e l o s s o f 
i n d u s t r i a l s e c u r i t y n e c e s s a r y i n a f r e e - e n t e r p r i s e s o c i e t y , the 
need t o a s s i g n the pa t e n t r i g h t s t o t h e Crown, and t h e l a c k of 
c o n t i n u i t y o r 5-year p l a n n i n g i n the proposed f e d e r a l program. 
Some m u l t i n a t i o n a l s i n t h i s f i e l d f i n d i t l e s s c o s t l y and l e s s of 
a l e g a l h a s s l e t o do t h e i r R & D elsewhere than i n Canada. 
Others c o n s i d e r the Canadian programs f o r a s s i s t a n c e t o 
t e c h n o l o g i c a l i n n o v a t i o n t o be a model which o t h e r governments 
might w e l l emulate. The new t a x i n c e n t i v e s announced A p r i l 78 
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I r r e v e r s i b l e P r o c e s s e s 

1 s t Law d i s s i p a t i o n σ = Τ ΣJ.Χ 

2nd Law mutual i n f l u e n c e s L e 1 = L^ 

i i 
s τ. 

i k 

Figure 4. Conservation axioms 
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make the s i t u a t i o n even more a t t r a c t i v e , and w i l l promote more 
i n d u s t r i a l R & D i n t h i s t e c h n i c a l a r e a . 

The second s i g n i f i c a n t t h i n g the CBMA d i d was to put i n t o an 
o r d e r of p r i o r i t y the t e c h n i c a l t o p i c s on which they b e l i e v e 
f e d e r a l R & D money, and t h e i r own, ought to be spent. E l e c t r i c 
v e h i c l e b a t t e r i e s headed the l i s t of the m a n u f a c t u r e r s ' p r i o r i t y 
t o p i c s . A p p a r e n t l y t h e y , l i k e o t h e r s , can f o r e s e e the 
i n t r o d u c t i o n o f e l e c t r i c v e h i c l e s on a massive s c a l e i n Canada 
d u r i n g the p e r i o d 1980-1995. 

Members of the Canadian I n s t i t u t e of M i n i n g and M e t a l l u r g y , 
and o f the Canadian M a n u f a c t u r i n g A s s o c i a t i o n have become v e r y 
concerned about the c o s t s o f energy and the p o t e n t i a l of l o a d -
l e v e l l i n g i n i n d u s t r i a l p r o c e s s i n g . The e l e c t r o m e t a l l u r g y and 
c h l o r - a l k a l i i n d u s t r i e s i n Canada c o n t r i b u t e a much h i g h e r 
f r a c t i o n to t h e Gross N a t i o n a l P r o d u c t o f Canada than do t h e s e 
two i n d u s t r i e s i n most o t h e r c o u n t r i e s , and the s t o r a g e and more 
f l e x i b l e use o f e l e c t r i c i t y i n d u s t r i a l l y i s becoming more impor
t a n t even i n a c o u n t r y where e l e c t r i c i t y c o s t s have t r a d i t i o n a l l y 
been low. E l e c t r o c h e m i c a l s t o r a g e systems — s t o r a g e b a t t e r i e s 
o f y e t new and d i f f e r e n t dimensions — have become a much more 
f a s h i o n a b l e t o p i c i n the c o n s i d e r a t i o n s o f p l a n t r e n o v a t i o n o r 
new-plant d e s i g n i n Canada. 

F i n a l l y , the crown c o r p o r a t i o n Atomic Energy o f Canada L t d . , 
which i s r e s p o n s i b l e f o r t h e development of n u c l e a r energy 
sources i n Canada, and the h y d r o e l e c t r i c power companies, which 
a r e p r o v i n c i a l l y ( p u b l i c l y ) owned u t i l i t i e s , f a c e the c h a l l e n g e 
of d e t e r m i n i n g what k i n d and how much ene r g y - s t o r a g e c a p a b i l i t y 
t o b u i l d i n t o t h e i r s o u r c e / g r i d systems. These needs and 
o p p o r t u n i t i e s v a r y w i d e l y from one geographic a r e a t o a n o t h e r . 
The f e d e r a l Department o f Energy, Mines and Resources a s s i s t s i n 
p r o v i d i n g the t e c h n i c a l a i d they need, and the Department of 
I n d u s t r y , Trade and Commerce o f f e r s f i n a n c i a l and a n a l y t i c a l 
s t i m u l i . Indeed, we conclude t h a t , s e l e c t e d i n c r e a s e d e f f o r t on 
r e s e a r c h , development and d e m o n s t r a t i o n i n t h i s f i e l d seems t o be 
w e l l j u s t i f i e d . 

Terms. TED - t h e o r e t i c a l energy d e n s i t y ( f r e e energy of 
r e a c t i o n / s u m of molar wts of r e a c t a n t s ) ; ED p r a c t i c a l o r r e a l i z e d 
Wh/kg; SB - secondary o r s t o r a g e b a t t e r y ( r e c h a r g e a b l e ) ; 
dod - depth of d i s c h a r g e (% r e c h a r g e removed b e f o r e r e c h a r g e ) ; 
TR - t r a n s i t i o n r e g i o n : n e a r l y pure (97-100%) i o n i c conductor 
mixed w i t h second compound; Κ - s p e c i f i c c o n d u c t i v i t y ohm - 1 cm"*1; 
D.C. - d i e l e c t r i c c o n s t a n t ; η - v i s c o s i t y , c e n t i p o i s e s ; 
R & D - r e s e a r c h and development AG, ΔΗ, AS, q, w - c l a s s i c a l 
thermodynamic s i g n i f i c a n c e ; J , X, L - f l u x e s , f o r c e s and 
phenomenological c o e f f i c i e n t s of i r r e v e r s i b l e thermodynamics; 
D - d i f f u s i o n c o e f f . , cm 2/sec.; SPE - s o l i d polymer e l e c t r o l y t e ; 
PEO - p o l y e t h y l e n e o x i d e ; AN, THF and o t h e r s o l v e n t s : T a b l e I I . 
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Fuels Cells—Their Development and Potential 

GUY BÉLANGER 

Institut de Recherche de l'Hydro-Québec, Varennes, P. Q. 

A f u e l c e l l i s a d e v i c e t h a t c o n v e r t s the f r e e energy change 
of a c h e m i c a l r e a c t i o n d i r e c t l y i n t o e l e c t r i c a l energy. T h i s 
c o n v e r s i o n o c c u r s by two e l e c t r o c h e m i c a l h a l f c e l l r e a c t i o n s . 
T h i s c o n v e r s i o n i s not s u b j e c t t o the Carnot c y c l e l i m i t a t i o n s and 
i s thus t h e o r e t i c a l l y more e f f i c i e n t than a heat-based p r o c e s s . 

I n t h i s paper, we w i l l d i s c u s s the thermodynamic p r i n c i p l e s 
i n v o l v e d i n f u e l c e l l s as w e l l as the k i n e t i c a s p e c t s of t h e i r h a l f 
c e l l r e a c t i o n s . I n the k i n e t i c c o n s i d e r a t i o n s , we w i l l a l s o t o u c h , 
b r i e f l y , on the fundamental problem o f e l e c t r o c a t a l y s i s . We w i l l 
then proceed t o d e s c r i b e d i f f e r e n t types of f u e l c e l l s and f i n a l l y 
p r e s e n t the s t a t u s of t h i s new e l e c t r i c a l g e n e r a t i o n d e v i c e . 
Very r e c e n t l y , Kordesch ( 1 ) , p r e s e n t e d an e x c e l l e n t and d e t a i l e d 
h i s t o r i c a l r e v i e w of the past 25 y e a r s o f f u e l c e l l development. 
I n t h a t r e v i e w ( 1 ) , a d e s c r i p t i o n of p r a c t i c a l l y a l l d e v i c e s b u i l t 
and t e s t e d i n the U.S. and Europe was p r e s e n t e d . I n t h i s paper, 
the emphasis w i l l be p l a c e d on the fundamental p r i n c i p l e s as w e l l 
as t he d i f f e r e n t f a c t o r s t h a t l i m i t the f u e l c e l l ; we w i l l d i s c u s s 
the most r e c e n t development of s t a t i o n a r y power s o u r c e s . 

The b a s i c p r i n c i p l e s were s t a t e d more than 100 y e a r s ago by 
S i r W i l l i a m Grove i n 1839 (2) but the f i r s t r e a l a p p l i c a t i o n was 
made i n the American space f l i g h t s o f Gemini and the A p o l l o moon 
t r i p s . A f t e r more than a decade o f i n t e n s e a c t i v i t y i n f u e l c e l l 
R and D, the commercial a v a i l a b i l i t y of these u n i t s i s now i n s i g h t 

I . Thermodynamic C o n s i d e r a t i o n s 
As s t a t e d above, the f u e l c e l l w i l l c o n v e r t t he f r e e energy 

change o f a c h e m i c a l r e a c t i o n i n t o e l e c t r i c i t y . I n Tab l e I we 
i l l u s t r a t e t he d i f f e r e n t thermodynamic v a l u e s f o r a t y p i c a l f u e l 
c e l l r e a c t i o n , namely the hydrogen-oxygen r e a c t i o n . The ΔΗ° o f the 
r e a c t i o n a t 25°C i s -68.32 k c a l mole"!;however the u s e f u l work 
t h a t we can e x t r a c t i s the AG° (the f r e e energy change) and t h i s 
v a l u e i s -56.69 k c a l mole~^; the d i f f e r e n c e between these v a l u e s 
i s the entropy change and r e p r e s e n t s a th e r m a l l o s s . The maximum 
e l e c t r i c a l e f f i c i e n c y , ε, t h a t can be o b t a i n e d from any c h e m i c a l 
r e a c t i o n i s g i v e n by the r a t i o of the *G and ΔΗ of t h a t r e a c t i o n . 

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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T a b l e I : Thermodynamics Data f o r the hydrogen-oxygen f u e l c e l l 

H 2 gas + 1/2 0 2 gas -* l y ) l i q u i d 

ΔΗ° = AG° + TAS° 
A G ° 

ε = 
ΔΗ° 

ΔΗ° = -68.32 k c a l m o l e " 1 = 1.481 V 

àG° = -56.69 k c a l m o l e " 1 = 1.229 V 

ε = 0.830 
In the above example ε i s e q u a l t o 0.830. The àG of the o v e r a l l 
r e a c t i o n can be expressed i n terms Of the c o r r e s p o n d i n g b a t t e r y 
v o l t a g e and f o r the hydrogen-oxygen r e a c t i o n a t 25°C, i t s v a l u e i s 
I . 229 V. As the temperature i n c r e a s e s t h i s thermodynamic e q u i l i b 
r i u m v a l u e w i l l decrease by a f a c t o r of 0.84 mV per °C. I f the 
water produced remains i n the gas phase, the r a t i o of AG°/AH° 
i n c r e a s e s t o 0.911. So as we see, these v a l u e s a r e much h i g h e r 
than what can be o b t a i n e d by a heat engine where the e f f i c i e n c y 
i s d e f i n e d by the r a t i o of the temperature d i f f e r e n c e of the hot 

and c o l d sources t o the temperature of the hot so u r c e : ε-^ Tfo-T c 
T h 

The e f f i c i e n c y of 1 can h y p o t h e t i c a l l y be a c h i e v e d a t the 
a b s o l u t e z e r o f o r the heat s i n k ; i n p r a c t i c e T c i s around 273°K and 
the T^ v a l u e can be i n c r e a s e d t o a p r a c t i c a b l e d e s i r e d v a l u e . 

In T a ble I I we l i s t a s e r i e s of r e a c t i o n s w i t h e i t h e r ΔΗ°, 
&G and the maximum t h e o r e t i c a l e l e c t r i c a l energy e f f i c i e n c y 
v a l u e s . We may n o t i c e the h i g h ε v a l u e s f o r most r e a c t i o n s and f o r 
some even a th e r m a l e f f i c i e n c y o f over 100%. T h i s r a t h e r s u r p r i s 
i n g r e s u l t a r i s e s due t o the p o s i t i v e v a l u e of the entropy change 
of the r e a c t i o n (TAs term) concerned. The maximum v a l u e s p e r t a i n 
t o the s i t u a t i o n of no l o a d . As we may e a s i l y a n t i c i p a t e , the 
r e a l w o r l d i s much d i f f e r e n t and a r e a l d e v i c e w i l l not a c h i e v e 
these t e r r i f i c v a l u e s under normal c o n d i t i o n s of o p e r a t i o n . These 
l i m i t a t i o n s a r i s e from k i n e t i c f a c t o r s and we w i l l b r i e f l y o u t l i n e 
them n e x t . 

I I . K i n e t i c C o n s i d e r a t i o n s 

a) R e v e r s i b l e p o t e n t i a l . As s t a t e d above, a t e q u i l i b r i u m , the 
p o t e n t i a l of a f u e l c e l l s h o u l d correspond to the àG° of the 
r e a c t i o n : f o r H 2/0 2 a t 25°, two e l e c t r o d e s dipped i n a c o n d u c t i n g 
e l e c t r o l y t e a t 1 atm. H 2 and 1 atm. 0 2 s h o u l d read 1,229 V on a 
high-impedance v o l t m e t e r . However, the p o t e n t i a l observed i s 
c l o s e r t o 1 V than t o 1.229 V. There has been q u i t e an e x t e n s i v e 
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18. BÉLANGER Development and Potential of Fuel Cells 305 

TABLE I I : Thermodynamic d a t a f o r t y p i c a l f u e l c e l l s e l e c t r o 
c h e m i c a l r e a c t i o n s 

R e a c t i o n ΔΗ° ε - àG°t 

25 °C v o l t s v o l t s 

H 2 + 1/2 0 2 -> H 20 1.229 1.481 .830 

CH 3OH + 3/2 0 2 + C 0 2 = 2H 20 1.214 1.255 .967 

N 2 H 4 + °2 ^ N 2 + 2 H 2 ° 1.559 1.612 .967 

CH. + 2 0 0 -> C 0 o + 2H o0 4 2 2 2 1.060 1.154 .918 

c + o 2 •* c o 2 1.022 1.020 1.002 

150°C 

H 2 + l / 2 0 2 -> H 20 1.148 1.261 .910 

CH 4 + 2 0 2 -> C 0 2 + 2H 20 1.037 1.038 .999 

C + 0 2 + C ° 2 1.023 1.020 1.003 

debate about the causes why such d e p a r t u r e o c c u r r e d ( 3 ) . I t can be 
f i n a l l y t r a c e d back t o p a r a s i t i c r e a c t i o n s o c c u r r i n g s i m u l t a n e o u s l y 
w i t h the oxygen r e d u c t i o n r e a c t i o n . I n h i g h l y p u r i f i e d s o l u t i o n , 
the 1.229 V has been r e p o r t e d (4) f o r t h i s r e a c t i o n under r e v e r s 
i b l e c o n d i t i o n s . Any decrease i n open c i r c u i t o r e q u i l i b r i u m 
p o t e n t i a l r e p r e s e n t s a decrease i n the e f f i c i e n c y o f the f u e l c e l l ; 
i n the above case ε goes from 0.83 a t 1.229 V t o 0.73 a t 1.0 V. 
The e q u i l i b r i u m p o t e n t i a l observed i s d e p i c t e d i n the F i g u r e 1 
where we i l l u s t r a t e the p o t e n t i a l - c u r r e n t b e h a v i o r f o r t h e c a t h o d i c 
r e a c t i o n (the oxygen r e d u c t i o n ) c o upled w i t h a p o s s i b l e u n s p e c i f i e d 
a n o d i c o x i d a t i o n o f o r g a n i c i m p u r i t i e s . At e l e c t r o c h e m i c a l e q u i l i b 
r i u m i = i and no net c u r r e n t f l o w s i n the c i r c u i t . 

c a t h o d i c a n o d i c 
S i n c e the p o t e n t i a l f o r the 0 2 r e d u c t i o n i s a t a f a i r l y h i g h p o s i 
t i v e v a l u e , the o x i d a t i o n of an o r g a n i c m o l e c u l e i s f e a s i b l e and 
as shown i n the f i g u r e the e q u i l i b r i u m p o t e n t i a l i s a t a v a l u e lower 
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than the 1.229 V expected. I n t h i s r e s p e c t , we may mention the 
e x t e n s i v e work and p r o g r e s s made at the Defence Research E s t a b 
l i s h m e n t by E. G r i d d l e i n which new t e c h n i q u e s t o p u r i f y the water 
used i n e l e c t r o c h e m i c a l r e a c t i o n s have been put for w a r d (5) 

b) Ohmic l o s s e s . The f i n i t e r e s i s t a n c e o f the e l e c t r o l y t e , 
the s u b s t r a t e and the membrane used i n a f u e l c e l l w i l l induce a 
supplementary l o s s i n e f f i c i e n c y . T h i s r e d u c t i o n becomes severe 
a t h i g h e r c u r r e n t d e n s i t i e s s i n c e the power l o s s i s p r o p o r t i o n a l 
t o t he square of the c u r r e n t d e n s i t y . The s o l u t i o n s t o t h i s p rob
lem r e l y g r e a t l y on good e n g i n e e r i n g p r a c t i c e and on a fundamental 
u n d e r s t a n d i n g o f the type of e l e c t r o d e used. 

c) C o n c e n t r a t i o n p o l a r i z a t i o n . As the l o a d i n c r e a s e s i n a 
f u e l c e l l and c o n s e q u e n t l y the c u r r e n t i n c r e a s e s , t h e r e may a r i s e 
a s i t u a t i o n where the r a t e d e t e r m i n i n g s t e p o f the sequence o f 
r e a c t i o n s (the s l o w e s t s t e p ) i n v o l v e d might be due to the f i n i t e 
r a t e of t r a n s p o r t o f the r e a c t i n g s p e c i e s t o the e l e c t r o d e . T h i s 
s i t u a t i o n i s p a r t i c u l a r l y e v i d e n t f o r gaseous r e a c t i n g s p e c i e s 
(eg. H2/O2 f u e l c e l l ) . F o r p l a n a r e l e c t r o d e s i n a s o l u t i o n s a t u 
r a t e d w i t h oxygen but w i t h o u t s t i r r i n g , a l i m i t i n g c u r r e n t behav
i o r w i l l a r i s e as shown i n F i g u r e 2. I n t h a t case the v o l t a g e o f 
the f u e l c e l l w i l l decrease a b r u p t l y f o r any i n c r e a s e i n the 
c u r r e n t demand d e c r e a s i n g a c c o r d i n g l y the e f f i c i e n c y o f the d e v i c e . 

To reduce and overcome t h i s c o n c e n t r a t i o n p o l a r i z a t i o n , sev
e r a l t e c h n i q u e s a r e a v a i l a b l e . F o r r e a c t a n t s s o l u b l e i n the 
e l e c t r o l y t e , h i g h b u l k c o n c e n t r a t i o n s are used and a l s o the e l e c 
t r o l y t e i s c i r c u l a t e d by pumping which uses a f r a c t i o n o f the 
e l e c t r i c i t y produced by the f u e l c e l l and hence reduces 
the a v a i l a b l e power. For gaseous r e a c t a n t s , porous gas e l e c t r o d e s 
are used t o a c h i e v e l a r g e r c o n t a c t o f the t h r e e phases, namely the 
gas, the l i q u i d and the s o l i d phases. There a re d i f f e r e n t types 
o f such e l e c t r o d e and two examples a re shown i n F i g u r e s 3a e t 3b. 
I n the f i r s t i n s t a n c e ( l t 3 ) two types o f n i c k e l a r e used: on the 
s i d e exposed t o the gas, l a r g e pores a r e produced i n the m e t a l and 
a d j a c e n t t o t h i s s t r u c t u r e , a network of s m a l l e r pores a r e produced 
to h o l d back the e l e c t r o l y t e . The r e a c t i n g gases d i f f u s e r a p i d l y 
i n the l a r g e pores and come i n i n t i m a t e c o n t a c t w i t h the e l e c t r o 
l y t e p r e s e n t i n the s m a l l p o r e s . For the e l e c t r o c h e m i c a l r e a c t i o n 
t o o c c u r , a t h r e e phases c o n t a c t i s needed s i n c e a gaseous r e a c t a n t 
produces a s o l v a t p H r e a c t i o n OtoAnct a?>A i n t h i s p r o c e s s an e l e c 
t r o n i s g i v e n o r withdrawn from a s o l i d c o n d u c t i n g s u b s t r a t e . 

I n another e l e c t r o d e s t r u c t u r e , a porous hydrophobic membrane 
i s compressed on an e l e c t r o d e s t r u c t u r e ( 3 , 6 ) . The h y d r o p h o b i c i t y 
of the membrane p r e v e n t s the weeping of the e l e c t r o l y t e and a l l o w s 
the gas t o p e n e t r a t e f r e e l y i n t o the e l e c t r o d e s t r u c t u r e . T h i s 
e l e c t r o d e c o n s i s t s m a i n l y of an e l e c t r o a c t i v e m a t e r i a l ( u s u a l l y 
p r e c i o u s m e t a l s ) d i s p e r s e d on an i n e r t s u b s t r a t e ( t y p i c a l l y carbon) 
and these components a r e bound t o g e t h e r by some p a r t i a l l y hydropho
b i c agent (PTFE) :the m e c h a n i c a l support and e l e c t r i c a l c o n t a c t i s 
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13 
Reversible ^ 

potential 4.2 

O.C. rest f E(*( 

potential \ E -

Diffusion limiting 
currents 
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Figure 1. Polarization curve for the electrochemical reduction of oxygen coupled 
with the electrochemical oxidation of an unspecified organic impurity; O.C. desig

nates the open circuit potentiah 

Current 

Figure 2. Typical potential current curve for the hydrogen-oxygen fuel cell 
illustrating the different power losses as the current drain increases 
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p r o v i d e d by a m e t a l l i c mesh or a g r a p h i t e s u p p o r t . There has been 
a major t e c h n o l o g i c a l e f f o r t i n f u e l c e l l r e s e a r c h t o o p t i m i s e the 
d i f f e r e n t c o n s t r a i n t s : p r e v e n t i o n of weeping, m e c h a n i c a l r i g i d i t y 
and, most i m p o r t a n t , the e f f i c i e n t use of the e l e c t r o c a t a l y s t . 
The most w i d e l y used c a t a l y s t i n the a c i d e l e c t r o l y t e f u e l c e l l i s 
p l a t i n u m . The main e f f o r t i s then t o d i s p e r s e as much as p o s s i b l e 
t h i s m e t a l to reduce i t s l o a d i n g w i t h o u t a f f e c t i n g a d v e r s e l y the 
e l e c t r o d e performance. An a d d i t i o n a l f a c t o r to be borne i n mind 
i n the d e s i g n of f u e l c e l l e l e c t r o d e s i s the ease of t h e i r mass 
p r o d u c t i o n . S i n c e each c e l l w i l l generate a t most 1 V, s e v e r a l 
hundreds of i n d i v i d u a l e l e c t r o d e s must be made and assembled t o 
p r o v i d e p r a c t i c a l power o u t p u t s . 

d) E l e c t r o c a t a l y t i c f a c t o r s . The main s t u m b l i n g b l o c k t o the 
l a r g e s c a l e p r o d u c t i o n and use of f u e l c e l l s i s the i m p e r f e c t 
n a t u r e of the e l e c t r o c a t a l y s t . The fundamental drawback of a f u e l 
c e l l i s t h a t i t shows the b e s t e f f i c i e n c y when i t i s not w o r k i n g : 
i n o t h e r words, as soon as we s t a r t to draw some c u r r e n t from i t , 
the u s e f u l v o l t a g e a t the e l e c t r o d e s s t a r t s to decrease and t h i s 
d ecrease i s l i n e a r w i t h the l o g a r i t h m of the c u r r e n t . The p o t e n 
t i a l - c u r r e n t b e h a v i o r of the oxygen and hydrogen h a l f c e l l e l e c 
t r o c h e m i c a l r e a c t i o n s are shown s c h e m a t i c a l l y i n F i g u r e 2. At a 
low c u r r e n t d r a i n , the main l o s s i s due to the a c t i v a t i o n o v e r -
p o t e n t i a l . T h i s l o s s i s i n t r i n s i c t o the e l e c t r o c a t a l y s t used and 
i t r e p r e s e n t s the e x t r a energy needed f o r a r e a c t i o n to proceed a t 
a r e a s o n a b l e r a t e . At h i g h e r c u r r e n t d r a i n s the ohmic l o s s e s p r o -
dominate and f i n a l l y a t s t i l l h i g h e r c u r r e n t , we r u n i n t o the mass 
t r a n s p o r t l i m i t a t i o n s . For a f u l l c e l l based on an a c i d e l e c t r o 
l y t e , the oxygen r e v e r s i b l e e l e c t r o d e i s the most troublesome. To 
e v a l u a t e the performance o f an e l e c t r o c a t a l y s t t h r e e main c r i t e r i a 
have t o be c o n s i d e r e d : the exchange c u r r e n t d e n s i t y , the T a f e l 
s l o p e and f i n a l l y the s t a b i l i t y of the m a t e r i a l i n the e l e c t r o l y t e . 

The exchange c u r r e n t d e n s i t y , i Q , i s the c u r r e n t per u n i t area 
a s s o c i a t e d w i t h the r e v e r s i b l e r e a c t i o n a t e q u i l i b r i u m . F i g u r e 4 
r e p r e s e n t s the u s u a l e x p e r i m e n t a l t e c h n i q u e to o b t a i n such d a t a 
(.3) : the exchange c u r r e n t d e n s i t y i 0 i s o b t a i n e d by e x t r a p o l a t i n g 
the l i n e a r l o g i vs p o t e n t i a l curve t o the r e v e r s i b l e p o t e n t i a l 
v a l u e . For p l a t i n u m , we note the h i g h e r v a l u e f o r the hydrogen 
r e a c t i o n compared t o the oxygen r e a c t i o n . The main g o a l of e l e c -
t r o c a t a l y s i s r e s e a r c h i s t o f i n d m a t e r i a l s t h a t w i l l i n c r e a s e t h i s 
exchange c u r r e n t d e n s i t y t o the same o r d e r o f magnitude as f o r t h e 
H2 r e a c t i o n on p l a t i n u m . 

The second imp o r t a n t c r i t e r i o n i s the T a f e l s l o p e or the slope 
of the l i n e a r r e l a t i o n s h i p between the l o g i and the p o t e n t i a l . 
The lower th e s l o p e , the lower the a c t i v a t i o n l o s s ; f o r the 0 2 

r e d u c t i o n r e a c t i o n i n a c i d media, the observed s l o p e i s 0.060 V/ 
decade and i t can be o b t a i n e d t h e o r e t i c a l l y by assuming the oxygen 
d i s c h a r g e s t e p as the s l o w e s t one (the r a t e d e t e r m i n i n g s t e p , the 
r . d . s . ( 7 ) ) . For hydrogen the mechanism i s d i f f e r e n t and the r.d.s 
i s the atomic d i s s o c i a t i o n and i n t h i s case a T a f e l s l o p e of 0.030 
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Figure S. Schematic of fuel-cells electrodes design: (a) metal electrode with two 
types of pores; (b) composite electrode with dispersed electrocatalysts 

i 0
s 3 x 1 0 H 0 A cm""2 

| θ 2 + 2 Η + + 2β — > H 2 ( 

i 0 M x 1 C T 3 A c m " 2
 z 3 i£L, 0.03V/decode 

Log (Current density) 

Figure 4. Typical polarization curve of the electrooxidation of hydrogen and 
electroreduction of oxygen; the exchange current density, i0, determined by ex

trapolation of Ε vs. log i to the reversible potential 
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V/decade i s expected and found i n a c i d e l e c t r o l y t e s on p l a t i n u m 
( 3 ) . 

The t h i r d a s p e c t to c o n s i d e r i s the e l e c t r o c h e m i c a l s t a b i l i t y 
of the m a t e r i a l used. For the oxygen r e d u c t i o n r e a c t i o n , the 
e l e c t r o d e p o t e n t i a l i s h i g h l y anodic and a t t h i s p o t e n t i a l , most 
m e t a l s d i s s o l v e a c t i v e l y i n a c i d media or form p a s s i v e o x i d e f i l m s 
t h a t w i l l i n h i b i t t h i s r e a c t i o n . The o x i d e f o r m i n g m e t a l s can form 
non-conducting or semi-conducting o x i d e f i l m s of v a r i a b l e t h i c k 
ness. I n a l k a l i n e s o l u t i o n s , the range of m etals t h a t can be used 
i s broader and can i n c l u d e n o n - p r e c i o u s or s e m i - p r e c i o u s m e t a l s 
( N i , Ag). 

A f i n a l p r a c t i c a l c r i t e r i o n i n v o l v e s the c o s t of the e l e c 
t r o d e m a t e r i a l . For t e r r e s t r i a l a p p l i c a t i o n s and f o r l a r g e s c a l e 
use of f u e l c e l l s , the p r e c i o u s m e t a l has t o be excluded or a t 
l e a s t l i m i t e d t o v e r y s m a l l l o a d i n g l e v e l s . I n F i g u r e 5, we 
i l l u s t r a t e the q u a n t i t y of P t needed f o r a 600 MW g e n e r a t i n g p l a n t 
w i t h d i f f e r e n t o p e r a t i n g c e l l v o l t a g e s a t a g i v e n c u r r e n t d e n s i t y 
of 250 ma cm-2: the p r i c e tag a s s o c i a t e d w i t h each p l a t i n u m l o a d i r g 
i s i n d i c a t e d f o r a m e t a l p r i c e of $6.80 per gram. The p r e s e n t day 
t e c h n o l o g y i s around 1 mg or l e s s of p l a t i n u m per cm~2. For 1 mg 
cm"2 of p l a t i n u m f o r a c e l l v o l t a g e of 0.7 V, the c o s t would be 
$46.6 M; i f the aims of $300 per kW (8) f o r a s t a t i o n a r y f u e l 
c e l l can be a t t a i n e d , the p l a t i n u m c o s t f o r such an i n s t a l l a t i o n 
would r e p r e s e n t 25% ($180 M f o r the 600 MW power p l a n t ) . We see 
t h a t a 10 mg cm"^ l o a d i n g would be u n a c c e p t a b l e . B e s i d e s the 
problem of p r i c e , the q u e s t i o n of a v a i l a b i l i t y would cause a s e r i 
ous c h a l l e n g e t o the wide-spread use o f f u e l c e l l s w i t h p l a t i n u m 
as the unique e l e c t r o c a t a l y s t . I n the above example, the q u a n t i t y 
of p l a t i n u m needed would be 6.8 χ 10 kg o r 0.2 χ 10^ ounces: 
the w o r l d wide p r o d u c t i o n of p l a t i n u m i s a p p r o x i m a t i v e l y 1 χ 10^ 
ounces (3) per annum. As we see the number of l a r g e power system 
t h a t c o u l d be i n s t a l l e d would be v e r y l i m i t e d . The replacement of 
the p r e c i o u s m e t a l i n the e l e c t r o d e s t r u c t u r e by another s u i t a b l e 
m a t e r i a l i s the most d i f f i c u l t c h a l l e n g e the e l e c t r o c h e m i c a l t e c h 
nology f a c e s to a c h i e v e a s i g n i f i c a n t b reakthrough i n f u e l c e l l . 
The p r a c t i c a l down to e a r t h avenue chosen by the i n d u s t r y i s t o 
use the minimum q u a n t i t y p o s s i b l e o f p l a t i n u m by s u i t a b l e d i s p e r 
s i v e t e c h n i q u e s (9). 

I l l , Types o f F u e l C e l l s 
F o l l o w i n g t h e e x t e n s i v e r e v i e w of Kordesch ( 1 ) , we do not need 

t o e l a b o r a t e a t g r e a t l e n g t h on t h i s s u b j e c t . I n T a b l e I I I we l i s t 
t he main systems t h a t have been used. The c a n d i d a t e s t h a t a r e most 
l i k e l y t o undergo a s u s t a i n e d development a r e the h y d r o g e n - a i r 
f u e l c e l l s . The hydrogen f u e l w i l l be e i t h e r from an hydrocarbon 
f e e d - s t o c k and w i l l c o n t a i n carbon d i o x i d e and t r a c e s of carbon 
monoxide. For such f u e l s , a l k a l i n e f u e l c e l l s are e x c l u d e d . I n 
the event of the a v a i l a b i l i t y of pure e l e c t r o l y t i c hydrogen as 
proposed i n the Hydrogen Economy scheme ( 1 0 ) , a l k a l i n e e l e c t r o l y t e 
f u e l c e l l would then be c o m p a t i b l e . Such f u e l c e l l s would a l s o 
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Figure 5. Total phtinum needed for a 600 MW generating fuel cell for different 
cell voltages; three phtinum loadings (mg Ft/cm2) are illustrated 
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be adequate f o r some Canadian purpose namely p r o v i d i n g e l e c t r i c a l 
power i n remote areas from hydrogen generated i n s i t u by e l e c 
t r o l y s i s from wind power. The a l k a l i n e f u e l c e l l s a r e a l s o con
s i d e r e d i n r e l a t i o n to t h e e l e c t r o c h e m i c a l s y n t h e s i s of c h l o r i n e ; 
i n t h i s i n d u s t r i a l p r o c e s s , hydrogen i s a by product and i s p r e s e n t 
l y burned to p r o v i d e heat f o r the p u r i f i c a t i o n and d r y i n g of s o d i 
um h y d r o x i d e . A l t e r n a t i v e l y , t h i s hydrogen c o u l d be used t o p r o 
v i d e e l e c t r i c a l power f o r the p r o d u c t i o n of c h l o r i n e ( 1 1 ) . 

IV. P r e s e n t R and D E f f o r t s 
i ) Moderate temperature f u e l c e l l s . The most imp o r t a n t e f f o r t 

i n d o l l a r s and man-years i n f u e l c e l l R and D has been c a r r i e d out 
a t the U n i t e d T e c h n o l o g i e s Corp. ( f o r m e r l y P r a t t and Whitney o r 
U n i t e d A i r c r a f t ) , Conn., U.S.A. I n the l a t e s i x t i e s , they were 
i n v o l v e d w i t h a s e r i e s of n a t u r a l gas companies i n t h e TARGET 
(team t o advance r e s e a r c h f o r gas energy t r a n f o r m a t i o n ) program 
aimed a t the development of a 12.5 kW (nominal) power s t a c k meant 
to be operated on n a t u r a l gas. The schematic l a y o u t of such a 
g e n e r a t i n g p l a n t i s shown i n F i g u r e 6 and the photograph o f the 
a c t u a l u n i t i s shown i n F i g u r e 7. S e v e r a l such p r o t o t y p e s were 
t e s t e d by a whole range of gas and e l e c t r i c u t i l i t i e s i n the U.S., 
Japan and Canada. Hydro-Québec (12) r a n a one year t e s t program on 
s i x such u n i t s t o p r o v i d e a nominal power of 75 kW. The t e s t was 
performed i n 1972 i n Québec C i t y . The main i n t e r e s t of Hydro-Qué
bec i n f u e l c e l l s i s t h e i r p o s s i b l e use i n remote areas not l i n k e d 
t o the main power g r i d . Due t o t h e i r i n t r i n s i c h i g h e f f i c i e n c y , 
they would compete f a v o u r a b l y w i t h d i e s e l engines now b e i n g used 
t o generate e l e c t r i c i t y i n these remote l o c a l i t i e s . F i g u r e 7 i s an 
a c t u a l photo of the i n s t a l l a t i o n used i n the Hydro-Québec f u e l c e l l 
t e s t program. The f u e l used was propane gas s i n c e n a t u r a l gas w i t h 
v e r y low s u l f u r c o n t e n t c o u l d not be found i n Québec C i t y . The 
t e s t was aimed a t e v a l u a t i n g the response time, the c o u p l i n g behav
i o r w i t h the network, the ease of o p e r a t i o n and the e f f i c i e n c y of 
these new power s o u r c e s . For most g o a l s , ( c o u p l i n g w i t h network, 
ease of o p e r a t i o n and response time) the f u e l c e l l f u l f i l l e d the 
e x p e c t a t i o n s . However the l i f e t i m e of the u n i t was not adequate 
and t h i s s h o r t l i f e t i m e was due to the i n a b i l i t y of the system t o 
e f f i c i e n t l y e l i m i n a t e the heat produced by the d i f f e r e n t power 
l o s s e s d i s c u s s e d p r e v i o u s l y ( a c t i v a t i o n and ohmic). The o v e r a l l 
low e f f i c i e n c y (below 30%) c o u l d be p a r t l y a t t r i b u t e d t o the use of 
propane gas i n s t e a d of the n a t u r a l gas, a s u b s t i t u t i o n t h a t reduces 
the s t a t e d performance of the r e f o r m e r . The e l e c t r o c h e m i c a l s t a c k 
i t s e l f d i d meet the e x p e c t a t i o n s w i t h r e s p e c t t o the e f f i c i e n c y 
but as s t a t e d above had too low a l i f e t i m e . The i n v e r t e r p r e sented 
no p a r t i c u l a r problems. 

F o l l o w i n g the TARGET program, U n i t e d T e c h n o l o g i e s Corp. i s 
d e v e l o p i n g a 40 kW u n i t c a p a b l e of p r o d u c i n g e l e c t r i c i t y as w e l l as 
p r o v i d i n g steam a t 15-60 p s i g . and hot water a t 41°C. W i t h such a 
system between 70-90% of the energy v a l u e of the f u e l can be ex
t r a c t e d f o r u s e f u l purposes. The main a p p l i c a t i o n of such u n i t s 
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Figure 6. Flow sheet of the 12.5 kW United Technologies fuel cell tested by 
Hydro-Québec 

Figure 7. Photograph of the actual installation in Québec City (1972) 
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would be t o p r o v i d e u s e f u l energy t o apartment b u i l d i n g s or s m a l l 
commercial c e n t e r s . F i g u r e 8 i l l u s t r a t e s the schematic f l o w sheet 
of such a u n i t ( 1 3 ) . 

More r e c e n t l y , a major R and D e f f o r t has been launched t o 
develop a 27 MW f u e l c e l l power p l a n t . T h i s e f f o r t i s c a r r i e d out 
a t U n i t e d T e c h n o l o g i e s i n c l o s e c o l l a b o r a t i o n w i t h s e v e r a l e l e c t r i c 
u t i l i t i e s . P r e s e n t l y a 1 MW power p l a n t i s under t e s t and a 4.8 MW 
d e m o n s t r a t i o n u n i t s h o u l d be i n s t a l l e d i n 1979-80. T h i s demonstra
t i o n program i s sponsored by EPRI ( E l e c t r i c Power Research I n s t i 
t u t e ) and DOE (Department of E n e r g y ) . The f l o w sheet o f t h i s u n i t 
i s shown i n F i g u r e 9 ( 1 4 ) . T h i s program, the l a r g e s t R & D e f f o r t 
i n f u e l c e l l s t oday, aims at p r o d u c i n g i n the near f u t u r e a commer
c i a l p r o d u c t . The e s t i m a t e d c o s t s h o u l d be i n the neighbourhood 
of $200-350/kW i n 1975 d o l l a r s ( 8 ) . The c o s t f i g u r e s a r e v e r y 
d i f f i c u l t to a s s e s s because some R & D i s s t i l l b e i n g c a r r i e d out 
to o p t i m i z e d i f f e r e n t components and a l s o t o t e s t the l i f e t i m e of 
the d i f f e r e n t u n i t s . A 5 y e a r l i f e t i m e f o r the e l e c t r o c h e m i c a l 
s t a c k s , 10-15 y e a r s f o r the f u e l c o n d i t i o n e r and 20 y e a r s f o r the 
power c o n d i t i o n e r are the p r e s e n t aims. Only the next y e a r s can 
t e l l us i f these g o a l s w i l l a c t u a l l y be met and i f the f u e l c e l l s 
w i l l a c h i e v e the h i g h hopes p l a c e d i n them. 

To our knowledge, t h e r e are no o t h e r such l a r g e s c a l e R & D 
e f f o r t s on f u e l c e l l s elsewhere f o r c i v i l i a n purpose. The o t h e r 
p r e s e n t work i s s c a t t e r e d i n d i f f e r e n t c o u n t r i e s and i s aimed a t 
much lower power output (10-20 kW). I n Belgium, a conglomerate o f 
s e v e r a l companies e s t a b l i s h e d a new company, E l e n c o , t h a t i s now 
i n the p r o c e s s of d e v e l o p i n g some power p l a n t s based on a l k a l i n e 
f u e l c e l l s ( 1 1 ) . Some Japanese R and D e f f o r t i s a l s o b e i n g de
v o t e d t o t h i s a r e a i n the framework of the Sunshine program ( 1 5 ) . 

i i ) High temperature systems. U n i t e d T e c h n o l o g i e s has a l 
ready launched a program t o develop the second g e n e r a t i o n f u e l c e l l 
based on the molten carbonate system. The I n s t i t u t e of Gas Techno
l o g y i n Chicago and G e n e r a l E l e c t r i c i n Schenectady are a l s o i n 
v o l v e d i n t h i s a r e a of r e s e a r c h . T h e i r aim i s t o have some de
m o n s t r a t i o n u n i t s by 1985. I n t h i s system, which op e r a t e s a t 
650-700°C, no n o b l e m e t a l s are used. T h i s development i s b e i n g 
s t i m u l a t e d by the U.S. e f f o r t t o e x p l o i t on a l a r g e s c a l e t h e i r 
c o a l d e p o s i t s . 

i i i ) Canadian c o n t r i b u t i o n s . As elsewhere i n the w o r l d , the 
Canadian R and D work d i r e c t l y on the f u e l c e l l s e x p e r i e n c e d i t s 
peak a c t i v i t y i n the l a t e s i x t i e s - e a r l y s e v e n t i e s . I n r e c e n t y e a r s , 
i t i s f a i r t o say t h a t a l l the i n d u s t r i a l e f f o r t s d i r e c t l y aimed 
at the p r o d u c t i o n or t e s t i n g o f f u e l c e l l s have ceased. However a 
few governmental o r para-governmental a g e n c i e s and u n i v e r s i t i e s 
have c a r r i e d out some modest a c t i v i t i e s t o e i t h e r e l u c i d a t e funda
mental problems i n the f i e l d o f e l e c t r o c a t a l y s i s o r t o e v a l u a t e 
some a v a i l a b l e p r o t o t y p e s . O u t s i d e the u n i v e r s i t i e s , two main 
groups o f e l e c t r o c h e m i s t s have been f o c u s s i n g t h e i r e f f o r t s i n t h i s 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
ch

01
8

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



F
U

E
L

. 

H
O

T 
W

A
TE

R
 

PO
W

ER
PL

A
N

T 
W

A
LL

 

E
X

H
A

U
S

T 

W
A

TE
R

 

A
\ 

W
A

TE
R

 
Α

χ 

FU
E

L 
PR

O
C

ES
SI

N
G

 PR
O

C
ES

SE
D

 
FU

E
L 

D
E

P
LE

TE
D

 
FU

E
L 

R
E

TU
R

N
 

C
O

N
D

EN
SE

R
 

FU
E

L 
C

E
LL

 

C
O

O
LA

N
T 

S
TE

A
M

 

R
E

TU
R

N
 

EX
H

A
U

ST
 

tt
t 

H
E

A
T 

E
X

C
H

A
N

G
E

R
 

C
O

O
LA

N
T 

R
E

TU
R

N
 

DC
 

IN
V

E
R

TE
R

 

C
O

N
D

EN
SE

R
 

H
E

A
T 

E
X

C
H

A
N

G
E

R
 

JL
 

PR
O

C
ES

S 
A

IR
 

A
C

 O
U

TP
U

T 
C

O
O

LI
N

G
 A

IR
 

Fi
gu

re
 

8.
 

Fl
ow

 
sh

ee
t 

of
 t

he
 

40
-k

W
 

fu
el

 
ce

ll 
un

de
r 

de
ve

lo
pm

en
t 

at
 U

ni
te

d 
Te

ch
no

lo
gi

es
 

CO
 

Ω 1 M W Ο 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
ch

01
8

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



18. B É L A N G E R Development and Potential of Fuel Cells 317 

ο 
CO 

*S 
ο 
ο 
<*> 

*s 
tUD 

ο c 

. a, 

S 

•s-
«0 

3 ο 
s 

8 s ,5P 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 2

6,
 1

97
9 

| d
oi

: 1
0.

10
21

/b
k-

19
79

-0
09

0.
ch

01
8

In Chemistry for Energy; Tomlinson, M., el al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1979. 



318 CHEMISTRY FOR ENERGY 

f i e l d o f r e s e a r c h : the Defence Research E s t a b l i s h m e n t i n Ottawa 
( S h i r l e y Bay L a b o r a t o r i e s ) and l ' i n s t i t u t de Recherche de 1'Hydro
Québec (IREQ, Varennes). I n Ottawa, a g r e a t e f f o r t was put i n 
a c h i e v i n g the h i g h p u r i t y c r i t e r i o n t o e v a l u a t e the r e v e r s i b l e 
p o t e n t i a l o f the oxygen e l e c t r o d e (5 ). The main development was 
c e n t e r e d i n the p u r i f i c a t i o n o f the water used w i t h the e l e c t r o 
l y t e ;a p a t e n t e d method and in s t r u m e n t were e s t a b l i s h e d whereby the 
steam from a d i s t i l l a t i o n s t i l l i s passed over heated p l a t i n u m 
when the t r a c e s of o r g a n i c i m p u r i t i e s a r e p y r o l y s e d . Some develop
ment was a l s o c a r r i e d out to improve the e l e c t r o d e c o m p o s i t i o n and 
performance i n the a l k a l i n e f u e l c e l l ( 1 6 ) . F i n a l l y a thorough 
e v a l u a t i o n o f the a c t u a l performance of a 300 W h y d r a z i n e - a i r f u e l 
c e l l was c a r r i e d out ( 1 7 ) . 

At IREQ, b e s i d e s the p a r t i c i p a t i o n i n the f i e l d t e s t s r u n by 
the e n g i n e e r s of Hydro-Québec ( 1 2 ) , the main e f f o r t has been t o 
t a c k l e fundamental problems i n the f i e l d o f e l e c t r o c a t a l y s i s 
(18-22) and o f ano d i c o x i d a t i o n of d i f f e r e n t p o t e n t i a l f u e l s (23-
26). A c a r e f u l and e x t e n s i v e study of the e l e c t r o c h e m i c a l p r o p e r 
t i e s o f the t u n g s t e n bronze has been c a r r i e d out (18-20); the r e 
p o r t e d a c t i v i t y o f these m a t e r i a l s i n a c i d media f o r the oxygen 
r e d u c t i o n c o u l d not be reproduced and t h i s c l a i m by o t h e r workers 
has been t r a c e d back t o some p l a t i n u m i m p u r i t i e s i n the e l e c t r o d e s . 
Some n o v e l t e c h n i q u e s i n the a r e a of e l e c t r o d e p r e p a r a t i o n a r e a l s o 
under study (21,22): the m e t a l l i c d e p o s i t i o n o f c e r t a i n m e t a l s on 
o r i e n t e d g r a p h i t e show some i n t e r e s t i n g c a t a l y t i c f e a t u r e s f o r the 
oxygen r e d u c t i o n and a l s o f o r the oxygen e v o l u t i o n r e a c t i o n . 

Some work on the e l e c t r o o x i d a t i o n of the methanol and h y d r a z i 
ne has been p u b l i s h e d (23,26). For methanol ( 2 4 ) , the e l e c t r o -
o x i d a t i o n was s t u d i e d i n presence of d i f f e r e n t a n i o n s t o e v a l u a t e 
the p o i s o n i n g e f f e c t of s e v e r a l of them. A l s o , some work on an
hydrous methanol was aimed a t showing the r o l e of water i n the 
r e a c t i o n ( 2 3 ). 

Many fundamental r e s e a r c h p r o j e c t s a n d t h e s i s b e a r i n g on the 
g e n e r a l problems i n f u e l c e l l s have been c a r r i e d out i n Canadian 
U n i v e r s i t i e s . 
V. C o n c l u s i o n s 

To conclude we may s p e c u l a t e on the f u t u r e of the f u e l c e l l 
r e s e a r c h and make some o b s e r v a t i o n s . A f t e r much hope of a c h i e v i n g 
a cheap, r e l i a b l e and e f f i c i e n t power c o n v e r s i o n system, the hard 
f a c t s of l i f e have shown t h a t the r a p i d c o m m e r c i a l i z a t i o n and wide 
spread use of f u e l c e l l s cannot be o b t a i n e d so r e a d i l y . The l e v e l 
o f R and D f u n d i n g a f t e r the bonanza y e a r s of the moon f l i g h t 
m i s s i o n s r a p i d l y decreased i n the l a t e s i x t i e s and s e v e r a l programs 
i n i n d u s t r y came to a h a l t . The r e c e n t and e x h a u s t i v e r e v i e w by 
Kordesch ( 1 ) . on f u e l c e l l development i n d i c a t e s , among o t h e r 
t h i n g s , t h a t the peak i n R and D i n t h i s f i e l d was i n 1964. The 
maximum number of p u b l i c a t i o n s i n f u e l c e l l r e s e a r c h a c t i v i t y o c 
c u r r e d i n 1969. 

Si n c e 1973, the emphasis on the e n e r g y - r e l a t e d r e s e a r c h i n 
i n d u s t r i a l i z e d c o u n t r i e s has r e k i n d l e d the i n t e r e s t i n f u e l c e l l s . 
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In a relatively recent symposium organized by EPRI on fuel ce l l 
research (9), the pertinent problems and solutions foreseen were 
reviewed. The hopes to find new electrocatalysts for the oxygen 
reduction in acid electrolyte were concluded to be rather dim. 
The main effort now is to devise the best format in which platinum 
or other precious metals w i l l be the most effective. The optimum 
reduction in crystallite size has to be determined and, especially, 
the lifetime of such active surfaces. The problem of CO poisoning 
found in the use of reformed gas is s t i l l a major source of con
cern: the use of relatively high temperatures (190°C) is the most 
straight forward solution to this problem but i t induces severe 
material deterioration. Much fundamental research is s t i l l needed 
to achieve a clearer understanding of the basic questions of the 
electrode mechanisms, the exact role of the platinum oxides, the 
inhibition effect of CO and sulfur containing compounds. The 
chemical engineering espects of the power stack is of crucial im
portance: adequate flow and distribution of reactants, electrode 
design and, most important, the excess-heat removal to avoid over
heating problems. Important effort is s t i l l needed to achieve the 
final goal of efficient, long lifetime, competitive and trouble-
free fuel cells. 
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Abstract 
The fuel ce l l is an energy conversion device that theoreti

cally can convert directly the free energy of a chemical reaction 
into electrical power. As all energy conversion systems, the fuel 
ce l l have theoretical limits expressed as the thermodynamic ef f i 
ciency defined as the ratio of the change of the free energy (ΔG) 
on the change in enthalpy (ΔH). This theoretical efficiency is, 
for most reactions, very high (over 85%). However, the actual fuel 
cells are most of the time much lower in efficiency: several 
factors lower the conversion efficiency, namely the activation and 
concentration polarizations and the ohmic losses are among the most 
important. 

After an intensive period of R and D on fuel cells in the 
fifties and early sixties, the present day efforts are centered 
around one major development under way at United Technologies 
Corp. (U.S.) where a 1 MW stationary testing unit is now completed 
and a 4.8 MW demonstration system is under elaboration. Finally, 
a 27 MW stationary electrical power generating system is due for 
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the late eighties. The present day Canadian effort is minimal 
and is centered on fundamental aspects linked to energy conversion 
devices and in the evaluation of available units. 
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Chemical Trends in the Nuclear Power Industry 

S. R. HATCHER 

Atomic Energy of Canada Limited, Ottawa, Canada 

Although the nuclear power industry clearly involves physics, 
mechanical and electrical engineering, it is not self-evident that 
chemistry would be important. However, a brief study shows that 
chemists and chemical engineers play a v i ta l role, from the pro
duction of essential materials such as uranium and heavy water for 
CANDU (CANada Deuterium Uranium) reactors, through the design and 
operation of nuclear generating stations, to the management of 
radioactive materials remaining after power generation. 

I think it might be useful to f irst review some of the more 
important chemistry challenges and achievements in the development 
of the nuclear power industry up to the present time. Then I w i l l 
indicate where the chemical research and development effort w i l l 
be most active in the future and what the needs of the industry 
may be for chemists and chemical engineers. 

Development of the Industry 

The essential ingredients for producing heat in a thermal 
fission nuclear reactor are the fuel and a moderator. A heat 
transport system with its coolant is necessary to convey the heat 
from the reactor to boilers where steam is produced to drive the 
turbogenerator. The n a t u r a l m a t e r i a l s a v a i l a b l e f o r f u e l and 
moderator are uranium ore and water; n a t u r a l uranium e x t r a c t e d 
from the ore comprises the f i s s i o n a b l e i s o t o p e uranium-235 and 
w a t e r c o n t a i n s hydrogen which i s a good moderator. (Table I ) 

TABLE I 
N u c l e a r M a t e r i a l s 

F u e l Moderator 
M a t e r i a l Form 
E s s e n t i a l Element 
D e s i r a b l e I s o t o p e 
N a t u r a l Occurrence i n Element 

Uranium D i o x i d e 
Uranium 

235υ 
7 χ 10"3 

Water 
Hydrogen 
% (D) 

1.5 χ 10""4 

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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But n a t u r e p r o v i d e s o n l y 0.7% o f the f i s s i o n a b l e i s o t o p e U i n 
n a t u r a l uranium, the r e s t b e i n g 23%; and alth o u g h the predomi
nant hydrogen i s o t o p e i n water i s a good moderator, i t absorbs 
too many neutrons to a l l o w a r e a c t i o n t o be m a i n t a i n e d w i t h the 
low 235JJ c o n t e n t of n a t u r a l uranium. However, the heavy hydrogen 
i s o t o p e % o r deuterium, which o c c u r s a t a c o n c e n t r a t i o n o f about 
150 p a r t s p e r m i l l i o n , i s an e x c e l l e n t moderator because i t ab
sorbs v e r y few neutrons. So t o o b t a i n a p r a c t i c a l c o m b i n a t i o n of 
uranium f u e l and water moderator, e i t h e r the uranium must be en
r i c h e d i n 235u f o r f u e l o r heavy water must be used as the mode
r a t o r . 

Because e a r l y Canadian r e a c t o r s used heavy w a t e r , and because 
i t i s a l s o f u n d a m e n t a l l y the most e f f i c i e n t moderator, Canada 
n a t u r a l l y adopted the heavy w a t e r r e a c t o r f o r the development o f 
a n u c l e a r power system. By u s i n g heavy water b o t h as moderator 
and as c o o l a n t , and by r e f u e l l i n g w i t h the r e a c t o r a t power, i t 
was p o s s i b l e to develop the CANDU system to o p e r a t e e f f i c i e n t l y 
and e c o n o m i c a l l y w i t h n a t u r a l uranium f u e l . T h i s i n t u r n r e 
s u l t e d i n the s i m p l e s t p o s s i b l e f u e l c y c l e . 

F u e l . The n u c l e a r f u e l c y c l e s t a r t s w i t h m i n i n g o f the u r a 
nium o r e , c h e m i c a l l e a c h i n g to e x t r a c t the uranium, and s o l v e n t 
e x t r a c t i o n w i t h t r i b u t y l phosphate to produce e v e n t u a l l y pure 
uranium o x i d e . I f e n r i c h e d uranium i s r e q u i r e d , the uranium i s 
con v e r t e d to the gaseous uranium h e x a f l u o r i d e f o r enrichment by 
gaseous d i f f u s i o n o r gas c e n t r i f u g e t e c h n i q u e s , a f t e r which i t i s 
r e c o n v e r t e d to uranium o x i d e . S i n c e the CANDU system uses n a t u r a l 
uranium, I w i l l say no more about uranium enrichment a l t h o u g h , as 
I'm s u r e you a p p r e c i a t e , i t i s a major c h e m i c a l i n d u s t r y i n i t s 
own r i g h t . 

Uranium d i o x i d e f o r use i n n u c l e a r f u e l must be produced t o a 
s t r i n g e n t s p e c i f i c a t i o n so t h a t i t can be p r e s s e d i n t o p e l l e t s and 
s i n t e r e d a t h i g h temperature i n hydrogen t o produce d i m e n s i o n a l l y 
s t a b l e , c r a c k - f r e e U 0 £ p e l l e t s w i t h a d e n s i t y t y p i c a l l y 9 7 % of 
t h e o r e t i c a l . The f u e l p e l l e t s a r e l o a d e d i n t o z i r c o n i u m a l l o y 
t ubes, welded c l o s e d and assembled i n t o f u e l b u n d l e s . 

D u r i n g o p e r a t i o n i n the r e a c t o r , many f i s s i o n p r o d u c t e l e 
ments a r e formed i n the UO2 f u e l . Of p a r t i c u l a r importance i n 
f u e l d e s i g n a r e the f i s s i o n p r o duct gases such as xenon and k r y p 
t o n , which can be r e l e a s e d from the UO2 c r y s t a l s t r u c t u r e a t h i g h 
temperatures. F r e e - f i s s i o n gas can i n c r e a s e the p r e s s u r e i n the 
f u e l element and l e a d to o p e r a t i n g problems i f a f u e l element 
s h o u l d develop a d e f e c t . Thus a thorough u n d e r s t a n d i n g of the 
c h e m i s t r y and p h y s i c s o f the e n t i r e p e l l e t p r o d u c t i o n p r o c e s s had 
to be developed (1), t o g e t h e r w i t h a d e t a i l e d knowledge o f the 
mechanisms g o v e r n i n g the b e h a v i o r of the no b l e gases and o t h e r 
f i s s i o n p r o d u c t s i n UO2 a t temperatures up to 2600°C. (2) 

Z i r c o n i u m a l l o y s a r e used as i n - r e a c t o r m a t e r i a l s because o f 
t h e i r v e r y low n e u t r o n a b s o r p t i o n , h i g h s t r e n g t h and e x c e l l e n t 
c o r r o s i o n r e s i s t a n c e . However, they do absorb hydrogen f r e e l y . 
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As the s o l u b i l i t y i s exceeded i n the z i r c o n i u m , p r e c i p i t a t i o n o f 
z i r c o n i u m h y d r i d e commences and u l t i m a t e l y the d u c t i l i t y o f the 
a l l o y can be reduced l e a d i n g t o the p o s s i b i l i t y o f c r a c k s . Thus 
an a d d i t i o n a l requirement i n f u e l development was a thorough 
u n d e r s t a n d i n g o f the h y d r i d i n g mechanism, sources o f hydrogen, 
r a t e c o n t r o l l i n g s t e p s , p r o t e c t i v e methods, s p e c i f i c a t i o n s o f 
m a t e r i a l s and p r o c e s s e s , and q u a l i t y a ssurance to a c h i e v e the r e 
q u i r e d performance. (_3) 

N u c l e a r f u e l p r o d u c t i o n i s now a m a t u r i n g i n d u s t r y i n Canada 
w i t h two competing i n d u s t r i a l companies w e l l e s t a b l i s h e d and a 
t h i r d about t o e n t e r the f i e l d . The performance o f Canadian f u e l 
has been e x c e l l e n t w i t h a remarkably low d e f e c t r a t e of 0.03% 
s i n c e 1972. (4·) F u r t h e r p r o c e s s improvements are b e i n g made con
t i n u a l l y as a r e s u l t of e f f o r t s t o be more c o s t - e f f e c t i v e w h i l e 
m a i n t a i n i n g the n e c e s s a r y h i g h s t a n d a r d s . 

Heavy Water. Heavy w a t e r i s produced by an i n i t i a l i s o t o p i c 
s e p a r a t i o n to e x t r a c t and c o n c e n t r a t e the n a t u r a l l y o c c u r r i n g 
deuterium i s o t o p e from hydrogenous m a t e r i a l . The most abundant 
source of s t a r t i n g m a t e r i a l i s w a t e r , a l t h o u g h p r o c e s s e s have been 
developed f o r hydrogen and n a t u r a l gas. The o n l y process i n com
m e r c i a l use today i s the G i r d l e r S u l f i d e (GS) process which uses 
a b i t h e r m a l c h e m i c a l exchange between hydrogen s u l f i d e and w a t e r 
to c o n c e n t r a t e from the n a t u r a l l e v e l o f about 150 pgD/gH t o 20-
30%. Water d i s t i l l a t i o n i s used to a c h i e v e the f i n a l p r o d u c t 
c o n c e n t r a t i o n o f 99.7% D2O. 

The GS e n r i c h i n g process i s a c o u n t e r - c u r r e n t g a s - l i q u i d ex
t r a c t i o n done a t a p r e s s u r e o f 2000 kPa i n a s i e v e t r a y tower 
w i t h the upper h a l f o p e r a t i n g a t 30 C and the l o w e r a t 130 C. ( 5 ) 
I n the top h a l f o f the tower, feedwater e x t r a c t s deuterium from 
the u p f l o w i n g c o l d H 2S, r e a c h i n g a maximum a t the c e n t r e o f the 
tower. The r e c y c l e d l e a n H 2S e n t e r i n g the l o w e r h o t h a l f o f the 
tower s t r i p s deuterium from the w a t e r , which then l e a v e s the 
system d e p l e t e d i n deuterium. A cascade o f s e v e r a l s t a g e s i s 
used to reach the d e s i r e d f e e d c o n c e n t r a t i o n f o r the f i n a l w a t e r 
d i s t i l l a t i o n o r f i n i s h i n g u n i t . T r a n s f e r between cascades can be 
e i t h e r by gas o r l i q u i d from the c e n t r e of the tower. 

The process has been used i n the USA f o r 25 y e a r s , b u t a 
l a r g e e x t r a p o l a t i o n of e x p e r i e n c e was n e c e s s a r y to reach the s c a l e 
o f o p e r a t i o n needed f o r the Canadian n u c l e a r i n d u s t r y . A t y p i c a l 
Canadian e n r i c h i n g u n i t has a nominal c a p a c i t y o f 50 k g D^O/h. 
However, w i t h an o v e r a l l e x t r a c t i o n o f about 20% o f the deuterium 
i n the feedwater, the t o t a l f e e d r a t e i s about 0.5 m e t r i c tons 
p e r second. Three l a r g e towers a r e used i n p a r a l l e l . (Table I I ) 

These towers a r e amongst the w o r l d ' s l a r g e s t h i g h p r e s s u r e 
c h e m i c a l p r o c e s s u n i t s and t h e i r s u c c e s s f u l performance i n t h i s 
s e r v i c e r e q u i r e d development o f a new a r e a o f o p e r a t i o n a l e x p e r i 
ence. 
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TABLE I I 
T y p i c a l F i r s t Stage Canadian GS E n r i c h i n g U n i t s 

Tower Diameter, m 8.6 
Tower H e i g h t , m - 90 
S i e v e Trays p e r Tower - 130 
C o l d Temperature, C - 30 
Hot Temperature, C - 130 
P r e s s u r e , kPa - 2000 5 

H 2S Flow p e r Tower ( R e c y c l e d ) , kg/h - 20 χ l g 
Feed Water Flow p e r Tower, kg/h - 6 χ 10 
Feed Water Deuterium, F r a c t i o n - 150 χ 10 
D i s c h a r g e Water Deuterium, F r a c t i o n - 120 χ 10 
Number of Towers - 3 
T o t a l F i r s t Stage D 90 P r o d u c t i o n , kg/h - 50 

C o n t r o l o f the l i q u i d : g a s (L/G) r a t i o i n the towers i s c r i t i 
c a l i n m a i n t a i n i n g the d e s i g n e x t r a c t i o n performance; r e l a t i v e l y 
s m a l l changes can r e s u l t i n s i g n i f i c a n t l o s s of e x t r a c t i o n . 
S t a r t u p e x p e r i e n c e i n d i c a t e d t h a t a t d e s i g n c o n d i t i o n s foaming on 
the t r a y s r e s u l t e d i n i n s t a b i l i t i e s which upset the L/G r a t i o and 
caused l o s s o f p r o d u c t i o n . A l a r g e R&D e f f o r t was mounted, b o t h 
i n the l a b o r a t o r i e s and a t the p l a n t s , to understand the c o n t r o l 
l i n g mechanisms and t o develop d e s i g n and o p e r a t i o n a l techniques 
to overcome the problem. The key f e a t u r e proved t o be s u r f a c e e f 
f e c t s a t the g a s / l i q u i d i n t e r f a c e a t p r e s s u r e s near the E^S l i q u e 
f a c t i o n p o i n t . Good performance was a c h i e v e d by a combination of 
d e s i g n changes to the t r a y s , c h e m i c a l c o n t r o l and the a c c u m u l a t i o n 
o f o p e r a t i n g e x p e r i e n c e to r e c o g n i z e the symptoms of i n c i p i e n t 
i n s t a b i l i t y and t o take r e m e d i a l a c t i o n . 

Another phenomenon which proved t o be o f o p e r a t i o n a l c o n c e r n 
was the d e p o s i t i o n of i r o n p y r i t e , FeS^, w h i ch I w i l l d i s c u s s 
l a t e r . 

F u e l R e c y c l e and R a d i o a c t i v e Waste Management. I n the 1950 1 s 
a l l c o u n t r i e s d e v e l o p i n g n u c l e a r power were examining the r e p r o 
c e s s i n g o f f u e l t o r e c o v e r u s e f u l f u e l m a t e r i a l s f o r r e c y c l e . The 
processes s t u d i e d i n v o l v e d d i s s o l u t i o n o f the f u e l i n n i t r i c a c i d 
f o l l o w e d by l i q u i d - l i q u i d e x t r a c t i o n u s i n g an o r g a n i c s o l v e n t such 
as t r i b u t y l phosphate d i l u t e d w i t h kerosene. I n a m u l t i - s t a g e 
c o u n t e r - c u r r e n t p r o c e s s , the u s e f u l m a t e r i a l s , p l u t o n i u m and u r a 
nium, were c o - e x t r a c t e d i n t o the o r g a n i c phase w h i l e the f i s s i o n 
p r o d u c t s were r e j e c t e d as waste i n the aqueous r a f f i n a t e . Then by 
c h e m i c a l r e d u c t i o n of the p l u t o n i u m i n the s o l v e n t , a p a r t i t i o n 
c o u l d be made between p l u t o n i u m and uranium. F i n a l l y , each c o u l d 
be p u r i f i e d by f u r t h e r s o l v e n t e x t r a c t i o n o r i o n exchange. 

In p a r a l l e l Canada a l s o p i o n e e r e d work on the i m m o b i l i z a t i o n 
of r a d i o a c t i v e wastes i n t o g l a s s ( v i t r i f i c a t i o n ) f o r permanent 
d i s p o s a l . (6) A n a t u r a l m i n e r a l , n e p h e l i n e s y e n i t e , was used as 
the b a s i c m a t e r i a l because i t produced a g l a s s w i t h e x c e l l e n t 
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l e a c h r e s i s t a n c e . The aqueous a c i d i c f i s s i o n p r o d u c t waste was 
f e d i n t o a c r u c i b l e t o g e t h e r w i t h the n e p h e l i n e s y e n i t e and a 
f l u x . The a c i d and m o i s t u r e were d r i v e n o f f and the r e s i d u e 
d r i e d and f u s e d to g i v e a s t a b l e , l e a c h - r e s i s t a n t p r o d u c t . The 
t e c h n i c a l f e a s i b i l i t y o f i m m o b i l i z a t i o n f o r waste d i s p o s a l was 
thus e s t a b l i s h e d . A d i s p o s a l experiment was i n i t i a t e d w i t h 25 
g l a s s b l o c k s c o n t a i n i n g f i s s i o n p r o d u c t s b u r i e d under adverse 
c o n d i t i o n s i n wet sandy s o i l a t Chalk R i v e r to measure the l e a c h 
i n g o f the g l a s s and movement of r a d i o n u c l i d e s w i t h time. (7) 

Meanwhile, s u c c e s s i n the development of the n a t u r a l uranium 
f u e l l e d CANDU concept had l e d t o v e r y low c o s t f u e l l i n g and e f f e c 
t i v e u t i l i z a t i o n of uranium even w i t h o u t r e c o v e r y through r e p r o 
c e s s i n g . AECL t h e r e f o r e d e c i d e d t o s e t a s i d e work on r e p r o c e s 
s i n g and c o n c e n t r a t e i n s t e a d on the once-through f u e l c y c l e w i t h 
s t o r a g e of the i r r a d i a t e d f u e l . The e v i d e n c e i n d i c a t e d t h a t t h e 
z i r c o n i u m c l a d UO^ f u e l c o u l d be s t o r e d under w a t e r f o r many de
cades u n t i l a d e c i s i o n was needed r e g a r d i n g r e c y c l e o r d i s p o s a l . 

Mass T r a n s p o r t a t Very Low C o n c e n t r a t i o n s . R e a c t o r C i r c u i t s . 
E a r l y i n the development of w a t e r - c o o l e d r e a c t o r s , i t became 
apparent t h a t a t temperatures o f 250-300 C w i t h a n o n - i s o t h e r m a l 
c i r c u i t , c o r r o s i o n o f carbon s t e e l c o u l d l e a d t o s i g n i f i c a n t mass 
t r a n s p o r t of i r o n i f the c h e m i s t r y o f the system were not p r o p e r l y 
c o n t r o l l e d . The r e s u l t i n g b u i l d u p of l a r g e d e p o s i t s o f " c r u d " on 
f u e l s u r f a c e s caused f u e l f a i l u r e . However, the l a r g e c o s t d i f 
f e r e n t i a l between carbon s t e e l and s t a i n l e s s s t e e l p r o v i d e d an 
i n c e n t i v e t o i d e n t i f y c h e m i s t r y c o n d i t i o n s f o r the s u c c e s s f u l use 
of carbon s t e e l . 

L i t t l e was known of the thermodynamics o f m e t a l , w a t e r , oxy
gen and hydrogen systems a t these temperatures or o f the k i n e t i c s 
o f r e a c t i o n s i n v o l v e d . A d d i t i o n a l R&D q u i c k l y e s t a b l i s h e d t h a t 
the b a s i c requirements were f o r a pH o f about 10 and an absence o f 
oxygen. L i t h i u m h y d r o x i d e was used f o r pH c o n t r o l to a v o i d neu
t r o n a b s o r p t i o n and r a d i o a c t i v i t y b u i l d u p w i t h sodium or potassium. 
The i n t e n s e r a d i a t i o n f i e l d i n the c o r e of a r e a c t o r r e s u l t s i n 
r a d i o l y t i c r e a c t i o n s w i t h a n e t decomposition of the w a t e r to hy
drogen and oxygen. Thus i t became n e c e s s a r y to p r o v i d e an excess 
o f hydrogen to d i s p l a c e the r e a c t i o n s away from the n a t u r a l steady 
s t a t e i n v o l v i n g f r e e oxygen. T h i s c h e m i c a l c o n t r o l o f h i g h pH and 
excess hydrogen l e d to e x c e l l e n t f u e l performance. 

A f t e r a few y e a r s o f o p e r a t i o n t h e r e was a s i g n i f i c a n t i n 
c r e a s e i n r a d i a t i o n f i e l d s from the p r i m a r y c i r c u i t p i p i n g i n the 
Douglas P o i n t g e n e r a t i n g s t a t i o n . Other w a t e r - c o o l e d r e a c t o r s 
around the w o r l d e x p e r i e n c e d s i m i l a r e f f e c t s . The p r i n c i p a l 
source o f the r a d i o a c t i v i t y was t r a c e d t o c o b a l t - 6 0 , formed by 
n e u t r o n a b s o r p t i o n i n the n a t u r a l c o b a l t - 5 9 which a r o s e from h a r d -
f a c i n g a l l o y s and was a l s o p r e s e n t as an i m p u r i t y i n b o i l e r mate
r i a l s such as monel, and i n carbon s t e e l and o t h e r s t r u c t u r a l 
m a t e r i a l s . The mechanism o f t h i s r a d i o a c t i v i t y t r a n s p o r t was 
found t o be c o r r o s i o n o f the c o b a l t b e a r i n g m a t e r i a l s , t r a n s p o r t 
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of the c o r r o s i o n products i n t o the r e a c t o r , d e p o s i t i o n on the 
r e a c t o r f u e l s u r f a c e s where ne u t r o n a c t i v a t i o n t a k e s p l a c e , f o l 
lowed by another t r a n s p o r t s t e p and d e p o s i t i o n of the a c t i v a t e d 
m a t e r i a l onto p i p i n g o u t s i d e the r e a c t o r . The a c t u a l q u a n t i t i e s 
of m a t e r i a l i n v o l v e d i n the pr o c e s s are ex t r e m e l y s m a l l under ^ 
good c o n d i t i o n s such as i n P i c k e r i n g ; t y p i c a l l y about 0.1 g Fe/m 
d e p o s i t e d on the f u e l and 2 χ 10~^ g Co/m^. Thus ov e r the e n t i r e 
core a r e a of 3900 m^, the t o t a l d e p o s i t i o n i s about 390 g Fe and 
0.8 g Co. (8) The process has been modelled m a t h e m a t i c a l l y . (9) 
A c t i v i t y t r a n s p o r t can be mi n i m i z e d by e l i m i n a t i n g c o b a l t b e a r i n g 
m a t e r i a l s and e n s u r i n g r i g i d adherence t o ch e m i c a l s p e c i f i c a t i o n s 
f o r the c o o l a n t . V a r i o u s d e c o n t a m i n a t i n g procedures have been 
used i n c l u d i n g o n - l i n e c h e m i c a l and thermal c y c l i n g and the use 
of p r o p r i e t a r y d i l u t e d e contaminating procedures such as CANDECON. 
(10) The r a d i a t i o n f i e l d s i n Douglas P o i n t were reduced markedly 
and e x c e l l e n t c o n t r o l of a c t i v i t y t r a n s p o r t i s b e i n g a c h i e v e d i n 
P i c k e r i n g . 

Mass T r a n s p o r t a t Very Low C o n c e n t r a t i o n s . Heavy Water 
P l a n t s . The phenomenon o f mass t r a n s p o r t a t very low c o n c e n t r a 
t i o n s i s not unique t o the r e a c t o r c o o l a n t systems. I t can o c c u r 
a l s o i n the heavy w a t e r p r o d u c t i o n p l a n t s . Table I I I compares 
i r o n t r a n s p o r t i n a r e a c t o r primary c i r c u i t and a GS p l a n t dehumi-
d i f i e r c i r c u i t and i l l u s t r a t e s the q u a n t i t i e s of i r o n t h a t can be 
t r a n s p o r t e d each day. While the c o n c e n t r a t i o n s i n the r e a c t o r s 
are t y p i c a l l y two o r d e r s o f magnitude l o w e r , the f l o w r a t e s a r e 
an o r d e r o f magnitude h i g h e r . The lower c o n c e n t r a t i o n i n the 
r e a c t o r s g i v e s a low e r d r i v i n g f o r c e f o r d e p o s i t i o n and the e f f i 
c i e n c y o f d e p o s i t i o n i s c o n s i d e r a b l y l o w e r . 

TABLE I I I 

Mass T r a n s p o r t a t Very Low C o n c e n t r a t i o n s 

P i c k e r i n g R e a c t o r 
P r i m a r y C i r c u i t y 

BHWP 
Steam H e a t e r 

( e a r l y o p e r a t i o n ) 

F l u i d Flow, kg/s 7800 400 
Approximate C o n c e n t r a t i o n , 

yg Fe/kg 
Fe T r a n s p o r t e d , k g Fe/day 

10 
7 

1000 
35 

Approximate D e p o s i t i o n R a t e , 
kg Fe/day 
k g Co/day 

0.02 
3 χ 10 -5 

10 

I n the f i r s t y e a r s o f o p e r a t i o n o f the Bruce Heavy Water 
P l a n t (BHWP) d e p o s i t i o n o f i r o n p y r i t e , FeS2* n e c e s s i t a t e d f r e 
quent c l e a n i n g o f the d e h u m i d i f i e r steam h e a t e r s . The i r o n 
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transport problem has gradually decreased i n BHWP due partly to 
replacement of carbon s t e e l pipe by stainless s t e e l i n some c r i 
t i c a l areas of the dehumidifier loop. A s i m i l a r problem of FeS^ 
deposition i n the holes of the hot tower sieve trays has also 
been overcome by better chemical control and increased gas velo
c i t i e s . 

The importance of chemistry i n other reactor c i r c u i t s w i l l 
be described i n the next two papers by Balakrishnan and L i s t e r 
(11) and Shoesmith (12). 

Future Trends 

The importance of chemistry to the nuclear power industry i s 
now well recognized. Chemical control i n water c i r c u i t s i s an 
accepted part of the operating requirements of nuclear generating 
stations, as i t i s for mo de rn f o s s i l - f i r e d stations. While there 
have been major advances i n knowledge of the chemistry of aqueous 
systems at temperatures above 100°C, there is s t i l l a need fo r 
further work. As we improve our understanding of thermodyηamics 
and kinetics of solid-aqueous reactions and the e f f e c t of radia
tion on them, we can expect further advances i n controlling radia
tion f i e l d s i n reactor c i r c u i t s and i n minimizing iron deposition 
in GS plants. 

In the heavy water production plants a b r i e f examination of 
the temperature change and water flowrates reveals the enormous 
amount of energy required and the importance of e f f i c i e n t and eco
nomic heat exchange. In fact the cost of heavy water i s dominated 
by two components, energy and c a p i t a l . Consequently there i s a 
large incentive to implement any advances which result i n an i n 
crease in extraction ef f i c i e n c y or t o t a l throughput. Such ad
vances are under continual investigation and being adopted as 
their effectiveness i s demonstrated. Further optimizations are 
l i k e l y for some time to come. Meanwhile new processes have 
reached the point where the next step i n their development would 
be demonstration scale work (13). Of particular interest i s a 
hydrogen amine exchange process which holds promise of economic 
v i a b i l i t y at low throughputs r e l a t i v e to GS plants. A convergence 
of the a v a i l a b i l i t y of large hydrogen streams and the need for new 
heavy water production capacity may o f f e r an opportunity for the 
introduction of such processes. 

Now that the f i r s t generation of nuclear power plants i s well 
established, more attention i s being focussed on the R&D required 
to ensure that nuclear power can continue to contribute to the 
energy supply for the foreseeable future. Two areas which are 
i n t e r d i s c i p l i n a r y but involve a large chemical input are waste 
disposal and fuel recycle. 

Radioactive Waste Disposal. There are two p r i n c i p a l types 
of radioactive materials produced i n the operation of nuclear 
generating stations. Over 99% of the radioactivity produced i s 
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c o n t a i n e d w i t h i n the f u e l b u n d l e s which a r e d i s c h a r g e d a t the end 
o f t h e i r u s e f u l l i v e s . The volume o f these i s r e l a t i v e l y s m a l l 
b u t they r e q u i r e s p e c i a l h a n d l i n g because of t h e i r h i g h l e v e l s o f 
r a d i o a c t i v i t y and the consequent r e l e a s e of heat as the r a d i o n u c 
l i d e s decay to s t a b l e n u c l i d e s . R e a c t o r waste i s the second t y p e , 
c o m p r i s i n g m a t e r i a l s w h ich become contaminated d u r i n g the r o u t i n e 
o p e r a t i o n o f the r e a c t o r . These i n c l u d e i o n exchange r e s i n s , 
f i l t e r s , r a g s , paper, e t c . T h e i r r a d i o a c t i v i t y l e v e l i s v e r y much 
lowe r b u t t h e i r volume can be s u b s t a n t i a l l y h i g h e r . T a b l e IV 
shows a comparison f o r a s t a t i o n o f 1000 MWe. 

TABLE IV 

Annual P r o d u c t i o n of R a d i o a c t i v e M a t e r i a l s 
(1000 MWe) 

R a d i o a c t i v i t y ^ C i Volume, m" 
(1 y e a r cooled) 

1. I r r a d i a t e d F u e l 1 0 8 70 
2. R e a c t o r Waste 

I o n Exchange R e s i n s 1500 25 
F i l t e r s 500 5 
Combustible 5 350 
L i q u i d s 5 1000 

I r r a d i a t e d F u e l . A l t h o u g h much o f t h e p l u t o n i u m produced i n 
CANDU r e a c t o r s i s consumed to produce energy w h i l e the f u e l i s 
s t i l l i n the r e a c t o r , the r e s i d u a l energy c o n t e n t o f the d i s 
charged f u e l i s s t i l l a t l e a s t as g r e a t as an e q u i v a l e n t amount 
of f r e s h uranium. However, to o b t a i n t h a t energy would r e q u i r e 
r e c o v e r y and r e c y c l e of the p l u t o n i u m ; t h i s i s n o t economic today 
nor l i k e l y t o be f o r many y e a r s . To put the q u a n t i t i e s of energy 
i n t o p e r s p e c t i v e , one can observe t h a t the energy c o n t e n t o f i r r a 
d i a t e d Canadian f u e l g enerated i n t h i s c e n t u r y i s l i k e l y t o be 
e q u i v a l e n t to s e v e r a l b i l l i o n b a r r e l s o f o i l , comparable t o our 
p r e s e n t r e s e r v e s o f c o n v e n t i o n a l o i l . 

Thus the c o n s i s t e n t Canadian p h i l o s o p h y has been to s t o r e 
i r r a d i a t e d f u e l r e t r i e v a b l y u n t i l a d e c i s i o n on i t s u l t i m a t e d i s 
p o s i t i o n i s n e c e s s a r y o r d e s i r a b l e . E x p e r i e n c e w i t h the s t o r a g e 
o f CANDU f u e l now extends o v e r 15 y e a r s and has p r o v i d e d c o n f i 
dence t h a t t h i s type of f u e l can be s t o r e d s a f e l y and e c o n o m i c a l l y 
f o r t h e order o f f i v e decades, u s i n g proven t e c h n o l o g y . 

In s t o r a g e t h e r e i s a c l e a r i n t e n t t o r e t r i e v e and f u r t h e r 
handle the m a t e r i a l a t some time i n the f u t u r e . D i s p o s a l i s taken 
to mean t h a t t h e r e i s no i n t e n t t o r e t r i e v e t h e m a t e r i a l , and t h a t 
i n the l o n g term t h e r e w i l l be no need f o r f u r t h e r human i n t e r 
v e n t i o n . 
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I n common w i t h the programs o f o t h e r c o u n t r i e s , AECL i n t e n d s 
to develop and demonstrate the technology f o r the d i s p o s a l o f 
r a d i o a c t i v e waste produced i n the o p e r a t i o n of n u c l e a r e l e c t r i c 
g e n e r a t i n g s t a t i o n s . Two b a s i c o p t i o n s a r e a v a i l a b l e as shown i n 
F i g u r e 1. F o l l o w i n g s t o r a g e e i t h e r a t the r e a c t o r s i t e s o r a t a 
c e n t r a l s t o r a g e f a c i l i t y one may: 

a) d i s p o s e of the f u e l , o r 
b) e x t r a c t u s e f u l m a t e r i a l s and d i s p o s e o f the waste. 
Both o f these r o u t e s r e q u i r e i m m o b i l i z a t i o n o f the m a t e r i a l 

to ensure a low r a t e of s o l u t i o n by w a t e r ; b o t h types o f i m m o b i l i 
z a t i o n i n v o l v e a l a r g e c h e m i s t r y component. The e a r l y approach of 
v i t r i f i c a t i o n p i o n e e r e d by AECL a t Chalk R i v e r some 20 y e a r s ago 
has s t o o d the t e s t o f time (7) and has now been adopted and f u r 
t h e r developed i n t e r n a t i o n a l l y f o r h a n d l i n g s e p a r a t e d waste. A 
v a r i e t y o f t e c h n i q u e s w i l l be e x p l o r e d f o r the i m m o b i l i z a t i o n o f 
f u e l . 

P r o s p e c t s f o r the d i s p o s a l o f the i m m o b i l i z e d m a t e r i a l s have 
been examined by s e v e r a l groups o f e x p e r t s around the w o r l d 
(14, 15, 16, 17, 18) and by a group headed by Dr. F.K. Hare, 
D i r e c t o r o f the I n s t i t u t e o f E n v i r o n m e n t a l S t u d i e s , U n i v e r s i t y o f 
Toronto ( 1 9 ) . An i n t e r n a t i o n a l consensus has emerged on the 
s a f e t y and s u i t a b i l i t y o f d i s p o s i n g o f i m m o b i l i z e d r a d i o a c t i v e 
waste by emplacement deep underground (300-1000 m) i n a v a r i e t y 
o f g e o l o g i c s t r a t a . 

The d i s p o s a l f a c i l i t y i n Canada i s expected t o be such an 
e n g i n e e r e d r e p o s i t o r y . A f t e r r e v i e w i n g t h e requirements f o r a 
r a d i o a c t i v e waste r e p o s i t o r y and work done i n o t h e r c o u n t r i e s , 
g e o l o g i s t s o f the G e o l o g i c a l Survey o f Canada (GSC) recommended 
t h a t i n t r u s i v e igneous r o c k s t r u c t u r e s and s a l t d e p o s i t s s h o u l d 
be e v a l u a t e d as p o t e n t i a l h o s t r o c k s f o r the r e p o s i t o r y . A l t h o u g h 
b o t h types o f f o r m a t i o n are b e i n g e v a l u a t e d , the emphasis i s b e i n g 
p l a c e d on igneous r o c k . 

A d e t a i l e d d i s c u s s i o n o f the c h e m i c a l a s p e c t s o f t h i s r a d i o 
a c t i v e waste d i s p o s a l program i s g i v e n by Tomlinson a t t h i s sym
posium (20) . 

R e a c t o r Wastes. The same fundamental approach o f i m m o b i l i 
z a t i o n and d i s p o s a l i s b e i n g t a k e n f o r r e a c t o r w a s t e s . Work has 
been underway i n AECL f o r s e v e r a l y e a r s on i m m o b i l i z a t i o n t e c h 
n i q u e s ( 2 1 ) . These i n c l u d e volume r e d u c t i o n p r o c e s s e s of i n c i n e 
r a t i o n f o r combustible m a t e r i a l s and r e v e r s e osmosis f o r concen
t r a t i n g s o l i d s from aqueous streams. The c o n c e n t r a t e s from these 
p r o c e s s e s w i l l be i m m o b i l i z e d i n bitumen. The deep underground 
d i s p o s a l f a c i l i t y developed f o r f u e l wastes w i l l most l i k e l y a l s o 
be used f o r the i m m o b i l i z e d r e a c t o r wastes. 

F u e l R e c y c l e . Although the commercial CANDU r e a c t o r s use the 
once-through n a t u r a l uranium f u e l c y c l e , i t has been r e c o g n i z e d 
f o r many y e a r s (22) t h a t e x c e p t i o n a l uranium u t i l i z a t i o n c o u l d be 
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CANDU REACTORS 

IMMOBILIZED WASTE 

L 

IMMOBILIZED FUEL 

J 
Figure 1. Management of irradiated Candu fuel 
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a c h i e v e d by the use of th o r i u m i n CANDU r e a c t o r s . I n a review o f 
energy s o u r c e s , H a r t (23) has i n d i c a t e d the enormous energy po
t e n t i a l o f Canada's e s t i m a t e d uranium and th o r i u m r e s o u r c e s com
pared to a l l f o s s i l f u e l s (Table V ) . The v a l u e s f o r uranium and 
th o r i u m f i s s i o n assume e f f i c i e n t r e c y c l e o f f i s s i o n a b l e m a t e r i a l s 

TABLE V 

Reasonably Proven Canadian Energy Resources 
from H a r t (23) 

Resource 
C o a l and L i g n i t e 
T o t a l C o n v e n t i o n a l O i l 
O i l Sands 
A l b e r t a Heavy O i l 
T o t a l C o n v e n t i o n a l Gas 
N u c l e a r F i s s i o n 
N u c l e a r F u s i o n 

Energy Content(Q) Reasonably Proven(Q) 
2.4 

0.4 - 0.6 
1.4 
0.15 

0.8 - 1.2 
6 x 1 0 4 - 6 x l 0 6 

6x10^ 6 x l 0 c 

1 Q = 10 18 B TU 
.21 

0.2 
0.047 

0.069 
66 
66 

= 1.05 χ 10 * J o u l e s 
C u r r e n t Canadian Consumption - 0.008 Q/a 

A major advantage o f the Canadian system i s t h a t the b a s i c 
CANDU r e a c t o r d e s i g n can be used f o r e f f i c i e n t t h o r i u m f u e l 
c y c l e s . Development of a new r e a c t o r , such as the f a s t b r e e d e r 
r e a c t o r , i s not n e c e s s a r y . Thorium f u e l l i n g c o u l d be i n i t i a t e d 
u s i n g e i t h e r 235y o r p l u t o n i u m as f i s s i o n a b l e m a t e r i a l . Of p a r 
t i c u l a r i n t e r e s t i s the f a c t t h a t a 30 y e a r a c c u m u l a t i o n o f spent 
f u e l (4130 MgU) from a 1000 MWe n a t u r a l uranium f u e l l e d CANDU 
r e a c t o r c o u l d p r o v i d e s u f f i c i e n t m a t e r i a l to s t a r t up and operate 
1400 MWe f o r 30 y e a r s on a h i g h burnup t h o r i u m c y c l e . A l t e r n a 
t i v e l y , i t c o u l d be used to s t a r t up 2200 MWe and ope r a t e i n d e 
f i n i t e l y on a lower burnup s e l f - s u f f i c i e n t t horium c y c l e ; t h i s 
would have a h i g h e r f u e l c y c l e c o s t due to the more f r e q u e n t r e 
c y c l i n g n e c e s s i t a t e d by the lo w e r burnup. Thus the s t o c k s o f 
i r r a d i a t e d n a t u r a l uranium i n r e t r i e v a b l e s t o r a g e o f f e r e x c e l l e n t 
f u e l c y c l e f l e x i b i l i t y f o r the CANDU system. 

AECL has e v a l u a t e d some o f the b a s i c i n f o r m a t i o n and d e v e l o p 
ment requirements i n some d e t a i l (24, 25) and has o u t l i n e d the 
type o f f u e l r e c y c l e development program which would be r e q u i r e d . 
I t would i n v o l v e r e s e a r c h and development o f t h o r i u m f u e l s and 
f u e l f a b r i c a t i o n methods, r e p r o c e s s i n g , d e m o n s t r a t i o n o f f u e l 
management tech n i q u e s and p h y s i c s c h a r a c t e r i s t i c s i n e x i s t i n g 
CANDU r e a c t o r s and dem o n s t r a t i o n o f technology i n h e a l t h , s a f e t y , 
e n v i r o n m e n t a l , s e c u r i t y and economics a s p e c t s of f u e l r e c y c l e . 
The program would have to p r o v i d e a l l the necessary i n f o r m a t i o n 
f o r a d e c i s i o n on i n d u s t r i a l s c a l e i m p l e m e n t a t i o n o f f u e l r e c y c l e . 
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I t would r e q u i r e 20 to 25 y e a r s to complete the r e s e a r c h , 
development and d e m o n s t r a t i o n program. T h i s i s c o m p a t i b l e w i t h 
the p r e s e n t Canadian uranium r e s o u r c e s s i t u a t i o n . Chemistry and 
c h e m i c a l e n g i n e e r i n g would p l a y a major r o l e i n most areas o f 
such a f u e l r e c y c l e program. 

Meanwhile AECL and o t h e r Canadian departments and a g e n c i e s 
are p a r t i c i p a t i n g a c t i v e l y i n the I n t e r n a t i o n a l N u c l e a r F u e l 
C y c l e E v a l u a t i o n (INFCE) t o study a l l f u e l c y c l e o p t i o n s . No 
d e c i s i o n s on expansion o f the p r e s e n t r e s e a r c h l e v e l on t h o r i u m 
f u e l s w i l l be t a k en u n t i l i n f o r m a t i o n from INFCE has been e v a l u 
a t e d by the Canadian Government. 

How Many Chemists and Chemical E n g i n e e r s ? 

There i s no d e t a i l e d documentation of the number of chemists 
and c h e m i c a l e n g i n e e r s employed i n the n u c l e a r power i n d u s t r y . 
W i t h i n AECL t h e r e are 300 i n a t o t a l s t a f f o f 6000 (5%) . W i t h i n 
O n t a r i o Hydro (26) t h e r e are a p p r o x i m a t e l y 145 i n a t o t a l s t a f f 
of 3300 a s s o c i a t e d w i t h n u c l e a r power g e n e r a t i o n ( 4 . 4 % ) . The 
Canadian N u c l e a r A s s o c i a t i o n (CNA) e s t i m a t e s t h a t i n 1976 t h e r e 
were about 18,400 people employed i n the Canadian n u c l e a r i n d u s 
t r y , e x c l u d i n g the uranium i n d u s t r y ( 2 7 ) . I f about 4% o f these 
were chemists o r c h e m i c a l e n g i n e e r s , one can e s t i m a t e t h a t a 
t o t a l o f about 700 were employed i n the i n d u s t r y a t t h a t t i m e . 
There i s l i k e l y to be c o n s i d e r a b l e expansion o f the i n d u s t r y by 
1985, p a r t i c u l a r l y i n the u t i l i t i e s such as O n t a r i o Hydro, Hydro 
Québec, and New Brunswick Power which a l r e a d y have a d d i t i o n a l 
n u c l e a r c a p a c i t y under c o n s t r u c t i o n . The e x p a n s i o n w i l l i n t u r n 
p r o v i d e new o p p o r t u n i t i e s f o r members of t h i s p r o f e s s i o n . 

Summary 

The n u c l e a r e l e c t r i c power i n d u s t r y i s now w e l l e s t a b l i s h e d 
as an energy produ c e r . I t s development has produced many chemi
c a l c h a l l e n g e s , some t r a d i t i o n a l , some unique. Chemists and 
c h e m i c a l engineers have been h i g h l y s u c c e s s f u l i n meeting these 
c h a l l e n g e s and thereby have made a major c o n t r i b u t i o n to the e x 
c e l l e n t performance of the CANDU n u c l e a r system. The h i g h s t a n 
dards of c h e m i c a l performance must be m a i n t a i n e d . Some areas f o r 
f u r t h e r advances are a l r e a d y i d e n t i f i e d and, l i k e any o t h e r i n d u s 
t r y , new c h a l l e n g e s w i l l a r i s e . As the i n d u s t r y expands i n r e 
sponse to energy demands, chemists and c h e m i c a l e n g i n e e r s w i l l be 
c a l l e d upon i n i n c r e a s i n g numbers to p a r t i c i p a t e i n t h i s s t r a t e g i c 
element o f the n a t i o n ' s l o n g term energy s u p p l y . 
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Chemistry for Millennia 

Chemistry Research Topics for Long-Term Retention 
of Radioactive Wastes Deep Underground 

M. TOMLINSON 
Atomic Energy of Canada Limited, Whiteshell Nuclear Research Establishment, 
Pinawa, Manitoba, Canada ROE ILO 

This paper is concerned primarily with the application of 
chemistry to the control of radioactive waste products from the 
use of nuclear energy. As far as immediate effects are concerned, 
nuclear power from uranium is a particularly clean energy source 
(1). The radioactive waste products are well contained within the 
used fuel bundles. Since some constituents of the radioactive 
wastes take almost a thousand years to decay to an innocuous level 
and a few persist for many millennia, e.g. 239Pu, we have to ensure 
that the wastes remain well contained for this length of time. 
This is to be achieved by deep underground disposal of the wastes, 
the objective of which is to isolate them from man and the bio
sphere until they become innocuous. This time span is short, 
geologically speaking, i . e . in comparison with the periods of time 
that many deep underground geologic formations are known to have 
remained stable. 

The underground d i s p o s a l system c o n s i s t s i n essence of a 
s e r i e s o f b a r r i e r s which p r e v e n t d i s t u r b a n c e o f the wastes and 
i n h i b i t escape o f r a d i o a c t i v e n u c l i d e s . I n g e n e r a l , each b a r r i e r 
a l o n e and i n d e p e n d e n t l y o f t h e r e s t i s c a p a b l e , under a p p r o p r i a t e 
c i r c u m s t a n c e s , o f r e t a i n i n g the wastes f o r the r e q u i s i t e time 
p e r i o d . S e v e r a l such b a r r i e r s t o g e t h e r can p r o v i d e a h i g h degree 
of a s surance t h a t adequate i s o l a t i o n i s m a i n t a i n e d . The b a s i c 
components o f the system a r e : 

- The Waste form i t s e l f w h i c h w i l l c o n s i s t o f a s t a b l e s o l i d 
m a t r i x o f low s o l u b i l i t y . 

- Metal or ceramic containers around the waste form which may 
be i n t e n d e d f o r l o n g - t e r m or v e r y s h o r t - t e r m containment. 

- An excavated zone which has been b a c k f i l l e d and sealed. 
T h i s w i l l i n f l u e n c e t he f l o w of groundwater t o and from the 
wastes and the c h e m i c a l c o m p o s i t i o n o f the groundwater. A l s o 
I t w i l l adsorb water-borne r a d i o a c t i v e n u c l i d e s and r e t a r d 
t h e i r movement. 

- A geologic formation, consisting of several hundred metres of 
rock and overburden, which performs s e v e r a l f u n c t i o n s . I t 

This chapter not subject to U.S. Copyright. 
Published 1979 American Chemical Society. 
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p r e v e n t s w e a t h e r i n g , e r o s i o n o f the wastes and d i s t u r b a n c e by 
p l a n t s , a n i m a l s and t h e a c t i v i t i e s o f man. A l s o , i t i n h i b i t s 
t h e f l o w o f groundwater t o and from the wastes, and c o n t r o l s 
the c h e m i c a l c o m p o s i t i o n o f the groundwater. Moreover, adsorp
t i o n on the r o c k w i l l r e t a r d t he movement o f water-borne r a d i o 
n u c l i d e s . 

The t a s k o f t h e chemist i s t o d e l i n e a t e the c o n d i t i o n s under 
which the c h e m i c a l f u n c t i o n s o f the b a r r i e r s w i l l be performed 
s a t i s f a c t o r i l y . I n t h i s paper, I w i s h t o r e v i e w what we need t o 
know about the c h e m i c a l b e h a v i o u r o f t h i s system i n pragmatic 
terms and then attempt t o summarize what advances i n fundamental 
c h e m i c a l knowledge and da t a w i l l h e l p t o answer these q u e s t i o n s . 

S i n c e t r a n s p o r t by water i s v i r t u a l l y the o n l y a v a i l a b l e 
mechanism f o r escape, we w i l l be pr e d o m i n a n t l y concerned w i t h the 
c h e m i s t r y of aqueous s o l u t i o n s a t the i n t e r f a c e w i t h i n o r g a n i c 
s o l i d s - m a i n l y o x i d e s . These w i l l be a t o r d i n a r y t o somewhat 
e l e v a t e d temperatures, 20-200°C, because o f t h e h e a t i n g e f f e c t s 
of r a d i o a c t i v e decay d u r i n g the f i r s t m i l l e n n i u m . The elements 
p r i m a r i l y o f i n t e r e s t ( T a b l e I ) a r e the more p e r s i s t e n t f i s s i o n 
p r o d u c t s which o c c u r i n v a r i o u s p a r t s o f the p e r i o d i c t a b l e , and 
the a c t i n i d e s , p a r t i c u l a r l y uranium and t h o r i u m and, most impor
t a n t o f a l l , p l u t o n i u m . 

TABLE I 

SOME IMPORTANT RADIONUCLIDES 

l«f C 9 0 S r 9 9 X c 1 2 9 ! 1 3 7 C s 

2 3 2 ^ 235TJ 238TJ 239p u 2 ^ 1 ^ 

What Do We Want To Know? 

The pragmatic q u e s t i o n s a r e : 

- How slowly does the r a d i o a c t i v i t y go into solution in the 
groundwater? 

- What concentration does i t attain? 
S i n c e the water movement w i l l be v e r y slow compared w i t h the 
r a t e a t which the wastes d i s s o l v e , we a r e concerned f i r s t and 
foremost w i t h e q u i l i b r i u m s o l u b i l i t y . A l s o , i f o n l y t o r e l a t e 
b e h a v i o u r on t h e g e o l o g i c a l time s c a l e t o t h a t on the l a b o r a 
t o r y time s c a l e , we w i l l need t o know about the mechanisms and 
k i n e t i c s o f d i s s o l u t i o n and l e a c h i n g . The waste forms e n v i 
saged a t p r e s e n t are g l a s s b l o c k s c o n t a i n i n g s e p a r a t e d f i s s i o n 
p r o d u c t s and r e s i d u a l a c t i n i d e s f u s e d i n t o the g l a s s and, 
a l t e r n a t i v e l y , the uranium d i o x i d e m a t r i x o f the used f u e l 
c o n t a i n i n g unseparated f i s s i o n p r o d u c t s and p l u t o n i u m . I n the 
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same c o n t e x t , we may be i n t e r e s t e d i n t h e r a t e o f d i s s o l u t i o n 
of c o n t a i n e r m a t e r i a l s . 

- How strongly i s water transport of the radionuclides retarded 
by sorption on the b a c k f i l l and sealing materials and the 
enclosing rocks? 
Here a g a i n we a r e concerned w i t h the e q u i l i b r i u m s o r p t i o n 
c h a r a c t e r i s t i c s f o r a l l a v a i l a b l e s o r p t i o n p r o c e s s e s . A l s o , 
we need t o have s u f f i c i e n t knowledge o f the s o r p t i o n mechan
isms and k i n e t i c s to r e l a t e g e o l o g i c t o l a b o r a t o r y c o n d i t i o n s . 
L i k e w i s e we r e q u i r e a comparable u n d e r s t a n d i n g o f the d i s p l a c e 
ment and r e l e a s e p r o c e s s e s which p e r m i t m i g r a t i o n t o proceed. 

- How do the pertinent properties of the waste form change 
with time? 
Here we a r e concerned w i t h changes i n the s o l i d s t r u c t u r e of 
the waste form, such as d e v i t r i f i c a t i o n and phase s e p a r a t i o n 
i n w a s t e - c o n t a i n i n g g l a s s e s . Thus we need t o understand the 
mechanisms and k i n e t i c s o f the s o l i d - s t a t e t r a n s f o r m a t i o n s 
and the e f f e c t o f these changes on the s o l u b i l i t y o f the 
wastes. B e s i d e s the t r a n s f o r m a t i o n s t h a t might occur i n 
the d r y s t a t e , we a l s o need to know what hydr o t h e r m a l changes 
might o c c u r . 

I t w i l l be c o n v e n i e n t t o examine the u n d e r l y i n g c h e m i s t r y i n 
terms o f i n t e r a c t i o n s o f p a i r s of c o n s t i t u e n t s o f the r e p o s i t o r y 
and, f i n a l l y , the waste-form s t a b i l i t y i t s e l f : 

water-waste form ( g l a s s o r U O 2 ) 
w a t e r - r o c k 
waste-rock 
waste-form - time ( i . e . s t a b i l i t y ) 

Water-Waste I n t e r a c t i o n s . I t i s a p p r o p r i a t e t o examine the 
water-waste i n t e r a c t i o n s f i r s t s i n c e t h i s i s an e x t e n s i o n o f our 
p r e v i o u s i n t e r e s t s i n the h i g h temperature s o l u b i l i t y and mass 
t r a n s f e r of c o r r o s i o n p r o d u c t s i n power p l a n t s (2) and our p e r 
c e p t i o n s i n t h i s a r e a a r e t h e r e f o r e w e l l developed. 

S o l u b i l i t i e s can be o b t a i n e d from f r e e energy d a t a , and v i c e 
v e r s a , by means o f r e l a t i o n s * such as the f o l l o w i n g ( E q u a t i o n s 2, 
3) which p e r t a i n t o a s i m p l e o x i d e , A (= M0 X) g i v i n g s o l u t i o n 
s p e c i e s Β ( E q u a t i o n 1 ) . 

a c t i v i t y o f s o l u t i o n s p e c i e s Β 
s t a n d a r d f r e e energy change o f r e a c t i o n 1 
s a t u r a t i o n c o n c e n t r a t i o n of A i n s o l u t i o n 
a c t i v i t y c o e f f i c i e n t o f Β 

a B 

AG° = 
C s -
^B = 
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αΑ + $H+ + %δΗ 2 = δΒ + εΗ 20 (1) 
-AG° β γ 

l o g a B = 2.303RT6 + δ p H T + 2δ l o g P H , <2> 

C s = Σ (α/δ)(β Β/γ Β) (3) 

D e t a i l e d d i s c u s s i o n s a r e a v a i l a b l e elsewhere (3,4) . S o l u b i l i t y 
d a t a o b t a i n e d i n t h i s way f o r c r y s t a l l i n e U0 2 a r e shown i n F i g u r e 
1 which a l s o i n d i c a t e s how the s o l u b i l i t y depends on a c i d i t y , 
r e d o x - p o t e n t i a l , and carbonate c o n c e n t r a t i o n ( 5 ) . 

To use these e x p r e s s i o n s , f r e e energy v a l u e s a r e r e q u i r e d 
f o r aqueous i o n s and o t h e r d i s s o l v e d s p e c i e s a t e l e v a t e d tempera
t u r e . I n l i e u o f e x p e r i m e n t a l d a t a , which a r e s p a r s e , the h i g h 
temperature f r e e energy v a l u e s a r e c a l c u l a t e d from room tempera
t u r e d a t a . Three p r i n c i p a l methods o f c a l c u l a t i o n a re i n use. 
I n o r d e r o f i n c r e a s i n g r e f i n e m e n t , these a r e as f o l l o w s : 

1. The r e l a t i o n (4) may be i n t e g r a t e d u s i n g the room temperature 
v a l u e o f the s p e c i f i c heats o f the i o n s i n s o l u t i o n * . 

G T " G?QR = " δ " [ Τ ~ 2 9 8 · 1 5 ] " ΎΓ C° d T +Γ C° d T <4> 
2 9 8 2 9 8 Λ 9 8 I J298 ? 

2. An e q u i v a l e n t e x p r e s s i o n i n terms o f e n t r o p i e s may be used 
a l o n g w i t h entropy v a l u e s determined by the e m p i r i c a l C r i s s -
Cobble p r i n c i p l e ( 6 ) . 

3. The c a l c u l a t i o n may be based on a r e c e n t l y e v o l v e d t h e o r e t i c a l 
e l e c t r o s t a t i c model f o r i o n i c h y d r a t i o n ( 7 ) . 

U s i n g methods 2. and 3., my c o l l e a g u e , P.R. Tremaine, has 
extended the c a l c u l a t e d s o l u b i l i t y d a t a f o r U0 2 ( l i k e t h a t i n 
F i g u r e 1) and f o r (U,Pu)0 2 up to 473 Κ ( 5 ) . 

To o b t a i n and v e r i f y such d a t a as t h e s e and f a c i l i t a t e the 
e x t e n s i o n to the broad range of complex mixed o x i d e systems of 
i n t e r e s t , we r e q u i r e : 

the s t a n d a r d p a r t i a l m o l a l f r e e energy o f f o r m a t i o n 
o f a s p e c i e s i n s o l u t i o n a t temperature Τ i n the hypo
t h e t i c a l s t a n d a r d s t a t e o f u n i t a c t i v i t y and a t a 
p r e s s u r e of 0.1 MPa, from the elements i n t h e i r 
s t a n d a r d s t a t e a t 298K. 
the s t a n d a r d p a r t i a l m o l a l entropy o f a s p e c i e s i n 
s o l u t i o n a t 298K (S° (H+) Ξ 0 ) . 
the s t a n d a r d p a r t i a l m o l a l heat c a p a c i t y o f the 
s p e c i e s i n s o l u t i o n . 
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- 2 h 

uo2 
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- 1 6 -
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2 4 6 8 10 12 

pH 

Figure 1. UOt solubility from thermochemical computations: concentration of 
U in a saturated aqueous solution at 25° C as a function of pH showing influence 
of redox potential (expressed in terms of eqilibrium hydrogen pressure) and dis
solved COM. (O) 10s Pa H2; Ο 10'10 Pa Ht; (A) 10'4 M COt and 1010 Pa H2. 
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- More and b e t t e r s o l u b i l i t y d a t a f o r s i m p l e and complex o x i d e s 
( g l a s s e s , UO2 m a t r i c e s ) a t e l e v a t e d temperatures and p r e s s u r e s 
and improved t e c h n i q u e s f o r measuring s m a l l s o l u b i l i t i e s . 
S o l u b i l i t y d a t a f o r s i m p l e o x i d e s p r o v i d e thermochemical d a t a , 
f r e e e n e r g i e s i n p a r t i c u l a r , which a l l o w p r e d i c t i o n o f s o l u b i 
l i t i e s f o r complex o x i d e s . S o l u b i l i t y d a t a f o r some complex 
o x i d e s a r e a l s o n e c e s s a r y i n o r d e r t o v e r i f y the methods o f 
p r e d i c t i o n s f o r complex o x i d e s and e s t a b l i s h key p o i n t s . 

- Heat c a p a c i t y d a t a f o r i o n s i n aqueous s o l u t i o n over t h e 
temperature range 25-200°C. Such d a t a f o r i o n i c s p e c i e s 
of uranium, p l u t o n i u m , o t h e r a c t i n i d e s and v a r i o u s f i s s i o n 
p r o d u c t s such as cesium, s t r o n t i u m , i o d i n e , t e c h n e t i u m , and 
o t h e r s a r e o f foremost i n t e r e s t . 

Improved t h e o r e t i c a l models f o r i o n i c h y d r a t i o n and t h e v a r i a 
t i o n s w i t h temperature o f the s o l v a t i n g p r o p e r t i e s of water so 
t h a t the f r e e e n e r g i e s can be more a c c u r a t e l y e x t r a p o l a t e d t o 
e l e v a t e d temperatures. These models must p r o g r e s s from s i m p l e 
monovalent i o n s t o p o l y v a l e n t and complex i o n s , e.g. Cs+, Sr^+, 
Pu^+, U 0 | + , i o n s o f Tc, I , e t c . 

- Complexation c o n s t a n t s f o r i m p o r t a n t r a d i o n u c l i d e s , e.g. Pu, 
U, w i t h common groundwater c o n s t i t u e n t s , e.g. H C O 3 , H S 0 Ç , HS~. 
V a l u e s a r e r e q u i r e d f o r t h e 2 0 - 2 0 0 ° C temperature range o r 
models which w i l l p e r m i t e x t r a p o l a t i o n over t h i s range. 

Water-Rock I n t e r a c t i o n s . There a r e t h r e e main w a t e r - r o c k 
i n t e r a c t i o n s : 
- The e s t a b l i s h m e n t o f the groundwater c o m p o s i t i o n by the r o c k 

and t h e b a c k f i l l m a t e r i a l s o f t h e r e p o s i t o r y . 

- Changes i n s u r f a c e s t r u c t u r e of r o c k c o n s t i t u e n t s by water 
a c t i o n . 

- Hydrothermal changes o f r o c k c o m p o s i t i o n . 

F o r s l o w l y moving water deep i n r o c k , the groundwater compo
s i t i o n w i l l be e s t a b l i s h e d by s o l u b i l i t y e q u i l i b r i a . The t h e o r e 
t i c a l knowledge and b a s i c d a t a requirements f o r these a r e 
e n t i r e l y analogous t o those d i s c u s s e d above f o r d i s s o l u t i o n o f 
the wastes. 

E l e c t r o n microscope e x a m i n a t i o n shows t h a t f r e s h l y c l e a v e d 
r o c k s u r f a c e s undergo e x t e n s i v e m o d i f i c a t i o n s when they a r e 
exposed t o w a t e r . We need t o know about such changes i n o r d e r 
to c o r r e c t l y r e l a t e l a b o r a t o r y r e s u l t s t o l o n g term b e h a v i o u r . 

The d i r e c t i o n o f l o n g - t e r m changes i n r o c k c o m p o s i t i o n due 
to the a c t i o n o f groundwater can be determined by thermochemical 
c a l c u l a t i o n s o f the e q u i l i b r i a between v a r i o u s p o s s i b l e c o n s t i 
t u e n t s ( 8 ) . A p p r o p r i a t e thermochemical d a t a a r e r e q u i r e d . Exper-
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i m e n t a l s t u d i e s o f a c c e l e r a t e d changes a t h i g h e r temperatures 
w i l l p r o v i d e k i n e t i c i n f o r m a t i o n to e s t i m a t e which changes may 
proceed t o a s i g n i f i c a n t e x t e n t . 

Waste-Rock I n t e r a c t i o n s . Under the heading of waste-rock 
i n t e r a c t i o n s , we have f i r s t l y the v a r i o u s p r o c e s s e s which c o n t r i 
bute t o the s o r p t i o n o f r a d i o n u c l i d e s by the r o c k ( F i g u r e 2) and, 
s e c o n d l y , b u l k changes due to h y d r o t h e r m a l i n t e r a c t i o n s between 
waste and r o c k l e a d i n g t o mass and a c t i v i t y t r a n s p o r t . 

R a d i o n u c l i d e m i g r a t i o n w i l l be c o n t r o l l e d by s u r f a c e adsorp
t i o n and ion-exchange e q u i l i b r i a f o r which an i m p o r t a n t r e q u i r e 
ment i s a knowledge o f t h e f r e e e n e r g i e s i n s o l u t i o n o f p l u t o n i u m , 
uranium and o t h e r a c t i n i d e i o n s a t e l e v a t e d temperatures, as 
a l r e a d y d i s c u s s e d i n c o n n e c t i o n w i t h s o l u b i l i t y . Furthermore, 
thermochemical d a t a a r e r e q u i r e d f o r the f r e e e n e r g i e s o f t h e 
v a r i o u s adsorbed s t a t e s on the s u r f a c e s o f r o c k m i n e r a l s . To 
u t i l i z e these d a t a , we r e q u i r e t r a c t a b l e t h e o r e t i c a l and concep
t u a l models f o r the chromatographic b e h a v i o u r o f s o l u t i o n s 
advancing through c r a c k e d o r f r a c t u r e d r o c k . Models have been 
developed f o r a l k a l i and a l k a l i n e e a r t h i o n m i g r a t i o n i n s o i l s 
(9) and s i m p l e f e l d s p a r s ( 1 0 ) . These models must be extended t o 
i n c l u d e s o l i d - s t a t e d i f f u s i o n , p r e c i p i t a t i o n , and the decay and 
growth o f s p e c i e s through t r a n s m u t a t i o n ( 1 1 ) . 

Thermochemical e q u i l i b r i u m c a l c u l a t i o n s such as a r e used t o 
p r e d i c t the d i r e c t i o n o f h y d r o t h e r m a l t r a n s f o r m a t i o n s o f r o c k 
m i n e r a l s (8) can a l s o be used t o determine the d i r e c t i o n of hydro-
t h e r m a l t r a n s f o r m a t i o n s o f the waste form (12) and t o e s t i m a t e 
mass and a c t i v i t y t r a n s p o r t by water i n the waste-rock system. 
S i n c e the time s c a l e i s s h o r t g e o l o g i c a l l y , k i n e t i c measurements 
are e s s e n t i a l . Because we a r e s t u d y i n g movement o f r a d i o n u c l i d e s , 
v e r y slow changes can be observed by r a d i o a c t i v i t y c o u n t i n g t e c h 
n i q u e s . I t may a l s o be advantageous t o a c c e l e r a t e the p r o c e s s e s 
by employing e l e v a t e d temperatures - say up t o 300°C. Thus we 
can expect development and a p p l i c a t i o n o f v e r y s e n s i t i v e t e c h 
n i q u e s f o r the s t u d y of h y d r o t h e r m a l i n t e r a c t i o n s between s o l i d s 
c o n t a i n i n g r a d i o a c t i v e waste and the m i n e r a l s o f r o c k s . No doubt 
these s t u d i e s w i l l a i d p r o g r e s s i n the u n d e r s t a n d i n g o f geo-
c h e m i c a l p r o c e s s e s g e n e r a l l y . 

Waste-Form S t a b i l i t y . I f they o c c u r a t a l l , s o l i d s t a t e 
t r a n s f o r m a t i o n s i n d r y g l a s s and U0 2 m a t r i c e s w i l l be too slow 
under t h e temperature c o n d i t i o n s of s e r v i c e t o be o b s e r v a b l e i n 
the l a b o r a t o r y a t the same temperature. Here we need to e x t r a 
p o l a t e from h i g h temperature l a b o r a t o r y c o n d i t i o n s to low tempera
t u r e s e r v i c e c o n d i t i o n s . I t w i l l be d e s i r a b l e t o develop an i n t i 
mate knowledge o f t h e p r o c e s s e s o f phase s e p a r a t i o n and d e v i t r i 
f i c a t i o n o f sodium b o r o s i l i c a t e g l a s s e s a t temperatures below the 
s o f t e n i n g p o i n t by m e t i c u l o u s a p p l i c a t i o n of e l e c t r o n m i c r o s c o p i c , 
X-ray c r y s t a l l o g r a p h i c and o t h e r t e c h n i q u e s . The g l a s s e s w i l l 
c o n t a i n i n a c t i v e elements r e p r e s e n t a t i v e o f the f i s s i o n p roduct 
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Figure 2. Adsorption of radionuclides on rock minerah. (a) (Top) Photomacro-
graph of a polished granite surface after exposure to a solution of radio-cesium 
(137Cs* + 134Cs*). Dark areas are exposed mica crystallites, (b) (Bottom) Auto-

radiograph of same surface showing uptake of cesium by mica. 
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and a c t i n i d e components o f the wastes. S i m i l a r s t u d i e s w i l l be 
c a r r i e d out f o r c r y s t a l l i n e U0 2 m a t r i c e s a t temperatures above 
1000°C. Phase s e p a r a t i o n may y i e l d some phases which have h i g h e r 
s o l u b i l i t y . Thus the e f f e c t s o f phase s e p a r a t i o n and d e v i t r i f i 
c a t i o n on the s o l u b i l i t y c h a r a c t e r i s t i c s w i l l be determined by 
measurements on g l a s s e s which have been d e l i b e r a t e l y t ransformed 
by a p p r o p r i a t e heat t r e a t m e n t . These r e s u l t s w i l l be used to 
t e s t t h e o r e t i c a l p r e d i c t i o n s u s i n g thermochemical c a l c u l a t i o n s . 

I n the wetted c o n d i t i o n , h ydrothermal t r a n s f o r m a t i o n s of the 
waste form may o c c u r a t the temperature o f s e r v i c e . Changes may 
occur e i t h e r by d i s s o l u t i o n and r e - p r e c i p i t a t i o n o r by a s s i m i l a 
t i o n o f water i n t o t h e i n t e r n a l s t r u c t u r e s o f t h e o x i d e m a t r i c e s . 
The thermochemical e s s e n t i a l s f o r h y d r o t h e r m a l r e c r y s t a l l i s a t i o n 
have a l r e a d y been r e f e r r e d t o p r e v i o u s l y i n t h i s paper. We a l s o 
need t o develop an adequate knowledge o f the w a t e r - c a t a l y s e d 
s t r u c t u r a l t r a n s f o r m a t i o n s . 

C o n c l u s i o n s 

Research and development i s i n p r o g r e s s f o r the f i n a l major 
stage i n the l a r g e - s c a l e e x p l o i t a t i o n o f n u c l e a r power, namely the 
underground d i s p o s a l o f r a d i o a c t i v e wastes. S e v e r a l areas have 
been i d e n t i f i e d where advances i n b a s i c c h e m i c a l knowledge and 
data can h e l p f u l f i l the p r a c t i c a l r equirements o f t h i s energy 
t e c h n o l o g y . I n p a r t i c u l a r , we r e q u i r e more knowledge o f the 
h y d r a t i o n , complexing and thermochemistry o f a c t i n i d e elements 
i n aqueous s o l u t i o n a t moderately e l e v a t e d temperatures, t h e i r 
a d s o r p t i o n and ion-exchange p r o p e r t i e s on r o c k m i n e r a l s and 
p o s s i b l e phase s e p a r a t i o n s i n g l a s s y and c r y s t a l l i n e m a t r i c e s 
c o n t a i n i n g them. I n answering these pragmatic q u e s t i o n s , we 
s h a l l undoubtedly s t i m u l a t e advances i n t h e o r e t i c a l knowledge, 
p a r t i c u l a r l y i n c o n n e c t i o n w i t h the p r o p e r t i e s o f aqueous s o l u 
t i o n s and i n geochemical p r o c e s s e s . There w i l l a l s o be s p i n - o f f s 
i n o t h e r t e c h n o l o g i e s such as the l o c a t i o n and e x p l o i t a t i o n o f 
m i n e r a l s and a l s o i n the d i s p o s a l o f n o x i o u s substances from 
o t h e r energy sources and i n d u s t r y g e n e r a l l y .  P
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Nova Scotia coal 96 
Nuclear power 322,336 

Kolbel-Engelhardt synthesis 23 
Koppers-Totzek reactor 16 

Light energy (see solar energy) 
Light metals 266,266* 
Lignin 194* 
Lignite 47* 
Liquefaction 

coal 15,18,19,22,140,145/ 
chemistry 14 
cost 22,147*, 148*, 149* 

partial conversion 18,20 
wood 160 

cost 160 
Liquid fuels 120,133,156,161* 
Lurgi-Ruhrgas process 16, 30 

Occidental flash pyrolysis system 140 
cost 142*, 143* 

Oi l 
conversion to 138,144/ 
cost 6,30 
desulfurization 51 
extraction 29 

microemulsions 34/ 
recovery 28 

primary 33 
tertiary 33 

sands 20,22,28,56,161* 
bitumen desulfurization 56 

shales 47* 
Organic decomposition 110 
Organosulfur compounds from 

inorganic sulfate 46,46/, 50 
Oxidized bituminous coal 96, 97* 

M 

Macérais 19,25 
Makon surfactant 69, 72/, 74*, 75/ 
Manure 

economic feasibility 110 
handling I l l 
methane production 109 

Partial conversion 18 
Passive metals 286 
Peace River deposit 29 
Petroleum 

formation 131 
products 134* 
substitution 133 
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Phalen seam coal 96,101/, 102/, 103* 
Phase diagrams 37, 38/, 40/, 41/ 
Photochemical 

conversion 6,202,204/ 
electricity generation 2Γ7 
storage 203 

Photoelectrochemical 
conversion .217,242 
experimental 242 
theory 243 

Photooxidation 237 
Photosynthesis 6,120 
Poplar 138 
Post-combustion desulfurization 59,62* 
Pyrites (FeS 2 ) 45,53 
Pyrolysis 20,23,96,140,141/, 151/ 

cost 142*, 143* 

R 

Radioactive waste 336 
Radionuclides 337, 337* 
Redox reactions 245 

homogeneous 214,216* 
Refinery desulfurization 51 
Resource assessment, biomass 

utilization 165,167/ 

S 
Second generation gasifiers 17 
Semi-coke 97,99/, 100/ 
Semi-conductor 243 

photo effects 222 
Siemens, Sir William 12 
SNG, high-btu 17 
Solar energy 
conversion 202, 242 

thermodynamic limits 205 
cost 6 
storage 202,221 

efficiency 211 
kinetic limitation 210 

wavelength 203,206/ 
Solar heat 3,165 

photoelectrochemical generation 217 
Solid polymer electrolytes 279 
Solid state electrolytes 276 
Solubilizer 37 
Solvent-aqueous-surfactant 

process 66,68/, 77/ 
Solvent-refined coal (SRC) 18 
Starch 153 
Storage battery 255, 267* 

development 259 
research 262 

Sulfur 45,47* 
cycle 120 

Surface tension measurements 67 
Surfactants 67 
Swedish Bahco Process 60 
Synthetic fuels 7, 23 

process 18 
Synthane process 17 

Τ 

Tar sands 48,49/, 66 
adhesion tensions 73 
cost 6 
extraction 67,68/, 70/ 
NPE surfactants 69 

Technology assessment, biomass 
utilization 165 

Ternary phase diagrams 37,38/, 40/, 41/ 
Ter*-butoxyethanol in micro-

emulsion 35, 36/ 
Tertiary oil recovery 33 
Texaco gasifier 17 
Thermal conversion 140 

hydrogénation 96,98#, 99/, 103* 
Triethylamine in microemulsion 35,36/ 
Triton surfactant 69, 72/, 74/ 
TVA dry limestone process 60 
Tween surfactants 73,76/ 

U 

Union Carbide purox system 146 
U.S. Bureau of Mines (BuMines) 

waste liquefaction process 140 
cost 147*, 148* 

V 
Vitrinites 19 

W 

Waste 
animal 173 
cost 147*, 148* 
form stability 342 
liquefaction 146 
municipal 138,176 
radioactive 325,328,329*, 336 
reactor 330 
-rock interactions 342,343/ 

Water-rock interactions, radio
active 341, 343/ 

Water-waste interactions, radio
active 338,340/ 

Wavelength, solar energy 203,212,237 
Wellman gasifier 16 
Wellman-Lord process 61 
Western Canadian sedimentary basin 11 
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Wood 133,168,169*, 171/ 
conversion 

chemical 140 
thermal 140 

cost 135,180* 
pretreatment 184 

Wood (continued) 
usage 158* 

Worcester Polytechnic Institute 
( WPI ) hydrogénation process 140 
cost 149* 
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