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CHEMICAL PROCESS 
RESEARCH AND DEVELOPMENT PROGRAM 

INTRODUCTION 

The Chemical Process Research and 
Development Program has five main projects 
applying chemistry and chemical engineering to 
problems in the production of unconventional new 
fuels, their environmental impact, and energy 
storage. These projects are: 

(a) Reaction engineering of coal gasification 
and liquefaction " 

(b) Processing of effluent gases and liquids 
resulting from such synthetic-fuel 
production'; to provide acceptable waste 
or recycle streams 

(c) Production of liquid fuels from biomass 
(d) Electrochemical energy storage 

" "(e) Thermal energy storage. 

Each of these projects focuses on transport-process 
principles, chemical kinetics, thermodynamics, 
separation processes, and organic and physical 
chemistry. 

The first project has three aspects. The first 
involves an analysis of the moving-bed coal gasifier. 
The effect of feed configuration on the efficiency of 
the dry-ash gasifier is being examined by developing 
models for simulating the process. The second 
aspect involves the removal of metal compounds 
from the complex chemical matrices that make up 
fossil-fuel precursors and products. Such removal is 
important for efficient refining and for 
environmental protection. Accordingly, LBL has 
developed a program to molecularly characterize 
these organometallic and inorganic complexes. The 
program is also developing innovative methods to 
remove these compounds by using model ligands for 
future polymer-supported analogues. The third 
aspect concerns basic research in coal liquefaction. 
The emphasis is on ways to selectively hydrogenate 
model coal compounds. This would provide an 
immense saving in hydrogen gas and new process 
technology for the petroleum industry, as well as an 
advance in our knowledge of reaction mechanisms. 
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The second project involves the development of 
novel and improved methods for processing synfuel 
condensate waters to make them suitable for recycle, 
thereby minimizing process-water requirements. The 
main emphasis is on" physiochemical methods, 
particularly solvent extraction and stripping, to 
remove organics. Identification of the contam-· 
inating organics is difficult, but necessary to permit 
development of appropriate solvents for their 
removal. LBL studies have successfully examined 
simultaneous solvent extraction in removal of 
ammonia and acid gases by stripping. 

The conversion of biomass to liquid fuels has 
been an area of considerabl~ research and 
development within the Chemical Process Program 
over the past several years. The biological 
conversion of wood and agricultural residues to 
ethanol has been examined. An enzymatic 
hydrolysis of these cellulosic materials has been 
developed to yield monomeric hexose and pentose 
sugars. These can be subsequently fermented to 
produce ethanol. Various high-rate fermentation 
processes have been developed, and novel processes 
for ethanol recovery that are less energy intensive 
than conventional processes are being studied. 

The electrochemical energy storage program 
provides research to develop advanced battery 
systems for electric vehicle and stationary energy 
storage applications. Topics include identification of 
new electrochemical couples for advanced batteries, 
determination of technical feasibility of the new 
couples, improvements in battery components and 
materials, . establishment of engineering principles 
applicable to electrochemical energy storage and 
conversion, and the assessment of fuel-cell 
technology for transportation. Major emphasis is on 
applied research that will lead to superior 
performance and lower life-cycle costs. 

A fifth project was added late in FY 1983. This 
is a series of" research and development efforts in 
thermal energy storage. The project will focus on 
new and innovative approaches with a broad range 
of applications and the utilization of solar energy. 



FUELS FROM BIOMASS BY BIOCHEMICAL PROCESSES 

High-Productivity Vacuum 
Fermentation Processes* 

B.L. Maiorella, H. W. Blanch, and CR. Wilke 

The research of the Biochemical Processes 
Group has focused on the hydrolysis of lignocellulo
sic materials to sugars and their subsequent fermen
tation by yeast to ethanol and ·other fuel-grade chem
icals. Various studies have examined the kinetics of 
enzymatic hydrolysis of cellulose and hemicellulose 
fractions for optimal sugar production, the physical 
and chemical nature of the raw materials, the 
optimal production and recovery of enzymes, and 
the use of new organisms for converting polymeric 
pentosans and· hexosans to sugars. Optimization of 
the continuous ethanol removal and recovery pro
cess, as well as alternative methods of fermentation 
to ethanol, has also been studied. In all this work, 
the economic impact of any change in a process is 
evaluated. 

In this article, we report on efforts to improve 
the ethanol yield of vacuum fermentation processes. 

ACCOMPLISHMENTS DURING FY 1983 

The Vacuferm Process 

The vacuferm process (Fig. 1) was developed 
concurrently by Cysewski and Wilke l and by Ramal
ingham and Finn.2 The fermentation vessels are 
operated under vacuum (approximately 75 mmHg 
absolute pressure), and ethanol is boiled away at 
35°C as it is produced. By controlling the pressure, 
the residual equilibrium ethanol concentration in the 
fermentor beer can be regulated at levels tolerable to 
the yeast (less than about 87 giL) while still allowing 
the fermentation of very concentrated sugar solu
tions (up to 50 wt% glucose). The flashing within 
the fermentors is a single-stage distillation in which 
most of the ethanol product can be removed as a 
concentrated vapor. A small portion of the beer is 
taken as a liquid bleed to purge the system of nonvo
latile components. This bleed stream contains the 

-This work was supported by the Assistant Secretary for Conser
vation and Solar Energy of the U.S. Department of Energy under 
Contract No. DE-AC03-76SF0098 and by the Solar Energy 
Research Institute under Contract No. DR-O-9058-1. 
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by-product yeast. After stripping for residual ethanol 
recovery, the remaining yeast solids are dried as a 
cattle feed supplement. 

The ethanol/water-vapor equilibrium mixture 
(along with noncondensible CO2 and 02 gases) is 
drawn from the fermentors through large vacuum 
compressors. 

Vapor recompression heating provides energy for 
boilup in the fermentor, resulting in substantial 
energy savings. Rather than compressing the over
head vapor entirely to atmospheric pressure, the 
main compressor compresses the vapor to only 
about 350 mmHg. At this pressure, the vapor dew 
point is raised, and the vapor can be condensed in 
the fermentor reboiler to provide heat for further 
boilup. The condensed clean liquid can then be 
pumped with very little energy to distillation column 
pressure. A second compressor compresses the non
condensible CO2 and 02 gases (along with the equil.i
brium residual ethanol and water) to atmosphenc 
pressure. Further liquid is condensed, and the non
condensibles are purged. 

Vacuum fermentation and vacuum distillation 
combine synergistically, I and the energy-saving 
vacuum distillation is used for the final ethanol 
purification step. The vacuum flashing generally 
produces a sufficiently concentrated ethanol feed for 
efficient distillation. For very dilute fermentor beers, 
supplementary stripping with vapor heat may be 
required to maintain the energy efficiency of distilla
tion.3 

VACUUM 
FERMENTOR 

Oxygen-__ 

Cell 
Recycle 

VAPOR CONDENSER/ 
BEER REBOILER 

To Concentrated 
'----

Product Recovery 

CENTRIFUGE 

L----::-,T...,O Dilute 
Product Recovery 

Figure 1. Vacuum fermentation. (XBL 836-5899) 
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Although the simple vacuferm process allows 
rapid fermentation of concentrated feeds to a con
centrated product with a considerable reduction in 
the size of the fermentation and auxiliary equipment, 
many aspects of the design could potentially be 
improved. Oxygen solubility in the beer is greatly 
reduced under vacuum, and to meet the oxygen 
requirements of the yeast, costly pure oxygen must 
be sparged into the fermentor.! Noncondensible car
bon dioxide gas is produced in equimolar proportion 
with ethanol. All of the CO2 gas must be purged 
from the vacuum fermentors through the compres
sors. The compressor size and energy requirements 
are thus much larger than if only the equilibrium 
ethanol/water-vapor product was compressed. 

Ethanol is recovered from the compressed gas 
stream by condensing in the fermentor reboiler and 
auxiliary exchangers. Noncondensible CO2 and 02 
gases interfere with condensation, decreasing effec
tive heat transfer coefficients and increasing the 
required heat exchanger surface area. Finally, the 
high CO2 concentrations at the elevated compressor 

. discharge temperatures increase corrosion rates. 

The Flashferm Process 

The flash fermentation or flashferm process (Fig. 
2), . originally proposed conceptually by Wilke,4 
makes several improvements on the vacuferm pro-
cess. Fermentation is carried out in atmospheric 
pressure· fermentors. The yeast oxygen maintenance 
requirement can be met with inexpensive air sparg
ing. Carbon dioxide is evolved and vented directly 
from the fermentor (with no compression required). 
To remove ethanol as it is produced, the fermenting 
beer is rapidly cycled from the fermentor through a 
vacuum flash expansion vessel (FEV), where the 
ethanol is boiled away. A concentrated vapor pro
duct is taken overhead from the flash vessel, and 
ethanol-depleted beer is recycled to the fermentor for 
further conversion. Only the small amount of CO2 
dissolved in the beer must be processed through the 
compressor. This consists of CO2 carried into the 
flash vessel· and CO2 generated by fermentation dur
ing the short residence time in the flash vessel. 
Thus, compressor capacities can be reduced, improv
ing the heat transfer coefficients in the vapor con
densers and reducing the exchanger area. The large 
vacuferm product absorber can be eliminated 
entirely. 

For improved efficiency, the flash vessel tem
perature can be slightly lower than the fermentor 
temperature so that returning liquid will provide the 
required fermentor cooling. The microbial heat of 
reaction (117 kcal/kg glucose consumed5) is thus 
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Figure 2. Hash fermentation. (XBL 836-5898) 

recovered to help vaporize the ethanol product in the 
flash vessel. The flash vapors, after compression, 
generally contain excess superheat so that complete 
recovery of the microbial heat for flashing is not 
necessary. A flash vessel temperature between 2 to 3 
degrees below the fermentor temperature results in a 
balance so that additional fetmentor cooling is not 
required. This small temperature reduction does not 
adversely affect the yeast, but the flash pressure is 
reduced, increasing the compressor cost. This 
design, by not requiring an exact heat balance, but 
instead allowing supplementary cooling of the fer
mentors by submerged cooling coils, offers control 
advantages by partially decoupling the flash vessel 
and fermentor operations. 

At the low pressure required for ethanol flashing, 
the specific volume of the ethanOl/water vapor is 
very large, so that (as with the vacuferm process) 
extremely large compressors are needed. Although 
the horsepower requirements are modest, these large 
vacuum compressors are very costly.6 

The Frigferm Process 

Refrigerative flash fermentation, or frigferm (Fig. 
3), is a further modification of the simple flashferm 
process and is intended to reduce capital costs by 
reducing the vacuum compressor size. An external
loop heat pump is used. Cold refrigerant is eva
porated in the flash vessel and most of the resulting 
ethanOl/water vapors are condensed by an overhead 
condenser. Heat for boil up is recovered by· recon
densing the refrigerant in heat exchange with the 
flash-vessel liquid. The condensed ethanol/water 
liquid is pumped to distillation-column pressure. 
Now, only a small fraction of the original vapor 
remains to be compressed from the flash-vessel pres
sure to atmospheric pressure, so a small compressor 
can be used. A second refrigeration system is 
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Product Recovery 

REFRIGERANT 
COMPRESSOR 

Figure 3. Refrigerative flash fermentation. 
(XBL 836-5900) 

required, but the refrigerant compressors are of ordi
nary physical dimensions (and more modest cost), 
because they are compressing a refrigerant of much 
lower specific volume than ethanol/water vapor at 
low pressure.7 

Conclusions 

Table 1 summarizes results for the optimized 
vacuferm, flashferm, and frigferm designs and com
pares these with the batch process and the optimized 
conventional design that uses continuously stirred 
tank fermentors with cell recycle (CSTR). Both flash 
and refrigerative flash fermentation achieve substan
tial capital investment and manufacturing cost sav
ings compared to the CSTR. These savings are 
directly offset, though, by the reduction in yeast by
product credits owing to the reduction in yeast 
growth caused by· secondary product and feed com
ponent inhibition. Overall, no savings are achieved. 

Compressor systems for all vacuum fermentation 
schemes are very costly, and alternative ethanol 
removal methods (such as extraction) may be more 
attractive. 

PLANNED ACTIVITIES FOR FY 1984 

The use of flash fermentation with ethanol
inhibited thermophilic organisms is quite promising. 
To use xylose-fermenting Clostridia, for example, 
conditions of 65°C and 4.5 wt% ethanol concentra
tion are anticipated. If we take the standard by
product credits and set a 15% simple return on 
investment (excluding the cost of xylose feed, which 
is not yet known), the ethanol product cost is 
reduced 39%, from 21.2¢/L to 13.0¢/L. Further 
work on this approach is clearly warranted, and is 
one of the activities continuing into FY 1984. 
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Table 1. Cost comparison of fermentation processes. 

Purchased Equipment Cost 

Ethanol 
+ Final 

Stillage Man ufacturing Yeast Product 
Process Storage Fermentation Recovery Total Cost Credit Cost 

($105) ($105) ($105) ($105) (¢/L) (¢/L) (¢/L) 

Batch 6.90 18.01 33.86 58.77 10.9 4.8 53.05 

Recycle CSTR 6.90 1l.31 30.21 48.42 8.64 4.8 49.06 

Vacuferm 7.11 27.22 16.93 51.25 6.85 2.1 51.48 

Flashferm 6.92 26.66 12.70 46.28 6.20 1.7 49.44 

Frigferm 6.92 22.19 12.69 41.80 5.93 1.7 48.51 
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Bioconversion of Cellulose: Enhanced 
Cellulase Production Using Solka 
Floc in a Fed-Batch Fermentation* 

H. Blanch, C. Wilke, P. Cevey, N. Hendy, and A. 
Joglekar 

Perhaps the most obvious area for improvement 
in the process of cellulose utilization is the produc
tion of cellulase enzyme for hydrolysis of wood and 
agricultural residues. It has been estimated that 
enzyme production alone accounts for some 50% of 
the cost of producing glucose from cellulosic 
materiaL 1 Improvements in enzyme production 
would therefore have a dramatic impact and are of 
paramount importance if economical hydrolysis 
processes are to be realized. The first major step in 
this direction has been the development of mutant 
strains of the fungus Trichoderma reesei that are free 
of catabolite repression and capable of constitutive 
cellulase production.2,3 

While· further high-yielding mutants continue to 
. be developed, improvements must also be made in 
fermentation techniques. A major advance is the use 
of fed-batch cultivation, which avoids the agitation 
and aeration difficulties, as well as the repression 
effects, of batch fermentation with highly concen
trated substrate. This report briefly compares batch 
and fed-batch operations over a range of substrate 
concentrations. 

ACCOMPLISHMENTS IN FY 1983 

Much research effort has focused on the optimi
zation of fermentor parameters for maximum 
enzyme yield and productivity. With high yields and 
high productivity, the cost of enzyme involved in the 
conversion of cellulosic materials to ethanol can be 
reduced. By increasing cellulose concentration, con-

*This work was supported by the Assistant Secretary for Conser
vation and Solar Energy of the U.S. Department of Energy under 
Contract No. DE-AC03 .. 76SF00098 and by the Solar Energy 
Research Institute under Contract No. DR-0-9058-1. 
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by Allis Chalmers Co. for Lawrence Berkeley 
Laboratory, October 9, 1980. 

7. Morphis, J., design quotation by Penjerdel 
Refrigerator Co. for Lawrence Berkeley Labora
tory, November 21, 1980. 

trolling the temperature and pH, and using resistant 
cellulose such as cotton milled through double rollers 
enzyme yields can be increased. Beyond a 6-8% 
increase in cellulose concentration, however, there is 
no proportional increase in cellulase. 

Increasing the cellulose concentration also 
increases the bulk density and viscosity of the broth, 
limiting the oxygen supply to the organism. This 
prevents the organism from metabolizing the 
reducing sugar produced by cellulose degradation, 
which in turn represses the production of enzyme. 
This difficulty can be solved by carrying out fermen
tation under either continuous or fed-batch cultiva
tion (slow feeding of cellulose). Either method over
comes the problems of repression and oxygen limita
tion, thereby increasing the enzyme yield and pro
ductivity. We carried out experiments with fed
batch cultivation to examine the effect of plant 
growth regulators, on enzyme production and the 
effect of pH and temperature on enzyme activity and 
productivity. 

The organism used was Trichoderma reesei Rut
C30,2 and the cellulose substrate was Solka Floc 
BW200 (Brown Company, Berlin, NH). The 
medium was similar to the standard salt medium for 
T. reesei, 4 with increased levels of all nutrients at 
high cellulose concentrations. Cultivation was car
ried out in a New Brunswick Mini-Ferm (5 liters) at 
an operating volume of 2.5 liters. Nitrogen was sup
plied by adding ammonium hydroxide and maintain
ing the pH at 5.0; the temperature was controlled at 
28°C. 

Filter paper activities are expressed as Interna
tional Vnits/mL, and were assayed according to 
Mandels et al. 5 .a-glucosidase activity was deter
mined by glucose released (measured by an Instru
ments Laboratory Glucose Analyzer) from cellobiose, 
and is expressed as IV /mL. Soluble protein was 
measured by the Lowry method.6 

Initial experiments were carried out in shake 
flasks to optimize the concentration of plant growth 
regulators used to increase enzyme yield. The results 
indicated that the plant growth regulators at greater 
than 10- 1 molar concentration in the medium inhi
bited growth and enzyme production. Molar concen
trations of 10-6 to 10-8 showed marginal increases 



in activity and no effect .on the growth of the organ
ism. 

Additional plant growth regulator in the fed
batch system at 10-5 molar concentration showed 
promising results-a 12% increase in filter paper 
activity, a 28% increase in carboxymethyl cellulase 
activity, and a 50% increase in ,a-glucosidase activity, 
with no effect on cotton activity. The total addition 
of cellulose (about 15%) resulted in no further 
increase in activity, perhaps because of the lack of 
sufficient salts or trace elements. This was con
firmed by the addition of corn-steep liquor, which 
resulted in an increase in enzyme production. 

To make the production of enzyme still more 
economical, experiments were carried out with cell 
recycle, and these showed very high productivity and 
activity at 48-72 hours. But after 120-144 hours, 
there was no further increase in the enzyme activity. 

Three pH conditions were examined for the fed
batch system: (1) pH 5.0 throughout the fermenta
tion period; (2) pH 6.0 for the first 24 hours and pH 
5.0 thereafter, as this had increased enzyme yield in 
a batch system; and (3) pH 4.0 throughout the fer
mentation. Results showed that pH 5.0 is the best 
for enzyme production. These experiments were car
ried out at 28°C. Additional experiments are needed 
to study in greater detail the effect of pH on enzyme 
production. 

Experiments were also carried out to find the 
optimum temperature for productivity and growth 
rates. The pH was maintained at 5.0. The tempera
ture was maintained at 30°C for the first 24 hours 
and then lowered to 28°C. At the same time, pellet
ized cellulose was added. The higher temperature 
for a short time, especially in the beginning, helped 
to increase the growth rate and the enzyme yield. 
Further experiments are required to determine the 
effect of temperature on enzyme activity and produc
tivity. 

These experiments have given indications on 
how to improve the yield. Improvements may come 
from more closely monitoring the flow rate of cellu
lose, or by intermittently adding salts and by study
ing in detail fermentor parameters such as tempera
ture and dissolved oxygen. All of these parameters 
playa major role in enzyme production. 

With conventional batch culture techniques, it 
has been reported,7-9 and confirmed in this work, 
that, above approximately 50 giL, increasing the 
concentration of Solka Floc substitute does not lead 
to a proportional increase in cellulase activity. This 
is demonstrated in Fig. 1 for concentrations of 20, 
50, 75, and 100 giL Solka Floc. The high substrate 
levels result in high cell mass production (accom-
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Figure 1. Batch growth of T. reesei, Rut-C30, with vary
ing levels of Solka Floc. (XBL 829-6510) 

panied by agitation and aeration difficulties), 
extended fermentation times, and, consequently, 
reduced productivity. 

In the fed-batch experiments, fermentation was 
initiated with a conventional batch (up to 48 hours), 
using 20 giL Solka Floc as the initial concentration. 
After 48 hours, more Solka Floc was added to raise 
the substrate level to more than 20 giL. This addi
tion was repeated at 10- to 20-hour intervals, when
ever the growth was observed to be decreasing as 
demonstrated by a decreasing base addition rate. In 
this manner, the total effective Solka Floc concentra
tion was raised to as high as 150 giL. 

As shown in Fig. 2, this resulted in a propor
tional increase in cellulase production, up to the 
limit of cellulose concentration used in this work. A 
maximum of 30.4 filter paper IV ImL was achieved 
(the highest activity yet reported for this strain), with 
47.6 giL soluble protein. In each case, ,a-glucosidase 
activity increased similarly, reaching approximately 
8.7-9.8 IV for each unit of filter paper activity. The 
high titer productivity (activity/mL) and maximum 
productivity (IV IL-hrs) of filter paper activity for 
both batch and fed-batch operation are shown in 
Table 1. 

The major benefit of fed-batch operation is the 
ability to achieve both high enzyme titer and high 
productivity concurrently. High productivity has 
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Figure 2. Fed-batch growth of T. reesei, Rut-C30, on 
Solka Floc with intermittant dosage feeding to equivalent 
final levels. (XBL 829-6511) 

been achieved previously by continuous cultiva
tion9,10 and by immobilized cells,l1 but these high 
productivities are gained at the cost of relatively low 
enzyme activity per milliliter. Gottvaldova et al. 12 

recently utilized fed-batch operation at low substrate 
levels (up to 45 giL) to demonstrate increased pro
ductivity (at fairly low titer) over batch growth. 
However, the major advantage of fed-batch cultiva
tion is the opportunity to use very high substrate lev
els, and so gain high productivity at correspondingly 
high enzyme titers. 

Another advantage is reduced production of cell 
mass. The mycelium does not attain the high den
sity found during high substrate batch growth. This 
ensures adequate agitation and aeration with lower 
power input. 

PLANNED ACTIVITIES FOR FY 1984 

The results reported here suggest that further 
effort should be on fed-batch processes as an effec
tive method of cellulase production, and such an 
effort is planned for FY 1984, utilizing relatively 
more economical steam-exploded wood. 
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ORGANOMETALLIC GEOCHEMISTRY 

Synthesis of an Encapsulated Arsenic 
Anion via Reaction of Arsenic Acid 
with the Linear Catecholamide 3,4-
LICAM* 

R.B. Fish and R.S. Tannous 

The molecular characterization of inorganic and 
organometallic compounds present in fossil-fuel pre
cursors and their products has become increasingly 
important as our synthetic fuel industry develops. 
These compounds are thought to be responsible for 
the poisoning of process catalysts and their presumed 

"effects on man and his environment. I 
We have recently characterized inorganic arsenic 

and organoarsenic compounds in oil shale,2 shale 
oil,3 and oil shale retort waters,4 and have proved 
that arsenate (AS04-

3), 1, and methyl- and phenylar
sonic acids, 2 and 3, are present. 

Although the molecular characterization of these 
arsenic compounds is an important first step in 
understanding their biogeochemical origin and their 
presence in fossil-fuel products, their removal from 
these complex matrices, using innovative methods, 
remains a primary goal of our program. In this 
regard, we re¢tmtly reported on a novel method that 
used substituted catechols as models compounds 2 
and 3.5 

Similar reactions with 1 have focused on a class 
of linear catecholamide compounds (LICAM) syn
thesized by Raymond et a1. 6- 14 to be used eventually 
for the removal of iron and actinide metal ions in 
clinical applications. We were particularly interested 
in 3,4-LICAM, 4,7 a ligand with three catechols on a 
linear amide chain. This compound could poten
tially coordinate in an octahedral configuration 

'around an arsenic anion and be placed in a poly
meric backbone for removal of 1 from complex 
matrices. 

In this report, we wish to demonstrate that the 
reaction of 3,4-LICAM, 4, with 1 provides a novel 

*This work was supported by the Assistant Secretary for Fossil 
Energy and the Division of Oil, Gas, and Shale Technology of the 
U.S. Department of Energy through the Bartlesville Energy Tech
nology Center under Contract No. DE-AC03-76SF00098. 
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encapsulated arsenic anion, 5 (X = H), as shown in 
Eq. (1): 

4 
(1) 

+ 4HzO 

5 

ACCOMPLISHMENTS DURING FY 1983 

The ligand, 4, reacted with 1 in an aqueous 
ethanol solution and, after work-up; gave a white 
powder (83%) that decomposed at 275-276°C. The 
material was analyzed spectroscopically by carbon-13 
nuclear magnetic resonance (NMR), infrared, ultra
violet, and fast-atom bombardment mass spectros
copy (FAB-MS) techniques, as well as by elemental 
analysis. These studies provided evidence for the 
structure designated 5 (X = H) in Eq. (1). A 
tetraammonium salt (X = benzyldimethylphenylam
monium) and the PPN salt were also prepared; 
unfortunately, they were found to be unsuitable for 
single-crystal x-ray studies. 

The 13C NMR spectrum of the acid (X = H), 5, 
is shown in Fig. 1 along with that of the ligand, 4; 
clearly, the arsenic anion has the simpler spectrum. 
The carbonyl region, -160-170 ppm, should con
tain three carbonyl resonances; however, 4 has more 
carbonyl lines (about six to eight), indicative of a 
possible role of geometrical isomers (syn- and anti
isomers with eight possible, carbonyl resonances). 
Thus, upon arsenic coordination, the carbonyl region 
is somewhat simplified (three or four carbonyls) with 
resonances at 163.6, 164 (shoulder), 168, and 169.6 
ppm. The aromatic carbons with hydroxyl groups in 



v 

(A) 

1 1 1 1 1 1 1 1 
170 160 150 140 130 120 110 100 

(8) 

L 
1 .1 1 1 1 1 1 1 

170 160 150 140 130 120 110 100 
ppm 

Figure 1. 13C NMR spectrum (100 mz) of (A) arsenic 
anion (X = H) compound 5 and (B) 3,4-LICAM, 4, in 
DMSO-d6. The region of 100-170 ppm includes the car
bonyl region, -160-170 ppm; aromatic carbon-hydroxyl, 
-140-152 ppm; and. aromatic carbon, -11 0-135 ppm. 
The methylene carbons, -0-50 ppm, were masked by the 
solvent and are not included. (XBL 837-10712) 

the ligand, 4 ( -140":"152 ppm), should show six reso
nances; however, many more are evident, while the 
arsenic compound, 5, has six phenolic carbons 
appearing at 140 to 150 ppm. The remaining 
aromatic carbons are in the 110-135 ppm range (12 
resonances) for 5, while the methylene carbons (0-50 
ppm, not shown in Fig. 1) were somewhat masked 
by the solvent, dimethylsulfoxide-d6. 

The UV spectra of 4 and 5 (Fig. 2) indicate that, 
on formation of the arsenic anion, a pronounced 
shift from 314 .nm (E = 6,576) for 4 to 304 nm (E = 
9,001) for 5 (X = H) occurs. A similar occurrence 
was observed by Raymond et al.7,12 in the coordina
tion of ferric ion with a sulfonated 3,4-LICAM, 
where the extinction coefficient rose and the 
wavelength decreased upon complexation of all six 
phenolic oxygens. The F AB mass spectrum (gly
cerol) of 5 (X = H) shows a small parent ion at m/e 
623 (2.5%) and ions at 625 (M + 2, 5%) and 626 
(M+3,16%). 
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Figure 2. Ultraviolet spectrum of compounds 4 (A) and 5 
(0) in DMSO. (XBL 837-107 lOA) 

These data support the presumed structure, 5, 
including an octahedral configuration around the 
arsenic; 5 thus represents the first isolated encapsu
lated arsenic anion structure yet reported. The only 
other synthesis of a catechol-arsenic anion com
pound was for catechol itself, 15 and a single-crystal 
x-ray study provided unequivocal evidence for the 
distorted octahedral symmetry around arsenic. 16 

Although we were unable to prepare a suitable crys
talline derivative for x-ray analysis of 5, a Drieding 
model indicates that the triscatecholate coordination 
of 4 around arsenic can readily occur. 

PLANNED ACTIVITIES FOR FY 1984 

In recent experiments, we have placed 4, and 
catechol itself, on a polymer support (10% cross
linked chloromethylated polystyrene-divinylbenzene) 
and have been able to quantitatively remove arsen
ate, 1, from an aqueous ethanol solution, thus verify
ing the usefulness of this approach in possible syn
thetic fuel applications.l7,18 
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Molecular Characterization· of 
Vanadyl and Nickel Porphyrin and 
Nonporphyrin ,Compounds in Heavy 
Crude Petroleums and Their 
Asphaltenes*t 

R.H. Fish, J.J. Komlenic, and B.K. Wines 

The occurrence of vanadyl and nickel nonpor
phyrin compounds in heavy crude petro
leums has been speculated for many years. 1,2 

Despite numerous studies attempting to identify 
vanadyl or nickel non porphyrin compounds,3 not a 
single molecular structure has yet been confirmed. 
Most of these studies have been limited the lack of a 
suitable detector. Metallo-nonporphyrin com
pounds, unlike metallo-porphyrins, have no readily 
discernible ultraviolet-visible spectra, and the large 
number of possible vanadyl and nickel compounds 
in petroleums causes severe separation problems. 

Recently, however, the use of on-line, element-' 
selective graphite-furnace atomic-absorption detec
tion for high-performance liquid chromatography 

-This work was supported by the Assistant Secretary for Fossil 
Energy and the Division of Oil, Gas, and Shale Technology of the 
U.S. Department of Energy through the Bartlesville Energy Tech
nology Center under Contract No. PE-AC03-76SF00098. 
tWe wish to dedicate this report to Dr. Ted Vermeulen, our col
league, who passed away October 28, 1983. 
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systems (HPLC-GFAA) has proved highly effective 
for the molecular characterization of trace-metal 
compounds in complex matrices such as shale oil, 
oil-shale retort waters4- 7 and heavy crude petrole
ums. 

We have described elsewhere7 the use of an 
automatically coupled HPLC-GFAA combination to 
categorize, according to molecular weight and polar
ity, the vanadyl non porphyrin and porphyrin com
pounds in heavy crude petroleums. This technique 
enabled us to profile or fingerprint vanadyl com
pounds present in four petroleums and their extracts, 
and to estimate their molecular-weight distribution. 
Additionally, the molecular characterization of these 
compounds was attempted by comparing the GFAA 
histogrammic retention behavior of vanadium and 
rapid-scan UV-visible absorbance spectra of HPLC
separated petroleum samples to that of known model 
vanadyl porphyrin and non porphyrin standards. 

We can now report reverse-phase (C-18 column) 
HPLC-GFAA analysis of the vanadyl and nickel 
compounds extracted, using pyridine as solvent, 
from the same four heavy crude petroleums analyzed 
earlier; namely, Boscan, Cerro Negro, Wilmington, 
and Prudhoe Bay. Although reverse-phase separa
tions of demetallated ligands have been discussed 
before, the use of similar separation techniques with 
element-selective detection of metal-containing 
petroleum samples has not previously been reported. 
We also present HPLC-GFAA vanadium profiles 
using size-exclusion chromatography (SEC) for the 
n-pentane-precipitated asphaltenes, maltenes, and 
asphaltene extracts of the four petroleums. Asphal-



tenes, the hydrocarbon-insoluble fraction of 
petroleum, are an extremely abundant source of 
trace-metal compounds. However, asphaltenes also 
contain the majority of the high-molecular-weight, 
aromatic compounds and heteroatoms present in 
petroleums, which has made the structural character
ization of vanadyl non porphyrin compounds in 
asphaltenes difficult to accomplish. Finally, we com
pare the rapid-scan UV-vis profiles, using reverse
phase separations, of the four petroleums and their 
asphaltene pyridine extracts. 

The point of this study is that vanadyl and 
nickel non porphyrin compounds-which are thought 
to account for approximately 50 to 80% of the metals 
present-must be characterized molecularly in order 
to design innovative methods of trace-metal remo
val. 5 In addition, knowing the molecular environ
ment associated with both vanadium and nickel in 
heavy crude petroleums and asphaltenes will also 
improve understanding of the biogeochemical 
mechanisms responsible for the inclusion of these 
metals in the diagenesis and maturation process of 
petroleum formation. 
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ACCOMPLISHMENTS DURING FY 1983 

Analysis of Petroleum Extracts 

Reverse-Phase HPLC-GFAA Data 

Since our previously obtained HPLC-GFAA pro
files of SEC-separated crude petroleum extracts had 
indicated the presence of low-molecular-weight vana
dyl compounds «400 daltons),1 we were interested 
in obtaining the reverse-phase HPLC-GFAA vana
dium and nickel histogrammic distributions of pyri
dine extracts from the four petroleums, using various 
vanadyl and nickel standards (Fig. 1) to verify reten
tion times. 

Figure 2 shows the HPLC-GFAA data, obtained 
using ODS (CI8) column, for the standards and the 
Boscan and Cerro Negro crude petroleum extracts. 
Each chromatogram consists of a conventional UV
vis absorbance trace (wavelength monitored as desig
nated) and corresponding nickel (232 nm) and vana
dium (318.4 nm) histogrammic profiles. 
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Figure 1. Model nickel and vanadyl porphyrin and nonporphyrin com
pounds. (XBL 8211-3357 A) 

1-12 



Nickel 

UV -VIS 

>'"320/408 ;-
voso4 ~ 

VO(ACAC)2~ t OTADA 

VOBENZOBZEN " VOBZEN 
VOBENZOSALEN 

VOSALEN 

Vanadium 

Nickel 

Vanadium 

Nickel 

VIS 

A" 408 

Vanadium 

VOTPP 

VOT3MePP 

--Ni-TM-TADA 

--NiETIO I 

Boscan Crude Extracf 

'0, I conc.) 

Cerro Negro Crude Extract 

(3 'I conc. ) 

min 

Figure 2. Coupled high-performance liquid 
chromatography-graphite-fumace atomic absorption data 
for nickel and vanadyl standards (top) and for Boscan and 
Cerro Negro crude-oil extracts.' (XBL 833-8724) 

The model vanadium and nickel non porphyrin 
standards (monitored at 320 nm) elute before the 
porphyrin standards (monitored at 408 nm), indicat-
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ing the highly polar nature of the former compounds. 
The nickel compounds extracted from crude petrole
ums appear to be highly polar and definitely have 
non-porphyrin ligands. In contrast, the vanadium 
compounds elute at moderate to low polarities, as 
determined by the retention behavior of the stan
dards; they thus contain predominantly vanadyl por
phyrins in the second band (-17.5 min), while the 
third band contains both porphyrin and nonporphy
rin compounds. 

Figure 3 shows similar ODS-HPLC-GFAA data 
for Wilmington and Prudhoe Bay petroleum extracts. 
These extracts also show that most of the extracted 
nickel compounds associated with the highly polar 
nickel standards; however, Wilmington extract also 
contains a sizable fraction of low-polarity (possibly 
porphyrinic) nickel compounds. Both extracts also 
show moderate to low polarity for most of the vana
dyl compounds. 

Although reverse-phase separations of petroleum 
samples have been studied,3 we do not believe that 
the occurrence of these highly polar nickel com
pounds have been verified before. Figure 3 also 
indicates that reverse-phase separations of the pyri
dine extracts give better resolution than normal
phase analysis.8,9 In fact, these separations rival 
those reported for demetallated complexes,1O thus 
calling into question the usefulness of current deme
tallation procedures for the analysis of petroleum 
extracts. 

Rapid-Scan Data 

Unfortunately, we could not scan the highly 
polar, ODS-separated nickel peaks because of their 
sharpness; the maximum scan rate of 20 nm/sec sets 
a limit on the peak width that can be scanned. The 
highly polar nickel fractions were therefore collected 
and their UV-vis spectra obtained off-line, using a 
Cary 219 spectrophotometer. Maximum absor
bances (above background) for these fractions were 
observed between 280 and 300 nm. The lack of any 
observable Soret absorbance strongly suggests a 
predominance of nickel nonporphyrin compounds. 

It is not surprising that these nickel nonporphy
rin fractions have not previously been found because 
most attempts to identify metallo-porphyrins in 
crude petroleums have used column chromatography 
on silica or alumina packing to isolate the porphy
rins. 3 The highly polar nickel compounds shown in 
Fig. 3 are probably irreversibly bound to the column 
packing during elution. Although solvent-selective 
extraction has not been used much in recent 
research, the technique prevents the loss of nickel 
nonporphyrins through interaction with a fractionat-
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Figure 3. HPLC-GFAA data for Wilmington and 
Prudhoe Bay crude-oil extracts, compared with nickel and 
vanadyl standards (top). (XBL 833-8738) 

ing column. The use of reverse-phase HPLC also 
prevents the loss of extractable polar compounds 
that could be irreversibly retained on a normal-phase 
column.2 
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This discovery-that most of the extracted nickel 
exists as highly polar non porphyrin compounds, in 
contrast to vanadium, which is associated primarily 
with moderate- and low-polarity compounds-has 
important implications for catalyst deactivation. I I 
Currently, most catalyst deactivation modeling stu
dies use vanadyl and nickel porphyrins exclusively. 
However, since porphyrins are known to account 
only in part for the two metals, the relevancy of 
these studies must be reexamined, especially with 
regard to the reactivity of acid-unstable metallo
non porphyrin ligands. I 

Scan data for the ODS-separated moderate- and 
low-polarity vanadium-containing bands for Boscan 
and Cerro Negro extract have been obtained. 
Rapid-scan data for Boscan extract at 16 minutes 
shows a "relatively clean" vanadyl porphyrin spec
trum. However, the other three spectra show vary
ing UV background absorbances at less than 400 nm, 
indicating the presence of distinctly nonporphyrinic 
species in these fractions. Similar rapid-scan data 
obtained for Wilmington and Prudhoe Bay extracts 
have also been obtained. The absence of discernible 
Soret absorbance strongly suggests the presence of 
vanadyl non porphyrin compounds as major vana
dium constituents in Prudhoe Bay and Wilmington 
crude petroleum extracts. 

Unfortunately, we have been unable so far to 
obtain model vanadyl non porphyrin compounds of 
moderate to low polarity. Nevertheless, the identifi
cation of fractions in these extracts that are rich in 
vanadium and nickel non porphyrins is very impor
tant. These fractions are currently being submitted 
to off-line analysis via high-resolution mass spectros
copy, electron-spin resonance, and other techniques 
to accurately ascertain the molecular environment 
associated with the metal. It will be interesting from 
a biogeochemical perspective to determine if these 
compounds are porphyrin derivatives, i.e., hydro
genated porphyrins, or uniquely nonporphyrinic 
species, possibly incorporating sulfur into the ligand 
ring structure. 

Analysis of the n-Pentane-Precipitated 
Asphaltenes 

Analyses of the results of the 40: I n-pentane pre
cipitation have been conducted. Approximately 49% 
to 77% of the vanadium is precipitated as asphal
tenes, even though this fraction constitutes only 4% 
to 23% by weight of the petroleum. Similarly, a large 
fraction of nickel is also precipitated as asphaltenes 
at concentrations constituting -., 39% to 78% of the 
nickel present. 



The results of the extraction of the precipitated 
asphaltenes reveal that only 5% to 18% by weight of 
the vanadium present has been extracted. This 
behavior is very different from that observed for the 
extraction of the crude petroleums,7 from which 
upwards of 50% of the vanadium was removed. Pre
viously, we had observed that a considerable percen
tage of vanadyl nonporphyrin compounds could be 
removed from the high-molecular-weight asphaltenic 
component of heavy crude petroleums by using 
solvent-selective extraction techniques. 12 A signifi
cantly lower percentage of vanadyl compounds is 
extracted from the n-petane-precipitated asphal
tenes; this finding has importance for the use of 
asphaltenes as starting materials for the identification 
of vanadyl porphyrin and nonporphyrin compounds 
in heavy petroleums. 

SEC-HPLC-GFAA Analysis 

Clearly, a better understanding of the types and 
distribution of vanadyl and nickel compounds 
present in n-pentane asphaltenes was needed. We 
decided to analyze the n-pentane-precipitated 
asphaltenes, the maltenes, and the pyridine extracts 
of each petroleum, using the SEC~HPLC-GFAA tech
nique. These separations for Prudhoe Bay and 
Wilmington were obtained using a 50/100/1000 A 
SEC column combination (Figs. 4 and 5). The visi
ble absorbance was monitored at 408 nm, 
corresponding to. the Soret band of vanadyl porphy
rins identified in crude oils,13 and the GFAA detec
tor was set at 318.4 nm, specific for vanadium. 

Calibration for the low-molecular-weight regions 
was accomplished using the standards from Fig. 1. 
In comparison to the more traditional use of poly
styrenes,3 use of vanadyl compounds as calibration 
standards should increase the accuracy of molecular 
weight determinations for vanadyl compounds 
present in petroleum. Polystyrene standards have, 
however, been used to calibrate the high molecular 
weights (>900daltons), since no vanadyl com
pounds at these molecular weights were available. 

Because of the interactions that may occur 
between the complex petroleum matrix and the SEC 
column,14 our molecular weight categories are for 
comparison purposes and are not regarded as abso
lute. Boscan asphaltene registers continuous visible 
absorbance and yields vanadium profiles over the 
entire molecular weight region. The maximum 
absorbance for the visible spectrum and for vana
dium detection occurs in the lowest molecular weight 
range, i.e., to less than 400 daltons, with very little 
vanadium present at molecular weights greater than 
10,000 daltons. As expected from the structural 
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Figure 4. Molecular-weight distribution profiles of 
Prudhoe Bay asphaltene, maltene, and pyridine extracts, 
from 50/100/1000 A size-exclusion chromatography 
column combination. (XBL 8210-3113) 

differences between the maltene and asphaltene frac
tions,15 the maltene vanadium absorbances are 
skewed toward lower average molecular weights than 
are the corresponding asphaltenes. Most notable is 
the deficiency of vanadium compounds in the range 
above 2,000 daltons compared to the asphaltene pro
files. The pyridine extract of Boscan asphaltene has 
a vanadium maximum corresponding to 380 daltons, 
which is too low to represent porphyrins with alkyl 
substituents. Thus, most of the compounds present 
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Figure 5. Molecular-weight distribution profiles of Wilm
ington asphaltene, maltene, and pyridine extracts, from 
same SEC-column combination as for Prudhoe Bay Oil 
(Fig. 4). (XBL 8210-3114) 

in the extracts must be considered nonporphyrinic, 
on the basis of the SEC calibration data for the stan
dards in Fig. 1. 

Similar data for Prudhoe Bay asphaltene were 
also obtained (Fig. 4). A significantly greater percen
tage of vanadium associated with Prudhoe Bay 
asphaltene is present above 2000 daltons compared 
to Boscan asphaltene. However, Prudhoe Bay mal
tene, like Boscan maltene, shows a trend toward 
lower average molecular weights and also registers a 
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predominance of extractable low-molecular-weight 
«400 daltons) vanadyl compounds. 

The Quantitative distribution of vanadyl com
pounds by molecular weight used a calibration curve 
previously reported by Fish and Komlenic.7 The 
vanadyl compounds were divided into five categories 
of molecular weight: greater than 9,000 daltons; 
9,000-2,000 daltons; 2,000-900 daltons; 900-400 
daltons; and less than 400 daltons. The percent 
vanadium was then determined by summing the 
peak heights, which had been automatically digitized 
using an integrator. 

The results show Wilmington and Prudhoe Bay 
asphaltenes as having greater percentages of vana
dium in the very high-molecular-weight region 
(>2,000 daltons) than do the asphaltenes of the two 
Venezuelan petroleums. Furthermore, the Boscan, 
Cerro Negro, and Prudhoe Bay maltenes show pro
portionately less vanadium below 400 daltons than 
do the whole petroleums. Wilmington maltene, in 
contrast, has proportionately less vanadium above 
2000 daltons and has more vanadium in the 
porphyrinic molecular weight region than the 
petroleum itself. 

Interestingly, vanadyl compounds extracted from 
the asphaltenes of all four petroleums are predom
inantly at the low molecular weights «400 daltons), 
indicating vanadyl nonporphyrin compounds. Previ
ously, we had found that vanadyl compounds 
(molecular weight < 900 daltons) are contained in 
extracts of each heavy crude petroleum. We also 
confirmed that these low-molecular-weight vanadyl 
complexes can be extracted from the 
n-pentane-precipitated asphaltenes of each 
petroleum as well. Although each asphaltene shows 
that most of the extractable vanadyl compounds 
have molecular weights of less than 400 daltons, only 
5-18 wt% of the vanadium was extracted, as com
pared to 50-87 wt% for heavy crudes.6 Thus, vana
dyl compounds of similar molecular weight are 
extracted from both petroleum and asphaItene 
sources. However, significant differences must exist 
between vanadyl complexes extracted from the 
whole petroleums and the n-pentane-precipitated 
asphaltenes. 

Reverse-Phase HPLC-GFAA 

Figure 6 compares the ODS-HPLC-GFAA data 
for the standards and the Boscan asphaltene extract 
monitored at both 320 and 408 nm. Like the Boscan 
whole-crude petroleum extract, the majority of the 
nickel compounds elute with the highly polar stan
dards, while the vanadyl compounds are primarily 
associated with low to moderate polarities. ODS-
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HPLC-GFAA analyses of Cerro Negro, Wilmington, 
and Prudhoe Bay asphaltene extracts show similar 
metal profiles to those for the petroleum extracts, so 
they are not reproduced here. Wilmington asphal
tene extract, however, does show a fraction of non.
polar nickel eluting, indicating that some nickel por
phyrin compounds have also been extracted. 

Rapid-Scan Data 

Rapid-scan data have been studied (Fig. 7). In 
comparison to the rapid-scan UV -vis spectra of the 
whole crude petroleum extracts, the four asphaltene 
extracts generally show greater Soret absorbances, 
indicating increased concentrations of vanadyl por
phyrin compounds being extracted. 

Comparison of the Petroleum and Asphaltene 
Results 

The extraction of the precipitated asphaltenes 
removed only 5% to 18% of the vanadium, com
pared to the removal of 50% to 87% of the vanadium 
in the whole petroleums.7 Larger micelles in the pre
cipitated asphaltenes could account for this differ
ence, since asphaltenes are by definition a solubility 
class, and the choice of precipitating solvent is 
known to have a noticeable effect on the mass and 
aromaticity of precipitated asphaltenes. 16 Further, 
vapor-pressure osmometry studies of asphaltene 
molecular weights have demonstrated that the degree 
of association between asphaltene molecules is 
strongly influenced by the polarity and functionality 
of the solvent used in the measurements. 17 

An equilibrium apparently exists between the 
interactions of asphaltene molecules with each other 
and with the solvent. In two whole petroleums, the 
resins form a very complex solvent in which the 
asphaltenes are dispersed. When asphaltenes are 
precipitated, the asphaltene-resin interactions 
become weakened and the asphaltene-asphaltene 
interactions dominate, forming larger micelles. Non
polar solvents such as p-xylene are ineffective in 
breaking up the large micelles in precipitated asphal
tenes, and many vanadyl compounds, entrapped dur
ing the precipitation, are inaccessible to extraction. 

Methylene chloride is a much more effective sol
vent for breaking up asphaltene micelles than xylene. 
This can be seen by comparing the 50/100/1000 A 
SEC-HPLC-GFAA analysis of the heavy crude 
petroleums 7 with the similar analysis of the asphal
tenes and maltenes reported here. IS Methylene 
chloride was used as the injection solvent for all 
these analyses, and a mass balance of the vanadium 
present in each molecular-weight region shows that 
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the vanadium in the maltenes and asphaltenes of a 
given region add up to the vanadium present in the 
same region of the whole crude petroleum. Clearly, 
methylene chloride is sufficiently polar to overcome 
intermicellular forces in the crude petroleum as well 
as in the precipitated asphaltenes. 

SEC-HPLC-GFAA analysis of the extracted 
asphaltenes failed to show a reduction in the amount 
of vanadium present at molecular weights over 2000 
daltons. This suggests that some mechanism reen
traps the low-molecular-weight vanadyl compounds 
into the high-molecular-weight asphaltenic fraction 
of the petroleum. The extracts have almost no vana
dyl compounds at molecular weights over 900 dal
tons. Rapid-scan analysis of the reverse-phase 
HPLC-GFAA-separated asphaltene pyridine extracts 
has shown the concentration of vanadyl porphyrins 
to be higher in the asphaltene extracts than in the 
extracts of whole crude petroleums. Despite studies 
indicating that asphaltenes have higher concentra
tions of vanadyl non porphyrins than maltenes,19 the 
relative abundance of vanadyl porphyrins versus 
vanadyl nonporphyrins in precipitated asphaltenes 
needs to be reevaluated. Our work indicates that the 
precipitation of asphaltenes accomplishes a desired 
separation by selectively precipitating vanadyl por-
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phyrins; the maltenes should thus be excellent 
sources of vanadyl nonporphyrin compounds.20 

Because nickel is generally present in crude 
petroleums at lower concentrations than vanadium, 
relatively little research has been directed at identify
ing nickel compounds.3 In experiments in which 
column chromatography has been used to remove 
vanadyl porphyrins from the petroleum matrix, a 
light pink band eluting before the bright red vanadyl 
porphyrin band has generally been assumed to con
tain nickel porphyrins, but little work has actually 
been done to identify the constituents of this band. 

The results of the reverse-phase HPLC-GFAA 
analysis show that very little of the nickel in the 
petroleum asphaltene extracts is actually present as 
nickel porphyrins. In Boscan, Cerro Negro, and 
Prudhoe Bay extracts, over 90% of the nickel is non
porphyrin. Wilmington is the exception, with a third 
of the nickel eluting at a retention time consistent 
with nickel porphyrins. This high concentration of 
nickel porphyrins in the Wilmington extracts could 
be a consequence of less severe aging than in the 
other three petroleums. Nickel, because of its 
smaller size and greater symmetry, coordinates more 
readily with the porphyrin ring than does vanadyl 
ion.21 However, during maturation of the 



petroleum, the nickel could be replaced by vanad~l 
ion, which forms more stable metallo-porphynn 
complexes.22 Wilmington is not the youn.gest or th.e 
least buried petroleum of the four studIed, but It 
does have the least severe combination of these two 
factors. 

This discovery of large amounts of nickel non
porphyrins has a direct bearing on current rese~rch 
in refinery catalyst poisoning by trace metals. Smce 
it has been generally accepted that a substantial frac
tion of the nickel in heavy crude petroleums is coor
dinated in porphyrin rings, studies of the poisoning 
mechanisms have used nickel porphyrins to model 
the naturally occurring nickel compounds. 11 As most 
of the suspected non porphyrin chelating systems are 
less stable with respect to demetallation than porphy
rins these studies fail to adequately model the depo
siti~n of nickel nonporphyrins on catalysts. Before 
modeling studies of nickel poisoning can be 
improved, it will be necessary to isolate and identify 
these nickel non porphyrins. " 

Such identification should also provide impor
tant biogeoch~mical information. Knowing the 
structures of these compounds should give insight 
into their· sources .in the petroleum feedstock. 
Reverse-phase analyses demonstrated that most of 
the extracted vanadyl nonporphyrins were not com
parable to the model vanadyl non porphyrins avail
able. Both .. normal and reverse-phase analyses 
demonstrate that a significant fraction of the eluting 
compounds with vanadylnonporphyrin spectra did 
not correspond with the elution times of the model 
vanadyl non porphyrins. 

In future work, it will be necessary to have a 
greater array of model metallo-non porphyrin com
pounds. Among the co.mpounds that should t:>e con
sidered are the hydrogenated vanadyl porphynns. In 
the reducing environment of the crude petroleum 
reservoir,23 it is possible that the porphyrin rings 
may become hydrogenated, and there has been a 
report of nonmetallated, hydrogenated porphyrins in 
shale. 24-26 If the ring is sufficiently hydrogenated, 
the stability of the metallo-porphyrin may be weak
ened to the point where demetallation and decompo
sition of the porphyrin ring become possible. This 
may represent a mechanism by which porp~yrins 
have been demetalled in older petroleum deposIts. 

PLANNED ACTIVITIES FOR FY 1984 

We plan to' continue our studies on the charac
terization of vanadyl and nickel compounds, using 
high-resolution mass spectrometry and electron spin 
resonance techniques. 
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Homogeneous Catalytic 
Hydrogenation: Selective Reductions 
of Polynuclear Heteroaromatic 
Compounds Catalyzed by Chloro
(Tristriphenylphosphine )Rhodium(I)* 

R.H. Fish, A.D. Thorrnodsen, and H. Heinernannt 

We recently discovered that the nitrogen hetero
cyclic ring incorporated in polynuclear 
heteroaromatic nitrogen compounds can be 
regioselectively reduced under a variety of homo
geneous hydrogenation conditions. I ,2 These results 
are important because they have practical implica
tions for coal liquefaction and the upgrading of coal 
liquids and shale oils as well as for the ultimate 
removal of nitrogen from these synthetic fuels. 

In our quest for catalysts that could perform 
these reductions under rather mild conditions, we 
discovered that Wilkinson's catalyst
chloro( tristriphenylphosphine )rhodium(I), abbrevi
ated (¢3P)3RhCI-can selectively reduce the hetero
cyclic ring in model polynuclear heteroaromatic 
nitrogen and sulfur synthetic-fuel compounds. 

Although Wilkinson's catalyst is one of the most 
extensively studied homogeneous hydrogenation 
catalysts known,3-6 this is the first time, to our 
knowledge, that the use of this catalyst for the selec-

*This work was jointly funded by the Director, Office of Energy 
Research, Office of Basic Energy Sciences, Chemical Sciences 
Division, and the Assistant Secretary of Fossil Energy, Office of 
Coal Research, Liquefaction Division of the U.S. Department of 
Energy through the Pittsburgh Energy Technology Center under 
Contract No. DE-AC03-76SF00098. 
tMaterials and Molecular Research Division. 
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tive hydrogenation of the model compounds shown 
in Fig. 1 under homogeneous conditions has been 
reported. 7 Additionally, we will demonstrate the 
usefulness of deuterium gas, in place of hydrogen 
gas, for understanding the mechanisms involved in 
the reduction of polynuclear heteroaromatic com
pounds, including reversibility in the hydrogenation 
of the carbon-nitrogen double bond, i.e., dehydroge
nation. There may also be a cyclometallation reac
tion in the exchange of hydrogen for deuterium in 
the aromatic ring close to the heterocyclic ring and 
in the position alpha to the nitrogen atom. We have 
also attempted to define what potential inhibitory 
effects other model synthetic fuel constituents would 
have on the rate of hydrogenation, using quinoline 
(compound 1) for these studies. 

2 

4 5 

16IOJ rgr -N-

3 

6 

Figure 1. Model synthetic fuel compounds used in 
hydrogenation reactions with Wilkinson's catalyst: 1, 
quinoline; 2, 5,6-benzoquinoline; 3, 7,8-benzoquinoline; 4, 
acridine; 5, phenanthridine; and 6, benzothiophene 

(XBL 8211-3297) 



ACCOMPLISHMENTS DURING FY 1983 

Selective Hydrogenation 

Table 1 contains the relative rate data for the 
selective reduction of the nitrogen heterocyclic ring 
(compounds 1-5) and, in one case, a sulfur heterocy
clic ring (compound 6), catalyzed by (¢3P)3RhCI 
under a standard set of conditions; Fig. 2 shows the 
kinetic apparatus used. Turnover numbers ranged 
from - 35 to -0.1 per hour at the 10: 1 
substrate/metal ratio. (The 10: 1 ratio was used in all 
experiments described here.) The order of indivi
dual relative rates was 5 > > 4 > 6 > 1 > 2 > 3, 
reflecting the contribution of both steric and elec
tronic effects. In only one case (4) did we see a 
change in the selectivity, when a substantial amount 
of 1,2,3,4-tetrahydroacridine (36%) was formed along 
with 9,1O-dihydroacridine, although at half the rate 
of the latter product. 

Inhibition Studies 

To learn about other potential synthetic fuel 
compounds that might inhibit these hydrogenation 

Table 1. Relative rates of reduction of compounds 1-6 
under hydrogenation conditions with (chP)3RhCI 
as catalyst. a 

Rate Relative 

Substrateb ProductC (%/min)d rate" 

1 1,2,3,4-Tetrahydroquinoline 0.08 1.0 

2 1,2,3,4-Tetrahydro-5,6-benzoquinoline 0.03 0.38 

3 1,2,3,4-Tetrahydro-7,8-benzoquinoline 0.01 0.13 

4 9,1O-Dihydroacridinef 0.20 2.5 

5 9, 1 O-Dihydrophenanthridine -6 -75 

6 2,3-Dihydrobenzothiophene 0.12 1.5 

8The solvent was benzene and the substrate-to-metal ratio was 

10:1. The partial pressure of hydrogen was 310 psi and the tem

perature was 85°C. See Fig. 2 for schematic of kinetic apparatus. 

bSee Fig. 1. 

cAnalysis by capillary gas chromatography and GC-EIMS. 

dPseudo-zero order rate that was followed to -25% conversion. 

eThe rates are relative to quinoline, which was set to 1.0; i.e., each 

substrate rate was di'ided by 0.08%/min to obtain a relative rate. 

fAnother product, 1,2,3,4-tetrahydroacridine (GC-EIMS), was also 

formed at a rate of 0.12%/min (relative rate 1.5) and represents 

36% of total product (64% dihydroacridine). 
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G 

Figure 2. Schematic diagram of the Parr kinetic apparatus 
for use in hydrogenation rate studies. A, rupture disk; B, 
outlet valve; C, septum port; D, inlet valve; E, dip-tube 
valve; F, dip tube; G, reactor cup. (XBL 836-10434) 

reactions, we chose quinoline, 1, as the model com
pound. Interestingly, the rate of hydrogenation was 
not affected by thiophene, 7, but was totally 
quenched by pyridine, 8, and 3-methylpyridine, 9 
(1:1 molar ratio of 7, 8, and 9 to 1).8 Moreover, the 
rate of hydrogenation of 1 was enhanced by indole, 
10, by a factor of 1.4, while 10 itself was not hydro
genated. In addition, 2-methylpyridine, 11, slightly 
retarded the rate as did the product 1,2,3,4-
tetrahydroquinoline, 12 (Table 2). 

It appears that competitive binding of the sub
strates to the rhodium metal center is a highly criti
cal parameter that encompasses both steric and elec
tronic effects. For example, 8 (pKb 8.42) and 12 
(pKb -9.38) are stronger bases than 1 (pKb 9.52) 
with 8 quenching and 12 retarding the rate of 
hydrogenation of 1, whereas thiophene, an aromatic 
sulfur compound, has no effect. While 8 and 9 
quench, 2-methylpyridine, 11 (pKb 8.03), slightly 
retards the hydrogenation rate of 1, clearly a conse
quence of a steric effect in binding at the rhodium 
metal center.6,9 At present, we have no definite rea
son why indole (10) enhances the hydrogenation rate 
of 1, other than the possibility that it assists in the 
dissociation of triphenylphosphine from the rhodium 
metal center to a highly reactive 14-electron species, 



Table 2. Relative rates of hydrogenation of compound 1 
in the presence of other substrates. 

Relative 
rates of 

hydrogenation 
Added substratea H2 (psi) of 1 

None 310 1.0 

7, Thiophene 310 0.9 

8, Pyridine 310 0.0 

9, 3-methylpyridineb 310 0.05 

10, Indole 310 1.4 

11, 2-methylpyridineb 310 0.6 

12, 1,2,3,4-Tetrahydroquinoline 310 0.40· 

al mM of 1 and I mM of added substrate and 0.1 mM of 
Wilkinson's catalyst at 77°C (± 2°C). 

bS5°C (± 2°C). 

thus permitting a more facile pathway for quinoline 
coordination to rhodium.3- 6 

Deuterium Gas Experiments 

The substitution of deuterium gas (D2) for 
hydrogen gas (H2) has been shown to be helpful in 
elucidating the mechanisms and stereochemistry of 
homogeneous hydrogenation reactions.5,6 The reac
tion of 1 with D2 gas (500 psi) and (cP3P)3RhCl at 
80°C for 48 h (10: 1 substrate-to-metal ratio), fol
lowed by gas chromatography-electron impact mass 
spectrometry (GC-EIMS) and 400 MHz IH nuclear 
magnetic resonance spectroscopy (NMR), provided 
the results depicted in Eq. (1). 

(¢3P)3RhCI 

500 psi 02 
80°C, 48 hr 

13 

(I) 

The reaction product, 13, had 1.6 D at position 
2, 1.0 D each at positions 3 and 4, and 0.7 D at posi
tion 8. The deuterium on the nitrogen atom (N-D) 
is readily exchanged because of traces of water in the 
sample preparation procedures for both the GC
ElMS and NMR analyses. 

The high-field IH NMR spectrum at 400 MHz 
also provided information concerning the stereo
chemistry of deuterium atoms at positions 3 and 4. 
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The linewidths for multiplets at 1.90 ppm, assigned 
to H-3, and 2.73 ppm, assigned to H-4, were both 
12.1 Hz, clearly indicative of a cis configuration 10 for 
the hydrogens on carbons 3 and 43,5-6 (Eq. (l », i.e., 
a 3,4-cis-deuteration of the 3,4-double bond. II More 
important, when compound 12 was subjected to the 
same deuteration condition shown in Eq. (1), no 
exchange of the hydrogen atoms in the saturated 
nitrogen ring was observed by 250 MHz IH NMR 
spectroscopy. However, exchange of the aromatic 
hydrogen (position 8) that is beta to the nitrogen 
readily occurs with incorporation of 0.7 D, as evi
denced by the decrease in the area of the doublet at 
6.42 ppm, assigned to the proton on C-8 of com
pound 14 (Eq. (2». 

~ (¢3P)3 RhCI ~H • o H (2) 
500 psi 02 H 

H H 80°C, 48 hr ° H H 

12 14 

The experiment defined in Eq. (1) also showed 
by GC-EIMS that the remaining quinoline (-2%) 
was monodeuterated [M+·, m/e 130 (100% RA)]. 
Furthermore, if the reduction of 1 with deuterium 
gas (Eq. (1» was allowed to proceed to only a 50% 
conversion of the deuterated tetrahydroquinoline, 
the remaining isolated 1 had deuterium incorpora
tion exclusively at C-2, as evidenced by its 250 MHz 
IH NMR spectrum (8.9 ppm, doublet of doublets, 
0.3 D). A GC-EIMS analysis showed a m/e 130 ion 
for quinoline-2-d, but in approximately 10% relative 
abundance. This strongly implies that the second 
deuterium incorporation at C-2, (i.e., 13) comes 
predominately, but not exclusively, by deuteration of 
quinoline-2-d. This is substantiated by GC-EIMS 
and NMR analyses of the deuterated tetrahydro
quinoline formed in the incomplete reduction 
(-50%), which indicates mainly 1,2,3,4-
tetrahydroquinoline-d3 rather than the d4 com
pounds formed in the quantitative conversion, i.e., 
one deuterium at C-2 rather than 1.6 D. 

Plausible Mechanistic Pathways in the 
Hydrogenation of Quinoline (1) 

The deuterium results described above can be 
accommodated by several plausible rhodium inter
mediates, as shown in Fig. 3. Intermediate B can 
occur via intramolecular addition of deuterium (or 
hydrogen) to the carbon-nitrogen double bond via 
intermediate A. Exchange of the hydrogen on the 
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Figure 3. Plausible rhodium complexes as intermediates in the catalytic hydrogenation of quinoline, 1. 
(XBL 836-10433) 

carbon that is alpha to nitrogen and allylic to the 3,4 
double bond could occur by two pathways: (1) oxi
dative addition (cyclometallation) to give C; or (2) 
the apparently more predominate mechanism 
whereby intermediate B exchanges hydrogen for deu
terium by being in equilibrium with A and 
quinoline-2-d. The latter compound can then recycle 
to B. Reduction of the 3,4 double bond may have a 
rate comparable to the dehydrogenation step, i.e., B 
_ A_I, but it effectively eliminates any exchange 
at position 2. The cyclometallation reaction (oxida
tive addition) at position 8 (intermediate E) allows 
the exchange of that aromatic hydrogen. 

Intermediates C and E (Fig. 3) have some pre
cedents in the literature. For example, Bennett et 
al. 12 and Bruce, Goddall, and Stone I have reported 
on several ortho-metallation reactions with osonium 
and ruthenium carbonyls and compound 3 (Fig. I) to 
provide the five-membered ring equivalent to inter
mediate E (Fig. 3). Yin and Deemingl4 have 
observed metallation of carbon atoms alpha to a 
nitrogen atom in several aromatic imine (¢-C=N-) 
derivatives. Crawford and Kaeszl5 and Crawford, 
Knobler, and Kaesz l6 have reported on a cyclometal
lated product, which had a metallo-azacyclopropane 
structure, as established by single-crystal x-ray crys
tallography, and represents a model for intermediate 
C. Laine et al. 17 have also postulated these metallo
azacyclopropane intermediates in deuterium 
exchange reactions with trialkylamine compounds as 
substrates and rhodium cluster carbonyls as 
catalysts. 17 The homogeneous catalytic activation of 
C-H bonds for hydrogen-deuterium exchange has 
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been reviewed extensively by Parshall l8 and by 
Dehand and Pfeiffer. 19 

Dehydrogenation Step in Hydrogenation of 5 

In experiments to provide more support for the 
dehydrogenation sequence, B _ A-I (Fig. 3), we 
studied the deuteration of phenanthridine, 
compound 5, and found, by GC-EIMS (m/e 184 32% 
RA) and 250 MHz IH NMR spectroscopy, two deu
teriums at position 9 (absence of NMR signal at 4.4 
ppm, singlet) and approximately 0.3 D at position I 
(7.66 ppm doublet) for compound 15. Again, as in 
the deuterium gas experiments with 1, the N-D 
group gets exchanged to some extent upon work-up 
(Eq. (3)). 

6 

;~ (<P;3P};3RhCI 

~ " 0 ~ 500 psi D2 
(3) 

H 9 N I D N 100°C for 3 hr D 
10: I substrate 

5 to metal ratio 15 

This result supports the hypothesis that activa
tion of hydrogen on the carbon atom alpha to the 
nitrogen atom is a prerequisite for exchange, i.e., 
benzylic or allylic carbon positions. Furthermore, 
reaction of compound 15 with catalytic amounts of 
(¢3P)3RhCI readily provided the dehydrogenated 
product (25°C, I hour), phenanthridine-d2 with deu
teriums at the 9 and 2 positions as determined by 



GC-EIMS and 250 MHz I H NMR spectroscopy 
(absence of singlet at 9.3 ppm assigned to the proton 
on carbon 9). 

These results show that the dehydrogenation step 
by a plausible intermediate such as B to deuterated 
1, possibly via intermediate A, definitely occurs 
under the hydrogenation conditions.20 The isolation 
of complexes such as A-E would obviously help our 
understanding of these rather complicated hydroge
nation reactions, and such isolation studies are under 
way. 

Summary 

Although our results show the mechanistic com
plexities of hydrogenation in polynuclear 
heteroaromatic nitrogen compounds, several plausi
ble reaction pathways have also been elucidated. 
The reduction of the carbon-nitrogen double bond, 
i.e., 1, 2, 3, and 5, is the initial product of hydrogen 
transfer from rhodium to the complexed substrate. 
This is followed by a reversible dehydrogenation 
step, as proved by deuterium experiments with 1 and 
5, a step that must have a rate comparable to the 
stereospecific reduction of the 3,4 double bond in 
compounds such as 1-3. However, in the hydroge
nation of compounds such as 5, the metal-catalyzed 
dehydrogenation step must be extremely facile 
because of the benzilic' nature of the methylene 
group that is alpha to the nitrogen atom. In addi
tion, cyclometallation reactions may play a role not 
only in the exchange of aromatic hydrogens12,13 but 
conceivably also in the exchange of hydrogens on the 
carbon alpha to the nitrogen. 

It was also observed that both steric and elec
tronic effects control the hydrogenation rates of our 
substrates in the presence of compounds that can 
competitively bind to the rhodium metal center. 
Knowledge of these effects should be highly useful in 
attempting to define the reactivity of these model 
coal compounds in very complex matrices such as 
coal liquids and shale oils. 

PLANNED ACTIVITIES FOR FY 1984 

We have carried out similar hydrogenation 
experiments with substrates 1-6, using the hetero
genized form of Wilkinson's catalyst, bonded to 
phosphinated polystyrene-divinylbenzene (2% or 20% 
crosslinked, 1-2% loading), and have found the same 
regioselectivity and excellent product conversions 
that we observed in the present study.21 Subsequent 
manuscripts will detail catalytic-transfer hydrogena
tion results that exploit metal-catalyzed dehydroge
nation of 9,1 O-dihydrophenanthridine. 22,23 
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A Comparison of Polymer-Supported 
Wilkinson's Catalyst with Its 
Homogeneous Analogue in the 
Selective Reduction of Polynuclear 
Heteroaromatic Compounds* 

R.H. Fish, A.D. Thormodsen, M. Simmons, and H. 
Heinemannt 

Recently, we found that a wide variety of 
transition-metal compounds catalyzed the regio

··specific reduction of polynuclear heteroaromatic 
nitrogen and sulfur compounds. I- 3 These findings 

. may yield important improvements in synthetic fuel 
processes. Hydrogen gas consumption is known to 
be an economically limiting factor in the upgrading 
of synthetic fuels and in the removal of nitrogen and 
sulfur from these complex matrices. Selective 
hydrogenation would lower hydrogen consumption; 
furthermore, the reacti9ns described here are carried 
out at lower .temperatures and pressures than those 
used in conventional industrial processing. 

Homogeneous catalysts have their own limita
tions, however. Recovery is often· difficult or impos
sible. In addition, thermal stability and solubility 
may present problems in practical applications. The 
use of polymer supports, such as cross-linked 
polystyrene-divinylbenzene (PS-DVB), silica, and 
alumina to anchor homogeneous transition-metal 

*This work was jointly supported by the Director, Office of Ener
gy Research, Office of Basic Energy Sciences, Chemical Sciences 
Division, and the Assistant Secretary of Fossil Energy, Office of 
Coal Research: Liquefaction Division of the U.S. Department of 
Energy, the Pittsburgh Energy Technology Center, and the Electric 
Power Research Institute through the Department of Energy under 
Contract No. DE-AC03-76SF00098. 

tMaterials and Molecular Research Division. 
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tion) of olefins under H2 or D2 conditions with 
rhodium catalysts see Ref. 5, Chap. 11, p. 198. 

21. Fish, RH., Thormodsen, A.D., and 
Heinemann, H. (1983), submitted to 
Organometallics. 

22. Fish, RH., Thormodsen, A.D., and Ausban, A. 
(1983), in preparation. 

23. Fish, RH., and Thormodsen, A.D. (1983), sub
mitted to Organometallics, LBL-15596. 

catalysts and overcome some of these difficulties has 
been the subject of intensive research over the past 
15 years. (For pertinent reviews and leading publica
tions, see Refs. 4-7.) 

In this article, we compare some initial results 
for Wilkinson's catalyst supported on 2% cross
linked phosphinated PS-DVB with those for its 
homogeneous analogue2 in selectively reducing 
polynuclear heteroaromatic nitrogen and sulfur com
pounds (Fig. 1). 

ACCOMPLISHMENTS DURING FY 1983 

Initial and Relative Rates 

The initial and relative rates of reduction of the 
substrates 1-5 (Fi~. 1) were obtained using a Parr 
kinetic apparatus; Table 1 lists the results. 
Substrate-to-metal ratio, temperature, and partial 

i6IQ) (gT -N-

2 3 

4 5 

Figure 1. Polynuclear heteroaromatic compounds used as 
substrates for reduction studies: 1, quinoline; 2, 5,6-
benzoquinoline; 3, 7,8-benzoquinoline; 4, acridine; 5, ben
zothiophene. (XBL 8311-4462) 



Table 1. Comparison of initial and relative rates of hydrogenation of substrates 1-5 using both polymer-
supported and homogeneous Wilkinson's catalyst. a 

Polymer-supported ratesC Homogeneous rates 

PS/H 
Initial Relative Initial Relative rate 

Substrate Productb (%/min) (%/min) ratio 

1, Quinoline 1,2,3,4-Tetrahydro- 0.29 1 0.013 22 

2, 5,6-Benzoquinoline 1,2,3,4-Tetrahydro- 0.14 0.48 0.0065 0.5 22 

3, 7,8-Benzoquinoline 1,2,3,4-Tetrahydro- 0.024 0.08 0.0012 0.09 20 

4, Acridine 9,10-Dihydro- -0.4 -1.4 -0.04 -3 10 

4, Acridine 1,2,3,4-Tetrahydro- 0 0 0.047 3.6 0 

5, Benzothiophene 2,3-Dihydro- -0.03 -0.1 0.044 3.4 0.7 

a Reaction conditions were as follows: PH2 = .310 psi, T = 8SOC, sub./cat. = 91/1, benzene (20 mL), 1 
mmole substrate in each case, with either 10.2 mg of homogeneous RhCl(PPh3)3 or 52 mg of polymer
supported Wilkinson's catalyst [2% cross-linked, 2.19% Rh, initial P/Rh = 2.9 (Strem Chemical Co.), P/Rh 
after reaction with substrates 1-5 - 3.3]. The catalyst was contained in a wire basket attached to the end 
of the dip tube of the kinetic apparatus. 

bAnaIysis by gas chromatography. 

CPIots of % conversion vs. time provided initial (pseudo-zero order) rates. Rates are relative to quinoline 
(1.0). Substrates 1-5 were reacted with the same beads for all initial rates reported. 

pressure of hydrogen were the same for both forms 
of Wilkinson's catalyst. Experiments with the 
polymer-supported catalyst were all carried out using 
the same batch of 2% PS-DVB beads, with excellent 
reproducibility. 

Clearly, several important observations can be 
drawn from the results in Table 1. The table shows 
that the initial rates of hydrogenation of nitrogen 
heterocyclic compounds, 1-4, with polymer
supported Wilkinson's catalyst are 10 to 20 times 
faster than with the homogeneous equivalent. This 
rate enhancement, which has not been observed with 
many polymer-supported catalysts in reduction reac
tions,5,8 is extremely relevant for practical applica
tions. 

Several reasons for this favorable result can be 
formulated. Substrates 1-4 are themselves suitable 
ligands, and a higher concentration or enrichment of 
substrate around the polymer-supported metal 
center, with a concomitant loss of triphenylphos
phine, may have enhanced the rates. Other factors, 
such as steric and electronic effects, are probably 
involved as well. The relative-rate differences 
among 1-5 for both forms of Wilkinson's catalyst 
may involve steric effects as accentuated by the 5,6-
and 7,8-benzoquinoline (2 and 3) rate ratio, i.e., 2/3 
= 6.0, as well as the ratios with 1, i.e., 1/2 = 2, and 
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1/3 = 13. Only in the case of the sulfur heterocyclic 
compound, 5, is the initial rate larger for the homo
geneous catalyst, while overall relative rates are simi
lar for 1-4 within each set of catalyst results. 

Selectivity 

The high regioselectivity for the heteroaromatic 
ring with both forms of the catalyst is evident (Table 
1). In one case, substrate 4, the polymer-supported 
catalyst gave only 9,1O-dihydroacridine, with no 
1,2,3,4-tetrahydroacridine apparent. In contrast, 
with the homogeneous analogue,2 4 gave substantial 
amounts of the outer ring product (-- 50%), and this 
difference may result from the more pronounced 
steric requirements. surrounding the active metal 
sites on the polystyrene-divinylbenzene-supported 
catalyst.4- 7 

Parameters Affecting Rates 

Other parameters that needed study included the 
effect of cross-linking and the diffusion rates of sub
strate into the PS-DVB beads. In experiments to 
clarify these points, the 2% cross-linked polystyrene
divinylbenzene beads with Wilkinson's catalyst were 
compared to the 20% cross-linked beads for reduc
tion of 1. The initial rate ratio for both (2%/20%) 



',", 

was found to be approximately 3. We also ground 
the 2% beads and hydrogenated substrate 1 (quino
line), using similar reaction conditions, to show that 
diffusion of substrate into the bead was not rate lim
iting, i.e., both ground and whole (- 30 ~) 2% cross
linked beads gave the same initial rates within exper
imental error. 

Mechanism of Hydrogenation of 1 with 
Polymer-Supported Wilkinson's Catalyst 

The mechanism of reduction of 1 with homo
geneous Wilkinson's catalyst was recently elucidated 
with deuterium gas and is discussed elsewhere.2 In 
that study, we found that deuterium was incor
porated as shown in the following scheme for 6: 

6 

1 

6 

6 

1 

7 

In contrast, compound 7, above, shows the deu
terium pattern (NMR and mass spectroscopy)9 
obtained with 2% cross-linked PS-DVB Wilkinson's 
catalyst. The pertinent difference is the lack of 
aromatic C-H exchange for the polymer-supported 
catalyst; stereochemistry at the 3,4 double bond (cis) 
and reversible dehydrogenation of the reduced 
carbon-nitrogen bond (positions 1 and 2) to provide 
1.6 D at position 2, via quinoline-2-d, are similar for 
both forms of the catalyst. Moreover, reaction of the 
product, 1,2,3,4-tetrahydroquinoline, with PS-DVB 
Wilkinson's catalyst under similar deuteration condi
tions also shows, by NMR and MS analyses, no 
exchange of the aromatic hydrogen at position 8 
(6.42 ppm), in contrast to the result for the homo
geneous catalyst.2 Again, steric requirements sur
rounding the active metal center of the polymer
supported catalyst may be responsible for the lack of 
aromatic C-H exchange. 5 

Reduction of 1 in the Presence of Model Coal 
Liquid Constituents 

Since the compounds shown in Fig. 1 are pre
valent in synthetic fuel products such as coal liquids, 
we wanted to determine whether selectivity for the 
nitrogen heterocyclic ring (with 1 as the example) 
would prevail in the presence of other coal-liquid 
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constituents. We used a model coal liquid dissolved 
in benzene and containing (wt%) 30% pyrene, 5% 
tetralin, 38% methylnaphthalene, 17% m-cresol, 7.5% 
1,. and 2.5% 2~methylpyridine.1O The liquid was 
hydrogenated with the 2% PS-DVB. Wilkinson's 
beads (under conditions similar to those in Table 1) 
to provide 1,2,3,4-tetrahydroquinoline as the only 
reduction product (initial rate 0.42%/min). Removal 
of 2-methylpyridine had no effect on the initial rate, 
in contrast to competitive inhibition on 1 by the 
pyridine derivative in the homogeneous reaction.2 

Interestingly, reduction of 1 alone, at a similar 
substrate-to-metal ratio as in the model coal liquid, 
provided an initial rate (0.18%/min) that was --- 2.2 
times slower than the rate of 1 in the presence of the 
model coal-liquid constituents. 

PLANNED ACTIVITIES FOR FY 1984 

The impressive result just cited emphasizes the 
highly selective reaction taking place in the presence 
of other functionalities, i.e., regiospecific reduction of 
the nitrogen heterocyclic ring as well as the rate 
enhancement phenomena, and provides dramatic 
evidence for the potential usefulness of polymer
supported catalysts in synthetic fuel (hydro process
ing) applications. I I We will continue to pursue the 
use of these catalysts in model coal-liquid hydroge
nation experiments. 12 
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COAL-RELATED RESEARCH 

Processing of Condensate Waters 
from Coal Gasification* 

c.J. King, D. Mohr, P. MacKenzie, J. Senetar, J. 
Bixby, R. Demyanovich, and R. Thompson 

Large volumes of condensate water are formed 
when reactor. effiuents from coal gasification are 
cooled. These water streams contain large concen
trations of ammonia, acid gases, and dissolved 
organics---':'notably phenolic compounds. The degree 
of contamination is highest for lower-temperature 
gasification processes.·· For economic and environ
mental reasons, these waters must be processed for 
recycling, probably as make-up water for a cooling
tower system. The principal objective of this work is 
to develop workable, reliable, and economical phy
sicochemical processing methods for such recycling 
and to provide underlying design data. Particular 
attention has been given to solvent-extraction and 
stripping processes and to analysis of the chemical 
composition of water samples. 

Work to date has focused on four areas: 

(I) analyses of individual components contri
buting to the· measured chemical oxygen 
demand (COD); 

(2) extraction with both conventional and 
novel solvents to effectively remove the 
COD and allow regeneration with low 
energy consumption; 

(3) interpretation of rates of stripping of 
ammonia and acid gases such as CO2 and 
H2S from condensate waters; and 

(4) combining extraction of ammonia with 
stripping of acid gases in an innovative 
process that can recover ammonia as a sal
able product. 

*This work was supported by the Assistant Secretary for Fossil 
Energy, Office of Coal Utilization, Advanced Conversion and 
Gasification, Division of Surface Coal Gasification, of the U.S. 
Department of Energy, through the Morgantown Energy Technol
ogy Center, under Contract No. DE-AC03-76SF00098. 

ACCOMPLISHMENTS DURING FY 1983 

Analysis of Condensate Waters 

The 1982 Annual Report described our detailed 
analyses of four water samples from the slagging 
fixed-bed gasifier at the Grand Forks Energy Tech
nology Center (GFETC). The identified com
ponents, if their complete oxidation is assumed, 
accounted for 70% to 83% of the total measured 
COD. The measurements were made by high-

. performance liquid chromatography (HPLC), supple
mented by gas chromatography/mass spectrometry 
(GC/MS) and a procedure of distillative solvent 
change from water to isopropanol. . 

Subsequent gas-chromatographic analyses with 
an 18-inch Porapak Q column· and a flame
ionization detector have revealed 1000 ppm w /w of 
methanol, 500 ppm of acetone, and 280 ppm of 
acetonitrile in one of the GFETC samples (RA-I06). 
This increases the fraction of COD identified from 
69.9% to 83.9%, again assuming complete oxidation 
in the COD analysis. Acetone and acetonitrile 
would be expected to be stripped effectively from 
these waters, but methanol would not be. Further
more, methanol is probably incompletely extracted 
with common solvents such as methyl isobutyl 
ketone (MIBK) and diisopropyl ether (DIPE) and so 
is probably a significant constituent of the COD 
remaining after extraction with such solvents. 

Tests have been made of the degree of oxidation 
of various compounds in the COD analysis. Among 
the phenolic compounds, phenol, m-cresol, and 3,4-
xylenol oxidized 99% to 100%, and o-cresol, p-cresol, 
2,6-xylenol, and 3,5-xylenol oxidized 94%, 92%, 97%, 
and 93%, respectively. These results suggest that 
another I % to 2% of the COD remains unidentified, 
beyond what is computed by assuming that the iden
tified components oxidize completely. 

Analyses have been made of the organic sulfur 
and organic nitrogen compounds in the samples, 
along with their extractability and volatility. For 
GFETC sample RA-I06, 383 mg/L of organic sulfur 
was found, and for sample RA-120, 175 mg/L of 
organic nitrogen was found. A batch distillation of 
the stripped raffinate left after extraction of RA-I 06 
with MIBK showed that 38% of the un extracted 
COD appeared in a 90% distillate fraction, while the 
·remaining· unextracted COD stayed with the 10% 
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bottoms fraction. A batch distillation of unextracted 
RA-106 showed that 97% of the organic sulfur 
remained in a 27% bottoms fraction. Extractions of 
this water at pH 2 with both MIBK and methylene 
chloride removed virtually none of the organic sul
fur, but extractions at pH 9 removed 57% and 25%, 
respectively, of the organic sulfur. These results 
suggest that much of the organic sulfur proto nates at 
low pH. . 

Batch distillation of the stripped raffinate from 
MIBK extraction of GFETC sample RA-120 showed 
that 42% of the unextracted COD and 3% of the 
unextracted organic nitrogen appeared in an 89% dis
tillate fraction. Thus the organic nitrogen and 
organic sulfur compounds are relatively nonvolatile. 
Since distillation of this raffinate after adjustment to 
pH 12 gave essentially the same result, the low vola
tility is not the result of ionization of basic organic 
nitrogen compounds. 

The concentration of SCN- in RA-120 was 
found to be 45 mg/L. Since SCN- responds to the 

organic nitrogen test, it accounts for about 5% of the 
measured organic nitrogen content. 

A sample was also received from the Morgan
town Energy Technology Center's (METC) gasifier 
run 101. An analysis of this water, made promptly 
upon receipt, is shown in Table 1. 

One of our earlier accomplishments was the first 
identification of hydantoin compounds in conden
sate waters from coal conversion. This identification 
was made using distillative solvent transfer from 
water to isopropanol, followed by GC/MS analysis 
using electron ionization. We have since confirmed 
the identification using GC/MS with chemical ioni
zation (methane), and independent identifications of 
hydantoins in condensate waters from coal gasifica
tion have been made at GFETC and METe. 

A likely candidate for the formation reaction of 
5,5-dimethyl hydantoin (DMH) in the aqueous phase 
is the Bucherer-Bergs reaction, which produces DMH 
and water stoichiometrically from acetone, 
ammonia, carbon dioxide, and hydrogen cyanide. 

Table 1. Analysis of condensate water from Morgantown Energy 
Technology Center gasifier run 101. 

Concentration CODa %of 
Compound (mgfL) (mgfL) Measured COD 

Phenol 1380 3920 26.3 

Cresols 1990 5000 39.9 

Xylenols 840 2210 17.7 

o-Methoxyphenol b 

o-Hydroxyacetophenone b 

Pyrocatechol 40 80 0.6 

4-Methylpyrocatechol 40 80 0.6 

Resorcinol 65 125 1.0 

Hydroquinone 4 8 0.1 

5,5-Dimethyl hydantoin 
(DMH) 20 21 0.2 

Acetonitril 65 98 0.8 

Acetone 60 125 1.0 

Methanol b 

TOTAL 11040 88.2 

Measured COD 12520 

Organic nitrogen 93 

Organic sulfur 60 

aAssuming 100% oxidation. 

bConcentration essentially zero. 
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This is consistent with observed differences of -1.97 
rnM/L and + 1.79 rnM/L for concentrations of 
acetone and DMH, respectively, between samples of 
RA-106 condensate water stored at pH 2 and pH 9. 
The hydantoin-forming reaction is effectively 
stopped in the low-pH water. 

Finally, the pK of DMH was estimated at 8.9 
from a measuremen~ of the pH of the compound dis
solved in Milli-Q purified distilled water. From 
extraction-equilibrium data, the value of pKa was 
estimated at 9.0 to 9.1. Therefore, this compound 
can be partially dissociated in typical condensate 
waters. 

Research on analysis of the GFETC condensate 
waters is described in more detail elsewhere. 1- 3 

Extraction with Trioctyl Phosphine Oxide 

Results obtained for extraction of GFETC con
densate waters with conventional solvents such as 
MIBK, diisopropyl ether, and tributyl phosphate 
have been described in previous Annual Reports and 
elsewhere.2,3 

Trioctyl phosphine oxide (TO PO) has been 
found in our earlier work to be a particularly effec
tive extractant for phenols.4 Subsequent research5 

has sought to find effective diluents that would allow 
regeneration by distilling phenol overhead. The 
hydrogen-bonded complex between phenol and 
TOPO is still strong at the atmospheric boiling point 
of phenol (182°C), so it is necessary to use dilutents 
with substantially higher boiling points. A series of 
experiments using a vapor-liquid equilibrium still 
demonstrated that hydrocarbon diluents boiling at 
about 260°C are effective. One suitable mixture 
combines dimethyl naphthalene (for solubility of 
TOPO) and n-octadecane· (for density control). 
Commercial hydrocarbon/solvent mixtures can be 
blended to give similar characteristics. Measure
ments of extraction equilibria for removal of phenol 
from water using solvents composed of TOPO, 
dimethyl naphthalene, and octadecane showed that 
the change of diluent from the previously used diiso
butyl ketone causes relatively little change in the 
extraction equilibria. 

Back-extraction of solutes into solutions of 
strong aqueous bases can be an effective means of 
regeneration if conversion of acid solutes to salts can 
be accepted. In the case of TOPO-based solvents, 
back-extraction of this sort is complicated by emul
sion formation. Tests have shown that this tendency 
is reduced if the aqueous phase used for regeneration 
has both a high pH and a high ionic strength. 
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Phase-Splitting Extraction 

Certain extraction agents afford the possibility of 
separation through a temperature change, taking 
advantage of large changes in phase miscibility with 
changing temperature. One such reagent, "glyeth," 
the diethyl ester of ethylene glycol, was used to 
extract a solution of 1.0% phenol, 12.1 % ammonium 
bicarbonate, and 2.54% ammonium carbonate in 
water (pH = 8.36), at a volumetric phase ratio of 
about 1: 1 and a temperature of 225°C, under pres
sure. It was hoped that the inorganic salts would 
remain largely in a highly concentrated aqueous 
phase, while the phenol and much of the water 
extracted largely to the organic phase, thereby giving 
a preliminary separation of organics from inorganics 
and concentrating the inorganics. It was found that 
the aqueous and organic phases contained 6.77% and 
1.46% ammonium carbonate and bicarbonate 
(expressed as the carbonate), respectively. Phenol 
split very evenly between the phases. The separation 
selectivity of this method appears to be limited. 

Combined Stripping and Extraction for 
Removal and Isolation of Ammonia6 

This ·effort explores methods of recovering and 
isolating ammonia through combined solvent extrac
tion and stripping. In conventional stripping of 
ammonia and acid gases, the steam requirement is 
large because the volatilities of the solutes are highly 
suppressed by ionization in solution. Extracting 
ammonia shifts the pH to lower values, increasing 
the volatilities of acid-gas solutes and thereby lessen
ing the steam requirements for stripping them from 
the solution. Such a process also serves to isolate 
ammonia as a separate, salable product. One possi
ble version of this process is shown in Fig. 1. 

In earlier work, we showed that liquid cation 
exchangers are most effective for extraction of 
ammonia, because they interact directly with 
ammonium ion. For degree of extraction, regenera
bility, and thermal stability, di-2-ethylhexyl phos
phoric acid (D2EHPA) has been found to be an 
attractive liquid cation exchanger. It is commonly 
used in hydrometallurgical processing. 

Various diluents have been explored for use with 
D2EHPA. Aromatics give lower aqueous losses of 
D2EHPA, better phase-settling properties, and a 
lower degree of ammonia extraction than aliphatic 
diluents. To enhance these properties, it is desirable 
to add modifiers, or third components, to the solvent 
mixture. Unhindered alcohols, phenols, and car
boxylic acids increase the degree of ammonia extrac
tion, reduce losses of D2EHPA to the aqueous phase, 
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Figure 1. Schematic of a possible process to isolate 
ammonia from condensate waters by solvent extraction 
and steam stripping. (XBL 838-534) 

and improve phase-separation properties. These 
results suggest that these modifiers solvate both 
D2EHPA and the D2EHPA/ammonium-ion pair, 
but the latter more strongly. A tertiary amine modif
ier (e.g., Adogen 364, Sherex Division, Ashland 
Chemicals) lowers the degree of extraction of 
ammonia, reduces losses of D2EHPA to the aqueous 
phase, and improves phase separation. These results 
indicate that the amine interacts strongly with 
D2EHPA and may also offer some solvation to the 
ion pair. 

Detailed measurements of equilibrium distribu
tion coefficients for NH3 have been made for 
toluene, a mixture of toluene and isodecanol, and 
mixed toluene and Adogen 364 as diluents for 
D2EHP A. The results have been interpreted in 
terms of models allowing for formation of the ion 
pair and further complexation of the ion pair by 
additional D2EHPA. 

Figure 2 shows data taken during batch regenera
tion of solvents containing D2EHPA, various 
stoichiometric loadings of ammonia, and one each of 
the three diluent systems studied. The hydrocarbon 
constituent of each diluent is Norpar 12 (C ll to C13 
normal paraffins, King Industries). The diluent mix
tures are (a) 50% isodecanol in Norpar 12, (b) pure 
Norpar 12, and (c) 0.4 M Adogen 364 in Norpar 12. 
The partial pressures of ammonia are calculated 
from the observed rates of stripping of ammonia by 
nitrogen passed through the solutions at 12rc. 
Adding alcohol to the diluent decreases the volatility 
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Figure 2. Batch-regeneration data for solvents containing 
D2EHPA and one of three diluents, plotted against partial 
pressure of ammonia. Total D2EHPA concentration for 
each diluent: (a) 0.48 M; (b) 0.48 M; (c) 0.4 M. Tempera
ture: 127°C. (XBL 838-538) 

of ammonia for a given NH3/D2EHPA 
stoichiometry, because of the added solvation of the 
ion pair by the alcohol. Adding amine to the diluent 
increases the volatility of the ammonia, because the 
amine competes with the ammonia for formation of 
ion pairs with D2EHPA. 

Figure 3 shows rates of stripping of carbon diox
ide by nitrogen from aqueous solutions containing 
NH3 and CO2, with and without added solvent mix
tures. The rate of stripping of CO2 is much greater 
in the presence of the D2EHPA-containing solvents. 
In all cases with the solvents present, less than 1.0% 
of the ammonia was stripped, because of the extrac
tion of NH3 into the solvent phase. Consistent with 
the other results, addition of an alcohol (Alfol 10, 
Conoco Chemical Co.) increased the rate of CO2 
stripping because of greater NH3 extraction, and 
addition of Adogen 364 decreased the rate because of 
lesser NH3 extraction. 

A computer model of the volatilities of CO2 and 
NH3 above solution was used to analyze steam 
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aqueous solutions of NH3 and CO2, with and without 
D2EHPA solvent mixtures. (XBL 8311-6571) 

requirements for the CO2 stripper in the process 
shown in Fig. 1. For a feed containing 1.0% NH3, 
with a solvent composed of 0.5 M D2EHPA and 
0.25 M Adogen 364 in a CII alkane diluent, with a 
volumetric solvent/water ratio of 2.5, the CO2 
stripper would require 0.09 lb steam/lb feed water; 
the solvent regenerator--operating under vacuum
would require 0.05 lb steam/lb feed water, and the 
NH3/H20 fractionator would require 0.04 lb 
steam/lb feed water. Thus the total steam require
ment would be 0.18 lb/lb feed water. This compares 
favorably with the steam requirements of other 
processes that isolate ammonia from sour waters. 
The U.S. Steel Phosam-W and Chevron all
distillation processes consume between 0.25 and 0.35 
lb steam/lb feed water for similar feeds. The amine 
modifier therefore appears to be desirable for keep
ing the regenerator steam requirement low. 

Synfuels Wastewater Workshop 

Members of the project team worked with 
METC personnel to organize and conduct a Synfuels 
Wastewater Workshop for DOE contractors and 
other invited persons, and to edit the proceedings. 
The workshop was held in Morgantown, West Vir
ginia, on June 15-16, 1983. 

PLANNED ACTIVITIES FOR FY 1984 

Analyses of condensate waters from the METC 
gasifier and any other available sources will be con
tinued to identify the principal contributors to the 
as-yet unidentified COD, as well as any important 
classes of organic compounds that have not previ
ously been reported. Methods used will include 
mass spectrometry, GC/MS, solvent-change tech
niques, HPLC, GC, and various generic techniques 
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(organic nitrogen, organic sulfur; etc.) .. Efforts will 
be made to identify the organic nitrogen and organic 
sulfur compounds, and to identify any amphoteric 
substances (e.g., amino acids). For these purposes, 
pH-gradient HPLC will be employed. 

Studies of processing techniques will be directed 
toward solvent extraction (both single and successive 
solvents), stripping, adsorption with various adsor
bents, and evaporation. Favorable combinations of 
these processes will also be sought. Much of the as
yet unidentified COD has proved difficult to remove 
by conventional biological and physiochemical tech
niques. More effective means for removing these· 
substances will be sought. 

A new component of the project will be directed 
toward formation and removal of hydantoin com
pounds. The formation reactions will be better iden
tified and confirmed, and the kinetics of these reac
tions in aqueous solution as functions of pH, tem
perature, and composition will be monitored. 
Among the removal techniques to be investigated are 
extraction with various solvents, including ion-pair 
extraction, and adsorption onto carbons and resins 
with particular functional groups. 

Design parameters for simultaneous extraction 
and stripping for recovery and isolation of ammonia 
will be characterized and compared more thoroughly 
with conventional stripping and with the Phosam-W 
and all-distillation processes. Simultaneous extrac
tion of organics will also' be characterized, with an 
eye to identifying resultant problems and/or possibil
ities for synergism with other methods of removing 
organics. 
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Enhancing Efficiency in Dry-Ash 
Moving-Bed Gasifiers Through a 
Distributed Feed* 

c.R. Lut and M.M. Denn 

The overall efficiency of the conventional pres
surized moving-bed technique of coal gasification is 
limited by the need to add large amounts of excess 
steam to keep the solids temperature below the 
softening point of the ash. The Lurgi dry-ash reac
tor, for example, which has been in commercial use 
since 1936, typically uses 7 to 9 moles of steam for 
each mole of oxygen with a feed of pure oxygen, and 
5 to 7 moles of steam for each mole of oxygen with 
an air feed, whereas a steam-to-oxygen mole ratio 
close to unity is desirable. I,2 The resolution within 
the context of moving-bed technology has been the 
development of the slagging reactor, which operates 
at a low steam-to-oxygen ratio (approximately unity) 
and at a sufficiently high temperature to cause the 
ash to form a molten slag. The British Gas/Lurgi 
slagger is described by Sharman and Scott. 3 This 
reactor has not reached commercial status, although 
these authors conclude that it "can now be regarded 
as ready for commercial exploitation" and that it is 
"particularly suitable for high volatile, unreactive, 
bituminous coals." 

The high temperatures in the slagger can be a 
source of materials and operating problems. Work 
on moving-bed reactor modeling4- 7 has led to an 
alternative concept in which the low-temperature 
operation of the dry ash reactor is maintained, but 
with a low steam-to-oxygen ratio. The basic 

*This work was supported by Lawrence Berkeley Laboratory Pro
gram Development Funds and by the Assistant Secretary of Fossil 
Energy, Office of Surface Coal Gasification, Division of Coal Pro
jects Management of the U.S. Department of Energy under Con
tract No. DE-AC03-76SF00098. 
tpresent Address: Beijing Research Institute of Coal Chemistry, 
Beijing, China. 
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approach, first investigated by Denn et al.,8 is to feed 
only part of the oxygen at the reactor bottom and to 
distribute the remainder axially in order to broaden 
the partial combustion zone. 

This article describes simulations indicating that 
the approach is feasible in principle and could lead 
to a highly efficient dry-ash reactor for low reactivity 
coal. The engineering problems involved are also 
discussed briefly. 

ACCOMPLISHMENTS DURING FY 1983 

Model 

The reactor model used in our calculations is a 
modification of the one-dimensional, homogeneous 
model described by Y oon et al. 5,6; this model 
predicts reactor effluents that are in agreement with 
plant data and maximum temperatures in the oper
able range for the feed conditions used in the plant 
tests. Yoon's model is based on detailed mass and 
energy balances and includes mass transfer and 
kinetic limitations. Mass-action kinetics are 
assumed for the intrinsic reaction rates of the hetero
geneous combustion and gasification reactions. The 
only adjustable parameter in the model is the 
CO/C02 selectivity of carbon oxidation, which is not 
well-established under gasifier conditions. The gas is 
assumed to be in plug flow, and radial variations in 
concentrations and temperature are not considered. 
Calculations based on a two-dimensional model4,7 

show that the assumption of adiabatic operation with 
radial uniformity is a good approximation over most 
of the cross section when operating near the design 
throughput. 

The only modification we have made to this 
basic model is to add source terms to account for 
gaseous feeds along the length of the reactor. The 
gas is assumed to be distributed over the reactor 
cross section at any feed point without disturbing the 
axial plug flow or the radial uniformity of concentra
tions and temperature. The computer code differs 
from Yoon's (which is available from EPRI) because 
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of the need to normalize fluxes on a different basis, 
but the structure is similar. The differential equa
tions are solved using the Runge-Kutta-Boone 
method, which is adequate, despite the steep tem
perature gradients. 

All calculations were carried out for an air-blown 
gasifier converting 120 Ib/hr/ft2 of fixed carbon, 
corresponding to approximately 233 Ib/hr/ft2 of dry 
coal, at 350 psig and a blast temperature of 700°F. 
The coals were assumed to have the properties of 
Illinois No. 6 bituminous and Wyoming subbitumi
nous coal, with physical parameters and reactivities 
as given by Yo on et al. 8 The Illinois and Wyoming 
coals are typical low- and high-reactivity U.S. coals, 
respectively. The gasifier height was taken to be 10 
feet. 

Operating Limits 

A constraint upon the gasifier is that it must 
operate within a fixed maximum temperatur~. In a 
bottom-fed gasifier, this maximum temperature is 
determined by the solution of an initial-value prob
lem in which steam and oxygen fluxes and residual 
carbon in the ash· are specified. Feed conditions 
corresponding to a maximum temperature of 2090°F 
for the· Illinois coal with air as the oxidant are shown 
in Fig. 1. The dashed line is the lo~us of points 
along which the carbon material balance is satisfied 
exactly at the top of the reaction zone .. Points above 
this line are inadmissible because they would require 
more than 100% of the feed carbon at the top. The 
right-hand comer of the feasible region, with oxygen 
and steam fluxes of 114 and 429 Ib/hr/ft2, respec
tively, corresponds to the optimal operating point 
reported by Y oon et al. 9 A similar graph has been 
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Figure 1. Conditions at the reactor bottom corresponding 
to a maximum temperature of 2090°F with Illinois No. 6 
coal. (XBL 8312-4336) 
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constructed for the Wyoming coal, using a maximum 
temperature of 2140°F. 

Operating conditions having only a small 
amount of carbon in the ash are defined by the inter
sections of the lines of constant oxygen flux with a 
specified amount of unreacted carbon (equal to 
0.01 % in our calculations); this fixes the oxygen: 
steam, and carbon fluxes at the bottom, and hence 
the position of the maximum temperature. When 
the maximum temperature has been reached, it is 
necessary to add oxidant according to some spatial 
program that leads to satisfaction of the carbon 
material balance at the top of the reaction zone. For 
example, Denn et al. 8 used a constant rate; in this 
case, there are two parameters to be determined by 
iterative calculation: the oxidant feed rate and the 
corresponding length of the auxiliary oxidation zone. 
The feed rate is limited by the maximum
temperature constraint. 

It appears to be more efficient to program the 
oxidant feed so that the system operates autother
mally at the maximum permissible temperature, 
since this mode of operation will maximize the gasif
ication rates. The feed rate can be approximated by 
assuming that oxidation is instantaneous and that all 
of the oxidation reaction enthalpy change is utilized 
for steam gasification, followed by water-gas shift 
equilibrium. The gasification rate, and hence the 
required reaction enthalpy change, is fixed by the 
temperature and the gas composition, so the oxida
tion feed rate is therefore fixed. The feed rate can be 
adjusted to maintain a constant temperature follow
ing this first approximation, but the procedure out
lined here to calculate a point flux at the start of 
every second integration step was adequate to 
maintain the maximum temperature constant to 
within 5°F without iteration. The required length of 
the feed zone to satisfy the carbon material balance 
is then found by iteration. A typical oxygen feed dis
tribution is shown in Fig. 2, corresponding to a 
steam feed flux of 163.2 Ib/hr/ft2 and an oxygen flux 
at the bottom of 40 Ib/hr/ft2 to ignite the reaction. 

Results 

The required oxygen feed flux as a function of 
steam flux is shown in Fig. 3 for the Illinois coal 
(maximum operating temperature, 2090°F); a similar 
chart has been constructed for the Wyoming coal 
(maximum operating temperature, 2140°F). There is 
a fourfold decrease in the steam requirement for the 
Illinois coal and a twofold decrease for the Wyoming 
coal. The total qxygen feed to the reactor is reduced 
by about· 20% because less undecomposed steam 
must be heated from the blast temperature to the 
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Figure 3. Oxygen flux with auxiliary feed as a function of 
steam flux, Illinois No.6 coal. (XBL 8312-4338) 
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maximum temperature. Typical temperature profiles 
are shown in Fig. 4. As would be expected from the 
studies of Yoon et al. 5,6 and Yu et al.,4,7 lowering 
the steam-to-oxygen ratio at the reactor bottom 
causes the location of maximum temperature in the 
reactor to fall for a fixed carbon conversion. This 
location can be kept constant by using the auxiliary 
feed to increase carbon conversion. 

Product-gas compositions (using Yoon's average 
volatile compositions) are shown in Fig. 5 for the 
Illinois coal; the curves for the Wyoming coal are 
similar and essentially parallel, but are deleted for 
clarity. 

The cold-gas efficiency, defined as the ratio of 
the lower heating value of the product gas per unit of 
coal feed to the lower heating value of the coal, is 
also shown in Fig. 5 for both coals. There is a 6% 
improvement in cold-gas efficiency for the Illinois 
coal and an improvement somewhat over 1 % for the 
Wyoming coal. The change is not large because the 
reduction in steam essentially changes the H2-CO 
balance through the water-gas shift equilibrium, and 
the heating values of the two gases are similar. The 
cold-gas efficiency reflects only part of the improve
ment in overall thermal efficiency, however, as there 
is an important gain resulting from the substantial 
reduction in the steam requirement and the smaller 
but still meaningful reduction in oxygen. On the 
basis of the calculations of Shinnar and Ku02 for an 
idealized reactor, the additional improvement in 
thermal efficiency for the Illinois coal at the lowest 
steam-to-oxygen ratio studied (2.1: 1) will be of the 
same order as the increase in cold-gas efficiency. 
Shinnar and Ku02 note that the overall efficiency is 
greatly affected by the sum of the moles of steam 
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plus four times the moles of oxygen, because of the 
relative costs of producing the gaseous feeds; this 
sum is reduced to less than 50% of that required for 
a conventional bottom feed. The total potential 
improvement in efficiency is therefore substantial. 

Implementation 

A continuous distribution of feed is clearly 
impossible, but some trial calculations indicate that 
approximation of a feed program like that in Fig. 2 
by two or three feed points, representing a small 
number of tuyeres, gives essentially the same results 
with a variation in the. maximum temperature of 
about 20°F. The question of efficient radial distribu
tion of the oxidant over a sufficiently short time 
scale to prevent unacceptably high temperatures 
from localized combustion has not been addressed. 

The sensitivity of reactor performance to the 
placement of the auxiliary feed is an important con
sideration. The computed sensitivity is shown in 
Table 1 for Illinois No. 6 coal, with bottom-feed 
fluxes of 163 Ib/hr/ft2 steam and 40 Ib/hr/ft2 oxygen, 
and an auxiliary feed of 52 Ib/hr/ft2 oxygen. The 
auxiliary feed was placed at a position starting 1.6 ft 
above the grate, and extending over 0.6 ft, based on 
0.0001% unreacted carbon in the ash in the reactor 
core. Operation at lower carbon conversion results 
in a first temperature peak below the auxiliary feed, 

1-37 

Table 1. Sensitivity of reactor performance to 
operating policy for auxiliary feed.8 

U nreacted carbon Position of first Cold gas 
in feed temp. maximum efficiency 

(%) (ft) (%) 

0.0001 1.6 80.2 
0.01 0.8 80.1 
0.1 0.4 79.9 
1.0 0.2 79.0 

8Auxiliary feed is 1.6 ft above grate, with flux of 
52 Ib/hr/ft2 oxygen; bottom-feed flux is 163 
Ib/hr/ft2 steam and 40 Ib/hr/ft2 oxygen; coal is 
low-reactivity Illinois No.6. 

followed by a second region at the maximum tem
perature in the auxiliary feed zone. The cold gas 
efficiency drops only 0.3% from the design level of 
80.2% for a temperature peak at 0.4 ft (0.1% carbon 
in ash), and only 1.2% for a temperature maximum 
just slightly above the grate (1% carbon in ash). The 
increase in unreacted carbon in the reactor core 
decreases the cold-gas efficiency. 

As can be seen from Fig. 6, the size of the auxili
ary feed zone depends on coal reactivity. The distri
bution is carried out over a region 1.5 ft high for the 
low-reactivity eastern bituminous coal, while the 
zone is only about one inch in height for the high-
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Figure 6. Length of auxiliary feed zone for low (Illinois) 
and high (Wyoming) reactivity coals. (XBL 8312-4340) 



reaCtivIty western subbituminous coal. The latter 
zone is comparable to the size of a single particle, 
and is clearly impractical, although it might be 
expanded by feeding oxidant at a lower rate. The 
tentative conclusion to be drawn, however, subject to 
more complete analysis of the problem of gas distri
bution, is that a distributed-feed reactor is likely to 
be practical only for the gasification of low-reactivity 
coals. These are the coals for which Sharman and 
Scott3 described the slagger as being particularly 
suited. 

Summary 

Dry-ash moving-bed coal gasifiers such as the 
Lurgi are inefficient because of the high steam-to
oxygen ratio required to prevent the ash-softening 
temperature from being exceeded. Calculations 
based on a one-dimensional gasifier model show that 
it may be possible to reduce the steam requirement 
substantially for low-reactivity coal, almost to that of 

. a slagging moving bed, by distributing part of the 
oxygen feed axially and broadening the combustion 
zone. Two to three· axial injection ports should be 
adequate. This preliminary result does not take into 
account the problem of efficient radial distribution 
of the oxidant. 

PLANNED ACTIVITIES FOR FY 1984 

The concept of a distributed feed is based on the 
presumption that maximum temperature can be con
trolled. The model used in this study is known to 
entail uncertainties on the order of several hundred 
degrees in the prediction of the maximum tempera
ture,1O and the assumption of equal solid and gas 
temperatures appears to cause errors in the predic
tion of the point of maximum temperature. I I Thus, 
to develop design equations, a more refined model 
that considers gas distribution and that resolves 
these uncertainties will be needed. Future work will 
attempt to develop such a model. 
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ELECTROCHEMICAL ENERGY STORAGE RESEARCH 

Technology Base Research Project for 
Electrochemical Energy Storage* 

E.J. Cairns, K. Kinoshita, and F.R. McLarnon 

The Lawrence Berkeley Laboratory (LBL) is lead 
center for management of the Technology Base 
Research (TBR) Project,' which is supported by the 
Electrochemical Branch of DOE's Energy Storage 
Division. The project provides the research base for 
DOE efforts to develop electrochemical technology 
for electric vehicles and stationary energy storage. 
The specific goal is to identify the most promising 
electrochemical technologies and transfer them to 
industry and/or another DOE program for further 
development and scale-up. 

The TBR Project is divided into four major ele
ments: electrochemical systems, supporting research, 
electrochemical processes, and fuel cell research. The 
generic research topics covered by each of these ele
ments are listed in Table 1. During FY 1983, pro
gram . management responsibility for research on 
iron/air cells was transferred from Lawrence Liver
more National Laboratory (LLNL) to LBL; LLNL 
will continue technical management of aluminum/air 
projects. 

General research areas addressed by the TBR 
Project include identification of new electrochemical 
couples for advanced batteries, determination of 
technical feasibility of the new couples, improve
ments in battery components and materials, estab
lishment of engineering principles applicable to elec
trochemical energy storage and conversion, and 
investigations of fuel cell technology for transporta
tion. Major emphasis is given to applied research 
that will lead to superior performance and lower 
life-cycle costs. 

The LBL scientists participating in the program 
are E.J. Cairns, K. Kinoshita and F.R. McLarnon of 
the Applied Science Division, and L.c. DeJonghe, 
J.W. Evans, R.H. Muller, J.S. Newman, P.N. Ross, 
and C.W. Tobias of the Materials and Molecular 
Research Division. 

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Energy Systems Research, 
Energy Storage Division of the U.S. Department of Energy under 
Contract No. DE-AC03-76SF00098. 
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Table 1. Topics covered by the Technology Base 
Research Project for Electrochemical Energy 
Storage. . 

I. ELECTROCHEMICAL SYSTEMS 

• New Rechargeable 
Electrochemical Cells 

• Metal/Air Cells 

II. SUPPORTING RESEARCH 

A. Engineering-Science Research 

• Electrode Morphological Studies, 
Chemical/Structural Analysis 

• Transport Phenomena, Electrocatalysis, 
Electrode Kinetics, 
and Cell Thermodynamics 

• Modeling of Electrochemical Cells 
and Battery Systems 

• Advanced Physicochemical Methods 
for Electrochemical Research 

B. Materials Research 

• Ceramic, Molten-Salt, Glass, 
and Polymeric Electrolytes 

• Novel Electrode Structures 
• New Fabrication Techniques 

for Components 
• Battery Separators 

III. ELECTROCHEMICAL PROCESSES 

• Corrosion Problems in 
Electrochemical Storage Devices 

• Characterization of Three-Phase 
Electrochemical Systems 

• Thermally Regenerative Cells 

IV. FUEL CELL RESEARCH 

• New Components for Fuel Cells 
• New Electrolytes 
• Electrocatalysis 

ACCOMPLISHMENTS DURING FY 1983 

LBL monitored close to 40 subcontracts during 
FY 1983 and conducted a vigorous in-house research 
program. Projects conducted by the subcontractors 



are described in the recent report, Technology Base 
Research Project for Electrochemical Energy Storage 
(LBL-15992); the in-house work, "Electrochemical 
Energy Storage," is summarized in the next article 
and in the Materials and Molecular Research Divi
sion FY 1983 Annual Report (LBL-16680). 
Highlights of the subcontracted work follow. 

Electrochemical Systems 

• Eltech Systems Corporation was selected to be the 
prime industrial subcontractor for aluminum/air 
battery R&D. 

• Eltech Systems achieved 1400 simulated driving 
cycles in lifetime testing of a cathode with 
improved structure and an electro catalyst ' of 
cobalt meso-tetra-p-methoxyphenylporphyrin. 
This result is only 100 cycles less than the pro
gram goal of 1500 cycles. 

·LLNL has successfully operated an integrated sys
tem consisting' of a single-wedge cell and a 
crystallizer/hydrocyclone separator for a mechani
cally rechargeable aluminum/air battery. 

• Tests at EICLaboratories, Inc. indicate that 
sulfolane-based organic electrolytes in ambient
temperature lithium batteries may be stable at 
temperatures up to 70°C. 

• The research effort on sodium/alkali-nitrate cells 
at Argonne National Laboratory was terminated 
because of problems encountered with corrosion, 
stability ofW'-alumina in the presence of LiN03 + NaN03, and operating temperatures that are 
80-100°C higher than the goal of 200°e. 

Supporting Research 

• The Massachusetts Institute of Technology has 
completed a study on the, compositional changes 
in NASICON (Na1+xZr2SixP3-x012) at room 
temperature. Although further development work 
on this electrolyte for Na/S batteries was ter
minated because of its degradation in hot sodium, 
the information gained from this' study will be 
useful for ,tailoring new compositions with similar 
structural parameters. 

• Argonne National Laboratory has prepared 
NASIGLAS (Na+ Super Ionic Glass, 
Na1+xZr2-x/3SixP3-x012-2x/3)' analogues of 
NASICON that show encouraging stability in 
molten sodium~ A review of the literature on 
glass chemistry suggests that a NASIGLAS-solid 
electrolyte can be developed that will be resistant 
to sodium attack and will have a resistivity of less 
than 100 ohm-cm at 300°C. 

1-40 

• A specially designed high-temperature calorimeter 
was employed by Gould, Inc. to measure the heat 
generation rates of a LiAl/FeS cell. The measured 
results showed excellent agreement with values of 
cell heat generation predicted from thermo
dynamic calculations. 

• LLNL identified a zinc-halide electrolyte composi
tion in which cross-term diffusion coefficients are 
significant, in contrast to previous measurements 
that had indicated cross-term diffusion coefficients 
were small. The new findings suggest that extreme 
care must be taken to accurately model transport 
processes in zinc/halogen cells. 

• Research arid development projects on separators 
for batteries were expanded. Brigham Young 
University and Pinnacle Research Institute began 
research to, develop improved separators for alka
line batteries. Castle Technology's results in 
developing supported liquid-membrane separators 
for batteries were sufficiently promising that life
cycle tests in Zn/NiOOH cells are in progress. 

Electrochemical Processes 

• Experiments are under way at Argonne National 
Laboratory to develop new alloys for positive-side 
current collectors and containment materials in 
Na/S and Li/FeS2 cells. Studies of the sulfidation 
of unalloyed metals at 350°C indicated that candi
date base metals, such as nickel and iron, show 
positive deviation from a parabolic rate of 
sulfide-scale formation in less than a day. The 
sulfide scales that formed on alloying elements 
such as aluminum and molybdenum, remained 
diffusion-controlled throughout the four-day test. 

• Research at Case Western Reserve University on 
the use of transition-metal macrocyclics (TMM) as 
electrocatalysts for air electrodes indicates that 
heat treatment of TMM's improves their electro
catalytic activity. 

• Research at the Solar Energy Research Institute on 
redox couples for thermally regenerative electro
chemical systems was phase~ out. 

Fuel Cell Research 

• Los Alamos National Laboratory (LANL) has 
developed an in situ ion-beam technique for 
characterizing electrode surfaces under conditions 
closely approximating a working electrochemical 
cell. Analysis of new and used electrodes with a 
platinum-vanadium electro catalyst at the cathode 
showed that under operating conditions the PtV is 
not stable; V dissolves in the electrolyte and is 



transported through the matrix to the anode. 
These results are consistent with the observed per
formance degradation of the fuel cell. 

• LANL has applied analytical and electrochemical 
techniques to study the structure, transport, and 
stability of solid-polymer electrolytes (SPE). Pro
ton NMR studies of Nafion showed that cations 
coupled to the ion-exchange sites were solvated 
with different quantities of water, depending on 
the specific cation involved. Electron microprobe 
and scanning electron microscope analyses indi
cated that no sulfur attack occurred during cell 
operation. Water transport through Nafion 117 
was found to be approximately four times faster 
than through Nafion 125. 

• The reduction of oxygen on tetrasulfonated metal 
phthalocyanines (M-TSP) of iron, cobalt, nickel, 
and manganese in 0.1 N TFMSA was measured by 
Brookhaven National Laboratory. The activities 
of the M-TSP's for oxygen reduction' decreased in 
the order Fe > Co > Mn > NL No activity was 
found for carbon monoxide or formic acid oxida
tion with these electrocatalysts. 

• Systems studies were performed by LANL for 
selected heavy-duty transportation systems, consu
mer vehicles, and buses; these studies used the 
vehicle-simulation program developed at LANL. 
The studies of heavy-duty systems examined the 
feasibility of using fuel cells to power locomotives 
and river tow boats, and found the locomotive 
application promising. 

• Two new research efforts were initiated: (1) Gen
eral Electric Company investigated methods of 

Battery Electrode Studies *t 

E.J. Cairns, F.R. McLarnon, J.e. Dobson, J.H. Flatt, 
R.I. Goldberg, M. Isaacson, R. Jain, P.M. Lessner, 
K.G. Miller, M.L. Smith, and K.A. Striebel 

This research focuses on the behavior of elec
trodes used in secondary batteries and investigates 
practical means for improving their performance and 
lifetime. Systems of current interest include 

-This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Energy Systems Research, 
Energy Storage Division of the U.S. Department of Energy under 
Contract No. DE-AC03-76SF00098. 
tThis project is part of a larger effort, "Electrochemical Energy 
Storage," described in the Materials and Molecular Research Divi-
sion FY 1983 Annual Report (LBL-16680). . 
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reducing the cost of the membrane and catalyst 
for SPE cells while maintaining performance lev
els, and (2) United Technologies Corporation 
investigated alloy and redox catalysts in phos
phoric acid systems with the goal of increasing 
overload capability, increasing efficiency, and 
reducing catalyst cost. 

PLANNED ACTIVITIES FOR FY 1984 

Major new initiatives include the following: 
• Selections will be made from proposals submitted 

in response to a Request for Proposals (RFP) on 
Applied Research on Advanced Secondary Bat
teries. The RFP, issued by the TBR Project, soli
cited research proposals relevant to: 

(1) Improving the performance and rechargea
bility of ambient-temperature metal elec
trodes in non-aqueous electrolytes. 

(2) Advancing the technology and developing 
new components for molten-salt batteries 
such as Li/FeS2 and Na/S. 

(3) Developing improved methods to store 
halogens for Zn/halogen batteries. 

(4) Improving electrocatalysts for air elec
trodes and development of corrosion
resistant supports for bifunctional air elec
trodes. 

• Research to identify new separators for 
Zn/ferricyanide redox cells will be initiated. 

• Work on a thermally regenerative system using 
sodium will begin. 

ambient-temperature rechargeable cells with zinc 
electrodes [Zn/NiOOH, Zn/AgO, Zn/CI2, ZnBr2, 
Zn/air, and Zn/Fe(CN)6 -3]; rechargeable molten-salt 
cells (Li-Al/FeS, Li-AI/FeS2, Li-Si/FeS, Li-Si/FeS2, 
and Na/~"-AI203/NaCI-AICI3-SCl4); fuel cells; and 
liquid-junction photovoltaic cells. Life- and 
performance-limiting phenomena are studied under 
realistic cell operating conditions. 

ACCOMPLISHMENTS DURING FY 1983 

Optical and Electrochemical Study of Model 
Zinc Electrode Pores in Alkaline Electrolytes 

(J.H. Flatt, F.R. McLarnon, and E.J. Cairns) 

A computer-controlled, single-pore cell has been 
developed to study zinc-electrode discharge behavior 
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in alkaline electrolytes. Information on pore poten
tial distribution and hydroxyl ion concentration is 
provided by a quartz-supported, thin-film cadmium 
reference microelectrode in the cell. This microelec
trode, fabricated by microelectronic metal deposition 
and photolithographic techniques, was designed to be 
stable in strong alkaline electrolytes without signifi
cantly interfering with transport processes in the 
pore. The model pores created in the cell are 
intended to be of dimensions comparable to those in 
commercial zinc electrodes-between 14 and 20 
microns in effective radii in our initial studies. 

These studies, which used 7 mA/cm2, 30 
mA/cm2, and 1250 mA/cm2 rates of discharge in 7.7 
M KOH electrolyte, showed results consistent with a 
dissolution-precipitation discharge reaction mechan
ism. Scanning electron microscopy (SEM) studies 
showed significant variations in electrode surface 
morphology with location in the pore and rate of 
discharge. Significant pore [OH-] gradients, with 
slow relaxation times, existed within the pore at the 
30 mA/cm2 rate. Electrode passivation was 
observed only at the 1250 mA/cm rate. Zinc elec
trode discharge behavior in 3.5 M KOH-3.4 M KF 
showed a similar discharge reaction mechanism. 
However, earlier surface film formation occurred, 
which is consistent with reduced zinc solubility. Ear
lier film formation may decrease zinc redistribution 
rates by decreasing the residence time of soluble zinc 
species in the electrolyte. Initial reaction penetration 
depths in 7.7 M KOH and 3.5 M KOH-3.4 M KF 
were 0.11 cm and 0.10 cm, respectively. 

Mathematical Modeling of the Zinc Electrode 

(K.G. Miller, E.J. Cairns, and F.R. McLarnon) 

Phenomena that limit the cycle life of secondary 
zinc electrodes include shape change1,2 (redistribu
tion of active material over the face of the electrode) 
and passivation3 (formation of oxide layers over the 
surface of the electrode). One-dimensional models2,3 

have already been proposed to account for these 
phenomena. Our goal is to develop a two
dimensional, time-dependent model to predict the 
extent of shape change and passivation as the elec
trode is cycled. This model must account for 
changes in current density, electrode overpotential, 
and species concentration, both parallel and perpen
dicular to the plane of the zinc electrode. 

An existing one-dimensional model3 is being 
assessed for its sensitivity to various physical param
eters. The parameters to which this model is most 
sensitive will be measured for application in the 
two-dimensional model. 
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Analysis of Zinc Electrode Current Collection in 
ZnjNiOOH Cells 

(R.I. Goldberg, E.J. Cairns, and F.R. McLarnon) 

Mathematical models have been developed4 to 
characterize the ability of a current collector to pro
mote a uniform current density distribution over the 
electrode (the macroscopic current distribution). 
This study is employing such models to correlate 
various current-collector designs with Zn/NiOOH 
cell performance and lifetime. 

Specific parameters known to substantially affect 
the macroscopic current distribution over the surface 
of a battery electrode include the resistances of the 
current collector members, the applied current to the 
electrode, and the placement and geometry of the 
tabs that provide electrical connection to the external 
circuit. The microscopic current distribution (i.e., 
the distribution withIn the porous electrode struc
ture) depends on the detailed structure and geometry 
of the current collector and the resistivity of the 
electrolyte- and electrode-active materials. These 
parameters will be accounted for in the mathematical 
model and in the fabrication of various current col
lectors. Model Zn/NiOOH cells will be built and 
tested with a computer-controlled test systemS previ
ously developed at LBL. 

The Effect of Mixed Electrolytes on the 
Performance of ZnjNiOOH Cells 

(M. Isaacson, E.J. Cairns, and F.R. McLarnon) 

The high solubility of the zincate ·ion contributes 
to the limited cycle life of the secondary zinc elec
trode.3 The effect of adding a less-polar organic sol
vent to alkaline KOH electrolyte is being investi
gated as a means to reduce the solubility of the zin
cate ion and thereby extend the lifetime of the zinc 
electrode. 

Preliminary studies have focused on alcohols as 
electrolyte additives. Experiments showed that 
methanol reduced the zincate solubility by approxi
mately 70% for a 30% KOH-40% water-30% 
methanol electrolyte. However, tests in model 
Zn/NiOOH cells showed that methanol was oxidized 
to a considerable extent on the NiOOH electrode. 

Investigation of other organic solvents is con
tinuing. Solvents with high electrochemical stability, 
such as sulfolane, dimethylformamide, and butyrol
actone may reduce zincate solubility while also 
maintaining sufficient chemical stability. 
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Rechargeable Zinc Electrodes of the Second 
Kind 

(R. Jain, E.J. Cairns, and F.R. McLarnon) 

The aim of this project is to investigate the addi
tion of alkaline-earth metals to the zinc electrode as 
a practical means of reducing zinc species solubility 
in alkaline electrolytes, thereby improving the cycle 
life of such electrodes. A preliminary literature sur
vey indicated6,7 that, of the alkaline-earth-metal 
hydroxides, only calcium hydroxide appears to inhi
bit the solubility of ZnO. 

Corrosion of Metals by Sulfur-Polysulfide Melts 

(J.e. Dobson, F.R. McLarnon, and E.J. Cairns) 

One problem in the design of high-temperature 
alkali-metal/sulfur cells is the corrosion of the metal 
cell container at the sulfur electrode. Although many 
studies have been made of the corrosion of various 
metals and alloys, particularly in sodium/sulfur cells, 
very little is known about the relationship of the cor
rosion rates to the kinetic, thermodynamic, and 
mechanistic parameters governing processes at the 
current collector. This work attempts to establish 
this relationship through the comparison of corro
sion data with existing models for oxidation and sul
fidation of metals in gases. Corrosion phenomena 
on various metals and alloys in lithium- and 
sodium-sulfur-polysulfide melts are being studied 
over the composition, temperature, and potential 
ranges expected during the operation of the 
corresponding high-temperature cells. 

Both static and electrochemical corrosion studies 
are under way. Melt compositions were chosen to 
reflect expected variations in sulfur activity and were 
generally confined to the single-phase liquid regions 
of the Na2S-S and Li2S-S phase diagrams. Materials 
under study include Mo, Cr, and a 70% Cr-30% Fe 
alloy. Cross sections of the specimens are studied 
using SEM coupled with electron diffraction analysis 
(ED AX) techniques to. determine the thickness and 
composition of the scale. Weight gain is also used to 
calculate overall corrosion rates, where possible. 
Even temperature distribution is maintained by plac
ing the quartz ampules in an insulated aluminum 
block heated by cartridge heaters. 

These experiments use the electrochemical cell 
shown in Fig. 1. The body of the cell is constructed 
from quartz. A molybdenum feedthrough is the 
reference electrode, and tungsten springs serve both 
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Figure 1. Electrochemical cell for corrosion experiments. 
(XBL 835-2620) 

to collect current and to hold the electrodes in place. 
The metallic samples are maintained at a fixed 
potential relative to the Mo/MoS2 reference elec
trode, and the cell current and resistance of the scale 
are measured during the run to determine the scale 
thickness as a function of time. 

Initial results of static corrosion tests on Mo 
showed that it is resistant to corrosion at 400°C in 
Li2S-S melts, apparently independently of sulfur 
activity. Quantitative results proved elusive, how
ever, since EDAX techniques are incapable of distin
guishing between S and Mo. Also, the scale is so 
thin (on samples corroded for one week) that optical 
methods yield little measurable data. Using sulfur-
35 as a radioactive tracer to solve this problem is 
being investigated. 

Glass Electrolytes for Li/S Cells 

(M.L. Smith, F.R. McLarnon, and E.J. Cairns) 

Several borate glasses have been developed8 that, 
upon addition of Li20 and LiCI, show lithium-ion 
conductivities as high as 2 X 10-2 (f2-cm)-1 at 
300°C. It has also been obserVed that the structures 
of these glasses are maintained in the presence of 
molten Li. We are now examining the stability of 
these borate glasses in molten sulfur/polysulfides. 
The aim is to build and test a Li/S or Li alloy /S cell 
that employs a fast ion-conducting borate glass as the 
electrolyte. 



Novel Electrolytes for Fuel Cells 

(K.A. Striebel, P.e. Andricacos,+ E.J. Cairns, 
P.N. Ross,+ and F.R. McLarnon) 

The large overpotential encountered in the oxy
gen electrode is one of the major factors limiting the 
efficiency of fuel cells. Recent studies have shown 
that the kinetics of oxygen reduction on platinum in 
trifluoromethane sulfonic acid (TFMSA) are signifi
cantly improved over those in phosphoric acid, the 
current "standard." This has been attributed9 to the 
absence of anion-specific adsorption on Pt in 
TFMSA. The "dimer" of TFMSA is tetrafluoro-I,2-
disulfonic acid (TFEDSA). This acid exhibits higher 
contact angles with Teflon and lower acid vapor 
pressures. 10 

The kinetic currents for oxygen reduction in 
TFEDSA and TFMSA were measured in rotating
disk experiments. The acids show similar behavior 
when compared at a pH of one (Fig. 2). The reac
tion order with respect to oxygen was determined in 
both electrolytes to be unity by using gases with vari
ous partial pressures of oxygen. 

The kinetic currents are extremely sensitive to 
low levels of adsorbing impurities, and transient 
techniques are being developed to minimize these 
effects or render· them constant. Future work will 
focus on electrode kinetics in more concentrated 
electrolytes. 

Engineering Analysis 'Of Photoelectrochemical 
Cells 

(P.M. Lessner, E.J. Cairns; and F.R. McLarnon) 

The sulfide!polysulfide redox couple has been 
found to stabilize several semiconductors that are 
efficient solar convertors for photoelectrochemical 
cells. Before this redox couple an be used in such 
cells, however, several major problems must be 
solved. These include photocorrosion of the semi
conductors and design of the counterelectrode. 
Recent work on this project has focused on under
standing the complex chemistry of the 
sulfide/polysulfide . redox couple to improve the 
counterelectrode design. 

Some preliminary kinetic data have been col
lected, but accurately interpreting them was difficult 
because of inconsistent . and incomplete thermo
dynamic data. Recent efforts have therefore concen
trated on building and expanding a thermodynamic 

*Materials and Molecular Research Division. 
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Figure 2. Tafel plots for oxygen reduction on platinum at 
25°C. Circles, 0.05 M TFEDSA; inverted triangles, 0.1 M 
TFMSA. (XBL 8311-700Y) 

data base. When this data base is completed, kinetic 
experiments will resume. 

PLANNED ACTIVITIES FOR FY 1984 

Continuing research efforts on secondary alkaline 
zinc electrodes will focus on the development of a 
two-dimensional, time-dependent mathematical 
model; the analysis of zinc electrode current collec
tion; electrolyte and ~lectrode formulations that exhi
bit reduced zinc-species solubility; and the micros
copic study of model zinc electrodes. Work with 
high-temperature alkali-metal/sulfur cells will con
tinue to investigate the corrosion of candidate 
materials for positive-electrode current collectors and 
to examine Li/glass electrolyte/S cell configurations. 
Efforts to model the sulfur/polysulfide electrode will 
begin. Additional research on electrolytes for fuel 
cells and analysis of photoelectrochemical cells will 
continue. 
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ADV ANCED ENERGY STORAGE RESEARCH 

Advanced Thermal Energy Storage 
Technologies* 

. P. Berdahl, A. Hunt, C. Tien, and R.J. Otto 

Conservation and renewable energy programs 
have made real gains in the past 10 years, leading to 

. the commercialization of new systems and the emer
gence of new industries. However, parts of the 
energy-supply, distribution, and end-use sectors 
could still see significant cost savings through the use 
of energy storage systems and, in particular, thermal 
energy storage systems. Thermal energy storage 
(TES) has traditionally and logically been divided 
into three areas: sensible heat, latent heat (phase
change materials), and thermochemical heat storage.! 

A research program in TES technologies was 
started at LBL' in July of FY 1983. Research pro
jects composing the TES program were selected by 
the Department of Energy as being new and innova
tive approaches to thermal energy storage with a 
broad range of potential applications. However, two 
particularly important targets for thermal energy 
storage research are cooling and heating work for liv
ing spaces in buildings and thermochemical energy 
storage using solar energy. The criteria for project 
selection and development have focused on funda
mental aspects such as the thermodynamics, kinetics, 
and thermal-material properties of the storage sys
tems in order to identify the most promising innova
tive ideas. Systems with the potential for low 

. irreversible entropy gains and large reversible 
entropy changes are desirable. 

Four research projects will be carried forward at 
LBL in FY 1984. These projects are: 

(1) development of a solid-state radiative heat 
pump, with one of its important potential 
applications being residential cooling; 

(2) thermochemical conversion and storage of 
radiant energy using small particles as heat 
exchanger and catalyst with potential 
application to thermochemical storage of 
solar energy; 

*This work was supported by the Assistant Secretary for Conser
vation and Renewable Energy, Office of Energy Technologies Sys
tems, Physical and Chemical Energy Storage Division of the U.S. o Department of Energy under contract DE-AC03-76SF00098. 
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(3) optimization of thermal-material structure; 
and 

(4) investigation of alloys with abnormally 
large heat capacities and reactions with 
large entropy change. 

The planned research is designed to test the feasibil
ity of these concepts and to move them from proof 
of concept to the threshold of development. 

ACCOMPLISHMENTS DURING FY 1983 

Funding for the first three projects was received 
late in FY 1983, and preliminary research results will 
be included in next year's annual report. Work on 
the fourth project is led by L. Brewer, R. Connick, 
and N. Phillips, investigators in the Materials and 
Molecular Research Division, which will include this 
effort in its annual reports; it is also summarized in 
Ref. 2. 

PLANNED ACTIVITIES FOR FY 1984 

Solid:-State Radiative Heat Pump 

(Paul Berdahl) 

It is proposed to perform research leading to the 
development of a large-area thin-film solid-state dev
ice that can use electrical energy to "pump" heat 
radiation. Depending on the sign of the applied 
electrical bias, the proposed device can be used for 
both heating and cooling. Because of its potential 
simplicity and reliability, this is a particularly attrac
tive type of heat pump, and one that might replace 
conventional vapor-compression devices in some 
applications-for example, charging a residential 
cool storage system for summertime electric load 
management. A well-designed residence has modest 
cooling requirements, making it difficult to justify 
the investment in an efficient vapor compression 
machine. A solid-state device that can perform the 
same job may have a lower first cost. 

The proposed physical structure of the solid-state 
radiative heat pump is a large-area, thin-film semi
conducting diode, fabricated from a narrow-bandgap 
semiconductor. When forward-biased, charge-carrier 
injection through the junction results in electron-hole 
recombination radiation. Part of the energy emitted 
in the form of infrared radiation comes from the 
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heat of the semiconductor lattice. This makes the 
device a type of heat pump. Under reverse bias, the 
device extracts charge carriers from the vicinity of 
the junction. This carrier depletion results in less 
recombination radiation being emitted than is nor
mal for thermal equilibrium. The device could thus 
cool a nearby object by absorbing its thermal radia
tion. 

After an initial period of theoretical evaluation 
in FY 1983, the concept of this solid-state radiative 
heat pump (SSRHP) concept still appears very 
promising. Although the parasitic Auger recombina
tion mechanism requires additional theoretical work 
to assess its importance, it is imperative in FY 1984 
to initiate and emphasize experimental research. 
The most straightforward approach to the construc
tion of prototype devices, the fabrication of p-n junc
tion photodiodes, would not be an efficient tech
nique for evaluating a number of materials. For this 
reason, a galvano-magnetic technique will be used to 
produce nonequilibrium emission of infrared radia
tion from semiconducting samples. The galvano
magnetic luminescence experiments can form the 
basis of an SSRHP. However, a technologically 
mature device would presumably be based on a p-n 
junction diode that would be developed at a later 
stage of the research. 

Thermochemical Conversion and Storage Using 
Small Particles as Heat Exchanger and Catalyst 

(A. Hunt) 

To explore the use of small particle suspensions 
and micro structured materials for energy conversion 
and storage systems requires a directed research pro
gram to examine critical aspects of the direct radiant 
chemical conversion process. In our initial studies 
in FY 1983, we examined the issues of heat transfer 
between the particles and gas. These studies indi
cated that particle size and gas characteristics had 
important effects on the particle heating and must be 
considered in any reactor design or in the interpreta
tion of experimental results. In earlier work on a 
small-particle heat exchange receiver and in the radi
ant reactor design studies, the effect of the optical 
properties of the particles was examined. For ther
mal energy storage applications, the catalytic effects 
due to the small particles undergoing heating in the 
presence of concentrated sunlight was identified as 
the critical issue to examine in FY 1984. An analyti
cal and experimental program to investigate high
temperature chemical reactions in the presence of 
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short-wavelength solar radiation will elucidate the 
potential for direct solar chemical reactions to be 
applied to thermal energy storage. 

Optimization of Thermal Material Structure for 
Thermal Energy Storage 

(C.L. Tien, R. Greif, J. Humphrey, V. Carey, B. 
Rubinsky, and K. Udell) 

The commercial use of thermal energy storage 
has been impeded by the failure of existing TES sys
tems to meet one or more of the following criteria: 
efficient and effective heat transfer characteristics, 
high energy storage per unit volume, low mainte
nance operation, long operational lifetime, and cost. 
This failure is due, in part, to the lack of a funda
mental understanding of the heat transfer charac
teristics essential to optimizing specific designs. 
There is a clear need for basic research that com
bines the study of heat transfer in multicomponent 
phase-change systems with emerging and advanced 
materials and designs. 

The major objective of the proposed research is 
to explore promising new concepts in optimizing 
thermal-material structure for thermal energy 
storage. Particular emphasis will be placed on mul
ticomponent phase-change systems with the com
bined features of high thermal energy storage capa
city and effective heat transfer characteristics, and 
having the potential to operate as integrated thermal 
storage, thermal diode, and thermal switching dev
ices. Fundamental in-depth research will be con
ducted on the complex physical phenomena involved 
in these systems in order to accurately assess and 
optimize performance. The proposed research also 
aims at achieving a better fundamental understand
ing of the physical processes in integrated TES sys
tems. 
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